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Disclaimers

This document has been reviewed in accordance with U.S. Environmental Protection Agency policy and

approved for publication. Any mention of trade names or commercial products does not constitute
endorsement or recommendation for use.

This document is for informational purposes only. The contents should not be construed as legal advice
concerning any specific circumstances. This document does not address all federal, state, and local

regulations, and other rules may apply. This document does not substitute for any EPA regulation and is
not an EPA rule.
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Executive Summary

The Center for Environmental Solutions and Emergency Response (CESER) is the Agency’s center for
investigation of technological and management approaches for preventing and reducing risks from
pollution that threatens human health and the environment. CESER develops and provides applied
scientific and engineering solutions, technologies, and cutting-edge innovations to protect and
remediate our air, land, and water resources. The focus of the Center’s research program is on methods
and their cost-effectiveness for prevention and control of pollution to land, water, and subsurface
resources; protection of water quality in public water systems; remediation of contaminated sites,
sediments and groundwater; and restoration of ecosystems.

The intention of this report is to provide easily digestible information for site assessment and
remediation practitioners who work on PFAS-contaminated sites. The topics covered include evaluation
of site-specific groundwater vulnerability from PFAS-impacted soils, PFAS groundwater sampling, and
ways that surface chemistry and surfactant properties of some PFAS may impact their transport and
fate. The document compiles information from three technical briefs that were originally released
internal to the EPA titled Per- and Polyfluoroalkyl Substances (PFAS): Practical Groundwater Science
Guides for Regional Practitioners.

The intended audience for this report includes geologists, hydrogeologists, risk assessors, remedial
project managers, and others who work on PFAS-contaminated sites. Users of this report should have a
basic understanding of PFAS. The information provided in this document will be of use to stakeholders
such as state and federal regulators, Native American tribes, consultants, contractors, and other
interested parties.
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1 Estimating Site-Specific Groundwater Vulnerability from
PFAS-Impacted Soils

1.1 Overview

Tools or approaches based on the latest scientific understanding of the behavior of PFAS in the vadose
zone are needed to determine PFAS soil screening or cleanup levels that will protect groundwater. EPA’s
Soil Screening Level Guidance for the migration-to-groundwater pathway uses a simple linear
equilibrium soil/water partition equation, which includes soil-water partition coefficients (Kq), or organic
carbon (OC) normalized partition coefficients (Koc), to estimate soil leachate concentrations.

Often, predetermined Kq or Koc values are used to calculate migration-to-groundwater soil screening
levels (SSLs). Soil concentration levels above calculated SSLs are expected to negatively impact
groundwater quality. This approach works in some cases because Koc is fairly constant for many
nonpolar compounds, like trichloroethylene, which interact strongly with soil OC but very little with
mineral surfaces (Allen-King et al., 1997). As interest in PFAS has grown, the same approach has been
used to predict risk from PFAS-contaminated soil to groundwater, but research has shown that this
approach may not be the best practice for predicting vulnerability at specific sites (Anderson et al.,
2019; Rovero et al., 2021). Unlike nonpolar compounds, PFAS have a polar head group that increases
affinity for mineral surfaces (Nguyen et al., 2020) and surfactant behavior that causes the compounds to
collect at air-water interfaces (Brusseau et al., 2019).

Of particular concern with PFAS are the low concentrations that can contribute to negative health
outcomes. Effects of exposure to perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS) are
believed to occur at concentrations below what current methodology can detect; therefore, an
understanding of PFAS transport and fate, including sorption mechanisms, is important in protecting
human health and the environment. If soil-water K4 partition equations are to be used to reliably predict
PFAS behavior, more care is required in selecting an appropriate value for use in calculations to account
for the more complex sorption mechanisms exhibited by these compounds.

Given the complications of predicting leaching using default K4 and Koc values for PFAS, a synthetic
precipitation leaching procedure (SPLP) modified for PFAS is described for deriving site-specific K4 values.
These values can then be used to evaluate groundwater vulnerability more accurately from PFAS-
impacted soils.

1.2 Estimating Impacts to Groundwater from Contaminated Soil

Various tools, such as the EPA Regional Screening Level (RSL) calculator (U.S. EPA, 2022) or the New
Jersey Department of Environmental Protection’s (NJDEP’s) soil migration to groundwater exposure
pathway calculator (NJDEP, 2023), use regulatory limits and physical, chemical, and toxicological
properties of compounds and the associated sites to establish screening levels and to predict impacts to
groundwater from contaminants in soil that may leach or migrate. These calculators use a target
groundwater concentration to determine a permissible soil leachate concentration, and then an
acceptable soil screening level. The conversion from soil to leachate concentration is calculated using
sorption parameters of a contaminant (K4 or Koc and Henry’s law coefficient), along with soil density and
porosity according to the linear adsorption equation (U.S. EPA, 1996a):
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SSL = soil screening level (e.g., mg/kg)

Cw = target leachate concentration (e.g., mg/L)
Kq: soil-water partition coefficient (L/kg)

6,, : water-filled porosity (%)

0, : air-filled porosity (%)

H': Henry’s law coefficient (dimensionless)

P, : soil bulk density (kg/L)

In this equation, SSL includes the fraction of contaminant sorbed to soil, dissolved in pore water, and
contained within pore gases. A site-specific dilution-attenuation factor (DAF) can be calculated using the
following equation (Figure 1; U.S. EPA, 1996b):
K*i*d

*L

DAF=1+

DAF: dilution-attenuation factor (dimensionless)
K: hydraulic conductivity (m/yr)

i hydraulic gradient (m/m)

d: mixing zone depth (m)

I: infiltration rate (m/yr)

L: length of area of concern (m)

The target leachate concentration divided by the DAF is the estimated final groundwater concentration.
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Figure 1.1. Diagram showing factors contributing to dilution-attenuation factor calculation
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This process works well when the migration behavior is well defined, but error in the Kq value used in
calculations can produce a nearly proportional error in final groundwater concentration or SSL. If site-
specific concentrations are needed, it is critical that an appropriate Kq is used for each site in assessing
groundwater vulnerability from PFAS-contaminated soil. Because soil properties and PFAS concentration
and composition can vary at any given site, it may be necessary to calculate Kq values at multiple
locations and at multiple depths to select parameters that accurately represent PFAS migration potential
to groundwater. Remedial project managers should work with technical support geologists and
hydrogeologists to determine additional sampling locations based on these variables.

1.3 Selecting an Appropriate Kg

Currently, the EPA RSL calculator includes default partition coefficient (i.e., Kq4, Koc) values for PFOA,
PFOS, perfluorobutane sulfonate, perfluorononanoic acid, and perfluorohexane sulfonate and allows for
custom or site-specific values to be used for derivation of screening levels (U.S. EPA, 2022b).
Experimentally determined or model-predicted K4 values are also available for many PFAS in the
literature, using a wide variety of methodologies. These reported values span several log units even
among relatively simple PFAS (Li et al., 2018; Rovero et al., 2021). Reported values of select PFAS are
graphically summarized by Rovero et al. (2021) using box and whisker plots in Figure 1.2.

.
%
.

log Kd
oon0
v
|

po
ole o0

- e

1y
Sl

e e s
*

' ' ' i ' . '
PFBA PFBS PFDA PFHxS PFNA PFOA PFOS
PFAS

Figure 1.2. Box and whisker plot of log Kd values reported in the literature for seven anionic PFAS,
showing values spanning several log units for each compound. The bottom and top of the box

indicates the median, and whiskers extending above and below each box mark the extent of non-
outlying data. Source: Rovero et al. (2021)

Outlined below are three approaches to determining PFAS Kqvalues.

Experimentally Determined Kq

These values are determined by measuring the partitioning behavior of PFAS between the soil and
aqueous phases. Several factors should be considered if selecting one of these values for use in
screening level calculations:
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How similar are the soil conditions between the experiment and the applicable site?

There are conflicting data regarding the influence of various soil properties on PFAS sorption, and the
effect of these properties differ among PFAS compounds. The conflicting data make it challenging to
assess whether two soil sites are similar. OC and clay-silt content are often cited as important factors
(e.g., Fabregat-Palau et al., 2021) but will not guarantee similar sorption behavior.

Did the experiment measure adsorption or desorption?

Partition coefficients calculated by measuring adsorption of PFAS onto soil are typically lower than those
calculated by measuring desorption from soil back into solution (Chen et al., 2016; Rovero et al., 2021).
Evidence suggests some level of irreversible sorption to soil may also occur (Chen et al., 2016).

Were PFAS introduced to the soil during the experiment?

Kq values calculated when PFAS are introduced to the soil in laboratory conditions are generally lower
than values determined using contaminated soil from field sites, even when considering only desorption
experiments (Rovero et al., 2021; Zareitalabad et al., 2013). The mechanism behind this difference is
unclear.

Each of these considerations requires an understanding of the source of each Kq4 value used.
Practitioners may be able to curate a selection of values suitable for the types of sites they frequently
encounter, but any predetermined value should be used with caution.

Model-Predicted Ky

Modeling software (e.g., EPI Suite™, SPARC, COSMOtherm) can predict some properties of chemicals
based on their structural compositions. Although experimental values are preferred, this software can
be useful for compounds that are difficult to measure due to reactivity, volatility, hazards associated
with use, or other considerations. These models can produce octanol-water partitioning (Kow) and Koc
values for several common PFAS. EPI Suite™ can predict two values of log Koc using different methods;
for PFOS, as an example, they are 3.409 (Kow method) and 4.855 (molecular connectivity index method).
Log Koc values for PFOS collected from literature cited in Rovero et al. (2021) have first, median, and
third quartile values of 2.67, 3.03, and 3.53, respectively. This places the first model-predicted value
near the third quartile, whereas the second predicted value is among the outlying values. Neither value
predicted by EPI Suite™ is suitable for all sites, and no site-specific parameters are used in their
calculation. Therefore, the use of this type of sorption coefficient is not recommended.

Some studies (e.g., Fabregat-Palau et al., 2021) have reported success in constructing models of Kq or
Koc by breaking a database of experimental values into a “training” set for model creation and a
“validation” set for confirming that the model parameters selected accurately predict sorption behavior.
The scope of application for these models would depend on the data used for model construction and
validation. In Fabregat-Palau et al. (2021), for example, all data used in model generation are from
laboratory batch studies, yet authors note “K4 values obtained from in situ experiments have been
shown to be significantly higher”, which suggests the model is inappropriate for use in a risk assessment
scenario.

Site-Specific Ky

The technical recommendation for determining groundwater vulnerability from PFAS-impacted soils is
the use of site-specific K4 values. These values are determined by analysis of contaminated material
from the site under investigation. This approach eliminates or reduces many of the concerns regarding
data applicability, although large or geologically complex sites may require multiple K4 measurements.
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There is currently no recommended method for determination of site-specific Kq values: however,
guidelines for adsorption/desorption testing are provided by the EPA Office of Prevention, Pesticides,
and Toxic Substances (U.S. EPA, 2008). Two approaches receiving attention are measuring
concentrations through lysimeters installed on site or performing extractions using a modified SPLP.

A lysimeter generally consists of a porous material through which soil pore water is pulled by an applied
vacuum into an underground container. When positive pressure is applied via the vacuum line, liquid in
the container is forced through a second line to a collection vessel on the surface. Lysimeter installation
requires boring a hole to the appropriate depth of the unsaturated zone, packing the area around the
device to ensure hydraulic connectivity with the surrounding soil and prevent infiltration from above,
and maintaining the vacuum pump on the surface for the duration of sample collection.

Soil core collection (source: EPA 2021)

SPLP is comparatively simple, involving the collection of soil
samples from the site, combining a known mass of soil with
a known volume of the appropriate extraction fluid,
tumbling for 18 hours on an end-over-end mixer, and
collecting the resulting solution. Analysis of lysimeter pore
water and SPLP solution for PFAS concentration would
follow the same procedure after these collection and
extraction steps.

