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Summary

Per- and polyfluoroalkyl substances (PFAS) have been a growing concern for the past two decades, with
the U.S. Department of Defense and U.S. Environmental Protection Agency investing millions of dollars
in research into remediation and cleanup technologies. Due to the environmental persistence, toxicity, and
biological uptake of PFAS, and ongoing changes in both federal and state regulatory space, understanding
the fate and transport of PFAS compounds has become increasingly important to the U.S. Department of
Energy (DOE). At the Hanford Site, DOE is investigating historical use of PFAS and will be
characterizing the site for PFAS. Thus, PFAS have not yet been identified as a contaminant concern in
Hanford regulatory documents. Based on historical records that mention the discharge of aqueous film-
forming foam containing PFAS as well as onsite fire stations (a risk factor for PFAS contamination),
environmental releases of PFAS may have occurred, though that does not mean there is longstanding
contamination.

Pump-and-treat (P&T) remediation is the remedy selected for multiple groundwater contaminant plumes
at Hanford. These P&T systems use ion exchange (IX) as a component of aboveground treatment, with
the specific resins depending on the target contaminants. These IX resins may be able to remove PFAS
from groundwater, but investigation is needed to understand affinity/selectivity and removal capacity
given the groundwater composition and operating conditions.

This report describes the background on PFAS uses and chemistry, then reviews IX resin applications for
PFAS, identifying knowledge gaps. Recommendations are provided regarding research needed to address
knowledge gaps and acquire information needed to propose IX as a future PFAS remediation technology
at Hanford (should PFAS contamination be identified for remediation) and other DOE sites.

Generally, PFAS compounds are fluorinated substances that contain at least one fully fluorinated methyl
or methylene carbon — with a few noted exceptions, any chemical with at least one perfluorinated methyl
group (—CF3) or one perfluorinated methylene group (—CF»—) is a PFAS. These chemical compounds are
characterized as non-biodegradable, non-reactive, non-photolytic, and hydrolysis resistant. This makes
them highly recalcitrant in the environment; however, polyfluoroalkyl materials are less recalcitrant as the
carbon chains contain carbon—hydrogen bonds, which are more easily broken than carbon—fluorine bonds.
The backbone carbon structures are commonly punctuated with a head group; the most well-known of
them are perfluorooctanesulfonic acid and perfluorooctanoic acid, which possess a sulfonate and a
carboxylate group, respectively. IX resins are marketed for the removal of PFAS from water systems and
industrial water; however, the mechanism of removal is not as well understood for PFAS as it is for anion
or cation removal. A better understanding of this mechanism would enable the development of IX resins
with improved specificity for PFAS removal. Commercial off the shelf resins have been shown effective
for PFAS remediation in simple systems with minimal complexity; however, sites managed by the DOE
Office of Environmental Management are often highly complex systems which require additional testing.
Four knowledge gaps were identified: (i) the influence of dissolved ions on the effectiveness of X resin
for PFAS removal, (ii) the influence of additional primary contaminants of concern or secondary
contaminants of concern on the effectiveness of PFAS removal via IX resin, (iii) the mechanisms of
PFAS removal from water, and (iv) practical solutions to IX resin regeneration and waste disposal.

Understanding the extent to which the knowledge gaps identified may impact potential remediation
strategies for PFAS at Hanford (as well as other sites which make use of ion exchange resins) can be
preliminarily explored using laboratory batch and column experiments designed to evaluate the effects of
comingled contaminants and uptake mechanisms for removal of PFAS (i.e., perfluorooctanoic acid,
perfluorooctanesulfonic acid, etc.) by IX resins. A greater understanding of PFAS/IX resin interactions
and the effects of comingled contaminants will enable stakeholders to make more informed decisions
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(e.g., treatment options or resin selection). The data collected from the suggested batch and column
experiments would help determine the site-specific and area-relevant conditions for IX PFAS treatment
operations. Ultimately, these experiments would test a range of commercially available IX resins for
PFAS removal and explore whether IX would be an effective treatment method should PFAS be found in
the groundwater at Hanford.
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Acronyms and Abbreviations

CEC Contaminant of emerging concern

C-F carbon fluorine bond

—CF»— difluoromethyl group; perfluorinated methylene
—CF; trifluoromethyl group; perfluorinated methyl
C-H carbon hydrogen bond

DOE U.S. Department of Energy

EPA U.S. Environmental Protection Agency
HFPO-DA hexafluoropropylene oxide dimer acid
IX ion exchange

MCL Maximum Contaminant Level

MCLG Maximum Contaminant Level Goal
MD molecular dynamics

P&T pump and treat

PCOC primary contaminant of concern

PFAS per- and polyfluoroalkyl substances
PFBS perfluorobutane sulfonate

PFHxS perfluorohexanesulfonic acid

PFNA perfluorononanoic acid

PFOA perfluorooctanoic acid

PFOS perfluorooctanesulfonic acid

PTFE polytetrafluorethylene

SCOC secondary contaminant of concern
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1.0 Introduction

This report introduces per- and polyfluoroalkyl substances (PFAS), ion exchange (IX) resins, and the
complex interplay between the two. It also outlines the current knowledge gaps that may impact ongoing
and future use of IX resins for groundwater remediation across the U.S. Department of Energy (DOE)
complex. Section 1.0 provides an overview of (i) groundwater remediation and current regulatory
standards with respect to PFAS, (ii) PFAS chemistry, (iii) IX resins, (iv) PFAS-IX resin interactions,

(v) IX resin use at the Hanford Site, and (vi) the current DOE roadmap for PFAS and the potential
implications for the Hanford Site. Section 3.0 discusses the knowledge gaps that persist for IX resin and
PFAS interactions. Opportunities for future work to support decision-making are proposed in Section 4.0,
and general conclusions are presented in Section 5.0.

