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Abstract: The prediction of the fate of perfluoroalkyl and polyfluoroalkyl substances (PFAS) in water
recycling with urban stormwater and treated wastewater is important since PFAS are widely used,
persistent, and have potential impacts on human health and the environment. These alternative
water sources have been utilized for water recycling via aquifers or managed aquifer recharge (MAR).
However, the fate of these chemicals in MAR schemes and the potential impact in terms of regulation
have not been studied. PFAS can potentially be transported long distances in the subsurface during
MAR. This article reviews the potential risks to MAR systems using recycled water and urban
stormwater. To date, there are insufficient data to determine if PFAS can be degraded by natural
processes or retained in the aquifer and become suitable pre-treatment or post-treatment technologies
that will need to be employed depending upon the end use of the recovered water. The use of
engineered pre-treatment or post-treatment methods needs to be based on a ‘fit for purpose’ principle
and carefully integrated with the proposed water end use to ensure that human and environmental
health risks are appropriately managed.

Keywords: perfluoroalkyl and polyfluoroalkyl substances (PFAS); treatment; urban water; water
recycling; managed aquifer recharge (MAR)

1. Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are a group of both emerging and persistent
organic pollutants that have been used extensively by the industry as well as in consumer products for
more than 30 years [1–4]. Because of their carbon-fluorine chain, PFAS are inert, show resistance to
high temperatures, and repel both oil and water [5,6]. They have been produced for both industrial and
commercial applications including aqueous fire-fighting foam, lubricants, stain and water-repelling
treatments on paper, and textiles including fabric and carpet [7]. Due to their widespread use, they
are now widely distributed in the environment [8], and typically at higher concentrations near fire
training/fire response sites, industrial sites, landfills, and wastewater treatment plants/biosolids [9].

PFAS have recently received international attention due to their persistence and toxicity and their
ubiquitous presence in the environment [7,10]. PFAS such as perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA) have been found in fish, birds, mammals [8,11–13], and human blood at
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concentrations of several to tens of milligrams per liter [14]. PFAS in blood serum can disrupt human
hormone activity [15] and their developmental toxicity to mammals has been reported [3]. PFOS, its
salts, and perfluorooctane sulfonyl fluoride (PFOSF) were listed under the Stockholm Convention on
Persistent Organic Pollutants for restriction in 2009 [16]. Although PFAS was not regulated during
most of the last 50 to 60 years, various international authorities in recent years have established a
number of health-based regulatory values and evaluation criteria [17–19]. For example, data reported
under the USEPA’s unregulated contaminants monitoring rule program found that approximately
six million residents of the United States have drinking water with PFOA or PFOS concentrations,
or both, above the USEPA’s lifetime health advisory (HA) of 0.07 µg/L [20]. However, there remain
considerable uncertainties in predicting the long-term risks PFAS pose humans [21] and ecosystems,
where chronic effect data are lacking for many environments and classes of organisms [10,22,23].

PFAS remain challenging to treat because of the strong carbon-fluorine bonds by conventional
water treatment methods. PFAS are not easily degraded by physical or chemical mechanisms once
in the environment [24]. With the relatively high solubility, variable adsorption potentials [10,25],
and very low or possibly negligible volatility [7], they are also not readily removed by conventional
engineered water-treatment technologies [26].

The elevated concentrations of PFAS in the environment potentially impact the water recycling
schemes that harvest urban stormwater runoff and or utilize treated wastewater. This is also the case
where these alternative water sources may be introduced to groundwater systems via managed aquifer
recharge (MAR) as well as aquifer treatment and disposal schemes. The concentrations of PFAS in
these sources of aquifer recharge and their subsequent fate in the subsurface have not been considered
to date and could potentially impact on urban aquifer infiltration and water recycling schemes.

This study draws on recent scientific knowledge of aquifer processes to assess the potential risks
of PFAS to urban aquifer infiltration and water recycling schemes. In particular, it seeks to characterize
the sources and concentrations of PFAS in urban waters [1], discuss PFAS fate and processes affecting
the potential for aquifers to treat PFAS including the effects of geology, microbiology, and MAR
configurations [2], determine potential configurations of hybrid MAR/engineered pre-treatment and
post-treatment options [3], and explore the implications of regulation that governs aquifer infiltration
schemes [4]. Various types of urban MAR schemes and sources of water for reuse via MAR are
introduced, the potential water quality implications of PFAS are discussed, and the opportunities that
MAR may provide as well as challenges are outlined.

2. Role of MAR in Urban Water Management

MAR is the purposeful recharge of water to aquifers for reuse and/or environmental benefit [27].
A conceptual example of an Aquifer Storage and Recovery injection scheme and a Soil Aquifer
Treatment infiltration MAR scheme is given in Figure 1.

MAR requires the management of both water quantity and quality to ensure protection of public
health and the environment while developing a water resource for beneficial use. Enhancing natural
rates of groundwater recharge via MAR provides an important potential source of water for urban
areas where impervious cover has altered the natural recharge regime.

