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Abstract

A comprehensive, generalized approach to predict the retention of per- and polyfluoroalkyl
substances (PFAS) from aqueous film forming foam (AFFF) by a soil matrix as a function of
PFAS molecular and soil physiochemical properties was developed. An AFFF with 34 major
PFAS (12 anions and 22 zwitterions) was added to uncontaminated soil in one-dimensional
saturated column experiments and PFAS mass retained was measured. PFAS mass retention

was described using an exhaustive statistical approach to generate a poly-parameter quantitative
structure-property relationship (ppQSPR). The relevant predictive properties were PFAS molar
mass, mass fluorine, the number of nitrogens in the PFAS molecule, poorly crystalline Fe-oxides,
organic carbon, and specific (BET-N,) surface area. The retention of anionic PFAS was nearly
independent of soil properties and largely a function of molecular hydrophobicity, with the size of
the fluorinated side chain as main predictor. Retention of nitrogen-containing zwitterionic PFAS
was related to poorly crystalline metal oxides and organic carbon content. Knowledge of the extent
to which a suite of PFAS may respond to variations in soil matrix properties, as developed here,
paves the way for the development of reactive transport algorithms with the ability to capture
PFAS dynamics in source zones over extended time frames.
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1. INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are an extensive family of anthropogenic
compounds that are used in a variety of industrial and consumer applications, including
aqueous film forming foams (AFFFs).1=3 Soils impacted by AFFF, such as those underlying
or adjacent to firefighter training areas are significant reservoirs of PFAS at both regional
and global scales, even for decades after the last known AFFF application.*-13 However,
despite numerous studies that have investigated PFAS-soil interactions over the past
decades,# a generalizable model of PFAS retention by environmental matrices has yet

to emerge.1® The challenge is to connect mechanistically relevant sorbent (i.e., soil) and
sorbate (i.e., PFAS) characteristics in a way that explains retention across variable matrices
at acceptable confidence levels.

Aqueous film forming foams contain multiple PFAS with various chemistries and various
charge states at environmental pH range between 4 and 7. PFAS include specimens with
(i) sulfonic or carboxylic acid-containing head groups bearing a single negative charge

or such (ii) with a nitrogen/amine containing head group with both a positive and a
negative charge (zwitterions).16-19 The various types of PFAS commonly found in AFFF
complicate the long-term management of respective AFFF impacted source zones, since
molecularly different PFAS cannot be expected to exhibit similar retention characteristics
when confronted with variable sorbent (i.e., soil matrix) and solvent (e.g., electrolyte
concentrations in H,0) properties (Figure 1).20

To date, organic carbon (OC)21-23 and the length of the fluorinated carbon chain (as a
proxy for molecular hydrophobicity) are viewed as the primary features related to PFAS
partitioning to soil,24 25 especially for PFAS with more than six or seven fluorinated
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carbons.26-28 However, recent analyses of published soil partitioning coefficients for anionic
PFAS indicate that, in soils with less than five percent OC, the fluorinated tail - OC
relationship is not a robust predictor of sorption,22: 29 with one study reporting little change
in sorption with increasing OC content.30 Several investigators also noted that the quality

of the OC as opposed to the quantity alone may be a better predictor of anionic PFAS
sorption.28: 31-33 Other researchers, using column3* and batch-based3® experiments suggest
that soil constituents and interaction mechanisms other than strict hydrophobic partitioning
to OC were likely responsible for PFAS sorption. This is especially true for zwitterionic
PFAS, where molecular hydrophobicity and OC are poor predictors of sorption3® and where
non-linear26: 35 36 or non-equilibrium3# sorption is often observed. This view casts doubt

on the validity of the current understanding that OC and number of fluorinated carbons
represent the dominant controls on the retention of both anionic and zwitterionic PFAS

in soil. Research of other soil properties related to sorption of anionic and zwitterionic
PFAS, such as cation and anion exchange capacity,26: 35 37-39 p 21,40 cjay and sand
content,?: 38 41-43 hore volume, and silt+clay content,38 indicated both positive and negative
correlations with varying degrees of significance for the same soil property.

It is generally possible that conflicting reports of relationships between soil and PFAS
molecular properties could result from variations in experimental design. Many studies
involve equilibrium batch experiments* while only very few employ flow-through column
designs.14 44-51 Previous experimental designs were often focused on a limited number

of primarily anionic PFAS, sourced from analytical-grade standards and thus excluding
other AFFF components.14: 26. 35, 38,47 \edia tested may not have been representative

of vadose zone soils, such as pure quartz sand** or porous limestone.*® The exclusion of
other components common to AFFF such as hydrocarbon surfactants®2: 53 may also have
confounded these experimental results, as the presence of hydrocarbon surfactants has been
shown to augment PFAS retention to sediment.>* Finally, variability in reported sorption
mechanisms related to zwitterionic PFAS retention could be attributed to variations in
contaminant concentration. At low (e.g., Pg/L) concentrations, electrostatic soil properties
were better correlated with zwitterion sorption while at higher (e.g., mg/L) concentrations
hydrophobic partitioning mechanisms appeared to be more dominant.3° In summary, most

researchers conclude that no single soil or PFAS molecular property can fully capture PFAS
retention in soil .22 26. 35, 38, 40, 55, 56

