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Abstract

Per- and polyfluoroalkyl substances (PFAS), which are present in many waters, have detrimental
impacts on human health and the environment. Reverse osmosis (RO) and nanofiltration (NF)
have shown excellent PFAS separation performance in water treatment; however, these membrane
systems do not destroy PFAS but produce concentrated residual streams that need to be managed.
Complete destruction of PFAS in RO and NF concentrate streams is ideal, but long-term
sequestration strategies are also employed. Because no single technology is adequate for all
situations, a range of processes are reviewed here that hold promise as components of treatment
schemes for PFAS-laden membrane system concentrates. Attention is also given to relevant
concentration processes because it is beneficial to reduce concentrate volume prior to PFAS
destruction or sequestration. Given the costs and challenges of managing PFAS in membrane
concentrates, it is critical to evaluate both established and emerging technologies in selecting
processes for immediate use and continued research.

Keywords

brine management; concentrate management; membranes; per- and polyfluoroalkyl substances;
water treatment

1| INTRODUCTION

For the past several years, per- and polyfluoroalkyl substances (PFAS) have been a high-
profile issue for the water sector and the public. Certain PFAS have been associated with
adverse health effects, including cancer, immune system dysfunction, liver damage, and
hormone disruption (Agency for Toxic Substances and Disease Registry [ATSDR], 2018).
US EPA has set oral noncancer reference doses for both perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonic acid (PFOS) (US EPA, 2016a, 2016b) and issued drinking water
health advisories of 70 ppt (parts per trillion, or ng/L) for combined concentrations of PFOA
and PFOS (US EPA, 2020). To date, a number of states have established advisories and
regulations for select PFAS (“California’s OEHHA intends to add PFOA and PFOS to Prop
65 list,” Legislation column, 2016; Garnick et al., 2021).

PFAS have been manufactured and used in a wide variety of industries since the 1940s, and,
as shown in Figure 1, they have been found in many wastewaters, environmental waters, and
drinking water sources (Crone et al., 2019). Reported PFAS concentrations in water vary
between sources and locations. In the United States, the mean concentrations of PFOA were
found to be 10-2305 ng/L and <5-821 ng/L for groundwater and surface water, respectively,
and those for PFOS were found to be 4-59 ng/L and <1-69 ng/L for groundwater and
surface water, respectively (Crone et al., 2019). The presence of PFAS in drinking water
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and reuse water influents have created pressure to find treatment processes that can remove
them without causing unintended consequences, such as by-product generation, release of
concentrated PFAS into the environment, increased corrosion in the distribution system,

or difficulty in maintaining a disinfectant residual. Taking these issues and treatment
effectiveness into account, the technologies that have been widely accepted as applicable
for PFAS removal are granular activated carbon (GAC), anion exchange (AIX) resins, and
reverse osmosis (RO) and nanofiltration (NF) membranes (Crone et al., 2019; Dickenson
& Higgins, 2016; USEPA, 2016a, 2016b). Although treatment efficacy has been studied,
much less research has been done on handling residual streams such as spent adsorbents
and membrane concentrates, which become concentrated with PFAS. The management of
concentrate streams from membrane systems that treat PFAS-contaminated waters, which is
the focus of this study, has received little attention thus far.

Membrane processes are used for many purposes in water treatment. They are generally
divided into two categories: filtration and desalination systems. Although filtration (*low-
pressure”) membrane systems (i.e., microfiltration and ultrafiltration) can be paired with
adsorbent technologies (e.g., powdered activated carbon [PAC]) to remove specific dissolved
contaminants by themselves, they are effective only for particulate or colloidal control
(Dickenson & Higgins, 2016; Van Der Bruggen et al., 2003). Desalination (RO and NF)
systems are utilized for removing dissolved constituents including PFAS.

Numerous studies have shown that RO and NF membrane systems effectively remove a wide
range of PFAS with rejections generally above 90% (Appleman et al., 2014; Busch et al.,
2010; Flores et al., 2013; Lipp et al., 2010; Quifiones & Snyder, 2009; Steinle-Darling et al.,
2010; Steinle-Darling & Reinhard, 2008; Tang et al., 2006; Tang et al., 2007; Thompson et
al., 2011; Yan et al., 2015; Zeng et al., 2017). Specific issues that impact the performance

of membrane treatment of PFAS-laden waters include the synthesis of the membrane and

the resulting molecular weight cutoff and membrane charge (Appleman et al., 2013; Rahman
et al., 2014; Steinle-Darling et al., 2010; Steinle-Darling & Reinhard, 2008); molecular size
and charge of the individual PFAS (Steinle-Darling et al., 2010; Steinle-Darling & Reinhard,
2008); pH (Kwon et al., 2012; Wang, Zhao, et al., 2015); background constituents (e.g.,
calcium, sodium, humic acids) (Appleman et al., 2013; Zhao et al., 2016); PFAS adsorption
into the membrane matrix (Kwon et al., 2012; Tang et al., 2007); and membrane fouling
(Appleman et al., 2013; Rahman et al., 2014; Steinle-Darling & Reinhard, 2008).

Once a membrane is chosen for use, a water system must consider not only the membrane
system operation but also the approach to residual stream management (Figure 2). Residual
management is complicated by the presence of contaminants of concern such as PFAS,
which have an unclear final regulatory outcome as related to both human and ecological
health. Although RO and NF membranes are extremely effective at separating PFAS, the
difficulty treating or disposing of the waste concentrate stream remains a major challenge.

The concentrate residual flow rate of the membrane system is dictated by the system
recovery, defined as the percentage of influent water that passes through the membrane as
permeate. The system recovery is typically limited to approximately 90% for low-salinity
water sources (Bonn et al., 2000; Schafer et al., 2005) and between 50% and 60% for
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seawater (Mickley, 2009). As a result, the volumetric flow rate of the concentrate stream
can still be significant (greater than 10% of the feed flow rate). Because membrane systems
separate contaminants by a rejection mechanism that does not destroy the contaminants,

the PFAS concentrations in the residual stream are a function of the percent rejection and
the system recovery. When the percent rejection for PFAS approaches 100%, as it tends

to in RO treatment, the concentration of PFAS in the concentrate, C, can be expressed as
C¢#/(1-R), where Cs is the feed concentration and R is the system recovery. The management
of large volumes of membrane concentrate streams at high PFAS concentration requires
careful thought and ongoing research.

Typically, membrane concentrates are disposed of via surface discharge, sewer, deep well
injection, land application, or evaporation ponds (Mickley, 2009). Of these, surface or sewer
discharge is the most prevalent (Mickley, 2018) due to their overall cost and ability to
handle higher flows. Surface water discharge is often the easiest and least expensive disposal
approach; however, it falls within the National Pollutant Discharge Elimination System
(NPDES) permitting process and future regulatory determinations may necessitate PFAS
management. Disposal into the local sewer system does not fall within the NPDES program,
but the local wastewater treatment utility may not agree to handle the stream or may require
a pretreatment system. Deep well injection (into Class 1 wells) is occasionally used for
membrane concentrate streams. The ability to utilize this approach is a function of the
proximity of the well, the volume of concentrate produced, the capacity of the well, whether
the well can be used for the lifetime of the membrane facility, and whether there is an
alternate approach for when the well is taken offline such as for mechanical integrity testing.
Because of these constraints, deep-well injection is not commonly used outside Florida
(Mickley, 2018). Evaporation ponds are also occasionally used for concentrate disposal, but
their performance is a function of the climate (warmer/drier), land accessibility, and cost,
which is the driving factor. Finally, land application is occasionally used. This option also
requires warmer climates or the ability to manage the concentrates during episodes of cold
weather. None of these disposal options destroy PFAS, and they each risk introducing PFAS
back into water sources.