Lysimeters have the advantage of measuring the actual
condition of pore water at the site, including temporal
variability, whereas SPLP leachates are indicative of long-
term leaching potential. The installation, operation, and
interpretation of results to carry out a lysimeter study are
more complex than the steps to perform an analogous SPLP
study. Furthermore, it is unclear whether the silica flour
commonly used to pack lysimeters will adsorb PFAS and
thus reduce PFAS concentration in collected pore water,
and it may not be possible to collect pore water in all
conditions, particularly in shallow installations or extreme
climates. Additional information on the use of lysimeters
for PFAS migration is available in Costanza et al. (2025).

Because of the simplicity of implementation for field and laboratory personnel, several states have
adopted SPLP for screening risk to groundwater from PFAS. Some technical recommendations for
adapting the procedure to be more suitable for PFAS are provided as follows.

1.4 Deriving Site-Specific Kd Values for PFAS Using a Modified SPLP

The SPLP (EPA Method 1312) is designed to determine the mobility of organic and inorganic analytes
present in liquids, soils, and wastes. A mass of sample is mixed with extraction fluid and shaken for 18
hours, after which the fluid is filtered and analyzed. The extraction fluid is a simple composition of
reagent water adjusted with a mixture of sulfuric and nitric acids to a pH of 4.2 (for soils from east of the
Mississippi River) or 5.0 (for soils from west of the Mississippi River). This process simulates natural
leaching in the environment. The EPA SSL Guidance recommends the SPLP as an alternative to using the
soil-water partitioning equation, although it may not be appropriate for all sites (U.S. EPA, 1996b).
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SPLP Modifications for PFAS

Early analysis suggests that the SPLP is suitable for PFAS with minimal modifications. Containers and
equipment in contact with samples should avoid polytetrafluoroethylene (PTFE) (Teflon®) and low-
density polyethylene (LDPE) in favor of high-density polyethylene (HDPE). Glass fiber filters can adsorb
PFAS from solution (Lath et al., 2019), so replacing filtration with centrifugation may improve data
quality, but the impact of this change is still under investigation.

A suggested modified SPLP (summarized in Table 1.1) reduces sample sizes by a factor of 10, using 10
grams of soil with 200 milliliters of extraction fluid, to minimize waste and simplify centrifugation. At
least two parallel extractions should be performed for each sample using two extraction fluids: one to
measure partitioning, such as the standard SPLP fluid or a groundwater analog, and a second to
determine total extractable PFAS. A suggested fluid consists of 1% ammonium hydroxide (30% solution)
in 99% methanol. Samples are shaken for 18 hours, then centrifuged at 10,000 revolutions per minute
(15,000 g) for 10 minutes. The required volume of extract is decanted into an HDPE container for
analysis.

The K4 for the soil is calculated as:

K = [Total] — [Extract]
I [Extract]

where [Extract] is the concentration of PFAS in the selected extraction fluid, and [Total] is the
concentration of total extractable PFAS in the methanol solution, assuming partitioning to air is
negligible, and is equivalent to calculating K4 by dividing the soil partition by the aqueous partition. The
concentrations of the extractants can be substituted for Cy and SSL in the adsorption equation
presented previously when partitioning to the vapor phase is of interest.

Further Considerations for PFAS SPLP

Until an official method is available, those using the SPLP to evaluate PFAS mobility should evaluate their
process recovery and method detection limits using laboratory control samples or internal standards.
Other leaching methods may also be appropriate, such as those explored in Rayner et al. (2022).
Negative bias in PFAS concentration from adsorption to container walls is expected and can be
quantified with analysis of spiked control samples.

Table 1.1. Summary of recommended modifications to the SPLP for PFAS analysis

Modification Explanation

Use only PFAS-free PFAS contamination may result from common laboratory materials. Use HDPE
containers and bottles and avoid sample contact with PTFE (Teflon®) or LDPE whenever
equipment possible.

Reducing the mass of the sample from 100 grams to 10 grams and the volume
Reduce sample sizes | of the extraction fluid from 2 liters to 200 milliliters reduces waste and
simplifies centrifugation.

Use alternate Use a methanol solution for total extraction in addition to the standard SPLP
extraction fluids extraction fluid.
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Modification Explanation

Eliminate filtration PFAS will adsorb on filter surfaces; avoiding filtration may improve data

steps and replace quality, particularly for long-chain and uncharged PFAS. Centrifuge and decant
with centrifugation | ©F pipet sample. Conduct extraction in a centrifuge bottle to avoid transferring
sample when feasible.

1.5 Contacts
Matt Rovero (rovero.matthew@epa.gov)
Rick Wilkin (wilkin.rick@epa.gov)

U.S. Environmental Protection Agency, Center for Environmental Solutions and Emergency Response,
Groundwater Characterization and Remediation Division, Subsurface Remediation Branch
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2 Groundwater Sampling for PFAS

2.1 Overview

The technical guidelines suggested here are based on PFAS sampling recommendations developed by
many organizations, in addition to field experience, current sampling practices, and accumulated data
and research. Field et al. (2021) summarized current guidelines. Early guidance related to sampling
groundwater for PFAS has been mostly consistent with occasional updated findings (Field et al., 2021;
Kidd et al., 2022; NJDEP, 2024). Some older guidelines relying on the precautionary principle have
specified excluding from field mobilizations all materials and equipment that might be coated with or
that might contain PFAS or fluorinated materials.

Newer guidelines are increasingly based on laboratory testing of sampling equipment and materials, and
consideration of potential exposure pathways for the sample. They are less restrictive and conditionally
allow the use of more materials. Field et al. (2021) provided recommendations for sampling equipment
and consumables based on materials testing and the potential for complete sample exposure pathways.
Wanzek et al. (2024) recommends that older guidance be updated to continue to restrict materials that
come in direct contact with water samples, specifies industry best practices for sampling, and
emphasizes equipment decontamination procedures and collection of QA/QC samples. All sampling
methodologies must be documented in approved Quality Assurance Project Plans (QAPPs).

The discussion of potential sources of PFAS that may contaminate field samples in this document should
not be considered definitive. Much like the current understanding of the science of PFAS, the
recommendations related to groundwater sampling is expected to evolve.

2.2 Existing Site Data

Site data should be reviewed to help plan PFAS sampling events and to evaluate if there are concerns
with any PFAS-associated materials at the site. Drilling and monitoring well construction logs can be
checked to determine what materials were used for drilling (e.g., drill rods, auger lubricants, drilling
mud) and what materials were used for well construction (e.g., filter sand, bentonite, and concrete).
Some sites might have legacy wells constructed with materials such as fluorinated polymers that could
preclude sampling for PFAS. Measurements of depth to water and total well depth from previous
sampling logs can be used to estimate reasonable purge volumes. These estimates can be used to plan
for adequate container capacity for PFAS purge water (Investigation Derived Waste, IDW).

If available, PFAS data from past sampling events should be referenced, so that wells can be sampled in
order from lowest to highest anticipated concentrations of expected contaminants. Otherwise, sampling
should progress from locations expected to have the lowest concentrations (typically distal or side
gradient to the source area) to locations expected to have the highest concentrations (typically proximal
to the source area). PFAS samples should be gathered prior to those for other analytes, particularly if
materials needed for sampling other analytes include fluorinated materials such as Teflon® bottle septa.

2.3 Sample Turbidity

Turbidity in water samples collected for PFAS analysis can skew analytical results by binding to the PFAS,
removing it from solution. This effect is a particular concern for longer-chain PFAS. Filtering samples is
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problematic because some PFAS may adsorb to filter materials that are currently used for field sampling.
For these reasons, it is recommended that groundwater sampling be conducted using a low-flow
method and no filtering be performed.

Minimal disturbance to the water column is advised because of the high propensity for PFAS to partition
to air-water interfaces, such as those that could develop due to drawdown of the water level around a
well. The pump intake should preferably be no deeper than the depth of the middle of the submerged
section of the well screen and the sampling depth and purge volume should be consistent across
sampling events.

Until there is scientific consensus on a suitable limit for turbidity in PFAS samples, this document offers
an interim recommendation of no greater than 10 Nephelometric Turbidity Units (NTU) which is
consistent with recommendations and requirements by others (e.g., Puls and Barcelona, 1996; Yeskis
and Zavala, 2002; NJ DEP, 2024). If the turbidity during sampling exceeds 10 NTU then adjustments may
be tried, such as reducing the depth of the pump intake or reducing the flow rate. If the turbidity
remains above 10 NTU then the well should be redeveloped before another sampling attempt. In some
cases, it may be necessary to replace the well using a smaller well screen slot size and compatible sand
pack particle size.

2.4 Sampling Equipment and Supplies

All supplies and equipment that will be used for sampling groundwater to be analyzed for PFAS or
related analytes, must be vetted before use. Equipment and supplies can be broadly categorized by
whether it will come in direct contact with the PFAS samples. It must be verified that all materials that
will come in direct contact with samples, or have a reasonable possibility of doing so, do not have a
realistic potential to significantly bias analytical results. However, some items may be permissible
without documentation of risk. For example, pumps with plastic or elastic parts may not pose a practical
problem due to very short contact times. Other items may not be reasonably expected to come in direct
contact with the samples.

In addition to equipment and supplies, air and rainwater may be a concern when sampling. Although
studies have found that concentrations of PFAS particles in the air and in rainwater contacting
groundwater samples are unlikely to reach the detection limits for PFAS analyses (e.g., Wanzek et al.,
2024), others have documented measurable concentrations of PFAS in rainwater (e.g., Cousins et al.,
2022). Consequently, samples should be shielded from rainwater when collected.

The potential to bias results high (e.g., leaching from fluorinated tubing) and the potential to bias results
low (e.g., adsorption on sampling materials) should be assessed. Fluoropolymers are often present in
equipment used to sample for PFAS (Wanzek et al., 2024) whereas materials such as glass can sorb
PFAS. High-Density Polyethylene (HDPE) is a commonly recommended piping and container material and
is specified for sample containers in the current EPA-approved PFAS analysis methods for groundwater,
U.S. EPA 8327 and U.S. EPA 1633. However, loss of long-chain PFAS (greater than six carbons along the
carbon backbone) have been reported when samples were stored in this material for one week prior to
analysis (Folorunsho et al., 2024). The alternative material polypropylene (PP) was also tested and
performed similarly to HDPE.

Several methods can be used to determine whether equipment or supplies are suitable for use when
sampling PFAS. A literature search may be adequate to determine whether a material may contain or be
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contaminated with PFAS. The potential for sampling bias has been documented by Field et al. (2021) and
includes the results of soak tests for many types of equipment. Alternatively, laboratory analyses of
PFAS-free water exposed to the equipment can be used. Field, equipment, and trip blanks should be
comprehensive enough to determine whether any of the sampling equipment, or the surrounding
environment, could contribute PFAS contamination to the sample. PFAS-free water, typically supplied by
the laboratory, should be used for all blank collection as well as final decontamination rinses of reusable
equipment before each sample is collected. Note that whether equipment or water is “PFAS-free” may
depend on the detection limit of the analysis method selected. As methods achieve lower detection
limits, the applicability of literature values may change.

Blanks are useful for detecting and identifying the
causes of high bias in PFAS sample analytical
results but are generally not helpful for detecting
low bias. Low bias can result from sample
collection and handling in the field due to
potential adsorption onto equipment, to the
material of some field filters, and to fine
particulates suspended in groundwater samples.
The potential to cause low bias may, in part, be
evaluated by using matrix spike samples.

The PFAS sampling supplies and equipment
identified as acceptable in Table 2.1 must be
verified against all applicable requirements of
government agencies and stakeholders. In
general, it is acceptable to use materials that are
coated with PFAS-free wax or made of HDPE, PP,
polyvinylchloride (PVC), silicone, polyurethane,
or acetate. It is unacceptable to use glass or
fluorinated materials such as polytetrafluoroethylene (PTFE) (e.g., Teflon®, Hostaflon®), polyvinylidene
fluoride (PVDF) (e.g., Kynar®), polychlorotrifluoroethylene (PCTFE) (e.g., Neoflon®), ethylene-
tetrafluoroethylene (ETFE) (e.g., Tefzel®), or fluorinated ethylene propylene (FEP) (e.g., Teflon®,
Hostaflon®, Neoflon®). Aluminum foil should also be avoided unless it can be determined that it is PFAS
free. Tests for the presence of PFAS on materials such as aluminum foil should not be generalized across
brands because results across studies have varied.