MAR can be used to store water from various sources, including urban stormwater, treated
wastewater, desalinated seawater, rivers, lakes, and rainwater [28]. With appropriate pre-treatment
before recharge and sometimes post-treatment on recovery of the water, the water recovered from
the aquifer may be used for drinking water supplies, industrial water, irrigation, toilet flushing, and
sustaining ecosystems [28]. This study focuses on urban stormwater and treated wastewater as source
water for MAR.
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While there are many configurations of MAR schemes (e.g., as described by Page and coworkers [28],
water is generally recovered via an extraction well, as shown for both infiltration schemes and also direct
injection methods (Figure 1). However, this is not always the case. For some configurations of MAR, the
recharged water remains in the environment such as where water is recharged for ecosystem support or
for saltwater intrusion barriers. This is also typical for aquifer treatment and disposal schemes. It is for
these examples where pre-treatment of the recharge water is particularly important for the protection
of the environment. Aquifers can also be used to treat and dispose treated wastewater. This can help
reduce the concentration of some contaminants before the water reaches surface water bodies such as
rivers, lakes, and the sea. Figure 1 has been divvied into seven components of a MAR scheme, where
water quality interventions commonly occur. The following sections utilize the seven components of a
MAR scheme in Figure 1 to discuss the PFAS-related challenges and gaps for further research.

3. PFAS in the Capture Zone and Urban Source Waters Used for MAR

3.1. PFAS in Urban Stormwater

The primary limitation to stormwater harvesting and reuse in urban areas is the ability to store the
water from potentially seasonal runoff events for subsequent use when water is in demand, typically
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during the dry season. MAR can provide an economical method of storing and treating stormwater in
urban areas.

Urban stormwater runoff used as a source water for MAR carries various contaminants from the
urban catchment, such as heavy metals, nutrients, turbidity, pathogens, and micropollutants such as
herbicides [29]. While stormwater management practices can remove many of these contaminants [15],
conventional approaches such as water sensitive urban design and constructed wetlands may not
efficiently remove micropollutants including PFAS from stormwater.

PFAS in urban water bodies mainly come from urban stormwater and wastewater treatment
plants [30]. However, Zushi and coworkers [31] reported that an urban river received a higher load of
PFAS from stormwater runoff than from wastewater treatment plants. Furthermore, different PFAS
profiles between wastewater treatment plant effluents and urban stormwater were found in Japan [32].
Urban stormwater was found to contain more long-chain (>8 perfluorinated carbons) and even-chain
perfluorocarboxylates than wastewater treatment plant effluents [32,33].

PFAS has been detected in 100% of urban stormwater samples in the US from seven storm
events [34]. Monitoring results showed that PFAS in urban stormwater from residential areas mainly
came from rainfall. Conversely, non-atmospheric sources at both industrial and commercial areas
contributed PFAS in stormwater runoff. Concentrations of PFAS in stormwater runoff differ from
event to event with the total concentration of PFAS ranging from 14.3 to 96.0 ng/L [34]. The most
abundant PFAS in stormwater runoff were PFOS and PFOA. The concentrations ranged from 42.5 ng/L
for PFOS and 30.6 ng/L for PFOA. For the residential areas, the total concentrations of PFAS in
runoff were <30 ng/L and, with no individual PFAS concentration, was >20 ng/L. Similarly, urban
stormwater samples have been reported to contain 2.6−26 ng/L of PFOS and 2.1−16 ng/L of PFOA, as
the predominant perfluorinated compounds [35].

Urban stormwater also carries micropollutants attached to particles [36] including PFAS. High
concentrations of PFAS are also found bound to particles in stormwater runoff that could not be
explained by the solid-water partitioning or adsorption [34]. PFOS on the particulate matter was
suspected to have originated from industrial/commercial products or inherent in the particles/debris
(e.g., debris of textiles), entering the waste stream as PFOS-containing particles. It is likely that colloidal
materials can transport a significant portion of PFAS in surface and subsurface waters.

3.2. PFAS in Treated Wastewater

The most frequently found PFAS compound in European wastewaters is PFOA [37]. PFOA was
found not to be significantly removed by conventional engineered wastewater treatment processes [38]
and some studies have reported higher PFOA concentrations in wastewater effluents than influents,
presumably because of transformation of its precursor’s compounds [32,39].

A median PFOA concentration of 27 ng/L was reported for a large number of global wastewaters [40].
Similarly, the results of the monitoring of 90 European wastewater treatment plants shows the maximum,
mean, and median PFOA concentration to be 15,900, 255, and 12.9 ng/L, respectively [37].

Irrigation using treated wastewater may potentially distribute PFAS in a diffuse manner and
their impact on groundwater are not well understood. In water-stressed regions in Australia, the
use of treated wastewater (referred to as recycled water) is an established practice and encouraged
by regulators that are likely to be necessary into the foreseeable future [41]. Without appropriate
processes that remove PFAS, they are likely present in wastewater effluents. Wastewater treatment
facilities have been found to be ineffective in removing many PFAS [42–45]. Eriksson et al. [45]
reported that precursor compounds caused an observed increase for PFAS and PFOA in water after
wastewater treatment. Increases were reported for perfluorohexanoic acid (83%), perfluorooctanoic acid
(28%), perfluorohexane sulfonic acid (37%), and PFOS (58%) had a net mass increase in all wastewater
treatment plants. It was concluded that degradation of precursor compounds is a significant contributor
to PFAS contamination in the environment. Reverse osmosis has been found to be necessary to provide
a high level of PFAS removal [44]. Overall, these studies reveal the wide occurrence of PFAS in treated
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wastewaters internationally and may contribute to increased accumulation by species within the
receiving environment [46] and influence the viability of water recycling via aquifers.