Destruction of PFAS in the concentrate stream without creating by-products would be ideal.
Such a stream could be reintroduced to the water supply at a number of points and would
obviate concern about ecological impacts or human health impacts via water reuse. In this
light, the intent of this article is to cover the state of the science for technologies that may
be suitable for treating RO and NF membrane concentrates containing PFAS, including
concentration processes prior to PFAS defluorination or sequestration, as shown in Figure 2.
For each technology, the mechanism of removal will be discussed with regard to potential
efficacy, the formation of breakdown products (if applicable), and the impact of background
water constituents that could affect the technology applicability.

FURTHER CONCENTRATION OF MEMBRANE CONCENTRATES

Further concentration of PFAS-laden concentrates may be beneficial to reduce the volume
of wastewater for PFAS destruction or sequestration. This section describes a range of
established and emerging technologies for the additional concentration of PFAS from
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membrane concentrates. These processes may be used individually or in sequence to achieve
the desired level of concentration; for example, RO or NF concentrate could undergo foam
fractionation. The PFAS-enriched coalesced foam could be solidified by evaporation to
achieve a form that could be managed effectively via long-term sequestration or destruction.

RO and NF

RO and NF membrane systems have successfully demonstrated targeted long-chain PFAS
rejection from approximately 90%-99% and targeted short-chain PFAS from approximately
50%-99% (Appleman et al., 2013; Lipp et al., 2010; Tang et al., 2007; Wang et al., 2018)
against background aqueous matrices of varying strength, including synthetic high total
organic carbon water (Wang et al., 2018; Zhao et al., 2016), semiconductor wastewater
(Tang et al., 2006), and groundwater (Franke et al., 2019).

The volume of concentrate from primary membrane treatment processes (or any residual
waste stream) may be significantly reduced via the application of additional RO and NF
membrane treatment processes in batch or semi-batch configurations, which are optimized
for higher recovery (Bond & Veerapaneni, 2008; Tong & Elimelech, 2016). This reduction
of volume and the resulting increase in concentration may provide benefits for downstream
PFAS treatment technologies, which are discussed in more detail later. Specifically, closed-
circuit desalination (CCD) is a commercially available semi-batch desalination configuration
with potential for broad applicability due to its capabilities for high recovery and its
operational flexibility relative to conventional configurations (Lin & Elimelech, 2015).

In a CCD system, feed water is continuously pumped to a membrane pressure vessel at

the same flow rate that permeate is discharged. The resulting concentrate is continuously
recirculated within the system until a user-defined recovery setpoint has been achieved, at
which point the concentrate is purged from the system and the process restarts (Warsinger
etal., 2016). The CCD configuration is designed to operate at constant flux and can be
outfitted with either NF or RO membrane elements (Riley et al., 2018). CCD systems have
achieved product water recoveries as high as 97% and performance models predict marked
energy efficiency advantages of CCD when compared to other RO and NF membrane
system configurations (Lin & Elimelech, 2015; Stover, 2013; Sutariya & Raval, 2021,
Warsinger et al., 2016). However, solute retention may occur in the feed channel even
after the concentrate purging since the convective residence time in commercial NF or RO
membrane elements may differ from that of an ideal plug-flow (Li, 2021). As a result, the
energy efficiency of CCD systems is largely affected by the purging (i.e., flushing) efficacy
(Lee, Rahardianto, & Cohen, 2019). Additionally, excessive concentrate recirculation for
high-recovery CCD operation may promote the formation of mineral scaling or biofouling
due to the high concentration factor in the feed stream (Lee, Choi, & Cohen, 2019).
Therefore, refreshing the feed channel and freeing the membrane surface from residual
solutes at the end of each CCD cycle remains a key challenge.

As with many applications of RO and NF membrane systems, membrane fouling remains a
concern for performance longevity; particularly considering the implementation of batch or
semi-batch configurations operating at high recoveries for the purpose of primary membrane
concentrate residuals’ management. Although each situation demands its own assessment,
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research suggests that membrane fouling within batch and semi-batch configurations may
be mitigated by modifying the membrane system operational parameters (e.g., increasing
cross-flow velocity) (Lin & Elimelech, 2015), rapid salinity cycling (Warsinger et al., 2018),
pH adjustment, the addition of antiscalants (Franke et al., 2019), and the development of
tailored membrane polymers (Boo et al., 2018; Wang, Zhao, et al., 2015).

Emerging membrane processes

Membrane distillation (MD) technologies (e.g. direct contact membrane distillation
[DCMD]), exploit the difference in volatility between compounds in the contaminated
feed solution for separation. Given the low vapor pressure of PFAS, MD allows selective
permeation of water vapor across the porous membrane, which is made of hydrophobic
polymers such as polyvinylidene difluoride to prevent pore wetting. Chen et al. (2020)
studied the suitability of DCMD to treat PFAS-contaminated waters by evaluating the
DCMD performance for concentrating and removing perfluoropentanoic acid (PFPeA) on
a bench-scale DCMD system using a poly(tetrafluoroethylene) (PTFE) membrane. The
highest removal rate of PFPeA in this study was 85% at a feed temperature of 50C.
However, the study reported severe surface fouling leading to a decrease in rejection due to
transportation of PFPeA via surface diffusion. Therefore, it is necessary to develop surface
modification or coating technologies to prevent surface diffusion by limiting interactions
between PFAS and the membrane surface. Another limitation is that there are no available
cost data for PFAS concentration via MD.

Forward osmosis (FO) technology uses a semipermeable membrane for selective transport
of water via osmosis, driven by a concentration difference between two liquid bodies (i.e., a
feed solution and a draw solution) separated by a membrane. Although experimental study
of PFAS separation with FO to date has been limited, a bench-scale investigation (Joshua,
2020) showed that cellulose triacetate FO membranes rejected 98% of PFOS and 97% of
PFOA, which is comparable to RO membrane performance. FO has also been successfully
demonstrated for the treatment of wastewater from a sewage treatment plant, the Ngong Ping
Sewage Treatment Works, in Hong Kong. PFOA and PFOS were separated from water using
a widely available thin-film composite membrane with a polyamide barrier layer (Choi et
al., 2021). To overcome the challenge from regeneration of the draw solution, Choi et al.
adopted a highly soluble, high molecular weight (>70 kDa) poly (styrenesulfonate) (PSS)
as a draw solute. The abovementioned approach allowed the application of a low-pressure
ultrafiltration process for regeneration of the draw solution to maintain the overall energy
efficiency of the FO system. The study successfully demonstrated continuous production

of permeate above 3 Lm~2h~1 on a bench-scale test with PFAS rejections as high as

93% and 99% for PFOA and PFOS, respectively. However, it is noted that the system
required an extended pretreatment period (up to 6 days) for ultrafiltration to attain high

PSS rejection efficiency for clean permeate production. The specific energy consumption
for the osmotic dilution step of FO is significantly lower than that of desalination processes
(Shaffer et al., 2014). However, for permeate production and continuous operation, draw
solution regeneration is required. Given that the regeneration of the draw solution can be
more energy intensive than RO (McGovern & Lienhard, 2014), further research would
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be necessary to develop effective and affordable draw solution regeneration methods for
FO-based concentration of PFAS-laden concentrate.