Groundwater sampling (source: EPA 2024)

Many commonly used groundwater pumps and tooling have grips, fittings, seals, and other components
made of plastic materials that can contain PFAS or could have been exposed to PFAS. These tools include
dedicated submersible pumps permanently installed in monitoring wells. Although the potential impact
of sampling devices is not well understood, site practitioners should be aware of the potential for

different types of groundwater sampling equipment to contaminate PFAS samples or reduce detected
concentrations.

When using a peristaltic pump, all tubing, including that used in the pump roller head, should be PFAS
free. HDPE tubing should be used for well purging, except for the flexible tubing section used between
the rollers in a peristaltic pump to draw water by suction. This flexible tubing must also be PFAS free,
such as Tygon® silicone tubing. Dedicated tubing should be used for each well. Various pumps might
contain O-Rings that contact the flow-through water. These rings do not present a significant risk of
PFAS contamination given their small surface area and the short contact time, and purging before
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sampling should mitigate any effect from these rings. Submersible PFAS-free bladder or centrifugal
pumps are an option for sampling at sites with groundwater depths greater than about 25 feet. No-
purge samplers (i.e., bailers) are generally not recommended for collecting samples from groundwater
monitoring wells for evaluating contaminant concentrations. The use of passive samplers deployed in
monitoring wells is an area of active research and is not covered in this guide.

The manufacturing process for LDPE can contaminate it with PFAS. However, unless performing work
where LDPE is specifically disallowed for a particular site, it is acceptable to use LDPE materials for
sample organization and temporary storage. Some projects may allow use of LDPE materials if it is
verified that the LDPE is not contaminated with PFAS. Nonetheless, HDPE is a preferable alternative.
New powder-free nitrile gloves should be donned between handling any LDPE and collecting additional
PFAS samples. LDPE bags such as Ziploc® can be used for sample organization, bottle protection, ice
containment, and chain of custody (COC) protection. LDPE sheeting can also be used to cover the
ground of the sampling work area. Samples collected from each location should be placed together into
sealed waterproof bags and maintained in laboratory-supplied coolers containing ice made from PFAS-
free water in bags made of waterproof material. If any samples shipped with PFAS samples have
analytical methods that specify glass bottles, they should be wrapped in bubble wrap (typically made of
LDPE) to prevent breakage. COCs should also be maintained in waterproof bags. The coolers should be
sent overnight to the appropriate laboratory with COC forms and a custody seal.

Disposal of PFAS-contaminated investigation-derived waste (IDW) is described by ASTM E3274-21 and
U.S. EPA (2024). Currently, thermal destruction or landfilling are listed as acceptable methods that could
be used for disposal of sampling consumables. The receiving facility should be contacted prior to
disposal to verify they accept PFAS-contaminated materials.

Table 2.1. Acceptable PFAS sampling equipment and supplies

Field Documentation Supplies

PFAS-free site map, sampling documentation forms, chain of custody forms, field book

Plastic-free clipboards

Fine-point Sharpie® unless specified otherwise. Note that some permanent markers contain PFAS
(Rodowa et al., 2020.)

Personal Protective Equipment and Supplies

PFAS-free personal protective equipment (e.g., uncoated Tyvek")

PFAS-free clothing not exposed to fabric softener; not waterproofed with Gore-Tex™ or Teflon®; and
not treated to be stain resistant, insect repellant, or ultraviolet protection

Powder-free nitrile gloves (or other suitable materials but not latex)

PFAS-free insect repellant, sunscreen, and any other personal care products. Lists of PFAS-free
products of these types are readily available.

Purging, Sampling, and Decontamination Equipment

PFAS-free water level indicator

PFAS-free graduated cylinders for alkalinity and turbidity screening

Tygon® silicone tubing or other elastic PFAS-free tubing if using a peristaltic pump
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HDPE tubing to extend down the well

Two 250-milliliter HDPE sample bottles with HDPE caps for US EPA analytical methods 1633 and
8327; containers unspecified for EPA prep method 3512.

PFAS-free water from the laboratory. Herein, for practical purposes, water will be considered PFAS-
free if PFAS are not quantified above the method detection limit for any PFAS analytes. PFAS-free
water is used for field, equipment, and trip blanks.

PFAS-free spray bottles

Alconox’ or Liquinox” detergent for decontamination

Polyethylene or PVC brush to scrub sampling equipment during decontamination

Sample Packaging and Shipping Supplies

PFAS-free sample labels

Sample and quality assurance/quality control bottles from the laboratory in cooler(s) (Igloo® or
Coleman®)

Ziploc® or equivalent bags (if low-density polyethylene [LDPE] is acceptable). HDPE containers or
bags are preferable.

Bubble wrap for glass containers (if LDPE is acceptable or HDPE is available)

PFAS-free tape to secure chain of custody forms inside the top of the cooler and to seal the cooler
for shipment

Ice made from PFAS-free water (avoid chemical “blue” ice)

2.5 Contacts

Lee Rhea (rhea.lee@epa.gov)

Rick Wilkin (wilkin.rick@epa.gov)

U.S. Environmental Protection Agency, Office of Research and Development, Center for Environmental
Solutions and Emergency Response, Groundwater Characterization and Remediation Division
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https://archive.epa.gov/ada/web/pdf/10003226.pdf &
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3 PFAS Surface Chemistry and Surfactant Basics

3.1 Overview

A key distinction between typical organic contaminants and PFAS, at least those currently considered to
have notable risk to health and the environment, is that the latter are fluorocarbon surfactants.
Surfactants are organic chemicals with a hydrophilic head and a hydrophobic tail. As a result, surfactants
partition at fluid/fluid interfaces, such as the interface between air and groundwater in the vadose zone
or the interface between a nonaqueous phase liquid (NAPL) and groundwater, if a NAPL is present in the
saturated zone. Partitioning at these interfaces is important because it may be an additional retardation
mechanism (resulting in subsurface contaminant persistence), and it may alter surface or interfacial
tension. In fact, the unsaturated soil horizon could serve as a long-term source of PFAS contamination
for both groundwater and surface water (e.g., Wallis et al., 2022). In addition, surfactants may alter
contact angles. Alteration of either of these two surface chemistry properties (i.e., surface/interfacial
tension or contact angles) may, in turn, alter the distribution of immiscible fluids in the subsurface. For
example, source zone—level concentrations of PFAS may lower groundwater saturations in the vadose
zone or enhance NAPL transport by lowering the NAPL/groundwater interfacial tension.

Another characteristic that makes PFAS significantly different from more traditional, nonsurfactant
organic contaminants is surfactant self-assembly, driven by the thermodynamic tendency to minimize
interactions between hydrophilic and hydrophobic chemical structures. A prime example of this is the
formation of micelles. Other organic co-contaminants, if present, may partition into micelles, resulting in
an enhanced transport mechanism.

As a class of chemicals, PFAS have been used in a wide variety of industrial and commercial applications
since the early 1900s because of their unique chemical properties (e.g., Buck et al., 2011; Glige et al.,
2020; Kissa, 2001; Wang et al., 2017). Unfortunately, their widespread use has resulted in environmental
contamination, with potential health risks on a national and global scale.

The general chemical properties that make PFAS useful in commercial and industrial applications include
the ability to impact surface properties and resistance to chemical degradation. The latter stems from
the strength of the carbon-fluorine chemical bond (Wang et al., 2017). The former is due to the
surfactant nature that arises from the molecular structure of the chemicals. Although not all PFAS are
surfactants (Buck et al., 2011), many of those of immediate concern are surfactants. For example,
perhaps two of the most notable PFAS are the fluorocarbon surfactants perfluorooctanoate (PFOA) and
perfluorooctane sulfonate (PFOS).

Surfactant properties may significantly impact environmental transport and fate. Consequently, the
purpose of this technical brief is to provide a summary of important surface chemistry concepts and
highlight how these concepts impact PFAS transport and fate in the subsurface. Although connections to
relevant PFAS references are made, a complete review of all PFAS literature is beyond the scope of this
technical brief (more extensive reviews include Interstate Technology Regulatory Council, 2023, and
Sharifan et al., 2021). Moreover, this technical brief focuses on transport in the subsurface, but the
principles discussed are applicable to the broader environment.
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3.2 Surface Chemistry and Surfactant Basics
3.2.1 Surface and Interfacial Tension

When two fluids are sufficiently immiscible, they will remain separate as distinct fluid phases when in
contact with one another. Common examples of immiscible fluids are air and groundwater in the vadose
zone, or a NAPL (e.g., gasoline, aviation fuel, chlorinated solvents) and groundwater. Molecules at the
interface of the two fluids are subject to molecular attractive forces that are different from the
molecular attractive forces in the bulk fluids. The disparity between these forces results in tension at the
interface. Surface tension is the term typically used when one fluid is a gas and the other a liquid (e.g.,
air-water), whereas interfacial tension is the term typically used when both fluids are liquids (e.g., water-
oil).

3.2.2 Contact Angles

When two immiscible fluids are in contact with a solid, another important surface chemistry property is
the contact angle, defined as the angle from the solid surface to the fluid/fluid interface (Figure 3.1).
The contact angle measures the propensity for one fluid relative to another to be in contact with the
solid and is used to characterize fluid wettability. An illustration of contact angles from common
experience is water beads on a waxed surface; beads of water are created because air acts as the
wetting fluid on the waxed surface. In general, contact angles less than 90° indicate a wetting fluid,
whereas contact angles greater than 90° indicate a nonwetting fluid. More precise distinctions may also
be made. For example, relative to water, a contact angle of approximately 0° indicates a hydrophilic
surface, contact angles between approximately 0° and 90° indicate subcritical water repellency, and a
contact angle greater than 90° indicates critical water repellency or a hydrophobic surface. These
definitions can likewise be applied to oil to distinguish oleophilic and oleophobic surfaces.

0 <90° 0 >90°
». Wetting . Non-Wetting

; 0

7 7

Figure 3.1. Contact angle and fluid wettability. Illustrated is a fluid
(white background) in contact with a solid (diagonal line pattern).
The solid also supports a drop of a second fluid (blue shading). For
example, this may illustrate a water drop resting on a solid,
surrounded by air. The contact angle is defined as shown by the
intersection of the fluid/fluid interface with the solid.

Why are these properties important?

Relative to contaminants in the subsurface, surface tension, interfacial tension, and contact angles are
important to fluid distributions in partially saturated systems, such as the vadose zone, or when a NAPL
is present in the saturated zone. In many applications of immiscible fluids, there is no need to explicitly
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consider these features. These properties are an implicit part of the capillary pressure-saturation-
permeability relationships used in immiscible fluid transport modeling. However, when chemicals are
introduced into the subsurface that may alter surface chemistry properties, like surfactants, then explicit
consideration is necessary.

3.2.3 Surfactants

Surfactants are organic chemicals with a hydrophilic head and a hydrophobic tail. Using PFOA as an
example, the perfluorinated alkyl chain is the hydrophobic tail, and the carboxyl functional group is the
hydrophilic head. Surfactants can be divided into two broad categories: fluorocarbon and hydrocarbon
surfactants (i.e., surfactants without fluorines attached to the carbon chain). Compared with
hydrocarbon surfactants, fluorocarbon surfactants repel water and oil more strongly because of the
carbon-fluorine bonds within the molecule (e.g., Wang et al., 2017), which helps to explain their
advantage in many commercial applications. Mixtures of the two may be an important consideration in
some cases, and a prime example may be aqueous film-forming foam (AFFF), which in many
formulations is a mixture of hydrocarbon and fluorocarbon surfactants in water.