4. Engineered Treatment of PFAS

Engineered treatments can be integrated into the MAR system (Figure 1) as pre-treatment or
post-recovery systems. MAR pre-treatment is usually adopted for operational reasons, e.g., to remove
turbidity or nutrients and reduce the risk of clogging during the recharge stage (Figure 1) and to
protect the receiving groundwater environment (aquifer). A number of engineered pre-treatment
technologies have been evaluated for their efficiency to remove and/or destroy PFAS. Some of these
elements may potentially be adopted with MAR as either a pre-treatment or post-treatment process
(Figure 1). Figure 2 shows various possible technologies for treating PFAS-contaminated water, since
more readers are referred to previously published reviews [47–49].
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Given the unique chemical nature of PFAS such as thermal stability, surfactant property, and
high solubility, many conventional remediation methods, including air stripping, thermal treatment,
soil vapor extraction, and hydroxyl-based chemical oxidation are ineffective in treating PFAS [48].
Nevertheless, several established technologies have been considered for treating water contaminated
by PFAS, especially PFOA and PFOS [47]. These technologies include sorption-treatment using
granular activated carbon (GAC) and/or ion-exchange resins, high-pressure membrane filtration such
as nano-filtration and reverse osmosis, chemical or advanced photochemical oxidation processes, and
sonochemical decomposition using high frequency sound waves.

GAC and ion-exchange resins have been commonly used for removing PFAS from contaminated
groundwater especially for pump-and-treat remediation [50]. Using GAC for PFAS removal has been
suggested as a more economical method compared to others, and it is currently the most accepted
remediation technology for groundwaters impacted by PFOS and PFOA [48]. However, even though
using GAC as a sorbent would enable PFAS removal efficiencies of >90%, the sorption kinetics are
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typically faster for longer-chained PFAS [51]. Hence, GAC that is optimized for PFOS removal may
not be suitable for removing shorter-chained PFAS [52]. There is concern that smaller chain PFAS (four
or six carbons) are more vulnerable to break through a GAC medium within shorter time frames than
their longer chain counterparts [48]. It has been reported that the pilot-scale GAC-adsorption plant
adopted by 3M Cottage Grove Facility in Minnesota, USA required frequent thermal regeneration
of the GAC because of this problem [48]. Using GAC for PFAS removal should be considered as an
intermediate remedial step, since it should be followed by processes for PFAS destruction and sorbent
reuse. Otherwise, stockpiling of spent GAC will become a critical hazardous waste management
issue, given the highly persistent nature of PFAS. Storage space is often limited at MAR schemes,
and the disposal of PFAS contaminated GAC at landfills may pose secondary pollution risks to the
environment surrounding the landfill when leaching to groundwater. Therefore, methods that can
efficiently destroy PFAS in both contaminated water and stockpiled GAC are highly desirable.

Others demonstrated that nanofiltration could effectively remove PFOA from a spiked groundwater
sample [53]. They tested three different concentrations of PFOA (5, 50, and 100 µg/L) and found that the
removal efficiency was generally higher with higher PFOA concentration (increasing from 97% to 99%).
With a higher PFAS concentration, reverse osmosis could facilitate 99% removal of PFOS (ranging from
500 to 150,000 µg/L) [54] and a combination of reverse osmosis and nanofiltration could facilitate 99%
removal of PFOS and 90% to 99% removal of PFOA (10,000 µg/L) during four days of treatment [55].
However, albeit having high removal efficacies (99%), the method was unable to guarantee a treated
effluent with PFAS lower than the interim draft guideline values (e.g., 0.23 ng/L for PFOS, and 19 µg/L
for PFOA for Australian aquatic ecosystems: freshwater guideline values). Hence, the use of such
a method needs careful consideration. It was also noted that accumulation (fouling) of PFAS on the
reverse osmosis and nanofiltration membranes would cause notable flux reduction in the filtration
process [55]. Moreover, current nanofiltration systems suffer from a low water recovery (ranging
from 75% to 80%) in the presence of high levels of scale-forming inorganic compounds containing
calcium, magnesium, and silica (as silicic acid) in groundwater [56,57]. This implies the production of
a significant volume of waste stream (brine) that requires further treatment prior to disposal.

Various chemical/advanced photochemical oxidation and sonochemical methods have been
evaluated for PFAS destruction (Table 1). Advanced oxidation processes using ozone (O3), O3/UV,
O3/H2O2, and H2O2/Fe2+ (Fenton’s reagent) were unsuccessful in degrading PFOA and PFOS at mg/L
(ppm) concentrations. Direct UV irradiation at 254 nm did not remove PFOA [47]. Reaction rates were
low at relatively low temperatures (e.g., 40 ◦C), and activation at higher temperature was required to
accelerate a reaction (70–90 ◦C) [48]. A combination of UV (λmax 254 nm) and Fenton’s reagent was
reported to efficiently degrade PFOA [58], but the method requires chemical additions and increases
the iron content of the water.
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Table 1. Summary of laboratory-scale test results for selected treatment processes evaluated for
PFAS destruction.

Process Destruction
Mechanism Condition PFAS Destruction Reference

Light-activated
persulfateS2O8

2− Oxidative Light-activated persulfate at 50 mM,
and 4 h of radiation 100% (PFOA 559 mg/L) [59]

Heat-activated
persulfate Oxidative Persulfate at 50 mM, activated by

heating at 80 ◦C for 6 h
PFOA decreased from 155 to

0.63 mg/L [60]

Fenton’s
reagent-activated

persulfate
Oxidative Not available >97.5% PFOS destruction [61]

H2O2 activated
persulfate Oxidative Not available >97.5% PFOS destruction [61]

UV-Fenton Oxidative H2O2 30.0 mM, Fe2+ 2.0 mM, pH 3.0.
A 9 W UV lamp (λmax = 254 nm)

>95% PFOA destruction
from 8.2 mg/L and

defluorination efficiency of
53.2%

[58]

Sulfite/UV Reductive
UV at 254 nm, 25 ◦C, 10 mM sulfite,

20 µM PFOA, anaerobic conditions, 1
h reaction time

100% PFOA removal after 1
hour, and defluorination of

88.5% after 24 h under
N2 atmosphere

[62]

Subcritical water
catalyzed by

zero-valent iron
Oxidative

Subcritical water (350 ◦C) catalyzed
by zero-valent iron. Adsorption of

PFOS onto Fe3O4 precipitate
followed by oxidation to O2 and F−.