We took this situation as a call to reconcile and improve knowledge regarding the
mechanistic connection between those chemical and physical sorbent (soil) and sorbate
(PFAS) properties20: 57 that are relevant for retention and transport.11: 15,58

Accordingly, our overarching goal was to develop a generalizable model of PFAS retention
in saturated soils of AFFF-impacted source zones. Our conceptual approach was to simulate
the initial contamination of a low OC (< 1%), low clay (< 5%) soil with PFAS by

adding a commercial AFFF, diluted below its apparent critical micelle concentration,

to subsurface horizons of an uncontaminated Entic Haplorthod (Rubicon Soil Series)
originating from the vicinity of an existing PFAS source zone (former Wurtsmith Air

Force Base, Michigan).>%: 60 Individual saturated one-dimensional (1-D) soil columns

were prepared for each of the four subsurface horizons of the soil and experiments were
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conducted emulating onsite hydrological conditions. To achieve the desired mechanistic
connection between sorbate and sorbent properties, a statistical approach was used to
generate a poly-parameter qualitative-structure property relationship (ppQSPR) between 34
PFAS and soil matrix properties. We specifically tested the assumptions that (i) soil organic
carbon can serve as a single predictor value for the retention of PFAS from AFFF source
zones; that (ii) soil matrix properties have potentially greater explanatory power for retention
than PFAS molecular properties and that (iii) it should be possible to isolate generalizable
principles to render PFAS retention fundamentally predictable.

2. MATERIALS AND METHODS

2.1. Chemicals, AFFF Characterization, and Column Effluent Analysis.

Unless noted otherwise, all chemicals and solvents were of reagent grade purchased

from Fisher Scientific. For PFAS quantification, analytical standards, both native (50) and
isotopically labelled (31), were purchased from Wellington Laboratories Inc. (Guelph, ON,
Canada). Synthetic tap water with a total electrolyte concentration of 0.02 mM (pH ~7.2)
was used to dilute the AFFF, as the aqueous phase for all experiments, and as a non-reactive
tracer in this study (Table S1).

The AFFF used in the column experiments was obtained from Colorado School of Mines
and previously characterized by Hao et al.1® The PFAS we tracked through all experiments
(12 anionic and 22 zwitterionic, details in Supporting Information (SI) and Table S2) were
consistent with the PFAS reported in Hao et al.1® The AFFF used in column experiments
was first diluted to the proscribed 3% application strength using synthetic tap water, then
further diluted (1000x)81 until well below the apparent critical micelle concentration of 60
mg/L (Kostarelos et al.%2). This was done to focus solely on PFAS ~ soil interactions while
avoiding soil ~ micelle interactions.

PFAS in all samples were quantified using isotope dilution on a TQ Detector triple
quadrupole mass spectrometer (LC-MS/MS) (Waters Corporation, Milford, MA) in both
negative and positive electrospray ionization modes.18 PFAS for which there was no
matched standards were semi-quantified assuming an equal molar response to a related
analyte.18. 63 Details of the high-pressure liquid chromatography system, sample preparation
procedure, mass spectrometer settings, target-surrogate combination for quantification
(Table S3) and limits of detection (Table S4) can be found in the SI. Concentrations of

all PFAS in the dilute AFFF and column effluent are in Tables S5 and S6, respectively.

2.2. Quality Control/Assurance for MS Analyses.

Internal continuing calibration quality control standards were analyzed every 10 samples and
required to fall within 70 — 130% of the expected value. An external, third-party reference
standard (Absolute Standards, Hamden, CT) containing carboxylates (C6 — 14), sulfonates
(C4, 6, 8), MeFOSAA, and EtFOSAA was analyzed at the beginning of every analytical
sequence and also required to fall within 70 — 130% of the expected values. The precision

of the measurement of each PFAS (reported as standard deviation) during each analytical
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run was measured by including at least one replicated sample (n = 4). The precision of each
sample was assumed by error propagation for each PFAS from the replicated samples.

2.3. Soil Collection and Characterization.

Four PFAS-free soil horizons were collected from Oscoda-Wurtsmith Air Force base in

NE Michigan (Figure S1): E, B, C1, and C2 horizons from a soil with the taxonomic

class: Sandy, mixed, frigid Entic Haplorthod (Rubicon series).54 After sampling, soil was
transferred into sampling bags (4 L polyethylene bags), placed in coolers and shipped to
Oregon State University. Upon receipt the soil was stored at 4 °C. Analyzed soil properties
were mineral type(s) present, cation exchange capacity, organic carbon content, nitrogen
content, percent sand, silt, clay, iron oxide content, specific surface area, and functional
groups present on the organic carbon. Results for the analysis of soil properties are listed in
Table S7.