As a result of the hydrophobic/hydrophilic contrast within the molecule, surfactants partition at
fluid/solid and fluid/fluid interfaces. Although solid partitioning is well recognized as an important
transport and fate process, partitioning at fluid/fluid interfaces is less known because historically, it has
not been relevant to typical organic contaminants. If surfactants are present at sufficiently low

N

v

Fluid/Fluid Interfacial Partitioning

Impacts to Fluid Saturation

'Ymax

V

N
Other Transport
Phenomena

'Ymin

Surface/Interfacial Tension

Cinin CMC
Surfactant Concentration

l Plumes Source Zones l

Figure 3.2. Conceptual illustration of surface/interfacial tension y as a function of concentration C.
The graph is divided into three main regions based on y characteristics: (1) at low C, y reflects
measurements of surfactant-free water; (2) as C increases, y significantly decreases, and (3) y
reaches a minimum value at large concentration. The arrows across the top of the figure indicate
key processes, whereas the arrows at the bottom indicate areas where those processes are
relevant.
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concentrations (parts per billion levels or smaller), this partitioning may not impact surface properties
such as surface tension for air-water systems, interfacial tension for liquid/liquid systems, or contact
angles for three-phase systems. If surfactants are present in sufficient quantities, however, partitioning
may alter the surface properties (Figure 3.2).

Why is surfactant fluid/fluid interfacial partitioning important?

Partitioning at fluid/fluid interfaces (e.g., air/water or NAPL/water), and the associated implication for
subsurface transport, is one important distinction when PFAS contaminants are compared with more
traditional organic contaminants. The first important implication for fluid/fluid interfacial partitioning is
that it impacts contaminant mass distribution (Figure 3.3). Understanding how contaminant mass is
distributed in the subsurface is vital to proper site characterization and remediation.

Water-Gas
Interface

Water-NAPL
Interface

NAPL-Gas
Interface

Figure 3.3. Subsurface phases and interface partitioning. The blue circles illustrate
contaminant phase partitioning relationships for organic contaminants without
surfactant properties (i.e., typical organic contaminants) between subsurface solids
and fluids (i.e., water, NAPL, and gas). Note: in vadose zone applications, air is the gas.
When considering a contaminant with surfactant properties, and when two or more
immiscible fluids are present, fluid/fluid interfacial partitioning should also be
considered. The open circles represent fluid/fluid interfacial partitioning.

The extent of interfacial partitioning depends on several factors. Partitioning will depend on the PFAS
chemical structure itself, with carbon chain length, functional group, and counterion type being
important factors (Brusseau & Van Glubt, 2019). In general, interfacial partitioning is dependent on
concentration, but linear partitioning can be assumed at low concentrations (e.g., Silva et al., 2021) and
has been demonstrated through direct measurements of surfactant per interfacial surface area or
surface excess (e.g., Brusseau, 2021). However, nonlinear behavior has also been suggested (Schaefer et
al., 2019). Partitioning is also sensitive to background electrolyte concentrations (Brusseau & Van Glubt,
2019; Costanza et al., 2019; Le et al.,, 2021; Wang & Niven, 2021) and may vary because of the presence
of other surfactants (Schaefer et al., 2019; Silva et al., 2021). Other factors include temperature, pH, and
co-solutes.

The second important implication of fluid/fluid interfacial partitioning is that it may create retardation.

This retardation mechanism is the underlying principle for previous research related to interfacial
tracers (e.g., Costanza-Robinson & Henry, 2017, and references therein). More recent studies have

20 U.S. Environmental Protection Agency EPA/600/R-25/153 | July 2025




noted the potential importance that fluid/fluid interfacial partitioning may have on subsurface PFAS
transport (e.g., Brusseau, 2018; Costanza et al., 2019; Schaefer et al., 2019; Silva et al., 2019), especially
due to partioning at the air-water interface in the vadose zone. Laboratory experiments have
demonstrated retardation of injected PFAS beyond that expected due to solid sorption alone (e.g.,
Brusseau et al., 2019; Li et al., 2021; Lyu et al., 2018), and numerical modeling work has supported the
hypothesis that fluid/fluid interfacial partitioning is the explanation (Brusseau et al., 2019; Silva et al.,
2020). Retardation due to fluid/fluid interfacial partitioning may be quite significant, exceeding that due
to solid-phase sorption in some (Brusseau, 2018) but not all cases (Silva et al., 2020).

Empirical evidence of PFAS retardation in laboratory studies is used to infer immobility of the PFAS
relative to bulk fluid motion when partitioned at the air/water interface. However, net movement of a
solute partitioned on the interface has been reported in at least one reference, which suggests the
potential for interfacial advection (Kim et al., 1999). In surface chemistry, the Marangoni effect refers to
the movement of water due to viscous forces associated with surface tension gradients of a surfactant
film spreading across the interface (Adamson & Gast, 1997). The spreading of a surfactant film suggests
another potential transport mechanism that is not routinely considered. Finally, at least one reference
has investigated the concept of interfacial velocity (i.e., the velocity with which the fluid/fluid interface
itself moves through the porous media; Nordhaug et al., 2003). It is unclear whether these processes
have practical application in subsurface PFAS transport and fate, but it may be prudent to acknowledge
that more research is needed to better understand what role, if any, solute motion on the fluid/fluid
interface, and movement of the interface itself, may have in subsurface PFAS transport and fate.

As surfactant concentration increases, surface tension (or interfacial tension) will eventually begin to
decrease (see Figure 3.2). Once significant decreases in surface tension have occurred, impacts are
expected to occur in capillary pressure, fluid saturation, and relative permeability. This behavior has
been documented in a series of papers based on modeling and experimental work (Henry et al., 2002;
Henry & Smith, 2002, 2003, 2006; Smith et al., 2011) using a long-chain alcohol, which demonstrated
that water drains from areas of high alcohol concentration to areas of low concentration. Reductions in
water saturation likewise reduce relative permeability, which impact subsequent infiltration patterns
(i.e., infiltrating water flows around areas where water previously drained due to surfactant enhanced
flow). This may have important implications for the persistence of PFAS contamination, for example, in
the vadose zone. Impacts also depress the capillary fringe. This behavior is not expected in areas of
dilute plumes but may occur where high concentrations are expected (i.e., on the order of parts per
million [ppm]). Releases of AFFF are a prime example of an incident that may result in such impacts. A
modeling study by Guo et al. (2020) illustrated impacts to vadose-zone fluid distributions due to PFOS
concentration levels.

As a final note regarding fluid/fluid interfacial partitioning, any activity that introduces immiscible fluids
into subsurface locations with suspected PFAS contamination should be evaluated for its potential to
enhance PFAS transport. Examples include air sparging, which introduces air into the saturated zone and
therefore creates air-water interfaces. Another example is the injection of an emulsified product to
promote biodegradation. Emulsions consist of immiscible oil droplets in water, and PFAS contaminants
may partition at the droplet interfaces.
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3.2.4 Surfactant Self-Assembly

Because of an inherent repulsion between hydrophobic tails and water molecules, surfactants will
assemble into molecular structures that minimize the contact between hydrophobic tails with the
surrounding water molecules. One such structure is a micelle, and another is a vesicle (Figure 3.4a;
micelle on the left, vesicle on the right). In solutions, micelles develop at only a sufficiently large
concentration, referred to as the critical micelle concentration (CMC). However, increasing

(a) (b)
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Figure 3.4. Conceptual illustration of surfactant self-assembly: (a)
micelle and vesicle in solution, and (b) examples during solid sorption

concentration will not always lead to micelle formation. For ionic surfactants, the Krafft point is defined
as the intersection of two curves: solubility versus temperature and the CMC versus temperature (Kissa,
2001). For temperatures below the Krafft point, increasing concentration will not reach the CMC but will
reach a solubility limit (see Figure 3.5a). The CMC can be reached only at temperatures above the Krafft
point. This may have important ramifications when considering subsurface conceptual models for
surfactant contaminants.
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Figure 3.5. Conceptual diagrams of (a) the Krafft point for ionic surfactants, and (b) phase
behavior for water-oil-surfactant systems. Note that the term “inverted micelle” is use
here synonymously with “reverse micelle”.

Why is surfactant self-assembly important?

Once the CMC is reached, micelle formation may introduce a mechanism for enhanced transport of co-
contaminants. The interior of the micelle is a hydrophobic region where other hydrophobic organic
contaminants may partition. For this purpose, surfactants have been used for remediation of NAPL
contamination in groundwater (e.g., Pennell et al., 2014, and references therein). If PFAS contaminants
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are released at concentrations that meet or exceed their CMC, then they also could form micelles and
enhance transport of other contaminants (Figure 3.6). The CMC is typically on the order of ppm (see
Bhhatarai & Gramatica, 2011, or Le et al., 2021, for summary information), which suggest enhanced
transport of other contaminants due to PFAS micelles may be limited to source areas with large
concentrations.
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Figure 3.6. Micelle partitioning coefficients (i.e., the ratio of chemical concentration in the
micelle to that in the aqueous phase) plotted as a function of co-contaminant molecular
weight (MW). This figure illustrates the potential for enhanced transport of co-
contaminants by PFAS micelles. Data reflect aromatic hydrocarbons as co-contaminants,
ranging from benzene (lowest MW) to pyrene (highest MW). The blue diamonds
represent results based on micelles of ammonium PFOA (An et al., 2002), and the orange
circles represent results based on micelles of lithium PFOS (Simmons and McGuffin,
2007). Results are plotted as a function of MW for summary purposes only and do not
suggest MW as a sole factor in the partitioning relationships. For example, Simmons and
McGuffin (2007) suggest a relatively large partitioning coefficient for hexafluorobenzene
into lithium PFOS micelles may be due to similarity in the chemical structures of those
compounds.

For traditional organic contaminants, adsorption on solid surfaces is the primary mechanism for
contaminant retardation in the subsurface. Solid phase adsorption relevant to PFAS contamination is
summarized elsewhere (e.g., Rovero et al., 2021) and will not be discussed in detail here. However, the
ability of surfactants to self-assemble even in the context of solid adsorption is a complexity worth
noting given the focus of this technical brief. Figure 3.4b illustrates a few simple structures that may
occur, but even more complex structures are possible depending on solid surface heterogeneity (e.g.,
Striolo, 2019, and references therein). Moreover, these structures may occur at bulk phase
concentrations less than the CMC (Schwarzenbach et al., 2003). More research is needed to better
understand what role surfactant self-assembly may have in PFAS solid phase sorption in the subsurface.
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3.2.5 Emulsions and Foams

Emulsions and foams consist of binary fluid mixtures stabilized by surfactants. In an emulsion,
surfactants act to stabilize droplets of one (discontinuous) liquid in the other (continuous) liquid (Figure
3.5b). Two common types of emulsions are an oil-in-water emulsion and a water-in-oil emulsion
(Adamson & Gast, 1997). Microemulsions are a special class of emulsions, distinguished by their
transparent appearance, consisting of a dispersed liquid with droplet diameters ranging from
approximately 10 to 100 nm (Rosen, 1989). Likewise, foams consist of a discontinuous gas dispersed as
bubbles throughout a continuous liquid. Surfactants in the foam promote liquid film (i.e., lamellae)
elasticity, which prevent the lamella between gas bubbles from rupturing (Rosen, 1989).

Although likely not a significant factor in subsurface transport, aerosols are another mixture consisting
of small solid particles or discontinuous liquid droplets dispersed throughout a continuous gas phase.
Aerosols may, however, be significant in atmospheric PFAS transport (e.g., Faust, 2022). Surfactants are
used in enhanced oil recovery operations for emulsions and foams and to alter wetting characteristics.
Murphy and Hewat (2008) provide a mini-review specific to the use of fluorocarbon surfactants for
enhanced oil recovery. In addition, foams have been investigated for subsurface contaminant
remediation (e.g., Maire et al., 2015).

Why are emulsions and foams important?

Microemulsions may impact contaminant mass distributions and facilitate NAPL transport. Kostarelos et
al. (2021) investigated mixtures of AFFF and Jet Fuel A and found that a Winsor type Il solution was
consistently produced for the conditions investigated. This type of solution is characterized by two
separate phases: aqueous and a water-in-oil microemulsion. Microemulsions were generally found to be
much more viscous than the AFFF solution or Jet Fuel A, suggesting a greater chance for trapping in the
subsurface. Results from column studies indicated that almost 80% of measured PFAS were retained in
the microemulsions, suggesting the possibility of a long-term PFAS source.