97.6–99.4% removal of PFOS
to below <1.1 mg/L [63]

Sonochemical Sonolysis

Solutions containing various PFOS
concentrations (65 µg/L to 13,100
µg/L) were treated with ultrasonic
irradiation (frequency 505 kHz, at

power density 187.5 W/L)

73% degradation of PFOS
during 120 min treatment [64]

Sonochemical treatment appears to be a practical and scalable method to treat PFAS [48]. It promises
to be used as a destructive method to destroy PFAS in PFAS-loaded sorbents (e.g., spent GAC).
The method is based on the application of acoustic irradiation to the contaminated medium (e.g., treated
wastewater or PFAS contaminated spent GAC). The ultrasound waves collapse the bubbles in the
aqueous phase (a process known as cavitation), which increases vapor temperatures to incinerator
level (average 4727 ◦C) and pressures (−97,000 kpa) within a very short time (nano second), which
causes pyrolysis and combustion of the contaminants at the bubble-water interface [47]. Radicals
(e.g., HO•) are also generated within the bubble from the cleavage of H2O and O2 to react with or
destroy the contaminants. Sonochemical destruction has been successfully demonstrated in a pilot-scale
high-power sonochemical treatment unit (4 × 4 kW) for the treatment of the solid matrix (e.g., soil
slurries contaminated with a range of persistent organic pollutants, including hexachlorobenzene,
chlordane, endosulfan, tetrachloronaphthalene, DDT, lindane, and 2,4,5-trichlorophenoxyacetic
acid) [65]. The treatment was highly efficient, with more than 90% of the organic contaminants
removed within only a few minutes, which allows a projected treatment of contaminated soil slurry
of up to 2.5 tons per day. While the sonochemical technique appears promising for treating PFAS
contaminated materials on a large scale, incomplete destruction of PFAS is currently perceived as a
drawback. For instance, the degradation rates of PFOS and PFOA in a sonochemical treatment of
a landfill groundwater sample (140 minutes of hydraulic retention time at an ultrasonic frequency
of 354 kHz, and initial PFOS and PFOA concentrations of 100 µg/L) decreased by 61% and 56%,
respectively, due to the matrix effect of other organic constituents present in the groundwater [66].
A recent study also found that polyfluoroalkyl compounds (e.g., 6:2 fluorotelomer sulfonate) were less
amenable for sonochemical destruction than perfluoroalkyl analogues (PFOA and PFOS), and the rate
of defluorination reduced with a decreasing degree of fluorination [67]. Moreover, the presence of
particulate matter, such as GAC, may alter the effectiveness of ultrasound treatment [68]. Given the
recent emphasis favoring the combination of different PFAS treatment technologies in treatment trains
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to maximize overall PFAS destruction efficacies [69]. It seems essential to explore a possible coupling
of the sonochemical treatment with alternative methods to maximize the overall PFAS destruction in
the contaminated media (both reverse osmosis and nanofiltration reject streams and GAC).

5. Recharge of the Aquifer

Aquifer recharge generally occurs by direct injection into the aquifer (saturated zone) or after
infiltration through the unsaturated zone (Figure 1). Recharging of an aquifer with stormwater or
treated wastewater requires adherence to local environmental legislation for protecting groundwater
systems. PFAS contamination can be considered a significant risk due to its known persistence
and potential for bioaccumulation and toxicity [10,13,70]. From a risk management perspective, to
demonstrate compliance, MAR operators will need to have an understanding of the PFAS concentrations
in the recharge water (Section 3) and, potentially, the nature and location of PFAS sources within the
source capture zone. In MAR schemes, risk assessment and management require an understanding
of the environmental values of the aquifer that may be impacted by the recharge, as well as both
on-site and off-site pathways to environmental receptors. Risk management measures for PFAS may
include catchment management to reduce the risk of PFAS contamination in the recharge water and
engineered (Section 4) or natural treatment systems (Section 6). This will require undertaking water
quality monitoring to determine PFAS concentrations and the effectiveness of management measures
implemented and ensuring environmental guideline values are met. Currently, in Australia, the
relevant environmental guideline value is dependent on the environmental value of the receiving
environment (Table 2) [19].

Table 2. Australian draft guidelines relevant to typical environmental values of aquifers and downstream
environmental receptor. Aquatic ecosystems: freshwater and marine water guideline values [19,71].

PFOS PFOA Exposure Scenario Notes

Groundwater Environmental Values

0.07 µg/L 0.56 µg/L Drinking Drinking water supply

0.7 µg/L 5.6 µg/L Ingestion Recreation

Downstream Environmental Receptors a

0.00023 µg/L (freshwater) 19 µg/L (freshwater) 99% species protection concentration
(PC99)—high conservation value systems Notes:

Draft [71]—
The PC99 for PFOS is close to the

limit of detection. The PC99 would
generally be adopted for chemicals

that bioaccumulate and
bio-magnify in wildlife.

The PC95 is the default guideline
value for most toxicants.