1.1 Quality Assurance

This work was performed in accordance with the Pacific Northwest National Laboratory Nuclear Quality
Assurance Program (NQAP). The NQAP complies with the DOE Order 414.1D, Quality Assurance. The
NQAP uses NQA-1-2012, Quality Assurance Requirements for Nuclear Facility Application, as its
consensus standard and NQA-1-2012, Subpart 4.2.1, as the basis for its graded approach to quality.

This work emphasized acquiring new theoretical or experimental knowledge. The information associated
with this report should not be used as design input or operating parameters without additional
qualification.

1.2 Groundwater Contamination

Treatment technologies for groundwater contamination have improved significantly over the past several
decades (Chen et al. 2019), and advances in analytical equipment and industrial production have led to the
detection and creation of new and previously unknown groundwater contaminants (Kadadou et al. 2024).
Contaminants of emerging concern (CECs) is a term applied to chemicals found in natural systems that
do not have a regulatory standard due to the inability to detect the presence of the contaminants or
because the chemical compounds have been recently developed and determined to have harmful effects
on aquatic life or water quality (Glassmeyer et al. 2023). CECs include persistent organic pollutants such
as polybrominated diphenyl ethers and perfluorinated organic acids, pharmaceutical and personal care
products, veterinary medicines, endocrine disrupting chemicals, and nanomaterials.

A major category of CECs is PFAS. PFAS are a wide range of synthetic chemicals including 14,735
distinct compounds as of April 2024 (Williams et al. 2017). PFAS are ubiquitous throughout the
environment as they have been used in many industries since their initial development in the late 1930s
(Lyons 2007). The widespread contamination, recalcitrant nature, and complex chemistry of these
compounds have led to considerable notoriety in recent years and lawsuits against prominent
manufacturers of these compounds (Brennan et al. 2021). Six compounds of the more than 14,000 PFAS
identified are of the most immediate concern due to upcoming regulations proposed by the U.S.
Environmental Protection Agency (EPA). On April 10, 2024, EPA announced the final National Primary
Drinking Water Regulation (NPDWR) for six PFAS' (Table 1),

e Perfluorooctanoic acid (PFOA)

e Perfluorooctanesulfonic acid (PFOS)

! At the time of writing, there are legal challenges to the EPA limit filed in the U.S. Court of Appeals for the District
of Columbia Circuit.
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Perfluorohexanesulfonic acid (PFNA)

Perfluorohexanesulfonic acid (PFHxS)

Perfluorobutane sulfonate (PFBS, as a mixture with other PFAS)

Hexafluoropropylene oxide dimer acid (HFPO-DA; commonly referred to by the trade name Gex-X)

These compounds fall within one of two classes of PFAS: perfluoroalkyl carboxylic acids and the
perfluoroalkyl sulfonic acids. While the list of known PFAS continues to grow and there is no
authoritative way to categorize the compounds, many institutions, including DOE and the U.S.
Department of Defense, use a categorization approach similar to that shown in Figure 1 (Dixit et al.
2021). The finalized NPDWR established legally enforceable levels, called Maximum Contaminant
Levels (MCLs), for six PFAS compounds in drinking water. Of the six, PFOA, PFOS, PFHxS, PFNA,
and HFPO-DA are considered contaminants with individual MCLs. Additionally, PFAS mixtures
containing at least two or more of PFHxS, PFNA, HFPO-DA, and/or PFBS are required to use a Hazard
Index MCL to account for the combined and co-occurring levels of these PFAS in drinking water. EPA
also finalized health-based, non-enforceable Maximum Contaminant Level Goals (MCLGs) for these
PFAS. Table 1 presents the MCLs and MCLGs.

Table 1. List of compounds finalized by the EPA with Maximum Contaminant Levels and Maximum
Contaminant Level Goals.

Compound Final MCLG Final MCL (enforceable levels)
PFOA Zero 4.0 parts per trillion (ppt orng/L)
PFOS Zero 4.0 ppt
PFHxS 10 ppt 10 ppt
PFNA 10 ppt 10 ppt
HFPO-DA 10 ppt 10 ppt
Mixtures containing two or more of PFHxS, 1 (unitless) 1 (unitless)

PFNA, HFPO-DA, and PFBS

These compounds are generally considered to have the potential for negative impacts on human health,
with the most widely studied of the compounds (PFOA and PFOS) showing significant absorption after
ingestion, and distribution from blood to organ tissue (e.g., liver, kidney, lung, heart, and brain) often
increases the risk of developing cancer (Pérez et al. 2013; Fenton et al. 2021; Greaves et al. 2013;
Chambers et al. 2021). This has led the EPA to establish MCLs that are most relevant to surface and
drinking water, but it is important to understand the significant impact that regulatory limits can have on
stewardship of water resources.

Initial monitoring of public water systems for the PFAS listed in Table 1 must be complete by 2027,
followed by ongoing compliance monitoring (EPA 2023). This information must also be available to the
public by 2027. By 2029, public water systems must implement solutions to ensure public drinking water
systems are at or below these limits, and if they are unable to do so, they must provide public notice of the
violation akin to other contaminant violations (EPA 2023). The increased interest in PFAS has led to a
dramatic increase in research and an expanded understanding of fluorine chemistry and the mechanics
that control their use and function.

Introduction 2
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1.3 Per- and Polyfluoroalkyl Substances

Per- and polyfluoroalkyl substances, or PFAS, is a broad term used to encompass a wide range of
fluorinated compounds or substances, sometimes referred to as fluorochemicals or fluorinated chemicals.
Generally, PFAS compounds represent an organic or inorganic compound that contains at least one
fluorine atom where a hydrogen atom could be. The Organization for Economic Co-operation and
Development offers a more specific definition: “PFASs are defined as fluorinated substances that contain
at least one fully fluorinated methyl or methylene carbon atom (without any H/C1/Br/I atoms attached to
it), i.e., with a few noted exceptions, any chemical with at least a perfluorinated methyl group or (—-CF3) a
perfluorinated methylene group (—CF,—) is a PFAS” (OECD 2021).