By design, AFFF is a product that creates a foam. Foams are less permeable than groundwater or air and
may therefore alter flow patterns in the subsurface. Kostarelos et al. (2021) state it is likely that AFFF,
released as a foam at ground surface, will dissipate before entering the subsurface as a foam, and the
separated liquid will then infiltrate into the ground. However, Hgisaeter et al. (2019) noted observations
of foam penetration into the top of soil columns during laboratory experiments where AFFF was applied
as a foam. If foam does penetrate into the soil, it seems reasonable to suspect the foam will not persist,
given its instability. However, activities that inject air into PFAS-impacted areas, such as air sparging,
may create foam in the porous media. Surfactant-enhanced air sparging has in fact been proposed as an
alternative to air sparging, and the ability to create foam as a result has been reported (Kim et al., 2022).
However, this is likely a concern only in PFAS source zones with potentially high (ppm-level) total
surfactant concentrations. This does not preclude, of course, foam formation in areas with smaller PFAS
concentrations during activities such as treatment with foam fractionation, provided other mechanical
actions or chemical additives are used to create the foam.

3.3 Summary

Currently, the PFAS of most environmental concern are fluorocarbon surfactants. As surfactants, they
have characteristics that may impact subsurface transport and fate, resulting in differences when
compared with the characteristics of more traditional organic contaminants. Table 3.1 summarizes
subsurface transport and fate processes that may be impacted by surfactant properties. In the case
when only a single fluid is present, such as groundwater in the saturated zone, surfactant self-assembly
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may be a factor in solid phase sorption, even at concentrations less than the CMC. Surfactant self-
assembly may also be a factor in source zones with high concentrations, in which case, surfactants may
self-assemble into structures called micelles.

Other organic co-contaminants, if present, may partition into micelles, resulting in an enhanced
transport mechanism. These two processes may also be factors when multiple fluids are present in the
subsurface, but the presence of multiple fluids also raises what may be the most important difference.
Surfactants partition at fluid/fluid interfaces, such as the interface between air and groundwater in the
vadose zone, or the interface between a NAPL and groundwater. Empirical evidence suggests this
partitioning mechanism may create significant retardation (i.e., transport rates much less than
advection) under some, but not necessarily all, conditions.

The extent of partitioning at fluid/fluid interfaces will depend on site geochemistry, porous media
characteristics, and other surfactants, including other PFAS. Moreover, remedial activities, such as air
sparging or injecting emulsions, may introduce immiscible fluids into the subsurface. This may impact
PFAS transport not only because of possible phase partitioning, but also because of partitioning at the
interfaces between the immiscible fluids. In source zones with high PFAS concentrations (ppm-level),
partitioning at fluid/fluid interfaces may alter surface or interfacial tension. Partitioning at fluid/solid
interfaces may also alter contact angles. Alteration of either of these two surface chemistry properties
may, in turn, alter the distribution and flow of immiscible fluids in the subsurface.

Table 3.1. Summary of subsurface transport and fate processes potentially influenced by contaminant
surfactant properties

Fluids in porous media

Multiple fluids (e.g., groundwater and air;

T t i i 8.
ransport process S::;i':;w:::; 8- groundwater and NAPL; or groundwater, air,
g and NAPL)
Advection N/A Surfactant enhanced flow, with the potential

for changes in flow patterns

Self-assembly during

Sorption . Self-assembly during sorption
P sorption 4 g sorp

Interfacial partitioning N/A Partitioning at the interface between fluids
Enhanced transport of Enhanced transport of other contaminants

Other enhanced . . . .
other contaminants through micelles, and emulsions when NAPL is

transport processes )
through micelles present

Note: Transport processes not included in the table (i.e., diffusion, dispersion, transformation, and phase partitioning) may
likewise be important, but are not influenced by surfactant properties.

3.4 Contacts

Michael C. Brooks (Brooks.Michael@epa.gov)*
Jingjing Chen,? Aderonke Adegbule,? Jungi Huang,? Carolyn Acheson®
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	Executive Summary 
	The Center for Environmental Solutions and Emergency Response (CESER) is the Agency’s center for investigation of technological and management approaches for preventing and reducing risks from pollution that threatens human health and the environment. CESER develops and provides applied scientific and engineering solutions, technologies, and cutting-edge innovations to protect and remediate our air, land, and water resources. The focus of the Center’s research program is on methods and their cost-effectiven
	 
	The intention of this report is to provide easily digestible information for site assessment and remediation practitioners who work on PFAS-contaminated sites. The topics covered include evaluation of site-specific groundwater vulnerability from PFAS-impacted soils, PFAS groundwater sampling, and ways that surface chemistry and surfactant properties of some PFAS may impact their transport and fate. The document compiles information from three technical briefs that were originally released internal to the EP
	 
	The intended audience for this report includes geologists, hydrogeologists, risk assessors, remedial project managers, and others who work on PFAS-contaminated sites. Users of this report should have a basic understanding of PFAS. The information provided in this document will be of use to stakeholders such as state and federal regulators, Native American tribes, consultants, contractors, and other interested parties. 
	 
	 
	1 Estimating Site-Specific Groundwater Vulnerability from  PFAS-Impacted Soils 
	1.1 Overview 
	Tools or approaches based on the latest scientific understanding of the behavior of PFAS in the vadose zone are needed to determine PFAS soil screening or cleanup levels that will protect groundwater. EPA’s Soil Screening Level Guidance for the migration-to-groundwater pathway uses a simple linear equilibrium soil/water partition equation, which includes soil-water partition coefficients (Kd), or organic carbon (OC) normalized partition coefficients (KOC), to estimate soil leachate concentrations.  
	 
	Often, predetermined Kd or KOC values are used to calculate migration-to-groundwater soil screening levels (SSLs). Soil concentration levels above calculated SSLs are expected to negatively impact groundwater quality. This approach works in some cases because KOC is fairly constant for many nonpolar compounds, like trichloroethylene, which interact strongly with soil OC but very little with mineral surfaces (Allen-King et al., 1997). As interest in PFAS has grown, the same approach has been used to predict 
	 
	Of particular concern with PFAS are the low concentrations that can contribute to negative health outcomes. Effects of exposure to perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS) are believed to occur at concentrations below what current methodology can detect; therefore, an understanding of PFAS transport and fate, including sorption mechanisms, is important in protecting human health and the environment. If soil-water Kd partition equations are to be used to reliably predict PFAS behavior, 
	 
	Given the complications of predicting leaching using default Kd and KOC values for PFAS, a synthetic precipitation leaching procedure (SPLP) modified for PFAS is described for deriving site-specific Kd values. These values can then be used to evaluate groundwater vulnerability more accurately from PFAS-impacted soils. 
	 
	1.2 Estimating Impacts to Groundwater from Contaminated Soil  
	Various tools, such as the EPA Regional Screening Level (RSL) calculator (U.S. EPA, 2022) or the New Jersey Department of Environmental Protection’s (NJDEP’s) soil migration to groundwater exposure pathway calculator (NJDEP, 2023), use regulatory limits and physical, chemical, and toxicological properties of compounds and the associated sites to establish screening levels and to predict impacts to groundwater from contaminants in soil that may leach or migrate. These calculators use a target groundwater con
	 
	Figure
	SSL = soil screening level (e.g., mg/kg) 
	CW = target leachate concentration (e.g., mg/L) 
	Kd : soil-water partition coefficient (L/kg) 
	: water-filled porosity (%) 
	Figure
	: air-filled porosity (%) 
	Figure
	: Henry’s law coefficient (dimensionless) 
	: soil bulk density (kg/L) 
	Figure
	In this equation, SSL includes the fraction of contaminant sorbed to soil, dissolved in pore water, and contained within pore gases. A site-specific dilution-attenuation factor (DAF) can be calculated using the following equation (Figure 1; U.S. EPA, 1996b):  
	 
	Figure
	DAF: dilution-attenuation factor (dimensionless) 
	K: hydraulic conductivity (m/yr) 
	i: hydraulic gradient (m/m) 
	d
	d
	: mixing zone depth (m)
	 

	I: infiltration rate (m/yr) 
	L: length of area of concern (m) 
	The target leachate concentration divided by the DAF is the estimated final groundwater concentration. 
	Figure
	 
	Figure 1.1. Diagram showing factors contributing to dilution-attenuation factor calculation 
	This process works well when the migration behavior is well defined, but error in the Kd value used in calculations can produce a nearly proportional error in final groundwater concentration or SSL. If site-specific concentrations are needed, it is critical that an appropriate Kd is used for each site in assessing groundwater vulnerability from PFAS-contaminated soil. Because soil properties and PFAS concentration and composition can vary at any given site, it may be necessary to calculate Kd values at mult
	 
	1.3 Selecting an Appropriate Kd 
	Currently, the EPA RSL calculator includes default partition coefficient (i.e., Kd, KOC) values for PFOA, PFOS, perfluorobutane sulfonate, perfluorononanoic acid, and perfluorohexane sulfonate and allows for custom or site-specific values to be used for derivation of screening levels (U.S. EPA, 2022b). Experimentally determined or model-predicted Kd values are also available for many PFAS in the literature, using a wide variety of methodologies. These reported values span several log units even among relati
	Figure 1.2. Box and whisker plot of log Kd values reported in the literature for seven anionic PFAS, showing values spanning several log units for each compound. The bottom and top of the box indicates the median, and whiskers extending above and below each box mark the extent of non-outlying data. Source: Rovero et al. (2021) 
	 
	Outlined below are three approaches to determining PFAS Kd values. 
	Experimentally Determined Kd 
	These values are determined by measuring the partitioning behavior of PFAS between the soil and aqueous phases. Several factors should be considered if selecting one of these values for use in screening level calculations: 
	 
	How similar are the soil conditions between the experiment and the applicable site? 
	There are conflicting data regarding the influence of various soil properties on PFAS sorption, and the effect of these properties differ among PFAS compounds. The conflicting data make it challenging to assess whether two soil sites are similar. OC and clay-silt content are often cited as important factors (e.g., Fabregat-Palau et al., 2021) but will not guarantee similar sorption behavior. 
	 
	Did the experiment measure adsorption or desorption?  
	Partition coefficients calculated by measuring adsorption of PFAS onto soil are typically lower than those calculated by measuring desorption from soil back into solution (Chen et al., 2016; Rovero et al., 2021). Evidence suggests some level of irreversible sorption to soil may also occur (Chen et al., 2016).  
	 
	Were PFAS introduced to the soil during the experiment?  
	Kd values calculated when PFAS are introduced to the soil in laboratory conditions are generally lower than values determined using contaminated soil from field sites, even when considering only desorption experiments (Rovero et al., 2021; Zareitalabad et al., 2013). The mechanism behind this difference is unclear. 
	 
	Each of these considerations requires an understanding of the source of each Kd value used. Practitioners may be able to curate a selection of values suitable for the types of sites they frequently encounter, but any predetermined value should be used with caution. 
	 
	Model-Predicted Kd 
	Modeling software (e.g., EPI Suite™, SPARC, COSMOtherm) can predict some properties of chemicals based on their structural compositions. Although experimental values are preferred, this software can be useful for compounds that are difficult to measure due to reactivity, volatility, hazards associated with use, or other considerations. These models can produce octanol-water partitioning (KOW) and KOC values for several common PFAS. EPI Suite™ can predict two values of log KOC using different methods; for PF
	 
	Some studies (e.g., Fabregat-Palau et al., 2021) have reported success in constructing models of Kd or KOC by breaking a database of experimental values into a “training” set for model creation and a “validation” set for confirming that the model parameters selected accurately predict sorption behavior. The scope of application for these models would depend on the data used for model construction and validation. In Fabregat-Palau et al. (2021), for example, all data used in model generation are from laborat
	 
	Site-Specific Kd 
	The technical recommendation for determining groundwater vulnerability from PFAS-impacted soils is the use of site-specific Kd values. These values are determined by analysis of contaminated material from the site under investigation. This approach eliminates or reduces many of the concerns regarding data applicability, although large or geologically complex sites may require multiple Kd measurements. 
	There is currently no recommended method for determination of site-specific Kd values: however, guidelines for adsorption/desorption testing are provided by the EPA Office of Prevention, Pesticides, and Toxic Substances (U.S. EPA, 2008). Two approaches receiving attention are measuring concentrations through lysimeters installed on site or performing extractions using a modified SPLP. 
	 