2.4. Design of Flow-Through System and Columns.

Columns were constructed of 1 cm sections of polyvinyl chloride tubing (effective soil
column length = 10 cm and inner diameter = 2.125 cm). Sections were stacked and
assembled using heat-shrink tubing. Both ends were capped with mesh flow distributors

and custom frit (to allow for tubing connections). Prior to packing, the soils were air dried
and sieved to a particle size of < 2mm. Columns for each individual soil horizon (E, B, C1,
C2) were dry packed following a standardized packing procedure detailed elsewhere,5: 66
yielding four total soil columns. Quartz sand (30/40 grade; Accusand, Ottowa, MN) was
packed using the same method into n = 3 replicate columns for a total of seven columns
(four soil and three Accusand colmns). The Accusand columns served as a measurement

of accuracy (reported as relative standard deviation, Table S6) and as systems without any
organic carbon or other soil properties with PFAS-interactive capacity (aside from surface
area). The packed bulk density for E, B, C1, and C2 columns were 1.70, 1.63, 1.72, and 1.76
g cm™3 respectively, yielding porosities of 35, 37, 34, 32%. The average packed bulk density
for the Accusand columns was 1.74 + 0.02 g cm™=2 (average porosity = 33%).

The packed column was connected to a flow through system which allowed for
uninterrupted delivery of synthetic tap water and/or dilute AFFF (Figure S2). The system
design utilized Luer tubing, valves, and fittings (Sigma Aldrich, St. Louis, MO, USA) and
had an electrical conductivity electrode plumbed inline for non-reactive tracer tests. No
parts containing polytetrafluoroethylene were used. To ensure that no PFAS were sorbing
to the system components, after five separate test experiments, the system was flushed with
methanol. No PFAS were detected in the methanol-flush effluent.

2.5. Soil Column Pack Characterization.

A non-reactive tracer experiment was conducted on each column individually prior to the
start of the AFFF application experiment to calculate residence time, effective porosity,
and effective pore volume. The column was oriented vertically and first saturated with ~
10 pore volumes of deionized water (flowrate = 0.1 ml/min) in an upward flow direction
to remove any entrapped air (Figure S2).46: 62 Synthetic tap water was then applied from
the top down (flow rate = 1 ml/min) and the change in electrical conductivity measured
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using an inline electrical conductivity electrode and Oakton Con700 benchtop conductivity
meter (Oakton Instruments, Vernon Hills, IL, USA) Once the electrical conductivity reached
steady state, the column was flushed with deionized water to determine the decreasing side
of the breakthrough curve. It was assumed that hydrodynamic properties of the soil packs
did not change over the relatively short-duration and low flowrate experiments.48 After the
non-reactive tracer experiment and prior to the start of the AFFF experiment, each column
was flushed with about five pore volumes of synthetic tap water.

2.6. Column Flow Conditions.

A mean pore water velocity of ~0.24 m/day (volumetric flowrate of ~0.064 ml/min) through
the column was chosen for the AFFF experiments so as to replicate that of the natural
groundwater recharge rate at Oscoda-Wurtsmith Air Force base (between 0.09 and 0.25
m/day).87 All fluid delivery (either synthetic tap water or AFFF) was done using an Agilent
1100 HPLC pump (Agilent Technologies, Santa Clara, CA). Each column received 6.7

ml of dilute AFFF (or ~0.5 pore volumes). Following the AFFF application, synthetic tap
water was flowed through the column until a minimum of ~100 ml of effluent (or six

to eight pore volumes) was collected in 2 mL fractions using a Spectrum CF-2 fraction
collector (Spectrum Chromatography, Houston, TX). Fractions were collected using 15 ml
polypropylene tubes.

2.7. Assumptions Underlying Data Equilibrium Analysis.

The relationship between PFAS mass retained (Mg) and %OC in each soil horizon was
evaluated using a model that assumed local equilibrium conditions. For each PFAS for
which there was measurable breakthrough, an exact analytical solution to an advection-
dispersion equation (ADE) of finite duration®8 was fit to the breakthrough curve (BTC)

and used to derive a Peclet (Pe) number, a predicted injection pulse width, and a

retardation factor (Ryf) (Tables S8 — 11). The ADE model assumed that sorption was

linear, reversible, mono-layer, and, crucially, occurring under equilibrium conditions in an
advection-dominated system.36 We evaluated the ability of the ADE model to describe PFAS
sorption in or transport through the soil columns by 1) calculating an injected pulse width
recovery (IPWR; acceptable range between 70% to 130%; Figure S3),%9: 70 which was
calculated as the predicted pulse width divided by the applied AFFF pulse width, 2) a Pe
number > 10, which indicates rapid equilibrium in an advection-dominated system,36: 71
and 3) visual inspection of the BTCs to determine if they were generally symmetrical or
characterized by early/late tailing.”2 Failure to meet any of the above assumptions and
criteria can significantly decrease confidence in the resulting parameter estimations. In such
instances an approach that can account for non-equilibrium or non-linear conditions will be
required.36: 71, 72