Perfluorooctanoic Acid (PFOA)
Perfluoroalkyl

R FR FR F

F
OH

F FF FF F

6:2 Fluorotelomer alcohol (6:2 FTOH)
Polyfluoroalkyl

Figure 1. Chemical structures of two PFAS compounds: perfluorooctanoic acid, a perfluoroalkyl
compound (top); and 6:2 fluorotelomer alcohol, a polyfluoroalkyl compound (bottom).

With more than 14,000 different chemicals considered PFAS, it can be difficult to discuss them without
grouping similar compounds. There are several taxonomies used to further distinguish between groups of
compounds. The broadest means is to categorize the PFAS as either perfluorinated, polyfluorinated, or
fluorinate polymers. Perfluorinated chemicals have fully fluorinated carbon chains, whereas
polyfluorinated chemicals have at least one carbon that is not fully fluorinated, as shown in Figure 1.
Polymeric PFAS are macromolecules such as perfluoropolyether, fluorinate polymers, and
fluoropolymers, which are made of many monomers; for example, polytetrafluorethylene or PTFE is a
very common PFAS polymer. Fluoropolymers are not currently identified as CECs by the EPA and do
not enter water systems as soluble contaminants. As such, they are not discussed further in this report.
Dixit et al. (2021) has a simple taxonomy tree, which has been reproduced here as Figure 2.
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Per and poly fluoroalkyls substances
(PFAS)

Polymeric Non-polymeric

Perfluroalkylicacids

Fluoropolymers Perfluoroether acids (PFAAS)

Polyfluroalkylic acids

Miscellaneous Perfluoroalkyl
compoundse.g., carboxylic acids
F,C=CF-O-CF, (PECA) e.g., PFOA

Side-chained
fluorinated polymers

Fluorotelomers (PFAA
precursors)

Polyether fluoroalkyl
mam carboxylates and
sulfonates

Perfluoroalkyl
aal sulfonic acids (PFSA)
e.g., PFOS

Polymeric

perfluoropolyethers

Monoether PFCA and Perfluoroalkyl
PFSA e.g., HFFO-DA phosphinic acids

Il Perfluoroalkyl
phosphonic acids

Figure 2. Per- and polyfluoroalkyl classification taxonomy separating PFAS into polymeric and
non-polymeric and further categorizing based on the chemical structure of the compounds
(adapted from Dixit et al. (2021)).

PFAS compounds are recalcitrant and difficult to destroy. Several technologies have been suggested for
the destruction of PFAS compounds, including sonolysis (use of ultrasonic waves to destroy a molecule),
electrochemical oxidation, photocatalysis, plasma, and thermal degradation. However, many of these
technologies cannot be deployed for remediation due to the dilute concentrations found in contaminated
ground or surface water (Kugler et al. 2021)(). PFAS are persistent contaminants for a variety of
purposes, the most significant being the stability of the C—F bond, which provides PFAS with thermal and
chemical stability.

PFAS are also often lipophilic and hydrophobic, which increases their enduring nature (Hekster et al.
2003)). Generally speaking, the more lipophilic a molecule, the more permeable across a biological
membrane, which is governed by a biological construct called the Overton rule (Al-Awqati 1999). The
hydrophobic interactions of the PFAS C-F tail and sediments has been identified as the primary
contributor to sorption in subsurface sediments and soils (Milinovic et al. 2015). These interactions often
overpower any electrostatic interactions in the soil unless the PFAS compounds exhibit cationic or
zwitterionic mechanisms; however, this does not apply to any of the PFAS mentioned in Table 1 (McGarr
et al. 2023). The high electronegativity of fluorine makes the bond difficult to degrade as it is resilient to
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most oxidative or reductive processes(Kugler et al. 2021). While the fluorine can provide hydrophobicity
for insoluble compounds, several of the most concerning PFAS are protonated acids, which, when fully
dissociated, are solubilized in their anionic form. Chain length and functional groups also significantly
affect the chemistry of the compounds, and a full review is beyond the scope of this report. Several
documents referenced herein provide a more detailed explanation of PFAS chemistry (Buck et al. 2011;
Hekster et al. 2003; Ahrens and Bundschuh 2014; Fenton et al. 2021; Domingo and Nadal 2019).

The unique and complex chemistries of PFAS make it challenging to develop appropriate remediation
technologies, which continues to be an active area of research. With the EPA finally setting limits on
PFAS in drinking water, the complexity of aqueous and subsurface environments will continue to be a
challenge where PFAS persist in dilute concentrations that exceed the actionable MCL.

1.4 lon Exchange Resin

IX-based materials are commonly used for ex sifu treatment of ground (Charbeneau 1981), surface (Jiang
et al. 2021), drinking (Vaaramaa and Lehto 2003), and industrial waters (Dabrowski et al. 2004). IX is a
reversible reaction where solubilized ions are exchanged from solution with other ions of the same or
similar electrical charge occupying exchange sites on the solid. Various materials are capable of IX
reactions, including smectites (Garcia-Romero et al. 2021), zeolites (Townsend and Coker 2001), and IX
resins (Alexandratos 2009).

IX resins are crosslinked insoluble polymers that serve as a structure to a ligand. The ligand acts as an
exchange site, electrostatically binding various ions to the resins, which can then be transferred to the
aqueous phase as different compounds preferentially adsorb to the same sites. Some resins are designed
with a suite of targeted compounds, and some are designed to specifically target specific contaminants.
The use of covalent ligands can further increase the selectivity of IX resin beyond just the charge and size
of the ion in question (Saslow et al. 2023a). Most IX resins are synthesized in one of two ways: (i) post-
functionalization, which occurs after polymerization; or (ii) incorporation of a functionalized monomer
during polymerization.