	A lysimeter generally consists of a porous material through which soil pore water is pulled by an applied vacuum into an underground container. When positive pressure is applied via the vacuum line, liquid in the container is forced through a second line to a collection vessel on the surface. Lysimeter installation requires boring a hole to the appropriate depth of the unsaturated zone, packing the area around the device to ensure hydraulic connectivity with the surrounding soil and prevent infiltration fro
	 
	SPLP is comparatively simple, involving the collection of soil samples from the site, combining a known mass of soil with a known volume of the appropriate extraction fluid, tumbling for 18 hours on an end-over-end mixer, and collecting the resulting solution. Analysis of lysimeter pore water and SPLP solution for PFAS concentration would follow the same procedure after these collection and extraction steps. 
	Lysimeters have the advantage of measuring the actual condition of pore water at the site, including temporal variability, whereas SPLP leachates are indicative of long-term leaching potential. The installation, operation, and interpretation of results to carry out a lysimeter study are more complex than the steps to perform an analogous SPLP study. Furthermore, it is unclear whether the silica flour commonly used to pack lysimeters will adsorb PFAS and thus reduce PFAS concentration in collected pore water
	 
	Because of the simplicity of implementation for field and laboratory personnel, several states have adopted SPLP for screening risk to groundwater from PFAS. Some technical recommendations for adapting the procedure to be more suitable for PFAS are provided as follows. 
	 
	1.4 Deriving Site-Specific Kd Values for PFAS Using a Modified SPLP 
	The SPLP (EPA Method 1312) is designed to determine the mobility of organic and inorganic analytes present in liquids, soils, and wastes. A mass of sample is mixed with extraction fluid and shaken for 18 hours, after which the fluid is filtered and analyzed. The extraction fluid is a simple composition of reagent water adjusted with a mixture of sulfuric and nitric acids to a pH of 4.2 (for soils from east of the Mississippi River) or 5.0 (for soils from west of the Mississippi River). This process simulate
	 
	SPLP Modifications for PFAS 
	Early analysis suggests that the SPLP is suitable for PFAS with minimal modifications. Containers and equipment in contact with samples should avoid polytetrafluoroethylene (PTFE) (Teflon®) and low-density polyethylene (LDPE) in favor of high-density polyethylene (HDPE). Glass fiber filters can adsorb PFAS from solution (Lath et al., 2019), so replacing filtration with centrifugation may improve data quality, but the impact of this change is still under investigation. 
	 
	A suggested modified SPLP (summarized in Table 1.1) reduces sample sizes by a factor of 10, using 10 grams of soil with 200 milliliters of extraction fluid, to minimize waste and simplify centrifugation. At least two parallel extractions should be performed for each sample using two extraction fluids: one to measure partitioning, such as the standard SPLP fluid or a groundwater analog, and a second to determine total extractable PFAS. A suggested fluid consists of 1% ammonium hydroxide (30% solution) in 99%
	 
	The Kd for the soil is calculated as: 
	 
	Figure
	where [Extract] is the concentration of PFAS in the selected extraction fluid, and [Total] is the concentration of total extractable PFAS in the methanol solution, assuming partitioning to air is negligible, and is equivalent to calculating Kd by dividing the soil partition by the aqueous partition. The concentrations of the extractants can be substituted for Cw and SSL in the adsorption equation presented previously when partitioning to the vapor phase is of interest. 
	 
	Further Considerations for PFAS SPLP 
	Until an official method is available, those using the SPLP to evaluate PFAS mobility should evaluate their process recovery and method detection limits using laboratory control samples or internal standards.  Other leaching methods may also be appropriate, such as those explored in Rayner et al. (2022). Negative bias in PFAS concentration from adsorption to container walls is expected and can be quantified with analysis of spiked control samples. 
	 
	Table 1.1. Summary of recommended modifications to the SPLP for PFAS analysis 
	Modification 
	Modification 
	Modification 
	Modification 
	Modification 

	Explanation 
	Explanation 



	Use only PFAS-free containers and equipment 
	Use only PFAS-free containers and equipment 
	Use only PFAS-free containers and equipment 
	Use only PFAS-free containers and equipment 

	PFAS contamination may result from common laboratory materials. Use HDPE bottles and avoid sample contact with PTFE (Teflon®) or LDPE whenever possible. 
	PFAS contamination may result from common laboratory materials. Use HDPE bottles and avoid sample contact with PTFE (Teflon®) or LDPE whenever possible. 


	Reduce sample sizes 
	Reduce sample sizes 
	Reduce sample sizes 

	Reducing the mass of the sample from 100 grams to 10 grams and the volume of the extraction fluid from 2 liters to 200 milliliters reduces waste and simplifies centrifugation. 
	Reducing the mass of the sample from 100 grams to 10 grams and the volume of the extraction fluid from 2 liters to 200 milliliters reduces waste and simplifies centrifugation. 


	Use alternate extraction fluids 
	Use alternate extraction fluids 
	Use alternate extraction fluids 

	Use a methanol solution for total extraction in addition to the standard SPLP extraction fluid. 
	Use a methanol solution for total extraction in addition to the standard SPLP extraction fluid. 




	Modification 
	Modification 
	Modification 
	Modification 
	Modification 

	Explanation 
	Explanation 



	Eliminate filtration steps and replace with centrifugation 
	Eliminate filtration steps and replace with centrifugation 
	Eliminate filtration steps and replace with centrifugation 
	Eliminate filtration steps and replace with centrifugation 

	PFAS will adsorb on filter surfaces; avoiding filtration may improve data quality, particularly for long-chain and uncharged PFAS. Centrifuge and decant or pipet sample. Conduct extraction in a centrifuge bottle to avoid transferring sample when feasible. 
	PFAS will adsorb on filter surfaces; avoiding filtration may improve data quality, particularly for long-chain and uncharged PFAS. Centrifuge and decant or pipet sample. Conduct extraction in a centrifuge bottle to avoid transferring sample when feasible. 
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	2 Groundwater Sampling for PFAS 
	 
	2.1 Overview 
	The technical guidelines suggested here are based on PFAS sampling recommendations developed by many organizations, in addition to field experience, current sampling practices, and accumulated data and research. Field et al. (2021) summarized current guidelines. Early guidance related to sampling groundwater for PFAS has been mostly consistent with occasional updated findings (Field et al., 2021; Kidd et al., 2022; NJDEP, 2024). Some older guidelines relying on the precautionary principle have specified exc
	 
	Newer guidelines are increasingly based on laboratory testing of sampling equipment and materials, and consideration of potential exposure pathways for the sample. They are less restrictive and conditionally allow the use of more materials. Field et al. (2021) provided recommendations for sampling equipment and consumables based on materials testing and the potential for complete sample exposure pathways. Wanzek et al. (2024) recommends that older guidance be updated to continue to restrict materials that c
	 
	The discussion of potential sources of PFAS that may contaminate field samples in this document should not be considered definitive. Much like the current understanding of the science of PFAS, the recommendations related to groundwater sampling is expected to evolve.  
	 
	2.2 Existing Site Data 
	Site data should be reviewed to help plan PFAS sampling events and to evaluate if there are concerns with any PFAS-associated materials at the site. Drilling and monitoring well construction logs can be checked to determine what materials were used for drilling (e.g., drill rods, auger lubricants, drilling mud) and what materials were used for well construction (e.g., filter sand, bentonite, and concrete). Some sites might have legacy wells constructed with materials such as fluorinated polymers that could 
	 
	If available, PFAS data from past sampling events should be referenced, so that wells can be sampled in order from lowest to highest anticipated concentrations of expected contaminants. Otherwise, sampling should progress from locations expected to have the lowest concentrations (typically distal or side gradient to the source area) to locations expected to have the highest concentrations (typically proximal to the source area). PFAS samples should be gathered prior to those for other analytes, particularly
	 
	2.3 Sample Turbidity  
	Turbidity in water samples collected for PFAS analysis can skew analytical results by binding to the PFAS, removing it from solution. This effect is a particular concern for longer-chain PFAS. Filtering samples is 
	problematic because some PFAS may adsorb to filter materials that are currently used for field sampling. For these reasons, it is recommended that groundwater sampling be conducted using a low-flow method and no filtering be performed.  
	 
	Minimal disturbance to the water column is advised because of the high propensity for PFAS to partition to air-water interfaces, such as those that could develop due to drawdown of the water level around a well. The pump intake should preferably be no deeper than the depth of the middle of the submerged section of the well screen and the sampling depth and purge volume should be consistent across sampling events.  
	 
	Until there is scientific consensus on a suitable limit for turbidity in PFAS samples, this document offers an interim recommendation of no greater than 10 Nephelometric Turbidity Units (NTU) which is consistent with recommendations and requirements by others (e.g., Puls and Barcelona, 1996; Yeskis and Zavala, 2002; NJ DEP, 2024). If the turbidity during sampling exceeds 10 NTU then adjustments may be tried, such as reducing the depth of the pump intake or reducing the flow rate. If the turbidity remains ab
	 
	2.4 Sampling Equipment and Supplies 
	All supplies and equipment that will be used for sampling groundwater to be analyzed for PFAS or related analytes, must be vetted before use. Equipment and supplies can be broadly categorized by whether it will come in direct contact with the PFAS samples. It must be verified that all materials that will come in direct contact with samples, or have a reasonable possibility of doing so, do not have a realistic potential to significantly bias analytical results. However, some items may be permissible without 
	 
	In addition to equipment and supplies, air and rainwater may be a concern when sampling. Although studies have found that concentrations of PFAS particles in the air and in rainwater contacting groundwater samples are unlikely to reach the detection limits for PFAS analyses (e.g., Wanzek et al., 2024), others have documented measurable concentrations of PFAS in rainwater (e.g., Cousins et al., 2022). Consequently, samples should be shielded from rainwater when collected. 
	 
	The potential to bias results high (e.g., leaching from fluorinated tubing) and the potential to bias results low (e.g., adsorption on sampling materials) should be assessed. Fluoropolymers are often present in equipment used to sample for PFAS (Wanzek et al., 2024) whereas materials such as glass can sorb PFAS. High-Density Polyethylene (HDPE) is a commonly recommended piping and container material and is specified for sample containers in the current EPA-approved PFAS analysis methods for groundwater, U.S
	 
	Several methods can be used to determine whether equipment or supplies are suitable for use when sampling PFAS. A literature search may be adequate to determine whether a material may contain or be 
	contaminated with PFAS. The potential for sampling bias has been documented by Field et al. (2021) and includes the results of soak tests for many types of equipment. Alternatively, laboratory analyses of PFAS-free water exposed to the equipment can be used. Field, equipment, and trip blanks should be comprehensive enough to determine whether any of the sampling equipment, or the surrounding environment, could contribute PFAS contamination to the sample. PFAS-free water, typically supplied by the laboratory
	 
	Blanks are useful for detecting and identifying the causes of high bias in PFAS sample analytical results but are generally not helpful for detecting low bias. Low bias can result from sample collection and handling in the field due to potential adsorption onto equipment, to the material of some field filters, and to fine particulates suspended in groundwater samples. The potential to cause low bias may, in part, be evaluated by using matrix spike samples.  
	The PFAS sampling supplies and equipment identified as acceptable in Table 2.1 must be verified against all applicable requirements of government agencies and stakeholders. In general, it is acceptable to use materials that are coated with PFAS-free wax or made of HDPE, PP, polyvinylchloride (PVC), silicone, polyurethane, or acetate. It is unacceptable to use glass or fluorinated materials such as polytetrafluoroethylene (PTFE) (e.g., Teflon®, Hostaflon®), polyvinylidene fluoride (PVDF) (e.g., Kynar®), poly
	 
	Many commonly used groundwater pumps and tooling have grips, fittings, seals, and other components made of plastic materials that can contain PFAS or could have been exposed to PFAS. These tools include dedicated submersible pumps permanently installed in monitoring wells. Although the potential impact of sampling devices is not well understood, site practitioners should be aware of the potential for different types of groundwater sampling equipment to contaminate PFAS samples or reduce detected concentrati
	 
	When using a peristaltic pump, all tubing, including that used in the pump roller head, should be PFAS free. HDPE tubing should be used for well purging, except for the flexible tubing section used between the rollers in a peristaltic pump to draw water by suction. This flexible tubing must also be PFAS free, such as Tygon® silicone tubing. Dedicated tubing should be used for each well. Various pumps might contain O-Rings that contact the flow-through water. These rings do not present a significant risk of 
	sampling should mitigate any effect from these rings. Submersible PFAS-free bladder or centrifugal pumps are an option for sampling at sites with groundwater depths greater than about 25 feet. No-purge samplers (i.e., bailers) are generally not recommended for collecting samples from groundwater monitoring wells for evaluating contaminant concentrations. The use of passive samplers deployed in monitoring wells is an area of active research and is not covered in this guide. 
	 