Electrodialysis—RO hybrid systems

Electrodialysis (ED) is a proven water treatment process that separates charged constituents
from feed water and has more than half a century of application at a large industrial scale
(Strathmann, 2010). ED separates charged compounds in the solution through anion and
cation exchange membranes via electric potential. The application of ED to RO concentrate
has been studied to improve the overall water recovery of the system (Oren et al., 2010;
Zhang et al., 2011; Zhao et al., 2019). Although ED has not yet been applied to PFAS
separation, ED may directly separate anion PFAS compounds, such as perfluoroalky! acids
(PFAAS) in RO concentrate or fluoride ions from the PFAS destruction system (Takeuchi et
al., 2012). If the majority of PFAS compounds in the RO concentrate are neutral, ED would
not be an applicable process to separate the PFAS compounds. However, ED may help
further consolidation of RO concentrate because the application of ED to RO concentrate
can produce fewer charged ions but the same concentration of PFAS compounds in the ED
dilute stream (deionized stream), which could be recycled as an RO feed for further PFAS
concentration.

Foam fractionation

As surfactants, PFAS tend to accumulate at air—water interfaces, including in foams present
on PFAS-contaminated natural waters (Schwichtenberg et al., 2020). Their surfactant
qualities enable a class of remediation processes based on increasing the interfacial area
density through the creation of bubbles and foams and collection or destruction of interface-
bound PFAS.

Through degassing experiments, nanobubbles bound to the hydrophobic sections of
carbonaceous nanomaterials were shown to play a role in PFAS removal (Liu et al., 2020;
Meng et al., 2014). This finding was developed into a process for concentrating PFAS that
takes advantage of their affinity for the air—water interface: aeration—foam collection (Meng
etal., 2018). In aeration—foam collection, also known as foam fractionation, air is bubbled
through PFAS-containing liquids, and the foam that rises to the top is collected and allowed
to settle and break (Meng et al., 2018) (Figure 3). Aeration—foam collection was tested with
aqueous film-forming foam (AFFF) solution and optimized to remove 99.9% of PFOS at

a concentration 8400 times that of the original solution (Meng et al., 2018); however, the
process was less effective for short-chain PFAS such as perfluorobutyl sulfonate (PFBS) due
to their lower surface activity, a finding also noted in Dai et al. (2019).

Several variants on foam fractionation have been tested with generally high effectiveness

at separating at least some PFAS. Aeration with foam collection has been tested on PFAS-
laden landfill leachate with an overall PFAS separation efficiency of 92% (Robey et al.,
2020). When aeration bubbles burst at the free surface of the PFAS-laden liquid, rather than
being captured as a foam, they can create a PFAS-enriched aerosol that can be captured

for further treatment (Ebersbach et al., 2016). Ozonated air fractionation has showed higher
PFAS removal than air alone (Dai et al., 2019), and foam fractionation has also been
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combined with ultraviolet (UV) photodegradation to concentrate and destroy PFOS (Lyu et
al., 2020). Meng et al. (2018) found that higher ionic strength (up to 5 mM NaCl) slightly
enhanced PFAS separation efficiency in aeration—foam collection, which suggests that the
elevated salt content expected in PFAS-laden concentrate streams could be conducive to
aeration-foam collection.

Electrocoagulation

Electrocoagulation (EC) has been successfully applied to the removal of various
contaminants from water, offering multiple advantages including high levels of removal,
ease of operation, decreased sludge production, and lower energy consumption. Although
there is limited literature available on the removal of PFAS by EC, the complete removal

of PFAS, primarily PFOA and PFOS, has been reported (Lin, Wang, et al., 2015). The
proposed removal mechanism of PFAS by EC is hypothesized to be the hydrophobic
interaction of PFAS with metal hydroxide flocs, which results in the enmeshment of PFAS
with flocs and their subsequent removal by precipitation. Therefore, the type of anode/
cathode used in the system is critical for the removal of PFAS by the formation of hydroxide
flocs. Many factors including applied current—voltage density, stirring speed, electrolyte type
(NaNOs3, NaCl, NaySO., Na,CO3), the presence of inorganics (Cl~, SO4%~, CO32~, HCO3%™,
NO3"), and pH have been shown to impact the efficiency and cost of the process. Previous
literature studies have indicated that the combined application of different anode/cathode
metals improved the removal efficiency of PFOA and lowered the process cost (Liu et al.,
2018). However, while the practical implementation of EC treatment can be impacted by

the dissolution and passivation of the anode plate, the source water-specific optimization of
operating conditions is also required to achieve efficient use of the technology at full scale.

Evaporation ponds

Evaporation ponds are shallow, artificially constructed, lined ponds that enhance water
evaporation from aqueous waste solutions using solar energy and wind (Sahu, 2021).
Maintenance is necessary, including the periodic removal of solids. Evaporation ponds
require large areas of land and tend to be most effective and generally more affordable

in arid regions with inexpensive land. Although they are used for inland dewatering of

RO brine (Katal et al., 2020), no studies were found on the use of evaporation ponds

for PFAS-laden wastes (from RO or other PFAS concentration processes). Due to lack of
research, it is not known whether gas-phase secondary emission of PFAS from evaporation
ponds and other open-air evaporation techniques would be substantial (US EPA, 2020).

Previous studies estimated the total cost per unit volume reduction (including amortized
capital and O&M) to range between $0.14/m3 and $0.25/m3 (based on modeling
[Foldager, 2003]) and between $3.3/m3 and $10.0/m3 (based on a review of several
studies [Panagopoulos et al., 2019]), depending on local weather conditions; underlying
groundwater aquifers; and the costs of the appropriate pond liner, local land, and energy.

Brine concentrators and crystallizers

Thermal brine concentrators can be used to reduce RO concentrate volume or to eliminate
discharge of liquid concentrate. Thermal brine concentration systems require significant
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thermal and/or electrical energy input (tens of kWhe/m3 for mechanical vapor compression
to hundreds of kWhg,/m3 for heat-driven distillation methods) (Thiel et al., 2015), so brine
recovery RO systems (see previous sections) are often used first. To further reduce the
concentrate volume containing PFAS, zero liquid discharge (ZLD) and near-ZLD strategies
can be used (Appleman et al., 2013; Rahman et al., 2014; Steinle-Darling & Reinhard,
2008). The minimum liquid volume is achieved with a near-ZLD process using a falling
film evaporator to concentrate brine. Recovery of the RO concentrate in a brine concentrator
from a reclamation facility typically ranges between 95% and 98%. If further reduction or
elimination of the concentrate volume is required, the concentrate discharged from the brine
concentrator can be treated with a crystallizer or spray dryer to evaporate remaining liquid
and precipitate the most soluble salts (e.g., sodium sulfate, sodium chloride, and calcium
chloride). Reduction of concentrate volume using a brine concentrator and subsequent
crystallizer increases the water recovery to nearly 100% (Appleman et al., 2013; Rahman et
al., 2014; Steinle-Darling & Reinhard, 2008).