Resins have other characteristics that should be examined when determining which is best for a system,
including capacity, swelling, selectivity, stability, and pore size (Harland 1994). IX is driven by a range of
physiochemical parameters, such as the ionic strength of the solution, the affinity of the ions in solution
for the resin exchange site (as determined by charge state, hydration energy, size, and other
characteristics), the pH and redox potential of the solution, and any additional compounds in the solution
that may interfere with the targeted IX process.

Figure 3 depicts the process of contaminant removal from water. Contaminated water flows through a
column packed with a resin bed. This parent ion on the resin (e.g., chloride in Figure 3) will exchange
with the targeted contaminant for which the resin is designed to have a higher affinity or selectivity
relative to the parent ion. The “clean” water will flow out the resin bed and can then be further treated
(e.g., not 100% removal, or presence of additional contaminants) or reinjected into the (sub)surface as
necessary. This method is widely used for various technologies, including the pump-and-treat (P&T)
facilities on the Hanford Site (Byrnes 2013; DOE 2023).

Introduction 5



PNNL-36649 Rev 0
DVZ-RPT-111 Rev 0

Contaminated Water

Contaminant _—-——""~-.

7 ®c
Je T R
am ® +
S\ e 2
IX Resin | \ o+ sy
Bead Bed N /'
é,___f____i___i\\_x cr +’ 2

Remediated Water

Figure 3. Process of contaminant removal from water. Contaminated water (green) is pumped through a
column or tank filled with IX resin beads. Active sites on the example resin, in this case positive
sites loaded with chloride, then exchange the chloride for the aqueous contaminant (green
circles), allowing the water to flow through the bed of resin beads, effectively removing the
contaminants from solution.

IX resin is widely used in both commercial and residential water treatment, and anion IX resins have
shown promise for the widespread removal of PFAS from water (Boyer et al. 2021; Woodard et al. 2017).
IX as a potential resin for PFAS remediation has grown in popularity in the last decade, as reflected in the
increase in scientific literature (Boyer et al. 2021; Woodard et al. 2017; Gao et al. 2017; Park et al. 2020).
Commercially marketed IX resins for PFAS offer high removal capacities — sometimes higher than 99%
for aqueous removal of PFAS when tested as a single contaminant in deionized water or drinking water
analogs (Rahman et al. 2022). Several companies such as Purolite, DuPont, and Calgon Carbon
Corporation manufacture PFAS-specific resins. Examples include Purolite A592E (macroporous) and
Purofine PFA694E (gel), Amberlite PSR2 Plus (DuPont Water Solutions), CalRes 2301 (Calgon Carbon
Corporation), Sorbix PURE LC (ECT2 Inc.), and Resin Tech SIR-110-HP (ResinTech Inc.), as
summarized in Table 2. Many IX resins listed in the table are polystyrenic resins that have been
crosslinked with divinylbenzene and further complexed.

Introduction
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Table 2. Commercially available IX resins marketed for PFAS removal.

Manufacturer Name Polymer(s) Functional Group Ionic Form Exchange Capacity®
Purolite AS592E Gel polystyrene with Complex amino Cr 0.6 eq/L
divinylbenzene
Purolite PFA694E Gel polystyrene with Complex amino ClorOH 1.3 eq/L
divinylbenzene
Dupont Amberlite Gel polystyrene with Tributyl amine Cr >0.7 eq/L
PSR2 Plus divinylbenzene
Calgon Carbon CalRes 2301  Gel polystyrene with Tributylamine N/A! 0.5 eq/L
Corporation divinylbenzene
ECT2 Inc. Sorbix PURE  Gel polystyrene with N* Cr N/A®
LC divinylbenzene
Resin Tech SIR-110-HP  Styrenic gel Tributylamine Cr 0.8 eq/L

(a) Exchange capacity may vary by analyte of interest; for example, 0.6 eq/L would exchange 0.6 moles per unit
charge (i.e., one IX site occupied by CI- or NOs", two IX sites occupied by SO4%, etc.)
(b) No information provided by manufacturer.

Many mechanisms are at play during the uptake of PFAS into capture materials; however, those of
primary significance to the IX process are electrostatic and hydrophobic effects (Dixit et al. 2021; Lei et
al. 2023). Electrostatic effects include a wide range of particle interactions, including Coulombs law,
ionic bonding, dipole-dipole moments, hydrogen bonding, and Van der Waals forces. Hydrophobic
effects include the influence nonpolar molecules (or parts of molecules in the case of various PFAS),
which can lead to aggregation of molecules to minimize surface area exposed to the polar solvent (i.e.,
water). Anionic PFAS removal can be directly influenced by the protonation of the IX resin. Similarly,
the hydrophobic effects result from PFAS migration to the non-polar hydrophobic surfaces provided by
the resin. However, it is important to note that the complex interactions and mechanisms between each IX
resin and PFAS are poorly understood and are an area of ongoing research. Due to these unknown effects,
as well as the complexities of groundwater with respect to additional contaminants and ions in solution
making it difficult to predict or model the effectiveness or efficiency of P&T activities, these knowledge
gaps must be examined prior to any decision-making.

1.5 Hanford Pump-and-Treat Using lon Exchange

During its primary years of operation, the Hanford Site experienced releases of various chemical and
radioactive wastes that contaminated soil and groundwater throughout the site (DOE 2023). Various
technologies have been used for remediation at the Hanford Site, including permeable reactive barriers,
dig and dump, and the successful P&T technologies that have treated over 2 billion gallons of water a
year (DOE 2023). The Hanford Site operates six groundwater P&T facilities, including one located in the
200 Area, which is one of the four original areas at Hanford included in the EPA National Priorities List.
The 200 Area is further divided into the 200 East and 200 West areas to better address cleanup concerns.
The 200 West P&T facility, for example, treats ground and perched water that has been contaminated
with various inorganic (i.e., uranium, technetium, hexavalent chromium) and organic (trichloroethene and
carbon tetrachloride) contaminants (EPA 1995). The primary groundwater P&T areas are 200-W,
100-HX, 100-DX, 100-KW, 100-KX, and 100-KR4.