2.8. Development of ppQSPR Model.

PFAS Mg was described using a ppQSPR linear regression analysis available in Sci-Kit
learn version 1.1.2.73 This modelling approach provided a tool to quantitatively measure the
combination and relative contribution of PFAS physicochemical properties (values for all 34
PFAS are in Table S12) and soil properties (Table S7) as they related to PFAS Mg in each
soil column.
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First, an exhaustive or “brute-force” model optimization was conducted by fitting all
possible combinations of PFAS physiochemical parameters to Mg data using linear
ppQSPRs (22,802 variations in total). The linearized model calculates an intermediate
mass retained value. The intermediate value was then corrected to 0% if less than 0%,

or 100% if greater than 100% for the final mass retained (Mg) value. This boxcar type
correction increased the sensitivity of the linearized model to changes in the intermediate
range (10%-90%) without sacrificing accuracy due to bias of the highly retained (90—
100% retained) or negligibly retained (0-10% retained) PFAS. We determined that a three-
parameter model sufficiently described the data without over-fitting the data by comparison
of the adjusted R-squared values against the number of parameters included in the model
(Figure S4). Second, the selected PFAS-parameter-only model was generalized for variable
soil properties by regressing the coefficients for each included parameter and the intercept
against soil properties values for each horizon. The final resulting ppQSPR model (PFAS
parameters + soil properties; equations 1 — 4) was selected using goodness of fit data from
all four soil horizons (adjusted R-squared values and root mean squared error (RMSE)) and
analysis of the metadata.”# The final model was then externally validated against average
PFAS Mg, data from the three replicate Accusand columns (Figure S5). Results of the
external validation test indicated that the model functioned with acceptable accuracy based
on similar RMSE values to the original ppQSPR model (Table S13).

3. RESULTS AND DISCUSSION

3.1. Retention of Molecular Cohorts of PFAS as a Function of Equilibrium conditions and
Soil Organic Carbon.

The power of organic carbon content as a predictor for PFAS retention was tested using

two factors derived from an equilibrium-based model fitment: retardation factor (R¢) and the
maximum concentration to original concentration ratio achieved (C/Comax). First, all BTCs
were analyzed and resulting IPWR and Pe numbers were screened to determine how well
the equilibrium model fit the breakthrough data following the criteria in Methods section
2.7. In general, BTCs of anionic PFAS with seven or fewer fluorinated carbons (C) from all
columns were well described by the applied equilibrium model suggesting these PFAS were
in equilibrium with the soil phase. In contrast there were only a few instances where the
equilibrium model was an appropriate fit to the zwitterionic PFAS BTCs (Tables S8 — 11).
For C < 7 anionic PFAS, BTCs were generally symmetrical, Pe numbers were greater than
10 (though often greater than 25), and IPWR values were between 70% and 130% (Tables
S8 — 11). An equilibrium model was well suited to describe retention (or breakthrough) of
short-chain PFAS (C < 6) in other cases as well 34 7

Example BTCs for three PFAS (Figure 2) are presented to illustrate instances where the
equilibrium model was a good fit to all four BTCs (perfluorooctanoic acid; PFOA); a poor
fit (perfluorooctane sulfonic acid; PFOS) or a partial fit to two of the four BTCs (N-dimethyl
ammonio propy! perfluoropropane sulfonamide; AmPr-FPrSA). The BTCs for PFOA from
all four soil columns were characterized by Pe numbers > 10, IPWR ranges between 70%
and 130% (Table S14) and were symmetrical without any significant tailing during sorption
or desorption phases (Figure 2). In contrast, PFOS breakthrough from all soil columns was
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characterized by long-tailing, non-symmetrical BTCs (Figure 2), which is not well captured
by a one-domain ADE."1: 72 Similarly, IPWR values outside of the 70% to 130% range

and Pe numbers < 10 were seen as potential indicators of increased dispersive transport,
non-equilibrium/non-linear sorption, or effects of other non-Fickian processes which cannot
be quantified by an equilibrium ADE (Tables S8 — 11).34. 36, 72,76

The maximum C/Co value (C/Cop,y) and retardation factor (R¢) derived from analysis of
BTCs for PFOA and PFOS (Figure 2 and Table S14) did not correlate with the %OC in the
four soil horizons. If sorption was related only to OC, we would have expected the earliest
and greatest breakthrough in the soil column with the lowest %OC. The largest C/Comax
should have been in the C2 horizon (lowest %OC = 0.02%) with the lowest C/Compax in the
B horizon (%0C = 0.28%) (Figure 2). Instead PFOA in the E and C2 columns had similar
C/Comax Values (0.83 and 0.86 respectively) and the B and C1 columns reached similar C/
Comax Values (0.64 and 0.65 respectively). In terms of Ry, the highest value would have been
expected in the column with the most %OC if that was the main phase with which PFAS
were interacting. PFOA broke through earliest in the E horizon column (R¢ = 0.9) while the
B, C1, and C2 columns had similar R¢s (1.2, 1.3, and 1.2 respectively). Retardation factors
for PFOS showed a similar lack of correlation with %OC, with similar R¢s in the B and C2
columns (5.0 and 4.8 respectively) and the E and C1 columns (3.1 and 2.8 respectively). All
retardation factors which could be calculated are in Tables S8 — 11.

There was a similar trend in the PFOS BTCs to that of PFOA in that there was no correlation
with %0C. The E and C1 columns had similar R¢s (3.1 and 2.8 respectively; Table S14) and
C/Comax Vvalues (0.16 and 0.17 respectively) and the C2 horizon was more retarded (Rf =
4.5) and had a lower C/Comax (0.11). The B horizon had the most retarded breakthrough (R¢
=5.0) and lowest C/Comax (0.08). It should be noted that none of the PFOS BTCs met the
criteria set for analysis using the equilibrium ADE (Table S14), and thus R¢ values are likely
underestimated. The lack of correlation between %OC and PFAS interaction with soil (as
described by the soil partitioning coefficient, Ky) was also described in a meta-analysis of
published Ky ~ %OC data by Li et al.22 They concluded that, once removing sorption data
derived from high OC soil, the relationship between Ky and OC content became weaker or
altogether insignificant.