	The manufacturing process for LDPE can contaminate it with PFAS. However, unless performing work where LDPE is specifically disallowed for a particular site, it is acceptable to use LDPE materials for sample organization and temporary storage. Some projects may allow use of LDPE materials if it is verified that the LDPE is not contaminated with PFAS. Nonetheless, HDPE is a preferable alternative. New powder-free nitrile gloves should be donned between handling any LDPE and collecting additional PFAS samples
	Disposal of PFAS-contaminated investigation-derived waste (IDW) is described by ASTM E3274-21 and U.S. EPA (2024). Currently, thermal destruction or landfilling are listed as acceptable methods that could be used for disposal of sampling consumables. The receiving facility should be contacted prior to disposal to verify they accept PFAS-contaminated materials.  
	Table 2.1. Acceptable PFAS sampling equipment and supplies 
	Field Documentation Supplies 
	Field Documentation Supplies 
	Field Documentation Supplies 
	Field Documentation Supplies 
	Field Documentation Supplies 


	PFAS-free site map, sampling documentation forms, chain of custody forms, field book 
	PFAS-free site map, sampling documentation forms, chain of custody forms, field book 
	PFAS-free site map, sampling documentation forms, chain of custody forms, field book 


	Plastic-free clipboards 
	Plastic-free clipboards 
	Plastic-free clipboards 


	Fine-point Sharpie® unless specified otherwise. Note that some permanent markers contain PFAS (Rodowa et al., 2020.) 
	Fine-point Sharpie® unless specified otherwise. Note that some permanent markers contain PFAS (Rodowa et al., 2020.) 
	Fine-point Sharpie® unless specified otherwise. Note that some permanent markers contain PFAS (Rodowa et al., 2020.) 


	Personal Protective Equipment and Supplies 
	Personal Protective Equipment and Supplies 
	Personal Protective Equipment and Supplies 


	PFAS-free personal protective equipment (e.g., uncoated Tyvek®) 
	PFAS-free personal protective equipment (e.g., uncoated Tyvek®) 
	PFAS-free personal protective equipment (e.g., uncoated Tyvek®) 


	PFAS-free clothing not exposed to fabric softener; not waterproofed with Gore-Tex™ or Teflon®; and not treated to be stain resistant, insect repellant, or ultraviolet protection 
	PFAS-free clothing not exposed to fabric softener; not waterproofed with Gore-Tex™ or Teflon®; and not treated to be stain resistant, insect repellant, or ultraviolet protection 
	PFAS-free clothing not exposed to fabric softener; not waterproofed with Gore-Tex™ or Teflon®; and not treated to be stain resistant, insect repellant, or ultraviolet protection 


	Powder-free nitrile gloves (or other suitable materials but not latex) 
	Powder-free nitrile gloves (or other suitable materials but not latex) 
	Powder-free nitrile gloves (or other suitable materials but not latex) 


	PFAS-free insect repellant, sunscreen, and any other personal care products. Lists of PFAS-free products of these types are readily available. 
	PFAS-free insect repellant, sunscreen, and any other personal care products. Lists of PFAS-free products of these types are readily available. 
	PFAS-free insect repellant, sunscreen, and any other personal care products. Lists of PFAS-free products of these types are readily available. 


	Purging, Sampling, and Decontamination Equipment 
	Purging, Sampling, and Decontamination Equipment 
	Purging, Sampling, and Decontamination Equipment 


	PFAS-free water level indicator 
	PFAS-free water level indicator 
	PFAS-free water level indicator 


	PFAS-free graduated cylinders for alkalinity and turbidity screening  
	PFAS-free graduated cylinders for alkalinity and turbidity screening  
	PFAS-free graduated cylinders for alkalinity and turbidity screening  


	Tygon® silicone tubing or other elastic PFAS-free tubing if using a peristaltic pump 
	Tygon® silicone tubing or other elastic PFAS-free tubing if using a peristaltic pump 
	Tygon® silicone tubing or other elastic PFAS-free tubing if using a peristaltic pump 




	HDPE tubing to extend down the well 
	HDPE tubing to extend down the well 
	HDPE tubing to extend down the well 
	HDPE tubing to extend down the well 
	HDPE tubing to extend down the well 


	Two 250-milliliter HDPE sample bottles with HDPE caps for US EPA analytical methods 1633 and 8327; containers unspecified for EPA prep method 3512.  
	Two 250-milliliter HDPE sample bottles with HDPE caps for US EPA analytical methods 1633 and 8327; containers unspecified for EPA prep method 3512.  
	Two 250-milliliter HDPE sample bottles with HDPE caps for US EPA analytical methods 1633 and 8327; containers unspecified for EPA prep method 3512.  


	PFAS-free water from the laboratory. Herein, for practical purposes, water will be considered PFAS-free if PFAS are not quantified above the method detection limit for any PFAS analytes. PFAS-free water is used for field, equipment, and trip blanks.  
	PFAS-free water from the laboratory. Herein, for practical purposes, water will be considered PFAS-free if PFAS are not quantified above the method detection limit for any PFAS analytes. PFAS-free water is used for field, equipment, and trip blanks.  
	PFAS-free water from the laboratory. Herein, for practical purposes, water will be considered PFAS-free if PFAS are not quantified above the method detection limit for any PFAS analytes. PFAS-free water is used for field, equipment, and trip blanks.  


	PFAS-free spray bottles  
	PFAS-free spray bottles  
	PFAS-free spray bottles  


	Alconox® or Liquinox® detergent for decontamination 
	Alconox® or Liquinox® detergent for decontamination 
	Alconox® or Liquinox® detergent for decontamination 


	Polyethylene or PVC brush to scrub sampling equipment during decontamination 
	Polyethylene or PVC brush to scrub sampling equipment during decontamination 
	Polyethylene or PVC brush to scrub sampling equipment during decontamination 


	Sample Packaging and Shipping Supplies 
	Sample Packaging and Shipping Supplies 
	Sample Packaging and Shipping Supplies 


	PFAS-free sample labels 
	PFAS-free sample labels 
	PFAS-free sample labels 


	Sample and quality assurance/quality control bottles from the laboratory in cooler(s) (Igloo® or Coleman®) 
	Sample and quality assurance/quality control bottles from the laboratory in cooler(s) (Igloo® or Coleman®) 
	Sample and quality assurance/quality control bottles from the laboratory in cooler(s) (Igloo® or Coleman®) 


	Ziploc® or equivalent bags (if low-density polyethylene [LDPE] is acceptable). HDPE containers or bags are preferable.  
	Ziploc® or equivalent bags (if low-density polyethylene [LDPE] is acceptable). HDPE containers or bags are preferable.  
	Ziploc® or equivalent bags (if low-density polyethylene [LDPE] is acceptable). HDPE containers or bags are preferable.  


	Bubble wrap for glass containers (if LDPE is acceptable or HDPE is available) 
	Bubble wrap for glass containers (if LDPE is acceptable or HDPE is available) 
	Bubble wrap for glass containers (if LDPE is acceptable or HDPE is available) 


	PFAS-free tape to secure chain of custody forms inside the top of the cooler and to seal the cooler for shipment  
	PFAS-free tape to secure chain of custody forms inside the top of the cooler and to seal the cooler for shipment  
	PFAS-free tape to secure chain of custody forms inside the top of the cooler and to seal the cooler for shipment  


	Ice made from PFAS-free water (avoid chemical “blue” ice) 
	Ice made from PFAS-free water (avoid chemical “blue” ice) 
	Ice made from PFAS-free water (avoid chemical “blue” ice) 




	2.5 Contacts 
	Lee Rhea (  
	rhea.lee@epa.gov)
	rhea.lee@epa.gov)


	Rick Wilkin () 
	wilkin.rick@epa.gov
	wilkin.rick@epa.gov


	U.S. Environmental Protection Agency, Office of Research and Development, Center for Environmental Solutions and Emergency Response, Groundwater Characterization and Remediation Division 
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	3 PFAS Surface Chemistry and Surfactant Basics 
	 
	3.1 Overview 
	A key distinction between typical organic contaminants and PFAS, at least those currently considered to have notable risk to health and the environment, is that the latter are fluorocarbon surfactants. Surfactants are organic chemicals with a hydrophilic head and a hydrophobic tail. As a result, surfactants partition at fluid/fluid interfaces, such as the interface between air and groundwater in the vadose zone or the interface between a nonaqueous phase liquid (NAPL) and groundwater, if a NAPL is present i
	 
	Another characteristic that makes PFAS significantly different from more traditional, nonsurfactant organic contaminants is surfactant self-assembly, driven by the thermodynamic tendency to minimize interactions between hydrophilic and hydrophobic chemical structures. A prime example of this is the formation of micelles. Other organic co-contaminants, if present, may partition into micelles, resulting in an enhanced transport mechanism. 
	 
	As a class of chemicals, PFAS have been used in a wide variety of industrial and commercial applications since the early 1900s because of their unique chemical properties (e.g., Buck et al., 2011; Glüge et al., 2020; Kissa, 2001; Wang et al., 2017). Unfortunately, their widespread use has resulted in environmental contamination, with potential health risks on a national and global scale.  
	 
	The general chemical properties that make PFAS useful in commercial and industrial applications include the ability to impact surface properties and resistance to chemical degradation. The latter stems from the strength of the carbon-fluorine chemical bond (Wang et al., 2017). The former is due to the surfactant nature that arises from the molecular structure of the chemicals. Although not all PFAS are surfactants (Buck et al., 2011), many of those of immediate concern are surfactants. For example, perhaps 
	 
	Surfactant properties may significantly impact environmental transport and fate. Consequently, the purpose of this technical brief is to provide a summary of important surface chemistry concepts and highlight how these concepts impact PFAS transport and fate in the subsurface. Although connections to relevant PFAS references are made, a complete review of all PFAS literature is beyond the scope of this technical brief (more extensive reviews include Interstate Technology Regulatory Council, 2023, and Sharif
	 
	3.2 Surface Chemistry and Surfactant Basics 
	3.2.1 Surface and Interfacial Tension 
	When two fluids are sufficiently immiscible, they will remain separate as distinct fluid phases when in contact with one another. Common examples of immiscible fluids are air and groundwater in the vadose zone, or a NAPL (e.g., gasoline, aviation fuel, chlorinated solvents) and groundwater. Molecules at the interface of the two fluids are subject to molecular attractive forces that are different from the molecular attractive forces in the bulk fluids. The disparity between these forces results in tension at
	 
	3.2.2 Contact Angles 
	When two immiscible fluids are in contact with a solid, another important surface chemistry property is the contact angle, defined as the angle from the solid surface to the fluid/fluid interface (Figure 3.1). The contact angle measures the propensity for one fluid relative to another to be in contact with the solid and is used to characterize fluid wettability. An illustration of contact angles from common experience is water beads on a waxed surface; beads of water are created because air acts as the wett
	 
	  
	  
	  
	  
	  
	Figure 3.1. Contact angle and fluid wettability. Illustrated is a fluid (white background) in contact with a solid (diagonal line pattern). The solid also supports a drop of a second fluid (blue shading). For example, this may illustrate a water drop resting on a solid, surrounded by air. The contact angle is defined as shown by the intersection of the fluid/fluid interface with the solid. 
	Figure 3.1. Contact angle and fluid wettability. Illustrated is a fluid (white background) in contact with a solid (diagonal line pattern). The solid also supports a drop of a second fluid (blue shading). For example, this may illustrate a water drop resting on a solid, surrounded by air. The contact angle is defined as shown by the intersection of the fluid/fluid interface with the solid. 