0.29 µg/L (marine) 3000 µg/L (marine)

0.13 µg/L (freshwater) 220 µg/L (freshwater) 95% species protection concentration
(PC95)—slightly to moderately disturbed systems7.8 µg/L (marine) 8500 µg/L (marine)

2 µg/L
(freshwater)

632 µg/L
(freshwater) 90% species protection concentration

(PC90)—highly disturbed systems
32 µg/L (marine) 14,000 µg/L (marine)

31 µg/L (freshwater) 1820 µg/L (freshwater) 80% species protection concentration
(PC80)—highly disturbed systems130 µg/L (marine) 22,000 µg/L (marine)

a Note the ANZG [72] guidelines for both PFOS and PFOA are currently undergoing revision. The PC99 value for
PFOS is below the ambient background concentrations in most locations and the revised value is likely to be closer
to 50 ng/L.

Health-based and ecological-based guideline values for water (Table 2) provide primary guidance
on the suitability of PFAS-contaminated water for reuse. The reuse also must not breach environmental
and/or health laws such as those pertaining to the contamination of drinking water, groundwater,
stormwater, and soil. These guideline values must be considered along with the potential for water
to impact groundwater or aquatic ecosystems. Based on the recent guidelines from Heads of EPAs
of Australia and New Zealand [19] reuse of PFAS-contaminated water must not be undertaken until
consultation with the relevant regulators has taken place, since reuse activities may require specific
approval. Acceptable reuse options could include irrigation of non-edible crops, dust suppression,
MAR, and industrial process water. Where reuse involves the discharge of PFAS-contaminated
water to land, the risk assessment should not only consider the potential for PFAS transport to
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off-site sensitive receptors, but also the potential for long-term build-up of the total PFAS mass in the
receiving soils, groundwater, and plants. Where water is to be used for managed aquifer recharge
and recovery, water quality criteria should be derived with consideration of the receiving aquifer
(i.e., protected environmental values, sedimentary/confined aquifer versus fractured rock, potential for
future beneficial uses, and long-term transport) [19].

Currently, the proposed 99th percentile species protection concentration (Table 2) may be below
the ambient background concentration of PFAS in source waters. In these instances, the 80th percentile
of background concentrations for reference sites with low levels of human impact should be adopted.
These will be more useful as a default MAR guideline value where this is less than the reliable
background concentration. Other environmental regulators use drinking water guideline values
(Table 2) as default values for environmental protection. For example, in Australia, human health-based
guidance values are derived from published Tolerable Daily Intake (TDI) for chemicals. For drinking
water, these TDI values are used to investigate and assess potential human health risks and to set
human health-based guidelines based on the relationship: Drinking water guideline value (mg/L) = TDI
(mg/kgbw/day) × bw (kg) × P/V (L/day).

In this case, the TDI is an estimate of the daily amount of PFAS that can be ingested over a life
time that is considered safe, where bw is bodyweight (assumed average bodyweight of an Australian
adult, 70 kg), V is the volume of water consumed (assumed to be 2 L/day for drinking water), and P is
the proportion of PFAS derived from water compared to other exposure pathways such as food (P is
variable, but the default value is 10%, i.e., P = 0.1)). In Australia, the TDI is 0.02 µg/kgbw/d for PFOS
and 0.16 µg/kg bw/d for PFOA (Food Standards Australia New Zealand (FSANZ) [72]. The results
yield drinking water guideline values for PFOS (0.07 µg/L) and PFOA (0.56 µg/L) [73]. For recreational
waters, values of 0.7 µg/L (PFOS) and 5.6 µg/L (PFOA) have been adopted [73]. The use of the different
guideline values for environmental management of PFAS presents some challenges for effective risk
management and regulation of PFAS in MAR.

6. Subsurface Processes and PFAS in MAR

Aquifers have well recognized advantages with respect to ongoing natural treatment of the
water prior to recovery [74]. Aquifers do not, in general, behave like inert systems, but rather as
biogeochemical reactors that change the quality of water recovered from the quality of the water source
used for recharge. Understanding these subsurface water quality changes is necessary to evaluate the
suitability of the recovered water for its intended use and any requirement for post-treatment prior
to recovery.

To date, there have been several studies on the effect of subsurface storage on the degradation
and sorption of organic micropollutants in both full-scale MAR systems [74] as well as reviews [75].
Hydrogeochemical characteristics of the MAR system such as redox potential may have a profound effect
on the degradation rate of organic micropollutants [75,76]. Generally, the potential for aquifer treatment
is most often investigated in laboratory studies either as a batch [77,78] or column studies [79,80].
However, unlike most other micropollutants found in urban stormwater or treated wastewater, PFAS are
resistant to biodegradation [81] and photodegradation [82], are water soluble [83], and their partitioning
to sediments with a low organic fraction (i.e., low foc) is low [25]. Because of these properties, PFAS
can potentially be transported long distances in the subsurface during MAR and affect other receiving
environments such as groundwater-dependent ecosystems. PFAS plumes extending for 10′s kms from
source areas have been observed in some locations (e.g., Oakey [84]) and Williamstown [85], which
indicates that PFAS compounds can be highly mobile in some groundwater aquifers.