Breakthrough of the three-carbon zwitterion AmPr-FPrSA from two of the columns, C1 and
C2, could be fit by the equilibrium model but not those from the E and B columns (Table
S14). In contrast to PFOA and PFOS, AmPr-FPrSA interaction with the soil horizons did
correlate with %0OC. The C2 column had the smallest R¢ (1.5) and highest C/Copax value
(0.54), followed by the C1 column (R¢ = 1.8 and C/Cop,x = 0.42), the E column (Rf=5.3
and 0.09), and finally the B column (Rf = 16.4 and C/Comax = 0.08). Though Rs values

are listed for AmPr-FPrSA in the E and B columns, they are likely underestimated as they
violated the criteria set for equilibrium analysis and exhibited what appears to be non-linear
or hysteretic sorption behavior, which has been observed by others.34 35 For PFAS where
the equilibrium model could not be used (e.g., the majority of the zwitterionic PFAS) it is
likely that sorption processes/mechanisms such as electrostatic interactions, as opposed to a
hydrophobic exclusion mechanism, were active.34-36
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We then examined the dataset as a whole for commonalities in retention behavior of all 34
PFAS from all four soil columns based on the observations from the comparison of the three
example PFAS. Retention of all PFAS was found to loosely sort into two large molecular
cohorts (Figure 3). Across the four soil horizons examined, Mg was between 0 and ~15% for
C3 to C5 anionic PFAS and generally below 30% for all anionic PFAS with less than eight
fluorinated carbons. Complete retention (Mg = 100%) was a rare exception, even for those
that had eight fluorinated carbons (Figure 3). Overall, the retention of anionic C < 7 PFAS
did not correlate with the OC content in any of the four soil columns (Figure 3), indicating
that, in low OC systems at least, OC content is not predictive for PFAS retention,22: 28-30, 32

In the case of zwitterionic PFAS, complete retention (Mg = 100%) was the norm (Figure 3)
with a minority of zwitterionic PFAS breaking through (Mg < 100%) after five pore volumes
of water. The spread in Mg was greatest for C < 4 zwitterionic PFAS. Zwitterions with five
or more fluorinated carbons had at least 50% of their mass retained, even in the soil columns
with the lowest percent OC (0.02% OC). No mass for C6 and C7 zwitterions broke through
any of the soil columns (Mg = 100%).

Similarly in the Accusand columns, which were free of organic carbon, PFAS mass was
retained. Mass was retained as a function of PFAS type and, in the case of the zwitterions,
as a function of the number of fluorinated carbons (Figure 4). Similar to the soil columns,
Mg increased with increasing number of fluorinated carbons. Retention of C4 and shorter
zwitterions was ~20% with retention increasing with the number of fluorinatead carbons.
Retention of anionic PFAS did not increase as a function of the number of fluorinated
carbons, but instead all Mg values were between ~10% to ~20%. It is likely that both
cohorts of PFAS molecules were being hydrophobically excluded and partitioning to the
aqueous-solid interface as a way to escape the aqueous phase. Interestingly, the variability
in the Mg, data was greater for anions than for zwitterions (error bars in Figure 4).

This suggests that retention of anionic PFAS may be more a function of media transport
properties3® 77 and pore network geometries (which were not measured as a part of this
research) and less dependent on surface interactions.

Our data indicate that the OC concentration in the soil matrix was not a robust predictor

for the retention of anionic PFAS and clearly not the only predictor for the retention

of zwitterionic PFAS. Sorption of PFAS in systems devoid of organic carbon has also

been observed by others.#8 Shafique et al.”8 found that hydrophobic exclusion was strong
enough to aggregate anionic PFAS on apolar siloxane patches on the surface of silica

grains. They also found that physical reorientation of the molecule was sufficient to
overcome any electrostatic repulsion encountered by the head group and surface silanol
groups. Similarly, on a surface-area normalized basis, silica sand had the highest sorptive
capacity for PFOS compared to goethite, kaolinite, or iron-enriched sand.® Others have also
observed preferential sorption of PFAS to silaceous zeolite compounds in the absence of
0C.79.80 Accordingly, we reject the assumption that organic carbon content can be used as a
single predictor variable for PFAS Mg (assumption one).
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3.2. Model Results and Validation.