The P&T facilities at Hanford use various IX resins to remove contaminants. For example, Purolite
AS530E/A532E resin has been used regularly to target the removal of technetium; however, analysis has
shown that this resin has also removed and retained radioiodine, cobalt, and untargeted groundwater
constituent ions such as calcium, iron, silicon, and sulfate (Campbell et al. 2018), SIR-700 (ResinTech
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Inc.) is currently used in the four P&T facilities in 100 Area and has been proposed for use in the 200
West Area for the removal of Cr (Saslow et al. 2023a). Purolite A532E has been shown to remove several
common PFAS from water (Zaggia et al. 2016), which may have implications for efficiency if PFAS is
comingled into a P&T system that uses AS32E to target specific contaminants. To date, there have been
limited or no studies on the effectiveness of SIR-700 for PFAS sorption; however, there are similarities in
functional groups in the SIR-700 and Purolite PFA684E. This suggests SIR-700 may remove PFAS;
however, its potential capacity is uncertain, as are the interactions with the other contaminants found
throughout the 200 West Area.

1.6 DOE PFAS Roadmap

The PFAS Strategic Roadmap: DOE Commitments to Action 2022-2025 establishes and details the goals,
objectives, and steps being taken to address PFAS contamination at DOE sites (DOE 2022b). The
roadmap includes plans for increasing research on current and past uses and releases of PFAS to the
environment, investigating PFAS concentrations in DOE affected drinking water and environmental sites,
preventing additional releases, and engaging stakeholders to further inform ongoing PFAS strategies. The
Initial Assessment of Per- and Polyfluoroalkyl Substances at Department of Energy Sites specifies that
Hanford possesses some PFAS, but less than 100 total pounds of any product(s) known to contain at least
one PFAS at this time (DOE 2022a).

No PFAS were detected in the Hanford 400 Area groundwater in December 2019, which is the only
active water system on the site using groundwater sources; however, that does not account for other areas
where PFAS may be present (DOE 2022a) . The site used a fire training facility, fire department, and
Aqueous Film Forming Foam (AFFF)-based fire suppression systems that used Ansul and ANSULITE
AFFF, which are known to contain PFAS. While AFFF is no longer used, an internal memo was drafted
in 1996 authorizing the discharge of wastewater from a fire foam test using ANSULITE 3% AFFF to the
200 Area Treated Effluent Disposal Facility (DOE 2022a)." Additionally, because Hanford is a legacy site
of the Manhattan Project and Cold War era, discharges of enrichment liquid waste that may have
contained PFAS chemicals cannot be ruled out.

! The nature and extent of PEAS contamination in soil and groundwater on the Hanford Site is currently unknown.
At the time of this writing, Hanford Site contractors are developing a characterization and monitoring plan to better
identify PFAS contamination on the site. The need for PFAS removal from groundwater is being considered here as
a forward-looking and parallel evaluation. Treatment may be unnecessary.
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2.0 Knowledge Gaps

Understanding the most significant knowledge gaps is essential to prioritizing research goals. As the
previous section describes, there is a large library of research literature on PFAS and the environmental
fate and transport of various compounds. However, there are fundamental gaps in the understanding of
how applied environmental remediation involving IX resin is affected by additional contaminants, as well
as other site-specific conditions. Four major knowledge gaps are described below: (i) the potential
competitive influence of dissolved ions present in contaminated groundwater on the effectiveness of
PFAS removal via IX resin, (ii) the influence of additional primary contaminants of concern (PCOCs) or
secondary contaminants of concern (SCOCs) on the effectiveness of PFAS removal via IX resin), (iii) the
mechanisms of PFAS removal from contaminated water, and (iv) practical solutions to IX resin
regeneration and waste disposal.

2.1 Influence of Dissolved lons on the Effectiveness of PFAS
Removal via IX Resin

Various other technologies have demonstrated reduced efficiency or effectiveness as the result of
additional ions in solution (Kugler et al. 2021; Palma et al. 2022), and previous studies have examined the
effects of competing ions on the performance of resins used at the Hanford Site in depth (Saslow et al.
2023a; Saslow et al. 2023b, 2023c¢). IX resins are capable of capturing other organic and inorganic
species, such as sulfate, phosphate, and nitrate, in addition to the contaminant ions they are designed to
target (Saslow et al. 2023a; Saslow et al. 2023b, 2023c¢). Generally, the competitiveness of the inorganic
ions is directly related to various properties such as charge state, charge density, relative concentration,
and hydration energy (Dixit et al. 2018). Organic materials such as humic or fulvic acids have also been
shown to impact the effectiveness of IX resin (Qi et al. 2022). However, these organics are not a primary
concern at the Hanford Site because the organic content of the groundwater is low (Ames and Serne
1991).

These competitive constituents in ground and surface water necessitate a better understanding of the
interactions between co-contaminants and ions within natural waters to determine which IX resins are
most effective under the conditions at a particular site. While there are resins marketed for the removal of
PFAS from environmental waters, it is important to elucidate the effects of contaminants of concern that
are also present with the PFAS to maximize efficiency and understand which resin should be used based
on the complex water chemistry and any additional site-specific contamination. The variable groundwater
of the Hanford Site, coupled with the longstanding complexity of additional comingled contaminants,
requires study regardless of the treatment technology selected. Also note that this preferential sorption
potential may also work in the opposite fashion.