The sorption behavior of a range of PFAS was not well explained by the traditionally used single
bulk sediment property parameters such as organic carbon content [86]. Hence, multiple regression
models are needed to better explain the sorption behavior of a number of PFAS, which highlights that
organic carbon, pH, and clay content are properties with an effect on the sorption capacity of soils [86].
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Adsorption on ferric oxic minerals, rather than sorption to organic carbon, is also a potentially
important mechanism [86]. At higher pH, sorption is generally controlled by the aquifer organic carbon
content while, at pH near neutral, sorption is controlled by electrostatic interactions with mineral
surfaces [87]. Sorption has also been reported to increase with increasing soluble calcium concentrations,
which also suggests electrostatic interactions are involved [88]. Sorption by an electrostatic interaction
can be easily desorbed by a change in solution chemistry [89].

On the other hand, previous studies also suggest that PFAS transformations may be feasible
in the aquifer. However, this transformation may result in either a reduction or increase in PFAS
concentration. For example, that exposure of urban stormwater to oxidation processes resulted in a 69%
increase in the concentrations of their precursors, which includes perfluoroalkyl carboxylic acids from
unidentified precursor compounds [35]. Similarly, a substantial increase in PFAS concentrations during
wastewater treatment plants has been observed [45]. In addition to oxidation processes, microbial
activity has been suggested to increase the concentrations of the precursor compounds, perfluoroalkyl
carboxylic acids, and perfluoroalkyl carboxylic sulfonic acids [35].

This transformation potential has also been shown for PFOS concentrations in Tokyo groundwater,
which were consistently higher than PFOS concentrations measured in wastewater and urban runoff

(the two most likely sources of contamination) [33]. A soil column test confirmed the production of
PFOS from its precursor compounds [32]. Hence, polyfluorinated substances present in recharge water
could potentially be transformed to the perfluoroalkyl acids by natural aquifer processes leading to
an increase in the concentration of these compounds via MAR. Furthermore, the PFAS compositions
of some products that likely contain structurally unknown precursor compounds [35]. This could
present a regulatory issue for current and new MAR schemes especially if there is an apparent increase
in PFAS in the recovered water. Additional post-treatment may then be required in addition to any
pre-treatment to meet human health requirements for specific end uses.

MAR can be undertaken in a range of hydrogeological and geochemical settings (e.g., Table 3) and,
as such, every MAR system could potentially have a varied effect in terms of natural PFAS treatment.

Key Potential Processes in the Natural Attenuation of PFAS in MAR

Due to the temporal and spatial variability in MAR systems, there are a variety of potential
parameters that influence the attenuation of PFAS in MAR systems. Generally, dilution will reduce the
concentration of PFAS during MAR but is not considered a form of attenuation. The most important
attenuation mechanism for MAR treatment of PFAS is adsorption. This mechanism is governed by
PFAS physicochemical properties (e.g., Koc, Henry’s law constants, polarity) as well as the MAR systems
hydrogeological site-specific conditions (aquifer type, temperature, redox state, and mineralogy) of the
MAR system. Table 3 shows some MAR system characteristics.
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Table 3. MAR system hydrogeological and geochemical characteristics.

Aquifer Type Recharge
Type Porosity Mineralogy Organic

Carbon (%)
Clay

Content (%)
CEC

(meq/100g) pH * Fe2+

(mg/L) *
Ca2+

(mg/L) *
Redox
State

Temperature
(◦C) Reference

limestone injection 0.47
calcite (74%), quartz (18%),

ankerite (5%), hematite,
microcline, albite

0.2 2.0 7.3 0.56 152 anoxic 26 [90,91]

limestone injection 0.34
calcite (65%), quartz (22%),
ankerite, goethite, hematite,

pyrite, albite, microcline
<0.5 1.8 6.9 1.54 135 anoxic 26 [92,93]

limestone injection -
quartz (55%), calcite (40%),

chlorite, smectite, K-feldspar,
pyrite, hematite, magnetite

- - - 7.6 - 146 anoxic - [94]

alluvium infiltration -
quartz (20–60%), albite (4–12%),
orthoclase, kaolinite, smectite,

calcite, hematite
<0.1–4 1–58 2–27 6.9 - 242 oxic - [91,95,96]

alluvium injection - quartz (>60%), goethite,
smectite, kaolinite <0.4 - 4.4 7.8 <0.5 32 anoxic 19 [74]

sandstone injection - quartz (72%), k-feldspar (24%),
pyrite Na-feldspar 0.32 <1% - 6.5–7.3 5–20 11–21 anoxic - [80,97]

fractured
siltstone-sandstone injection 0.22

quartz (48–73%), kaolinite
(13–23%), muscovite, siderite,

chlorite, pyrite.
<0.3 - 3.2 7.7 - - anoxic - [93,98]

calcareous sand
over limestone infiltration

0.35
(unsat
zone)

quartz, calcite, microclilne,
anorthite, iron oxides - <2% - 7.0 0.44 99 oxic 22 [99–101]

* concentration in ambient groundwater, Fe-soluble.
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Microbial degradation may potentially offer an attractive option for PFAS remediation during
MAR in the subsurface, since microbial processes generally do not require intensive energy and
operate under ambient or mild conditions [69]. In principle, given their relatively high oxidation
states, PFAS could be used as electron acceptors for anaerobic microorganisms to meet their energetic
requirement [51,102]. However, under natural conditions, biodegradation of PFAS is extremely difficult
because of the very stable carbon-fluorine (C-F) bonds [102].

PFAS biodegradation can be evaluated under natural conditions by use of quantitative
structure-biodegradability relationships. For example, reported values were between −1.19 and
0 in BIOWIN where a probability >0.5 indicates fast biodegradation and a probability <0.5 indicates
slow biodegradation [103]. These indicated that there would be little to no expected biotransformation
of PFAS during MAR regardless of the specific microbial community, redox conditions, temperature,
and retention times of the scheme [103]. Similarly, PFAS attenuation by volatilization, photolysis, or
hydrolysis is also expected to be of minor importance for PFAS during MAR.