Adsorption

Adsorption of PFAS by GAC is the most commonly adopted PFAS removal technology
because it is easy to operate and has been an established technology in drinking water
production for decades (Merino et al., 2016). However, GAC shows limited sorption
potential, especially for short-chain PFAS compounds (i.e., <6 carbon skeleton). GAC also
shows a rapid decrease in efficiency, allowing for the breakthrough of PFAS after varying
periods of operation (Flores et al., 2013; McCleaf et al., 2017). Therefore, operating GAC
for PFAS management requires close monitoring of the GAC for PFAS breakthrough and
may require frequent regeneration and/or replacement of saturated adsorbents (Belkouteb et
al., 2020).

Adsorption technologies, such as GAC, PAC, and AlX, are often coupled with membranes
to separate PFAS (Franke et al., 2019, 2020; Murray et al., 2019). GAC and AIX show up

to fourfold improved PFAS removal efficiency when applied to treat NF concentrate streams
compared with GAC or AlIX treatment of the raw water (Franke et al., 2019). The cost of
GAC and AIX treatment for NF concentrate depends on discharge volume and drinking
water treatment goals in the drinking water treatment plant (Franke et al., 2020). Franke et
al. reported that AlX resins may be more cost-effective than GAC to treat NF concentrate
for many discharge goals. Super-fine powdered activated carbon was combined with ceramic
microfiltration for enhanced PFAS adsorption and performed better than GAC due to high
specific surface area and faster adsorption kinetics (Franke et al., 2019).

Coagulant aids

The specialized coagulant PerfluorAd® uses cationic surfactants to remove anionic PFAS
(such as the PFOS found in AFFF-contaminated water) as a pretreatment to other processes
such as GAC to extend the lifetime of that downstream process (Cornelsen et al., 2021)

and reduce environmental harm (Maga et al., 2021). PerfluorAd® is mixed with PFAS-
containing liquid in a stirred tank and solids are removed by settling or filtration (Edel
etal., 2018). At a dose of approximately 2 g/L, PerfluorAd® was found to remove over
99% of total PFAS from diluted AFFF solutions that had a PFAS concentration of 66 ug/L
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(Cornelsen et al., 2021). The optimal PerfluorAd® dose depends approximately linearly

on anionic surfactant (PFAS and others) concentration (Maga et al., 2021), and should be
determined carefully, as both over- and underdosing lead to reduced PFAS removal. In

a life cycle analysis of AFFF solution treatment methods, using PerfluorAd® to reduce
PFAS concentration before treatment with activated carbon and incineration reduced the
environmental impact of PFAS destruction significantly (Maga et al., 2021). The authors are
unaware of published studies using PerfluorAd® for PFAS-laden membrane concentrates,
and although it may be similarly effective at removing anionic PFAS from those streams, the
effects of high salt concentration merit future investigation.

Other additives, such as RemBind™ and matCARE™, are also emerging as potentially
effective PFAS separation technologies; however, no peer-reviewed studies of their
effectiveness are known to the authors at this time.

DEFLUORINATION OF PFAS IN CONCENTRATES

A range of options for degrading PFAS through defluorination are discussed in this section,
including both established and emerging technologies. Some of the possibilities reviewed
herein are not effective—at least not yet—at defluorinating PFAS in waste streams; however,
relatively ineffective technologies for defluorination are included here for completeness and
to inform future research directions.

Biological treatment

To date, microbial degradation of PFAS has been largely unsuccessful (Coyle et al.,

2021). The dense hydrophobic layer surrounding the carbon—carbon bonds prevents
microorganisms from easily using the carbon as their energy source (Kucharzyk et al.,
2017). Some limited success has been demonstrated in the partial defluorination of PFAA
precursors (i.e., fluorotelomers) (Horst et al., 2020); however, there are concerns this could
result in the generation of new PFAAs. A promising recent study demonstrated microbial
defluorination of PFAAS using Acidimicrobium sp. strain A6 via the Feammox process in
which Fe (I11) serves as the electron acceptor and ammonia as the electron donor (Huang &
Jaffé, 2019). This research is still at the bench scale and appears to be more applicable to
contaminated iron-rich soil than for direct treatment of membrane concentrate.

UV irradiation

Combined chemical/UV light-based processes have been developed to produce a range of
reactive species for the degradation of organic compounds (Miklos et al., 2018). Although
oxidation-based UV processes (discussed later) are ineffective for PFAA degradation, UV
photosensitizer processes that generate hydrated electrons have been effective for the
degradation of a diverse set of PFAS (Bentel et al., 2020). The use of bisulfite as a UV
sensitizer has recently garnered attention as a viable PFAS destruction technology due to
the availability of UV reactors, availability of bisulfite, and benign nature of the sulfate
by-product (Tenorio et al., 2020). To date, most research evaluating this technology has
been at the laboratory scale using synthetic PFAS solutions consisting mainly of PFOA and
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PFQS, and there are questions regarding energy requirements, compatibility with real water
matrices, and effectiveness for short-chain PFAAs.

Photocatalysis

To overcome the slow decomposition kinetics of organic compounds, photoactive catalysts
(e.g., TiOy, titanate nanotubes [TNTs], Fe/TNTs@AC, and boron nitride) have been

tested to accelerate PFAS degradation using ultraviolet C (UVC, wavelength 200-280

nm) irradiation (Chen et al., 2011; Duan et al., 2020; Li et al., 2020; Sansotera et al.,

2014; Wang & Zhang, 2011). Recently, photocatalysts that worked under visible light

(VL, wavelength over 400 nm) were used in a proof-of-concept study carried out with
model solutions (Wang, Cao, et al., 2020; Wang, Chen, et al., 2020; Xu et al., 2020).

The hydrophobicity of photocatalyst surfaces holds promise to enhance PFAS interaction
with the catalyst and was a reason for explaining superior (i.e., lower energy requirements)
defluorination of PFOA on boron nitride than TiO, photocatalysts with UV light (Duan

et al., 2020). TiO, with peroxymonosulfate activation under VL degraded 100% of PFOA
within 8 h; however, intermediates such as perfluoroheptanoic acid, perfluorohexanoic acid
(PFHxA), PFPeA, pentafluorobenzoic acid (PFBA), perfluoropropanoic acid (PFPA), and
trifluoroacetic acid (TFA) were detected during the PFOA photocatalytic process (Xu et al.,
2020). The Pt-Bi»O4 photocatalyst with Kl as an electron donor decomposed 45% of PFOA
after 6 h of VL irradiation and nearly 99% of decomposed PFOA was defluorinated (Wang,
Cao, et al., 2020). The BiOI@BisO7I photocatalyst proposed by Wang, Cao, et al. (2020)
provided about 60% degradation of PFOA under VL in 6 h of irradiation and the PFOA was
decomposed to CF, units. Photocatalysts working under VL have the potential to be applied
to PFAS photocatalysis in RO concentrate. Pilot- and full-scale demonstrations are needed to
vet this technology for RO concentrate management.