	 
	 
	 




	Why are these properties important?  
	Relative to contaminants in the subsurface, surface tension, interfacial tension, and contact angles are important to fluid distributions in partially saturated systems, such as the vadose zone, or when a NAPL is present in the saturated zone. In many applications of immiscible fluids, there is no need to explicitly 
	consider these features. These properties are an implicit part of the capillary pressure-saturation-permeability relationships used in immiscible fluid transport modeling. However, when chemicals are introduced into the subsurface that may alter surface chemistry properties, like surfactants, then explicit consideration is necessary. 
	 
	3.2.3 Surfactants  
	Surfactants are organic chemicals with a hydrophilic head and a hydrophobic tail. Using PFOA as an example, the perfluorinated alkyl chain is the hydrophobic tail, and the carboxyl functional group is the hydrophilic head. Surfactants can be divided into two broad categories: fluorocarbon and hydrocarbon surfactants (i.e., surfactants without fluorines attached to the carbon chain). Compared with hydrocarbon surfactants, fluorocarbon surfactants repel water and oil more strongly because of the carbon-fluori
	 
	As a result of the hydrophobic/hydrophilic contrast within the molecule, surfactants partition at fluid/solid and fluid/fluid interfaces. Although solid partitioning is well recognized as an important transport and fate process, partitioning at fluid/fluid interfaces is less known because historically, it has not been relevant to typical organic contaminants. If surfactants are present at sufficiently low 
	Figure 3.2. Conceptual illustration of surface/interfacial tension γ as a function of concentration C. The graph is divided into three main regions based on γ characteristics: (1) at low C, γ reflects measurements of surfactant-free water; (2) as C increases, γ significantly decreases, and (3) γ reaches a minimum value at large concentration. The arrows across the top of the figure indicate key processes, whereas the arrows at the bottom indicate areas where those processes are relevant. 
	Figure 3.2. Conceptual illustration of surface/interfacial tension γ as a function of concentration C. The graph is divided into three main regions based on γ characteristics: (1) at low C, γ reflects measurements of surfactant-free water; (2) as C increases, γ significantly decreases, and (3) γ reaches a minimum value at large concentration. The arrows across the top of the figure indicate key processes, whereas the arrows at the bottom indicate areas where those processes are relevant. 

	Figure
	concentrations (parts per billion levels or smaller), this partitioning may not impact surface properties such as surface tension for air-water systems, interfacial tension for liquid/liquid systems, or contact angles for three-phase systems. If surfactants are present in sufficient quantities, however, partitioning may alter the surface properties (Figure 3.2). 
	 
	Why is surfactant fluid/fluid interfacial partitioning important?  
	Partitioning at fluid/fluid interfaces (e.g., air/water or NAPL/water), and the associated implication for subsurface transport, is one important distinction when PFAS contaminants are compared with more traditional organic contaminants. The first important implication for fluid/fluid interfacial partitioning is that it impacts contaminant mass distribution (Figure 3.3). Understanding how contaminant mass is distributed in the subsurface is vital to proper site characterization and remediation. 
	 
	The extent of interfacial partitioning depends on several factors. Partitioning will depend on the PFAS chemical structure itself, with carbon chain length, functional group, and counterion type being important factors (Brusseau & Van Glubt, 2019). In general, interfacial partitioning is dependent on concentration, but linear partitioning can be assumed at low concentrations (e.g., Silva et al., 2021) and has been demonstrated through direct measurements of surfactant per interfacial surface area or surface
	 
	The second important implication of fluid/fluid interfacial partitioning is that it may create retardation. This retardation mechanism is the underlying principle for previous research related to interfacial tracers (e.g., Costanza-Robinson & Henry, 2017, and references therein). More recent studies have 
	noted the potential importance that fluid/fluid interfacial partitioning may have on subsurface PFAS transport (e.g., Brusseau, 2018; Costanza et al., 2019; Schaefer et al., 2019; Silva et al., 2019), especially due to partioning at the air-water interface in the vadose zone. Laboratory experiments have demonstrated retardation of injected PFAS beyond that expected due to solid sorption alone (e.g., Brusseau et al., 2019; Li et al., 2021; Lyu et al., 2018), and numerical modeling work has supported the hypo
	 
	Empirical evidence of PFAS retardation in laboratory studies is used to infer immobility of the PFAS relative to bulk fluid motion when partitioned at the air/water interface. However, net movement of a solute partitioned on the interface has been reported in at least one reference, which suggests the potential for interfacial advection (Kim et al., 1999). In surface chemistry, the Marangoni effect refers to the movement of water due to viscous forces associated with surface tension gradients of a surfactan
	 
	As surfactant concentration increases, surface tension (or interfacial tension) will eventually begin to decrease (see Figure 3.2). Once significant decreases in surface tension have occurred, impacts are expected to occur in capillary pressure, fluid saturation, and relative permeability. This behavior has been documented in a series of papers based on modeling and experimental work (Henry et al., 2002; Henry & Smith, 2002, 2003, 2006; Smith et al., 2011) using a long-chain alcohol, which demonstrated that
	 
	As a final note regarding fluid/fluid interfacial partitioning, any activity that introduces immiscible fluids into subsurface locations with suspected PFAS contamination should be evaluated for its potential to enhance PFAS transport. Examples include air sparging, which introduces air into the saturated zone and therefore creates air-water interfaces. Another example is the injection of an emulsified product to promote biodegradation. Emulsions consist of immiscible oil droplets in water, and PFAS contami
	 
	3.2.4 Surfactant Self-Assembly  
	Because of an inherent repulsion between hydrophobic tails and water molecules, surfactants will assemble into molecular structures that minimize the contact between hydrophobic tails with the surrounding water molecules. One such structure is a micelle, and another is a vesicle (Figure 3.4a; micelle on the left, vesicle on the right). In solutions, micelles develop at only a sufficiently large concentration, referred to as the critical micelle concentration (CMC). However, increasing concentration will not
	Figure 3.4. Conceptual illustration of surfactant self-assembly: (a) micelle and vesicle in solution, and (b) examples during solid sorption 
	Figure 3.4. Conceptual illustration of surfactant self-assembly: (a) micelle and vesicle in solution, and (b) examples during solid sorption 
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	Figure 3.5. Conceptual diagrams of (a) the Krafft point for ionic surfactants, and (b) phase behavior for water-oil-surfactant systems. Note that the term “inverted micelle” is use here synonymously with “reverse micelle”. 
	Figure 3.5. Conceptual diagrams of (a) the Krafft point for ionic surfactants, and (b) phase behavior for water-oil-surfactant systems. Note that the term “inverted micelle” is use here synonymously with “reverse micelle”. 
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	Why is surfactant self-assembly important?  
	Once the CMC is reached, micelle formation may introduce a mechanism for enhanced transport of co-contaminants. The interior of the micelle is a hydrophobic region where other hydrophobic organic contaminants may partition. For this purpose, surfactants have been used for remediation of NAPL contamination in groundwater (e.g., Pennell et al., 2014, and references therein). If PFAS contaminants 
	are released at concentrations that meet or exceed their CMC, then they also could form micelles and enhance transport of other contaminants (Figure 3.6). The CMC is typically on the order of ppm (see Bhhatarai & Gramatica, 2011, or Le et al., 2021, for summary information), which suggest enhanced transport of other contaminants due to PFAS micelles may be limited to source areas with large concentrations.  
	 
	Figure 3.6. Micelle partitioning coefficients (i.e., the ratio of chemical concentration in the micelle to that in the aqueous phase) plotted as a function of co-contaminant molecular weight (MW). This figure illustrates the potential for enhanced transport of co-contaminants by PFAS micelles. Data reflect aromatic hydrocarbons as co-contaminants, ranging from benzene (lowest MW) to pyrene (highest MW). The blue diamonds represent results based on micelles of ammonium PFOA (An et al., 2002), and the orange 
	Figure 3.6. Micelle partitioning coefficients (i.e., the ratio of chemical concentration in the micelle to that in the aqueous phase) plotted as a function of co-contaminant molecular weight (MW). This figure illustrates the potential for enhanced transport of co-contaminants by PFAS micelles. Data reflect aromatic hydrocarbons as co-contaminants, ranging from benzene (lowest MW) to pyrene (highest MW). The blue diamonds represent results based on micelles of ammonium PFOA (An et al., 2002), and the orange 

	Figure
	For traditional organic contaminants, adsorption on solid surfaces is the primary mechanism for contaminant retardation in the subsurface. Solid phase adsorption relevant to PFAS contamination is summarized elsewhere (e.g., Rovero et al., 2021) and will not be discussed in detail here. However, the ability of surfactants to self-assemble even in the context of solid adsorption is a complexity worth noting given the focus of this technical brief. Figure 3.4b illustrates a few simple structures that may occur
	 
	3.2.5 Emulsions and Foams 
	Emulsions and foams consist of binary fluid mixtures stabilized by surfactants. In an emulsion, surfactants act to stabilize droplets of one (discontinuous) liquid in the other (continuous) liquid (Figure 3.5b). Two common types of emulsions are an oil-in-water emulsion and a water-in-oil emulsion (Adamson & Gast, 1997). Microemulsions are a special class of emulsions, distinguished by their transparent appearance, consisting of a dispersed liquid with droplet diameters ranging from approximately 10 to 100 
	 
	Although likely not a significant factor in subsurface transport, aerosols are another mixture consisting of small solid particles or discontinuous liquid droplets dispersed throughout a continuous gas phase. Aerosols may, however, be significant in atmospheric PFAS transport (e.g., Faust, 2022). Surfactants are used in enhanced oil recovery operations for emulsions and foams and to alter wetting characteristics. Murphy and Hewat (2008) provide a mini-review specific to the use of fluorocarbon surfactants f
	 
	Why are emulsions and foams important? 
	Microemulsions may impact contaminant mass distributions and facilitate NAPL transport. Kostarelos et al. (2021) investigated mixtures of AFFF and Jet Fuel A and found that a Winsor type II solution was consistently produced for the conditions investigated. This type of solution is characterized by two separate phases: aqueous and a water-in-oil microemulsion. Microemulsions were generally found to be much more viscous than the AFFF solution or Jet Fuel A, suggesting a greater chance for trapping in the sub
	 
	By design, AFFF is a product that creates a foam. Foams are less permeable than groundwater or air and may therefore alter flow patterns in the subsurface. Kostarelos et al. (2021) state it is likely that AFFF, released as a foam at ground surface, will dissipate before entering the subsurface as a foam, and the separated liquid will then infiltrate into the ground. However, Høisæter et al. (2019) noted observations of foam penetration into the top of soil columns during laboratory experiments where AFFF wa
	 
	3.3 Summary  
	Currently, the PFAS of most environmental concern are fluorocarbon surfactants. As surfactants, they have characteristics that may impact subsurface transport and fate, resulting in differences when compared with the characteristics of more traditional organic contaminants. Table 3.1 summarizes subsurface transport and fate processes that may be impacted by surfactant properties. In the case when only a single fluid is present, such as groundwater in the saturated zone, surfactant self-assembly 
	may be a factor in solid phase sorption, even at concentrations less than the CMC. Surfactant self-assembly may also be a factor in source zones with high concentrations, in which case, surfactants may self-assemble into structures called micelles.  
	 
	Other organic co-contaminants, if present, may partition into micelles, resulting in an enhanced transport mechanism. These two processes may also be factors when multiple fluids are present in the subsurface, but the presence of multiple fluids also raises what may be the most important difference. Surfactants partition at fluid/fluid interfaces, such as the interface between air and groundwater in the vadose zone, or the interface between a NAPL and groundwater. Empirical evidence suggests this partitioni
	 
	The extent of partitioning at fluid/fluid interfaces will depend on site geochemistry, porous media characteristics, and other surfactants, including other PFAS. Moreover, remedial activities, such as air sparging or injecting emulsions, may introduce immiscible fluids into the subsurface. This may impact PFAS transport not only because of possible phase partitioning, but also because of partitioning at the interfaces between the immiscible fluids. In source zones with high PFAS concentrations (ppm-level), 
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