Understanding the influence of dissolved ions on the effectiveness of PFAS removal is critical for
developing a strategy for efficient removal and compliance with MCLs. Dissolved ions compete with the
targets of interest for [X resins and may hamper their effectiveness based on the concentration of the
present ions. In addition to ions, the complicated effects of dissolved organic matter have also recently
been studied. Qi et al. (2022) demonstrated that dissolved organic matter increases the desorption of
PFAS in plant root soil; however, the effects were dependent on the types and functional groups
associated with the organic matter, demonstrating the complex effects that groundwater chemistry can
have on the sorption process. This is important not only for site-specific groundwater ions, but for other
ions that likely were not originally examined by resin manufacturers, which includes various
contaminants found throughout the Hanford Site. By examining the effects of those additional ions, the
most cost-effective and efficient IX resin can be selected.
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2.2 Influence of Additional PCOCs or SCOCs on the Effectiveness of
PFAS Removal via IX Resin

Groundwater chemistry is diverse and can significantly impact the effectiveness of IX and other
remediation techniques (Deutsch and Siegel 2020). In addition, diverse microbial populations are known
to catalyze critical in situ biogeochemical reactions, which are directly correlated to the groundwater
chemistry. This complex interaction, while not relevant to the direct function of X resin, can influence
the groundwater chemistry in unexpected ways as nutrients flux over time and with natural or
anthropogenic inputs (Maroubo et al. 2021). These factors are greatly enhanced by the addition of PCOCs
and SCOCs, which (i) can serve as electron donors, acceptors, or carbon sources for microbial
populations; (ii) further complicate the groundwater by changing characteristics such as ionic strength,
pH, or organic content; and (iii) have ions that compete for sorption sites on sediments, IX resins, and
other technologies (Deutsch and Siegel 2020).

Like the effects of groundwater ions (see above), the effect of comingled contaminants, inorganic and
organic, may be pivotal to the IX rates and capacities for PFAS. It has been shown that nitrates can
significantly impact both the sorption and degradation of PFAS and other compounds when present in
high concentrations associated with contamination (Kugler et al. 2021; Gu et al. 2017; Gu et al. 2004).
Another recent study indicated that the presence of hexavalent chromium (Cr(VI) has the potential to
increase the migration potential of PFOS in soil and groundwater (Huang et al. 2022). This is of
significance for the Hanford Site specifically as Cr(IV) is the PCOC in the 100 Areas and is also present
in the 200 West Area, which could cause increased migration of PFOS throughout the site.

Understanding the complex interactions not only of groundwater constituents but of COCs and PCOCs in
a system is fundamental to accurately understanding the efficiency and effectiveness of IX resin. This
effect would also be true of areas contaminated with PFAS in which secondary contaminants interfere
with targeted removal. While PFAS contamination is often an order of magnitude lower than many
common contaminants (with MCLs in the ppt level), it is likely that other contaminants could outcompete
for removal by IX if the resin used was not highly specific for PFAS removal. These unique sets of
chemistry interact with each other in unique ways and can change the conditions under which the IX
resins interact with the contaminants, making it necessary to study their effects in as close to real
conditions as possible.

2.3 Mechanisms of PFAS Removal from Contaminated Water

While the need for remediation technologies and practical applications for PFAS removal has grown in
the past two decades, there have been limited advancements in understanding how IX resin and PFAS
interact on a chemical level. Various intermolecular forces have been suggested as the driving factors;
however, the inconclusive nature of the data suggests that it is a multivariable effect (including those
discussed herein and the differences between each PFAS such as chain length, bonding, and head group)
that should be validated for a specific situation or environment prior to adopting the technology.

As discussed above, the polymer resin is covalently bonded with a functional group. It has been
established those hydrophobic interactions involving van der Waals (London Dispersion Forces and
dipole-dipole forces) play a role in the process; however, the significance of this interaction is not well
understood (Maimaiti et al. 2018; Zaggia et al. 2016; Franke et al. 2019; Fang et al. 2021). It has also
been suggested that electron donor—acceptor interactions may play a role in the retention of PFAS
(Gagliano et al. 2020). Studies of chain length have been inconclusive, as different studies have suggested
that anion exchange is more effective for long, short, or intermediate chain length PFAS depending on the
study (Parker et al. 2022).
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Understanding the mechanisms of PFAS removal by IX would enable the development of IX resins that
are optimized for PFAS removal or hybrid resins that can remove PFAS in addition to other PCOC:s.
Understanding which mechanisms are most effective under each site-specific condition can also make it
simpler to determine which resins would be most effective under similar conditions, which could be
expanded across the Hanford Site or extended to other sites as well.

2.4 IX Resin Regeneration and Waste Disposal

The treatment, regeneration, or disposal of spent X resin is a necessary end of process decision that is
fundamental to the life cycle of remediation. IX resin regeneration after PFAS removal is also an area of
active research; however, these resins were tested exclusively in the presence of PFAS without any added
potential for remobilization of comingled contaminants such as hexavalent chromium or technetium (Liu
and Sun 2021; Tamanna et al. 2023). While resin regeneration is an option if exposed to PFAS, this is
unlikely to be an option at Hanford due to the complex intermingling of contaminants on the site.