However, less information is available on Gibbs-free energy values of fluorinated compounds as
compared to chlorinated compounds. The thermodynamic calculations show that, under standard
conditions with 100 kPa of hydrogen gas (H2), the reductive defluorination should be exergonic
and, hence, feasible (Table 4) [104]. Accordingly, under conditions with elevated H2 partial pressure,
microorganisms may be able to obtain energy for growth by reductively de-fluorinating PFAS. However,
in natural environments such as the aquifer subsurface, the H2 partial pressure is typically−10,000 times
lower, which significantly diminishes the energetics of the reactions.

Table 4. Gibbs-free energy values for reductive dehalogenation of selected fluorinated aromatic and
aliphatic compounds as well as their chlorinated analogues.

Reaction a
∆G (kJ/mol)

Defluorination De-Chlorination

2-Halobenzoate + H2 → Benzoate + H+ + halide-
−132 −145

3-Halobenzoate + H2 → Benzoate + H+ + halide-
−138 −137

4-Halobenzoate + H2 → Benzoate + H+ + halide-
−142 −144

Halomethane→Methane + H+ + halide-
−156 −164

Dihalomethane→ Halomethane + H+ + halide-
−107 −161

Trihalomethane→ Dihalomethane + H+ + halide-
−85 −170

Tetrahalomethane→ Trihalomethane + H+ + halide-
−89 −188

a All calculations used the following standard conditions: T = 298.15K, pH 7, methane, and H2 in the gas phase at
1 atm, benzoates, and halides in the aqueous phase at 1 M. (Adapted from Parsons et al., 2008, [105]).

Given the unlikelihood of biodegradation of PFAS in the aquifer, this leaves adsorption on the
aquifer-sediment surface as the most promising attenuation process for PFAS during the MAR storage
step. The amount of sorption of PFAS also affects its travel time in the subsurface prior to recovery.
Irreversible sorption to minerals and aquifer sediments, potentially followed by mineralization, could
permanently remove PFAS from the recharged water. Sorption of organic chemicals has previously
been investigated by means of a dimensionless retardation coefficient (R), which involves the ratio
of the breakthrough times of the transport of an organic chemical compared to the transport of a
non-reactive conservative tracer like bromide. Sorption can occur either by hydrophobic attraction
between soil organic matter and non-polar organic chemicals (known as hydrophobic partitioning) or
by the attraction to mineral surfaces by electrostatic forces (physical sorption) [105]. The latter is most
relevant for MAR schemes involving direct injection into aquifers with low organic carbon content,
whereas infiltration schemes may interact with both organic and inorganic surfaces.

The chemical and physical retardation mechanisms are influenced by a wide range of variables,
soil water distribution coefficients, or sorption coefficients, which are related directly to the aquifer
sediment character. Several studies demonstrated that sorption of ionizable compounds like PFAS
to aquifer sediments due to electrostatic interactions is highly influenced by factors like pH, calcium



Water 2019, 11, 1737 13 of 21

content, mineral surface characteristics such as iron oxides, cation exchange capacity, and the presence
of clay minerals [106–108]. However, due to the interconnectedness of multiple factors, inconsistencies
in retardation for individual organic chemicals are frequently reported. For example, the determined
R-values for BPA (1.2) and 17-α -ethinylestradiol (1.1) imply minimal sorption [103]. However, these
values differ significantly among R-values for BPA [26] and 17-α -ethinylestradiol [44], respectively,
which implies a very significant adsorption.

To date, there have not been many similar studies for PFAS on adsorption in aquifer sediments.
If a large variability in R-values is reported, this indicates the need to establish PFAS retardation
factors or sorption coefficients for each MAR scheme independently and broad aquifer types may not
be suitable to determine a potential for sorption. Aquifer treatment will be dominated by the local
hydrogeochemical properties of the specific MAR scheme. Furthermore, since PFAS poses unique
physicochemical properties (a hydrophilic head, hydrophobic tail, and strong polarized carbon-fluorine
bonds) it may be difficult to predict their distribution in MAR systems using the more commonly
described chemical partitioning models [87]. PFAS, which interacts minimally with the aquifer
sediments, would also be expected to exhibit shorter retention times in the subsurface and possibly be
more difficult to degrade than similar compounds that interact more strongly with the sediments.

Factors affecting electrostatic interaction will be crucial for PFAS sorption to mineral surfaces.
A positive surface charge is favorable for electrostatic interaction between the mineral surface and the
negative PFAS functional group [89]. The mineral phases in Table 5 are listed in order of decreasing
potential for adsorption based on expected positive charge at a neutral pH (pHZPC > 7). Available
sorption coefficients for PFAS are reported where available.

Table 5. Sorption coefficients, surface area, and point of zero charge for mineral phases relevant to
MAR. Minerals are listed in order of decreasing potential for sorption of PFAS.

Mineral Point of Zero Charge (pHZPC) Kd (L/kg) Surface Area (m2/g) Reference

goethite
(α-FeOOH) 7.5–9.5 7.88 58 [107,108]

calcite 8–9.5 1–2 [109]
alumina 6 [89]
kaolinite 4.6 5.31 10 [107]

silica 2 no sorption [89]

7. Recovery of Water from MAR

While there are many configurations of MAR schemes [28], water is generally recovered via an
extraction well, as shown for both infiltration schemes and direct injection methods. However, this is
not always the case. For some configurations of MAR, the recharged water remains in the environment
where water is recharged for the ecosystem support to a groundwater dependent ecosystem or for
saltwater intrusion barriers. It is for these examples where pre-treatment of the recharge water is
particularly important to meet the required ecosystem protection criteria (Table 2). Water recovered
from the MAR scheme is also likely to be a mixture of the native groundwater and recharged water
presenting other potential issues for water quality such as the mobilization of metals from aquifer
sediments or salinity if the MAR scheme is in a brackish aquifer.