Although it is still under development due to its potentially high cost, one of the most
recent PFAS removal advancements is based on single-atom catalysis (Huang et al., 2018).
This approach involves UV illumination of a highly reduced form of a single metal (e.g.,
platinum) supported on Si C to facilitate defluorination of PFAS compounds to achieve
Si—H/ C-F to Si-F/C-H conversion (i.e., defluorination of PFAS) (Huang et al., 2018).
Currently, the feasibility of regenerating the exhausted Si—F material and its environmental
implications remain questionable.

Advanced oxidation

Studies have investigated the efficacy of advanced oxidation processes (AOPS) toward

PFAS degradation using UV radiation with hydrogen peroxide, ozone, peroxide, or heat-
activated persulfate (Anumol et al., 2016). However, AOPs tend to be limited in the extent
of degradation of PFAS because of the high oxidation potential of C—F bonds. Barisci

and Suri (2021) have recently demonstrated effective removal of fluorotelomer alcohols
(FTOHs, precursors to PFAS compounds such as PFOA) by UV/H,0,, solar irradiation with
or without H,0,, ozonation, and O3/H,0,. Ozonation has effectively oxidized 75.9% of
FTOHSs; however, the degradation efficiency declines in the presence of H,O in ozonation
due to the scavenging effect of hydroxyl radicals (Barisci & Suri, 2021). Sulfate radical
anions are highly oxidative and more efficient than hydroxyl radicals for the mineralization
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of PFAS to fluoride ion and CO,. Beyond H,05, many other chemical additives upon
UV irradiation have shown the ability to degrade PFAS. PFAS compounds transform into
short-chain PFAS derivatives through photochemical reaction upon irradiation of sulfite
(SO427), persulfate anion (S,0g%7), and other sulfur-based chemicals by producing sulfur
oxide radicals, hydroxyl radicals, and hydrated electrons (Hori et al., 2005; Tenorio et al.,
2020).

Hydrated electrons

Hydrated electrons (eqq~) can be used as reducing agents for effective cleavage of C—

F bonds due to extremely reactive oxidation-reduction potential. As discussed in other
sections (Sections 3.2 and 3.9), hydrated electrons can be generated by various technologies
including but not limited to radiolysis, sonolysis of water by strong laser pulses or UV
radiation in the presence of certain chemicals such as sulfite and iodide ions and indole
(Park et al., 2009; Song et al., 2013; Tian et al., 2016). Degradation/defluorination of
legacy PFAS (e.g., PFOA, PFOS, and GenX) has been accomplished by hydrated electrons
generated from a sulfite/UV process at ambient temperature and slightly basic medium
(i.e., pH 9-10). Despite the efficient performance of the sulfite/UV process for PFAS
removal, the formation of sulfate by-products and the high energy requirement (for UV,
microwave radiation, ultrasound, etc.) remain major challenges hindering its commercial
application (Song et al., 2013). Studies reported novel approaches for efficient generation
of hydrated electrons using plasma technology to overcome the above challenges (Lewis

et al., 2020; Rumbach et al., 2015); however, plasma use for this application still remains
at an early developmental stage because formation mechanisms of hydrated electrons and
their behaviors under various chemical events or strong electrical fields (in plasma systems)
remain subjects for further investigation.

Plasma-based treatment

Plasma-based water treatment (PWT) is a relatively new technology that uses electrical
discharge for the production of plasma and subsequent reactive aqueous species (e.g.,
radicals, ions, and high-energy electrons) capable of degrading a variety of organic
compounds (Mededovic Thagard et al., 2017). A promising PWT reactor approach was
recently developed that achieved rapid defluorination of a variety of PFAAs in aqueous
solutions (Stratton et al., 2017) and led to a pilot-scale (1-10 gpm) PWT reactor consisting
of gas electrical discharge plasma coupled with argon gas bubbling. Effective PFAA
treatment using this PWT approach has been demonstrated on various PFAS-impacted water
sources (e.g., AlX regenerant waste, landfill leachate, groundwater) with a wide range of
water quality and PFAA concentrations (Nau-Hix et al., 2021; Singh et al., 2020; Singh,
Multari, et al., 2019). Reportedly, rapid and effective removal of long-chain PFAA has been
achieved (>99% in 10 min) with relatively low fluorinated by-product generation (Singh et
al., 2020; Singh, Fernando, et al., 2019; Singh, Multari, et al., 2019); however, treatment

of short-chain PFAA removal was less effective. Reported energy consumptions for this
process range from 1.7 to 36 kWh/m?3 depending on the source water quality and treatment
goals (Singh et al., 2020; Tenorio et al., 2020).
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3.7| Electron beam

Electron beam (e-beam) is a radiation-based treatment technology that has been shown to

be capable of PFAS destruction through both oxidation and reduction processes. Electricity
is accelerated to simultaneously produce highly oxidizing species (hydroxyl radicals) and
reducing species (aqueous electrons and hydrogen radicals) (Tetra tech EM Inc., 2003).

The primary mechanism for PFAS destruction via e-beam technology (Horst et al., 2020)

is proposed to be the attack of the positive dipole end of the fluorine—carbon bond by
aqueous electrons. E-beam for water treatment is shown in Figure 4. The technology was
first introduced and implemented in the 1970s and 1980s, respectively, to irradiate sludge

at wastewater treatment plants in Boston and Miami (Waite et al., 1998). Pilot plants in
Brazil, Korea, and China have used e-beam technology to treat industrial wastewater (Lu

et al., 2020) and it has been investigated for groundwater remediation of methyl t-butyl
ether (MtBE) (Tetra tech EM Inc., 2003). Direct application to membrane concentrates has
not been found in the literature; however, a recent laboratory study of PFOA and PFOS
degradation in distilled water by e-beam found that at low doses of 50 kGy, PFOA was
degraded by 87% whereas only 16% of PFOS was removed (Pillai, 2020). PFOS removal
was improved at higher e-beam doses (48.6% removal efficiency at 500 kGy and 96.6%
removal efficiency at 2000 kGy). Adjustment of pH to 13 and amendment with sodium
nitrate and sodium bicarbonate negatively impacted the degradation of PFOS (22% PFOS
reduction at a 500 kGy dose and 88.8% PFOS reduction at a 2000 kGy dose). Membrane
concentrates are complex solutions that may contain high levels of confounding constituents
(e.g., salts, organic matter, colloids, and antiscalants), so studies conducted in water matrices
containing a range of constituents are needed to ascertain whether direct application of
e-beam technology to membrane concentrates is viable. Fortunately, e-beam technology has
been already commercially used for food pasteurization and medical device sterilization.
Challenges related to the water industry include energy requirements, capital costs, and flow
volume capacities. A 2003 technology evaluation for e-beam remediation of MtBE estimated
that costs ranged from $40 per thousand gallons for small-scale remedial applications to
about $1 per thousand gallons for larger-scale drinking water applications of 10 MGD (Tetra
tech EM Inc., 2003). Pillai (2020) estimated capital costs for a 10 MeV, 560-kW fixed
e-beam system operating at 1500 kGy to be $7.7 million US dollars and that the price to
treat water would range from $0.10 (500 kGy treatment) to $0.80 (3000 kGy treatment) per
gallon.