Other traditional spent resin disposal technologies should be explored to ensure that PFAS will not affect
encapsulation technologies. Cement, asphalt, and plastic are common forms of solidification, which are
then transported to disposal facilities (Wang and Wan 2015). However, their effectiveness may be
negatively impacted by the presence of PFAS, as many of the compounds listed in Table 1 are surfactants
which can negatively impact the grout performance. The potential for other PCOCs and SCOC:s to be
present will also impact the end-of-life process for the resins. Incineration is also widely used for the final
disposition of resins impacted by both radioactive contaminants and PFAS; however, the burning of
PFAS produces highly corrosive hydrofluoric acid, and the incorporation of radioactive material into the
ash remaining from the incineration of the resins may lead to unexpected reactions that would also require
further study — though it is also possible that the process would volatilize similarly to the off-gassing
caused during vitrification.
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3.0 Addressing Knowledge Gaps and Uncertainties

The previous sections outline the emerging concerns surrounding PFAS groundwater contamination and
the potential to use IX resin as a remediation technology. Prior to any remedial decision or design and
implementation of IX treatment of PFAS at the Hanford Site, experimental work would be needed to
address the knowledge gaps (Section 2.0), evaluate the performance of commercial resins, and determine
important operational specifications under field-relevant conditions. Experimental and theoretical work
that would further support the decision-making process is outlined below and summarized in Figure 4.

Ways to Close
Knowledge
Gaps

Knowns

[ Groundwater Matrix - Batch Sorption and
Effects Column Tests (§ 3.1)

Resin and Resin
Characteristics

Batch Sorption and

Co-contaminant Effects B T [ 50

PFAS MCLs Characterization of

Interacted Resin (§ 3.1)

Site SPECIfIC PFAS
Afflnltles

Groundwater
Composition
(approximate)

Breakthrough Time e

Modeling(§ 3.2)

Likely COCs Based on

Operable Unit

Modeling (§ 3.2)

’ Efficiencies and
’ Molecular Dynamics

Reactive Transport ‘

Figure 4. Summary of information known (green), knowledge gaps identified (red), and how the
uncertainties can be addressed (yellow). The resin characteristics listed as known are supplied
by the manufacturer; more testing may be required to obtain additional specific information.

3.1 Experimental

Batch sorption experiments are used to determine the kinetics of a reaction and investigate variables such
as concentration, time, solid to liquid ratio, and competitive ion concentration. The advantage of initial
batch experimentation is that it can be done at a small laboratory scale with limited space and resources.
Adsorption isotherms are an empirical relationship used to quantify the amount of solute (i.e., PFOA)
adsorbed by the substrate of interest (i.e., IX resin). This can then be extrapolated to the amount of solute
adsorbed by a unit weight of resin and the amount of adsorbate remaining in a test at equilibrium. Batch
experiments are carried out at small scale (i.e., 200 mL solution: 1 g resin) and without flow. While these
experiments are not wholly representative of field conditions, they are less labor intensive than more
field-representative tests (e.g., 1-D flow column experiments) and can be completed relatively quickly
and have been used previously to investigate resin usage at P&T facilities.

Batch experiments are conducted with a known ratio of solid to solution and spiked with known
concentrations of the analyte of interest (i.e., PFAS). The results provide kinetic information when
intermittent sampling is performed, and values for the adsorption isotherm are at equilibrium with respect
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to PFAS concentration. This information would ultimately be used to calculate the amount of resin
necessary for PFAS removal from a given system. The impact of other ions on resin performance would
be evaluated through additional experiments carried out in synthetic groundwater and with comingled
contaminants, as opposed to the more commonly used deionized water. The results could be used to
down-select the commercial resin candidates to a subset that may be best suited for use should PFAS
remediation be required going forward, as resin which do not perform well in batch will not perform well
in column testing.

Following batch experiments, column or flow-through experiments are often carried out to determine how
flow conditions will affect the retention and sorption of the compounds of interest. These experiments
build on the static batch experiments by including the effects of fluid dynamics. This additional variable
is used to determine loading capacity when flow is applied, lag time, and breakthrough for each selected
resin. These tests, done in synthetic groundwater with comingled contaminants, would determine which
reins could be best used in a P&T facility either as part of a treatment train or as a standalone skid unit.

While batch and column tests are primarily used to understand the sorption and remediation potential of
the resins, they also enable investigation of the phenomena that are not yet well understood with respect
to the sorption of PFAS to resin. Using advanced spectroscopic techniques (e.g., Fourier transform
infrared spectroscopy or nuclear magnetic resonance), it may be possible to further understand the
interactions with PFAS and resin, which would allow for a more fundamental understanding of the
chemistry of these materials and enable the development or selection of resins that would work better for
PFAS removal. This information would lead to an understanding of the uptake potential and kinetics of
IX resin with respect to PFAS as well as other contaminants, which would directly address the knowledge
gaps discussed in Sections 2.1 and 2.2, while spectroscopic analyses would aid in understanding the
complex interactions with the IX resin, which would help increase understanding from a mechanistic
view as described in Section 2.3.

3.2 Modeling

Based on the laboratory study results recommended above, a reactive transport model could be developed
to predict resin performance at full-scale under site-specific flow conditions, which would be scaled based
on the needs of the system. Reactive transport models focus on the physical mass transport using linear
distribution coefficients or linear decay terms, advective-dispersion, which can then be modified with
necessary retardation factors of the operable units. Geochemical thermodynamic descriptions are also
regarded to examine reaction paths, alternations, and changes in reactivity. Model predictions could then
be tested in pilot-scale remediations to determine the effectiveness of the resin at scale prior to field
implementation. Given the ever increasing number of PFAS, it is impractical to run pilot-scale studies for
each, and each source on the Hanford Site has varying chemistry that would also require testing, for
which it may prove advantageous to collaborate with manufacturers to compare efficiencies and model
predictions. Also, pilot scale studies are limited to the design and intake at the time of the analysis.
Models are best used to complement carefully designed laboratory experiments that produce the
necessary data that can be fitted with, as an example, a regressive loop to determine effectiveness for IX
resins that are basic models that can be expanded on.