With the absence of an obvious single value predictor for PFAS retention, the development
of a more comprehensive model was indicated. Physiochemical - soil property relationships
were established for a total of 136 PFAS-sorbent combinations (34 PFAS x 4 soil horizons)
and assessed for their ability to describe the total capacity of a soil to retain a given PFAS
molecule. This resulted in the down selection of n = 14 PFAS physiochemical and n = 9 soil
predictor variables (Tables S12 and S7 respectively) and eventually yielded the following
model:

X ={[0.204* PFAS molar mass] + [0.318 * mass fluorine] + [c* nitrogens]

+7Z]+16.2 @
c={[3.5%FeOx] +[89.7*% OC] +22.7} @)
Z = {[0.12% SA,] — 146} ®)

100 if X > 100
My=1{X if 100>X>0 @
0 if X<0

where Xis the intermediate percent mass retained estimate, which is a function of PFAS
molar mass (the mass of the PFAS molecule), mass fluorine (total mass of fluorine on the
PFAS molecule calculated as the number of fluorine atoms on the PFAS molecule times
the molar mass of fluorine; 19 g/mol), nitrogens (the number of nitrogen atoms in the
PFAS molecule) (Eq. 1), Fepy (the amount of oxalate extractable iron (g Fe kg™ soil)),
960C (mass percentage of organic carbon in the soil) (Eq. 2), and SAge7 (specific surface
area of the soil (m? g™1)) (Eq. 3) (r2 = 0.84, p < 0.001). Mg (Eq. 4) is the final percent
mass retained of a given PFAS molecule in the soil of interest. To determine the overall
model accuracy, the RMSE was calculated and determined to be + 16.2%.74 Among the
down-selected predictor variables (Table S15), the parameters PEAS molar mass and number
of nitrogens (individual r2 values of 0.51 and 0.5, respectively) dominated, but carried
insufficient individual power to enable satisfactory predictions. Accordingly, consideration
of the parameters: mass fluorine, OC, Fe,yxand SAgerwas necessary to maximize the
predictive power of the model. The relative contribution of each model parameter can be
quantified as a function of each parameter’s coefficient (analysis and ranges of parameter
values are in Figure S6 and Table S15 respectively). The molar mass and mass fluorine
have similar impacts on overall Mg (coefficients = 0.204 and 0.318 respectively) where the
nitrogen parameter is more heavily weighted due to the statistical relationship to two soil
parameters (Fepyand %0C;, coefficients = 3.5 and 89.7 respectively). From a mechanistic
perspective, including SAgs7was important as all PFAS need a surface to interact with, but
the parameter had negligible impact on the overall performance of the model (coefficient

= 0.12; only changed Mg by ~1%). With this data we partially accept assumption two. A
combination of soil properties and PFAS molecular properties are influential in sorption
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of zwitterionic PFAS while mainly molecular properties are related to sorption of anionic
PFAS.

3.3. Model predictions.

Satisfactory model performance was demonstrated by plotting experimentally measured Mg
as a function of model predicted Mg, for each of the four soil horizons (Figure 5).

The fact that soil horizon data do not cluster in certain locations of the plot validates the
choice of predictor variables and confirms the general applicability of the model. Similar
plots were constructed using PFAS molar mass and number of nitrogens as predictor
variables; Figures S7 and S8), illustrating the individual weight of these variables. Doing

so confirmed two basic tenets of PFAS retention: Mg increases with PFAS molar mass,8!
and with the frequency of N-containing groups.34 82 The latter observation can be further
emphasized by examining two PFAS that have similar molar mass, but differ in nitrogen
content: perfluoroheptane sulfonic acid (PFHpS) (no nitrogen, molar mass = 450 g/mol)
showed an average Mg across the four different soil matrices of 12.4%, while N-sulfo propyl
dimethyl ammonio propyl perfluoropropane sulfonamide (SPrAmPr-FPrSA) (two nitrogens,
molar mass = 456 g/mol) had an average Mg of 57.5%, almost four times as high. Here we
confirm assumption three that PFAS retention follows generalizable principles.

3.4. Model Validation.

The model was subjected to an external validation test using PFAS Mg, data from

the replicate (n = 3) Accusand columns. Model performance was assessed through the
parameters root mean squared error (RMSE) and coefficient of determination (r2) and
found to be satisfactory (Table S13; Figure S5). Similar RMSE values from internal model
calibration (16.2) and external model validation (16.3, r2 = 0.78) indicate good model
performance’4 in terms of predicting PFAS Mg.

In a a second external validation exercise, we took advantage of a recent study by Adamson
et al.# who used a comprehensive hydrological modeling approach to assess the mass

of PFOS retained by the soil underlying the fire training area at a naval air station.

Adamson et al.# calculated that after decades of exposure to AFFF, the soil in that fire
training area still contained ~40 kg of PFOS. Using publicly available soil data (https://
websoilsurvey.nrcs.usda.gov) specific to that site and the necessary molecular properties of
PFQOS, our ppQSPR model independently predicted that the same soil would be able to
retain a total of 47.8 kg of PFOS, which is in good agreement with the estimate by Adamson
etal?