8. Post Treatment of Recovered Water

Differing end uses (e.g., drinking water and recreation) have different published guidelines values
associated with them and, hence, different objectives need to be adopted for the post-treatment of the
MAR step. Using the same approach as used to derive drinking water guideline values, a maximum
permissible PFAS concentration can be calculated for different end uses based on the tolerable daily
intake and the degree of daily exposure. Several examples are given in Table 6 for a variety of common
third-pipe uses for urban water. The exposure scenarios via the use of groundwater contaminated with
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PFAS for the irrigation of edible crops, drinking water for livestock, or via the consumption of fish
from waters whose influx from groundwater contains measurable concentrations of PFAS. Therefore,
these exposure scenarios need a special human health-based assessment and are not included in this
paper. The values are to be viewed with caution and are not guidelines. Furthermore, no provision has
been made for irrigation of food crops due to the potential for bioaccumulation of PFAS.

Table 6. Selected MAR recovered water uses, PFOS, and PFOA concentrations that meet Australian
tolerable daily intake values for water reuse.

Dose (mL) Frequency
(n/year) PFOS (µg/L) PFOA (µg/L)

Garden irrigation 1 Ingestion of sprays 0.1 90 700 5600
Routine ingestion 1 90 70 560

Accidental ingestion 100 1 0.7 5.6
Municipal irrigation Ingestion 1 50 490 3920

Golf course irrigation Ingestion 1 33
Toilet flushing Ingestion of sprays 0.01 1100 7000 56,000

Washing machine use Ingestion of sprays 0.01 100 7000 56,000
Industrial (dust suppression) Routine ingestion 1 90 70 560

Car washing Ingestion and Inhalation 20 50 3.5 28
Fishing activity Ingestion 3 18 23 187

1 does not include edible crops. Dose and frequency information from EPHC/NHMRC/NRMMC [110].

It can be seen that all of the derived maximum values for different end-uses based on TDI
described in Table 6 are higher than the published guideline values used to manage risks to human
health (for drinking water) and the environment. This reflects the different risks based on the much
lower potential human exposure for the different end uses. However, the use of these values has the
potential to cause confusion in the community. Therefore, clear and timely communication on PFAS,
their fate, and impacts will be critical in the management of PFAS in MAR schemes. Post-treatment
technologies available are very similar to those described for pre-treatment above. The objectives of
the post-treatment technologies adopted would need to be tailored to the required end-use.

9. End Use of Water Recovered from MAR

Water recovered from MAR systems supports a variety of end uses including: ecosystem
protection, saltwater intrusion barriers, horticulture, agriculture, industrial, toilet flushing, urban
green space irrigation, and drinking water [28]. Some studies have shown that vegetables and grains,
which have been grown on agricultural lands that were irrigated with PFAS contaminated water
can accumulate these compounds [111,112]. These short-chain compounds had a greater uptake
potential by plants than longer chain PFAS and short chain sulfonates [113]. Currently, the behavior of
short-chain carboxylic compounds in aquifer and their potential to be accumulated in edible plants
via irrigation of contaminated groundwater is not fully understood. Acceptance of the recovered
water for the end use will depend on the way in which information is conveyed to the community.
It is critical to build trust between MAR operators, regulators, and the larger community for MAR
systems to be sustainable and well accepted. Because PFAS is now detected in almost all environments
including groundwater [8,114], MAR operations will need to communicate and manage risks associated
with PFAS. Like many wastewater treatment plant discharges, PFAS will likely remain present in
waters recovered from MAR systems. In the case of wastewater treatment plant discharges to coastal
environments, elevated PFAS concentrations occur in fish collected nearer the outfalls and that risk must
be communicated. Where the data suggest that PFAS concentrations in MAR-directed waters present a
risk to human health or the environment for a given end use, information should be presented on how
the community can minimize their exposure to decrease risk. This will require effective collaboration
between all stakeholders in the MAR scheme, which will be critical to successful communication and
engagement with communities. The environmental and human health regulators should be involved
from the outset in planning and delivering communication and engagement activities. Regulators
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should act as an accessible source of information for the community and ensure that the MAR operators
undertake appropriate engagement activities in accordance with the legislation. These steps will help
to ensure that communication and engagement about PFAS and MAR is evidence-based, consistent,
and accessible to the public.

10. Conclusions

The prediction of the fate of PFAS in urban stormwater and treated wastewater during MAR is
important since PFAS are widely used, persistent, and have potential impacts on human health and the
environment. PFAS concentrations may increase during MAR as a result of degradation of precursor
compounds, so regulation may be problematic. PFAS can also potentially be transported long distances
in the subsurface during MAR. To date, there are insufficient data to determine if PFAS can be degraded
by natural processes or retained in the aquifer and, therefore, suitable pre-treatment or post-treatment
technologies will need to be employed depending upon the end use of the recovered water for achieving
economic efficiency and environmental sustainability. Options for PFAS removal through use of
engineered systems in conjunction with MAR were discussed. Effective communication between the
community and the key stakeholders is crucial to achieve community support for MAR schemes.
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