Additional modeling could be done in conjunction with other efforts to increase the understanding of
PFAS contamination if found on the site. Due to the unique complexities of the Hanford Site, modeling of
plume interactions may also be required. For example, the interaction of PFAS with light non-aqueous
phase liquids has proven to be a multiscale phenomenon. The difference between the surface and bulk
diffusion of thin films results in spatial and temporal changes of the surface tensions and hence the
specific surface area solutocapillary effect, which may be relevant to proposed or ongoing treatment
(Sookhak Lari et al. 2024). Groundwater and plume map modeling, for example, as done in SOCRATES
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(Suite Of Comprehensive Rapid Analysis Tools for Environmental Sites) (Johnson et al. 2023), would
allow for tracking the contaminants and for communicating with stakeholders and academic communities
if deemed necessary by stakeholders.

Intermediate-scale IX resin performance modeling and groundwater plume migration modeling are best
used for specific IX remediation technologies under environmental conditions specific to the
contaminated site. More generally, molecular-scale modeling could be used to better understand the
chemical interaction between different PFAS compounds and IX resins with different polymeric
backbones and functional groups. This mechanistic understanding would provide a theoretical means to
down-select to the best resins that are currently commercially available and would inform development of
resins that are more selective for PFAS removal, or hybrid resins that could remove PFAS in addition to
PCOCs.

Molecular dynamics (MD) simulations are a powerful tool for examining molecular interactions. A key
component in MD simulation is the representation of molecular mechanics such as electrostatic
(Coulombic) interactions, the preferred length of each covalent bond, and other interatomic interactions.
Quantum mechanical methods provide more accurate results; however, they are computationally
expensive and only examine time scales on the order of several picoseconds, involving relatively few
atoms (Sookhak Lari et al. 2024). Additional molecular simulation methods include density functional
theory, hybrid quantum and classical MD, ab initio MD, and coarse-grained MD (Hollingsworth and Dror
2018; Hospital et al. 2015).

Length and scale of the interaction dynamics in the system will partially determine the best modeling
methods. With respect to PFAS, there are several mechanisms of interaction between the contaminant, the
fluid, and the IX resin, including van der Waals forces, electrostatic interactions, and hydrogen bonding
(Mousavi et al. 2023). Classical MD simulations can explore these bonding forces with respect to the IX
resins and may be used to examine complex mixtures of PFAS, as well as various resins to determine
which formulations are likely to work best, based on how they have been formulated.

Developing better models for PFAS and other contaminants for IX resin not only addresses the
knowledge gaps described in Section 2.0, but can also increase the number of variables that can be tested
with less in-depth laboratory-scale testing. As MD simulations become more accurate, they will be able to
examine the inter-ion effects, and experiments can be performed to validate the model’s conclusions.
Additionally, modeling the needs of the P&T facilities with respect to flow, output, and overall exchange
capacity can determine what, if any, changes may be necessary, and this can be expanded from the
laboratory scale to a test platform size, which is imperative for scale-up investigations, prior to suggesting
any changes to a full-scale P&T system.
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4.0 Conclusions

PFAS are an ever-increasing group of contaminants that may yet require remediation as the EPA expands
the rules for drinking water and groundwater concentration or if PFAS levels above the current (or future)
MCLs are found on the Hanford Site. These compounds, while not currently analyzed for on the Hanford
Site, have been discharged historically and if the concentrations are high enough, they would require
remediation to remain compliant with a changing regulatory landscape. IX resins have been proven
effective at removing PFAS compounds from municipal and industrial waters; however, these systems are
not representative of remediation efforts at complex DOE sites such as Hanford, with multiple radioactive
and chemically hazardous contaminants. As the Hanford Site looks ahead to regulatory changes with
respect to PFAS, it is important to understand what remediation technologies are already active on site
and what needs can be addressed quickly and efficiently. If PFAS are found above the current MCL set
by the EPA or the Washington State Department of Ecology, the already considerable investment in IX
technologies should be levied to approach the problem with tools and techniques that are already used
throughout the site.

With the success of P&T operations for other contaminants, and the potential for the IX resins currently in
use to uptake PFAS, a fundamental understanding of the influence of the comingled ions is required to
technically underpin PFAS removal. If there are PFAS in the past or present influent streams in the
Hanford P&T systems, it is possible the P&T systems are also removing some unknown amount of PFAS
from the groundwater, and it is likely that this reaction is hampered by competitive [X with other
comingled ions. Understanding those interactions will provide insight to the potential for PFAS
remediation as an added value to ongoing P&T activities.

The report identified four fundamental knowledge gaps with respect to using IX resin to remove PFAS
from groundwater: (i) the influence of dissolved ions in contaminated groundwater on the effectiveness of
PFAS removal via IX resin, (ii) the influence of PFAS removal on the effectiveness of IX resins for
removal of PCOCs and SCOC:s, (iii) the mechanisms of PFAS removal from contaminated water, and
(iv) practical solutions to IX resin regeneration and waste disposal. Batch and column experiments would
be needed to examine the effects of PFAS on the resins currently in use at Hanford Site P&T facilities to
determine if any PFAS remediation has occurred and if those resins are capable of removing PFAS under
the complex site-specific conditions. Additionally, modeling opportunities exist that could provide

(1) predictive capabilities for PFAS groundwater plume migration; (ii) insights into expanding the use of
new PFAS-specific resins from lab scale to field scale, including competitive effects of other ions present
in groundwater; and (iii) an understanding of why PFAS interactions with IX resin occur in a site-specific
matrix.

While the DOE inventory suggests that there have been discharges of PFAS-containing compounds at the
Hanford Site, there are no known PFAS plumes with concentrations that exceed current MCLs. However,
EPA regulation for these emerging contaminants is changing and continued advances in instrumentation
with sub ng/L detection limits for PFAS allow for finer and finer resolution in measurements. Therefore,
should PFAS contamination be found on the Hanford Site, several experimental and modeling approaches
have been proposed that could provide a technical basis for making decisions based on impending EPA
regulatory changes with respect to PFAS contamination.
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