3.8| Zero-valentiron

Nanometals are affordable and widely available alternative reducing agents. Decomposition
of organic contaminants in soil and water systems has been successfully demonstrated
using nanometals. Nanoscale zero-valent iron (nZV1) (Masud et al., 2021) is one of the
most promising nanometals with high reductive capacity (standard reduction potential, £2 =
—0.44 V (Adusei-Gyamfi & Acha, 2016). Recently, PFAS decomposition was demonstrated
in batch experiments using nZVI conjugated with oxidants such as hydrogen peroxide
(Parenky et al., 2020). The reactivity of nZV1 was further improved by employing graphene
oxide (GO) as a solid support to prevent nZV1 agglomeration during reductive PFAS
decomposition in water (Masud et al., 2021). The abovementioned approach was effective
for accelerating PFAS decomposition kinetics (particularly for longer-chain PFAS) due to
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the presence of delocalized electrons on GO enhancing the contact/interaction between
nZVI and PFAS (Gu et al., 2018). However, sulfonate PFAS were found to be more
resistive to nZVI-based defluorination processes than carboxylic PFAS (Parenky et al.,
2020). In addition, the formation of shorter-chain PFAS in the presence of oxidants remains
a lingering challenge that has yet to be investigated.

Sonochemical treatment

Sonochemical treatment (sonolysis) has been effective for degrading PFAS through
pyrolysis and the formation of highly reactive free radicals (Cao et al., 2020). The
technology uses low-to high-frequency (20 kHz to 1 MHz) ultrasound waves to create
cavitation bubbles in which pollutants are destroyed due to a high bubble interface
temperature (1000-1500 K) and vapor temperature (4000-10,000 K) and reaction with
free hydroxy radicals (OH, 103, Bry, SO47) formed in the process (Cao et al., 2020).
During the sonochemical reaction, PFAS could be oxidized and degraded to their alkyl
species as well as complete mineralization by-products, CO, CO,, F~, and SO42". Previous
studies evaluated the operating factors that impact the performance of sonolysis on PFAS
destruction. Factors include reactor size, power density/frequency, number/location of
transducers, concentration, the chain length of PFAS, operating pH, time and temperature,
sparging gas type, and additives that promote radical formation or reduce surface energy.

Because of the power and cost-related scalability issues (e.g., electrical energy per order
of approximately 2600 kWh/m3; Crittenden et al., 2012), the demonstration of sonolysis
treatment of PFAS has typically been limited to small reactor volumes ranging between
0.2 and 12 L (Fernandez et al., 2016; Rodriguez-Freire et al., 2016). In a unique study
conducted by Gole et al., a large-scale reactor (91 L), which occupied multiple transducers
and was capable of providing single/dual frequencies (1 MHz and 500 kHz), was used

to evaluate the degradation of AFFFs into F~ and SO,42~ (Gole et al., 2018). The authors
reported that the F~ and SO,2~ release from the degradation of AFFFs was inversely
proportional to dilution ratio (900x to 100x) and pH of the aqueous phase. These results
suggest that sonochemical treatment can be an alternative treatment technique for the
management of PFAS concentrate waste streams. The energy cost of the process for AFFF
degradation in this large reactor at 500x dilution (at pH 4) was estimated to range between
$0.015 and $0.019 per liter of the solution. Fernandez et al. demonstrated that while

the defluorination rate of per-/polyfluorinated compounds increased with the increasing
chain length of PFAS, perfluoroalkyl compounds are more amenable to sonolysis than the
polyfluoroalkyls (Fernandez et al., 2016). In another literature study, researchers reported
that the degradation rate of nine PFAS species (PFOS, PFHxXS, PFBS, PFOA, PFHXA,
PFPeA, PFPA, fluorotelomer sulfonate [6:2 FTS], and PFEES) increased with increasing
hydrophobicity or chain length (\Vecitis et al., 2008). Other studies have also shown
enhancement of PFOA degradation by the addition of persulfate, periodate, permanganate,
salts, and surfactants during the sonochemical treatment (Cao et al., 2020). Phan et al.
demonstrated that an increase in the concentration of NaHCO3 (0-30 mM) in the reactor
enhanced the destruction of PFOA up to 75%; in the same study, increasing the reaction
time from 15 min to 4 h also increased removal efficiency from 18% to ~98% (Phan Thi et
al., 2014). In another study, Lin, Lo, et al. (2015) investigated the effect of sulfate (25 mM)
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addition on the sonochemical removal of PFOA, reporting an increase in PFAS removal up
to 99% after 2 h of ultrasound irradiation. The combination of additional treatment factors
increases the formation of reactive hydroxyl radicals and promotes the formation of cavities
by increasing ionic strength, hydrophobicity, and surface tension. The degradation rate of
PFOA was also shown to decrease in the presence of dissolved oxygen during the sonolytic
reaction (Lee et al., 2016). Researchers have tested different atmospheric conditions (e.g.
various Ar, No, and O, concentrations) on the degradation efficiency and reported that
degradation efficiency is a function of the polytropic index of the gases (Moriwaki et al.,
2005; Phan Thi et al., 2014).

The abovementioned studies successfully demonstrated the effectiveness of sonochemical
treatment on PFAS degradation under specific operating conditions on bench-scale systems
with simple, synthetic water matrices. Further investigation is necessary to understand

the effectiveness and cost of this technology in full-scale applications and complex water
matrices such as RO and NF concentrates.

Incineration

RO/NF brines containing PFAS can be directly incinerated or post-concentrated on
adsorbents, which can then be thermally treated. Factors influencing thermal reactor
efficiency include the properties of waste, such as the presence of phosphates and silicates,
which were shown to improve the mineralization of PFAS. Operating conditions (e.g.,
residence time, operating temperature, mixing/turbulence, and presence of excess oxygen)
or addition of coadditives (CaO, ZVI, KOH, Al,03, Lay03, NayFeOy4, Na,S,0g, etc.) are
also important (Cagnetta et al., 2017; Deng et al., 2020; Lu et al., 2017; Lv et al., 2018;
Wang et al., 2013; Wang, Lu, et al., 2015). Typically, incineration is performed in a reactor
containing primary and secondary chambers. In these chambers, the waste is initially heated
and volatilized at temperatures >800°C (~1500°F) in the first chamber. The by-products from
incomplete combustion are further treated in the second chamber at temperatures >1100°C
(~2000°F) with excess oxygen. Liquid wastes can also be sprayed into a secondary chamber.
During the thermal regeneration of spent GAC media, the primary chamber is kept at lower
temperatures (<815°C or ~1500°F) and supplied with inert gases to eliminate oxidation

and changes to the pore structure. The current literature is still lacking information on

the thermal behavior of PFAS-laden wastes during high-temperature combustion or GAC
reactivation.