3.5. Mechanistic considerations and plausibility of underlying assumptions.

Exclusion of PFAS molecules from the aqueous phase may be an important step in

the retention of both anions and zwitterions on soil surfaces. Two of the three PFAS
physiochemical properties included in the ppQSPR model, PFAS molar mass and mass
fluorine, capture the likelihood of a given molecule to be excluded from the aqueous
phase. This insight is complementary to free energy calculations carried out by Xiao et
al.,35 who found that exclusion of both cations and zwitterions from the aqueous phase
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was one of the predominant driving forces for adsorption to soil surfaces. As the molar
mass of the PFAS increases, the thermodynamic “force’ or motivation for the molecule

to be expelled from the aqueous phase also increases.24 83 The step of exclusion from

the aqueous phase likely applies to anions as well since Xiao et al.3°> found that both
anionic and zwitterionic PFAS of the same perfluorinated carbon chain length had similar
degrees of hydrophobicity. However, it is important to note the absence of any correlation
between strictly anionic PFAS and Fe,y and %0C, suggesting that anions do not interact
electrostatically with sorbent surfaces. Instead, anions are likely excluded from the aqueous
phase to any available surface or interface as a function of their relative hydrophobicity.
Others such as Xiao et al.3° reported that the electrostatic potential of zwitterions was
several orders of magnitude higher than that of anions, leaving anions with a reduced
capacity to interact electrostatically. Using a batch study, Nguyen et al.38 found that anion
sorption was best described by a combination of %OC, silt+clay content, and micropore
volume, two of which describe the amount of potential interaction space or surfaces in the
soil. This is in agreement with our interpretation that anions likely have a similar affinity for
any available solid interface.*!

Our modeling activity led to the finding that sorbent parameters Fe,, and %0C were
statistically related to the number of nitrogens parameter, meaning that they influence

the retention of zwitterionic PFAS that possess both positive and negative charges, thus
underlining the plausibility of a mechanistic contribution of these structural PFAS features
to interactions with charged soil surfaces.28: 34 37 This is noteworthy as Al/Fe oxides
contribute positive charge at typical soil pH ranges, while well decomposed organic carbon
carries net negative charge and can serve as a potent cation exchange medium.84 8 Several
considerations may help to constrain the underlying mechanisms of zwitterionic sorption.
First, charges on zwitterionic PFAS may be more shielded from the electron-withdrawing
fluorinated tail by other interspaced atoms (Table S2). This may allow for the charge(s) on
their head groups to be stronger and less delocalized compared to the negative charge on
anionic PFAS, thus increasing their capacity to interact with charged soil components. This
hypothesis is supported by Parker et al.8¢ who observed that anionic PFAS with —CH,—
spacers between the fluorinated tail and the charged head group (e.g., a po/yfluorinated
fluorotelomer sulfonate) had an overall more negative electrostatic charge than those without
the —CH,— spacer. A second possibility is that the non-fluorinated aliphatic head groups
which, in contrast to the highly lipophaobic fluorocarbon chain, should impart some capacity
to engage in Van der Waals type interactions with hydrophobic soil components. A third
option is that PFAS with a negatively charged propanoic acid head group, for example
N-dimethyl ammonio propy! perfluorohexane sulfonamido propanoic acid (AmPr-FHxSA-
PrA) may orient itself toward the positively charged terminal amine group (Figure S9),
creating a net charge on the molecule that is likely close to zero. The geometrically
optimized structure of AmPr-FHxSA-PrA (optimized with the Merck molecular force

field (MMFF94)87 in Avogadro,88 as previously performed for PFAS89: 90) supports this
hypothesis with the propanoic acid contorted toward the terminal amine. In contrast,

the geometrically optimized structure of N-dimethyl ammonio propy! perfluorohexane
sulfonamide (AmPr-FHxSA; Figure S10), which does not have a propanoic acid in its head
group, was largely linear. The coordinates of the geometrically optimized AmPr-FHxSA-
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PrA and AmPr-FHXSA are provided in the Sl (Tables S16 and S17). The computational
predictions may explain why some zwitterionic PFAS may behave as ‘neutral” molecules
with zero net charge?? and why zwitterion mass retained was related to the largely aliphatic
OC in this soil; whereas no such relationship was found for anionic C < 7 PFAS.

When generating the ppQSPR model we assumed the included parameters behaved
independent of concentration (i.e., followed a linear isotherm) with a Freundlich non-
linearity term (7)) equal to 1 (an n-value of 1 indicates isotherm linearity). Though we

did not directly calculate 7, the presence or absence of sorption non-linearity of PFAS in
soils has been previously investigated by others using soil similar to those used in our
experiments.14 91 Specifically, Van Glubt et al.,24 used the Freundlich isotherm model to
examine the non-linearity of PFOS and PFOA adsorption to sandy soils using batch and
column experiments. Results of their analysis generated a /7 value that was near 1 (0.7-
0.9),1 indicating that isotherm non-linearity was mild to moderate at most. One of the
primary drivers of isotherm non-linearity consistent with Freundlich behavior is known to
be the energetic heterogeneity of surface adsorption sites.%2 Because our soil was highly
sandy and relatively homogeneous, similar to the soil used by Van Glubt et al.,14 sorption
non-linearity likely did not influence PFAS retention in a significant way.

Inversions of HYDRUS equilibrium and two site non-equilibrium models were conducted
for three example PFAS (PFBA, PFOS, AmPr-FPrSA; 12 total PFAS/soil simulations) to
briefly examine if retention was influenced by rate-limited adsorption. Equilibrium models
were more appropriate in 11 of the 12 simulations and non-equilibrium effects were mild to
negligible in the one scenario for which the non-equilibrium model was more appropriate
(Table S18). These results indicate that PFAS retention was not significantly influenced by
rate-limited adsorption. The HYDRUS model results are also consistent with the significant
mass retention we observed for most of the zwitterionic and long chain anions as well as
results from Geulfo et al.,*® who found predominantly equilibrium behavior in low OC soils
at similar experimental flow rates.