Aleksandrov et al. (2019) treated PTFE in a pilot-scale incinerator, showing that only PFOA
formed at detectable but insignificant levels (Aleksandrov et al., 2019). Similar results were
also reported by Taylor et al. (2014), who investigated incineration of fluorotelomer-based
polymers. These studies reported complete mineralization of fluorinated compounds at high
temperatures (>1000°C) with a residence time >2 s and excess oxygen. The main by-product
formed as a result of incineration was hydrofluoric acid (HF). In other studies, authors
investigated the effect of calcium supplement addition on the mineralization of PFAS during
incineration and showed faster mineralization rates at lower temperatures (Wang et al., 2011,
Wang et al., 2013; Wang, Lu, et al., 2015). Xiao et al. (2020) showed that the thermal
resistance of PFAS was different based on their chemical structure. For example, while the
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decomposition of perfluorinated carboxylic acids (PFCAs, e.g., PFOA) on GAC occurred at
temperatures ~200°C, perfluoroalkane sulfonates (PFSASs, e.g., PFOS) decomposed at higher
temperatures (=450°C). Above 700°C, the complete mineralization of PFOA and PFOS

to fluoride (>80%) was observed (Xiao et al., 2020). To accomplish successful thermal
mineralization of wastes (e.g., single-use AIX resins, brines, soil) and regeneration of spent
GAC, research is needed to understand the temperatures that volatilize and mineralize PFAS.
Analytical methods to track PFAS transformations in solid and gas phases are needed to
quantify and verify fluorine mass balances.

Supercritical water oxidation

Supercritical water oxidation (SCWO) successfully degrades organic compounds including
PFAS, so it may have potential for treating PFAS-laden brines and adsorbents (e.g., GAC)
used to remove PFAS from concentrates; however, the scaling propensity of SCWO and the
high salinity of membrane concentrates pose a challenge. Since the 1980s, SCWO has been
used successfully to treat halogenated waste materials including PCBs (Abeln et al., 2001;
Kim et al., 2010). Supercritical water occurs when the water temperature is above 374°C
(705°F) and the pressure is higher than 221.1 bar (US EPA, 2021). Under these conditions,
water can change from liquid to gas without undergoing a discrete phase transition. Organic
compounds that are usually insoluble in water may be highly soluble in supercritical water.
In the presence of an oxidizing agent such as oxygen, supercritical water dissolves and
oxidizes various hazardous organic pollutants. SCWO destroys PFAS by breaking the C-

F bonds and decomposing the material into a nontoxic waste stream. Some studies have
reported greater than 99% destruction of 12 PFAS (from 3.6 to 0.036 ppb) from landfill
leachate (US EPA, 2021).

Some of the SCWO technologies that have been commercialized to treat sewage sludge
include the Aqua Reci® Technology (Stendahl & Jafverstrém, 2004), Aqua Citrox®
Technology (Gidner & Stenmark, 2001), and theAthos® Technology (Veolia Water). More
recently, the Danish company Aquarden Technologies developed a full-scale solution
(Figure 5) to capture and destroy PFAS. The use of SCWO for PFAS is new, but a non-peer-
reviewed article (Mikkelsen, 2020) reported up to 99% destruction of PFAS in contaminated
drinking water and wastewater; the PFAS were broken down into water, nitrogen gas,
fluoride, and carbon dioxide. The full-scale system is based on modular components where
contaminated water is treated by adsorption columns, and the spent adsorbent with PFAS is
destroyed in an on-site or off-site SCWO plant. The technology has been installed at several
locations in Denmark, Norway, and Sweden primarily to treat PFAS in groundwater and
landfill leachate (Mikkelsen, 2020).

General operational challenges when implementing SCWO are high temperatures and
pressures that can lead to system degradation and maintenance issues (Vadillo et al., 2013),
including scaling and corrosion (Pinkard et al., 2021), and high energy demands. Fluoride
salts, a by-product of SCWO of PFAS, can lead to reactor plugging, decreasing overall
performance (Moisin et al., 2017). Also, fluorine readily converts to HF, so protection for
equipment and staff is critical.
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A challenge particular to SCWO-based defluorination of PFAS in membrane concentrates,
which tend to be saline, is the scaling propensity of SCWO (Pinkard et al., 2021) arising
from the low solubility of most salts in supercritical water (Leusbrock et al., 2010).
Processes such as ED might be used to remove salt from membrane concentrates before
PFAS destruction by SCWO. Alternatively, adsorbents could be used as an intermediary
between membrane concentrates and SCWO. Further study on SCWO of PFAS-laden RO
and NF concentrates is needed to mitigate scaling and corrosion issues, investigate process
hybridizations that prevent scaling, develop life cycle costs, and address other operation and
maintenance challenges (US EPA, 2021).

SEQUESTRATION OF PFAS WASTE

When sequestration of PFAS-laden waste, rather than defluorination, is the goal, two
disposal methods are currently considered as best practices: deep well injection (for liquid
wastes, such as RO concentrate) and landfill (for solids, such as spent adsorbents) (US EPA,
2020).

Deep well injection

PFAS-laden liquids including membrane process concentrate and aqueous solutions used for
resin regeneration can both be sequestered within confined aquifers by deep well injection
(Crone et al., 2019). In deep well injection, a well is drilled into a deep (typically about
500-3000 m) confined aquifer that is isolated from underground drinking water sources and
then waste fluid is injected at high pressure (Sahu, 2021; US EPA, 2020). U.S. EPA Class |
wells are commonly used for sequestering both hazardous and nonhazardous waste streams.
Although concerns about groundwater contamination and earthquakes persist (Tsang et

al., 2008), the risk of Class | well failure is considered low due to careful permitting
requirements and the redundancy of multiple impermeable rock layers (US EPA, 2001).

No records of deep well injection of PFAS-laden membrane system concentrate are known
to the authors; however, because perfluorinated compounds are ubiquitous, it is reasonable
to expect that concentrate streams will have relatively higher levels of the compounds than in
the membrane feed waters. Fouling (scaling) of injection wells may be an issue with highly
saline PFAS-laden concentrate streams (e.g., from RO), which may be near or above the
saturation concentration of scale-forming salts. However, PFAS-laden leachate and industrial
wastewater have been disposed by deep well injection at two sites in the United States. (US
EPA, 2020; Koropeckyj-Cox, 2019).

Geologic and permitting requirements and high construction costs limit the availability of
injection wells and in turn increase associated costs for projects. The pervolume cost of

deep well injection varies widely and has been estimated using cost models to be between
$0.93/m?3 and $4.58/m3 for an injection stream of 0.25 MGD and between $0.15/m3 and
$0.48/m3 for 2.5 MGD (Foldager, 2003); another study puts the range between $0.54/m?3 and
$2.65/m3 (Panagopoulos et al., 2019); and a recent report estimated the price for third-party
disposal of PFAS liquid waste as $48/m?3 to $66/m? (DeSilva, 2019).
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Landfill

Landfills, which are engineered sites for the storage and gradual breakdown of solid waste,
can be used to store PFAS-laden solids from water treatment including non-regenerated
GAC or PAC, spent AlX resins, or solids from zero- or minimal-liquid-discharge treatment
processes (e.g., from an evaporation pond), but the efficacy with which landfills sequester
PFAS is not well understood. The U.S. EPA provides an overview of the potential and
issues with landfilling PFAS waste (US EPA, 2020). PFAS in solids contaminate the landfill
liquid waste stream (leachate), which is typically difficult to treat (Kamaruddin et al., 2015).
Leachate wastewater treatment plants are rarely equipped for PFAS treatment (USEPA,
2020). PFAS may also escape within landfill gas, both captured and fugitive (US EPA,
2020), and has been detected in air around landfills (Hamid et al., 2018). Landfill barrier
systems (liners and caps) will ultimately fail, so PFAS sequestration in landfills cannot be
considered permanent (US EPA, 2020). In light of these issues, many conventional landfills
may not accept PFAS-contaminated waste streams. Hazardous waste landfills, with their
double liners and leachate collection, are better equipped for disposal of PFAS-laden solids
from water treatment, but the effectiveness of leachate treatment for PFAS still varies.

The cost of landfilling spent GAC from PFAS removal has been estimated at $0.04/lb
($0.09/kg) (US EPA, 2020). For an additional cost, stabilization and solidification of PFAS-
contaminated waste streams with appropriate additives can reduce leaching of PFAS; for
example, adding 2% activated carbon to PFAS-contaminated soil during stabilization and
solidification reduced leaching significantly (up to 99.9% for PFOS) (Sérengard et al.,
2019).

SUMMARY AND CONCLUSION

When treating drinking water to remove PFAS, it is important to manage residual streams
in a way that minimizes negative health impacts and environmental damage. The common
technologies used for PFAS removal currently include adsorbents (activated carbon or ion
exchange) and membranes (RO and NF). RO and NF membranes have been shown to
have excellent removal properties for a wide range of PFAS. Like adsorbents, RO and NF
membranes do not destroy PFAS, but rather produce a concentrated residual stream that
is high in PFAS and other dissolved constituents. Therefore, there is a need to manage

the concentrated residual stream via either a long-term sequestration or a destructive
defluorination approach.

The available concentrate residual treatment technologies and management approaches

were categorized as concentration, defluorination, or sequestration. The advantages and
disadvantages of the technologies are summarized in Table 1 and their technology readiness
levels (TRL) are categorized in Figure 6 in accordance with those promulgated by the

U.S. Department of Energy (2011). TRL group 1-3 indicates the lowest level of readiness,
where research is still being done to establish a proof of concept and determine feasibility.
TRL group 4-6 indicates that a component or system has been validated in a laboratory
environment or at a pilot scale. TRL group 7-9 indicates that full-scale systems have already
been operated with relevant water streams.
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Assignment of each technology to a TRL group was done through consensus among the
authors, but it is recognized that others may have different opinions about the readiness
of each technology so the placement of technologies in Figure 6 is not meant to be more
granular than these three TRL groups.

Like the TRL grouping, the “potential to manage PFAS in RO concentrate” on the vertical-
axis of Figure 6 has been broken into three groups. The “<25%” group indicates that

the defluorination technologies can destroy roughly 25% or less of the PFAS in an RO
concentrate and the separation technologies can separate out less than roughly 25% of

the PFAS. The “25%-75%" group indicates that the separation or defluorination is more
effective than the 25% group, but has not been shown to achieve more than roughly

75% separation or defluorination. The “75%-100%" group comprises the most effective
technologies, achieving the best separation or defluorination.

Concentration technologies are relevant because minimizing volumes and increasing
concentrations can lead to increased efficiency or lower cost for the chosen final
management tactic (defluorination or sequestration). The concentration technologies
identified as particularly viable include semi-batch RO, foam fractionation, evaporation,
adsorption, and additive-enhanced coagulation; however, further research is needed to
identify the optimal process for a given application.

Long-term sequestration of liquid concentrates (with limited risk of environmental release)
is limited to deep well injection. For solid residuals from concentrate treatment (e.g., spent
adsorbents, precipitates, or ash), the best sequestration option, which itself is not without
environmental risk, is landfilling. These limited options and the associated environmental
concerns motivate further development of defluorination technologies to degrade PFAS and
prevent the contamination of environmental waters. Deep well injection and landfill both fall
in the high TRL and high potential to manage PFAS groups in Figure 6, but because there is
potential for escape from landfills and deep injection wells, these are not regarded as 100%
effective.

Among possible approaches to PFAS destruction or degradation, this review focused on
defluorination. Although it is possible to break the parent PEAS molecule at the terminal
functional group, a defluorination approach was addressed herein anticipating that removing
a functional end moiety would not be sufficient to eliminate future risks to health and

the environment. Defluorination technologies that have been investigated for concentrate
treatment include biological, UV, advanced oxidation, plasma, hydrated electrons, zero-
valent iron, sonochemical, e-beam, incineration, and SCWO. Of these, incineration is the
most mature technology; however, it is most appropriate for highly concentrated streams or
solid wastes from concentration efforts such as spent media, evaporated solids, precipitates,
and foams. Other technologies are largely considered emerging for this application. Some
of them have shown high percent destructions for parent PFAS compounds, but none to
date have shown complete mineralization with membrane concentrate water qualities and
treatment conditions at the full scale, and costs at scale are largely unknown. Defluorination
of PFAS in concentrated waste streams remains an open area of research.
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This review aims to advance the field of PFAS management in membrane concentrates to
enable permanent elimination of PFAS in water sources. Readers are encouraged to evaluate
the advantages and disadvantages of the various technologies summarized in Table 1 and
expanded upon in the narrative. Research efforts that result in mitigating the disadvantages
listed can result in movement of a technology into a higher TRL. For example, EC has a
disadvantage of “passivation”; research is needed on new materials that are more resistant to
passivation.

Further studies ought to address both individual defluorination technologies and system-
level approaches to PFAS destruction. Research into the efficacy, environmental impact,

and cost of PFAS defluorination in membrane concentrates—particularly using technologies
that have already shown significant promise—is urgently needed to improve the state of the
art in PFAS destruction. Additionally, due to the anticipated high energy requirements and
costs of defluorination processes (per unit volume), it is worth investigating sequences of
concentration and defluorination processes that will minimize the environmental footprint
and cost of responsibly managing PFAS-laden concentrates.
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Conceptual sketch of PFAS transport pathways from source to disposal or environmental
release. Disposed streams and environmental waters may be subjected to further treatment

for PFAS
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FIGURE 3.
(a) Foam fractionation column treating PFAS-laden water (photo courtesy of Evocra Pty

Ltd). (b) Foam fractionation system (photo courtesy of OPEC systems and Dora Chiang,
CDM Smith)
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FIGURE 4.
Operation of industrial wastewater plant with electron beam. (a) Injection of wastewater

through nozzles. (b) Wastewater under treatment (reprinted from [Han et al., 2012] with
permission from Elsevier)
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FIGURE 5.
Supercritical water oxidation reactor (photo courtesy of Aquarden Technologies)
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