4. |IMPLICATIONS

Several generalizable insights were generated by our investigation. The soil used in our
experiments had matrix properties similar to those of soils underlying at least another 15
military source zones across the US, rendering the insights obtained broadly applicable.
With regard to the relevance of PFAS molecular properties, it became apparent that it

is necessary to distinguish between zwitterions and anionic PFAS when considering the
propensity for retention in a soil. Among the latter group, retention is generally low until

the fluorinated chain comprises at least eight (8) fluorinated carbon atoms. Even more
important for site managers and policy makers is the observation that for anionic PFAS,
surface properties of systems with negligible organic carbon content cannot predict PFAS
retention. For anionic PFAS compounds, the overriding control on sorption to soil is the size
of the fluorinated carbon chain and the associated thermodynamic ‘force’ or motivation to be
expelled from the aqueous phase.
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The situation is different for zwitterionic PFAS. For the zwitterions present in our AFFF
formulation, PFAS molar mass and the number of N atoms incorporated were the dominant
molecular controls, but these substances also showed significant tendencies to actually
interact with charged portions of the soil matrix. Given the fact that the soil chosen for

this investigation was coarse textured with limited surface reactivity, and hence a very poor
sorbent, we feel justified to deduce that any soil matrix with finer texture and greater surface
reactivity will retain both anionic and zwitterionic PFAS to a significantly larger extent.

Finally, our research showed that the fraction of soil organic carbon present (foc) does not
represent a single value predictor for retention of all PFAS in source zones26: 32,38, 93 gng
that variables such as the surface reactivity of the mineral phase®® 94 or the quality of the
organic carbon need to be considered as well.28 33 This observation is particularly relevant
given the widespread practice to derive retention characteristics from Ky values estimated
from the fraction of organic matter.
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Interactions between 34 PFAS and organic and the soil matrix were examined in column
experiments to derive a predictive algorithm for the retention of anionic and zwitterionic

PFAS in AFFF affected soil.

SYNOPSIS
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Figure 1:

Summary of the system properties that are potentially involved in determining the retention
of the complex PFAS mixtures found in AFFF. Source zone: the portion of a site that
contributes contaminant mass to the ground water plume. vdW = van der Waals forces;
NAPL = non aqueous phase liquid.
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Figure2.
Breakthrough curves for three PFAS from all soil columns. C/Co (y-axis) for measured

values (open points) and predicted values using an equilibrium advection-dispersion fit
(dashed line) are shown for PFOA (top), PFOS (middle), and AmPr-FPrSA (bottom).
Breakthrough is plotted as a function of pore volumes (x-axis). Initial concentrations of
applied PFAS are in Table S5. Abbreviated structures with functional head groups only are
shown for each PFAS.

Environ Sci Technol. Author manuscript; available in PMC 2024 April 04.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Wanzek et al. Page 24
100 | e®m® '0 ... G» [ ¢ "% 0C
i ' @ 0.28
e ' @ 0.15
80 : 0.05
° i 0.02
L |
S 60 . I
o) 7 .
= !
8 - I
[0) I
o @ :
n 40 .
w |
m |
= 1l o :
20 o
- | .
06 0g @
| [ )

0 + '®o e O @
nFC 2 3 4 5 3 14]|15]|6
Type Zwitterion Anion

Figure 3.

Mass retained for all PFAS (n = 34) and soil (% OC) combinations (n =4) (N =

136 observations in total) organized by zwitterions (left) and anions (right) and number
of fluorinated carbons (nFC) (x-axis). Intensity of green color corresponds with OC
concentrations (0.28% to 0.02%). Mass Retained data were determined after flushing with
five pore volumes of synthetic tap water.
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Figure 4.

Average (n=3) PFAS mass retained in Accusand (no OC) organized by zwitterions (left) and
anions (right) and number of fluorinated carbons (nFC) (x-axis). The dimensions of the scale
for the x-axis category nFC are proportional to the number of PFAS species in each group
(larger spacing = more PFAS species and vice versa). Error bars are one standard deviation.
Mass Retained data were determined after flushing with five pore volumes of synthetic tap

water.

Environ Sci Technol. Author manuscript; available in PMC 2024 April 04.




1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Wanzek et al. Page 26

1004 m E 0 .
< ® B M A
< A C1 A 7 U 2
P 807 w c2 e o
5 |——1t01 9 _-n
A — - -Avg Model Error|  _~ a2
O 60 s s
b v 7 A 7
8 s s =
€ 40 VA~ v 4 KA
fc s v ¥a
Cqé . Vv/// //vAv o
»n 204 < 1 4 )
© _/lil; /!9/;i“

E 7 A
0  &'m B~ A

I £ I 4 I i | s !

0 20 40 60 80
Mass Retained, Predicted (%)

Figure5.
Experimentally measured Mg, plotted as a function of model predicted Mg. Solid line

represents Mg predicted = Mg measured, dashed lines indicate average error.
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