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Abstract

Urban stormwater runoff is increasingly recognized as a critical but underexplored path-
way for per- and polyfluoroalkyl substances (PFAS) to enter aquatic environments. This
work investigated the occurrence and behavior of 40 PFAS compounds in stormwater
runoff entering a roadside rain garden in Secaucus, New Jersey, during six storm events
between August 2023 and July 2024. Total PFAS concentrations (240 PFAS) ranged from
1437 to 1615 ng/L, with perfluorobutane sulfonate (PFBS, 239-303 ng/L) and perfluoro-
hexanoic acid (PFHxA, 115-137 ng/L) consistently emerging as dominant species. Per-
fluorocarboxylic acids (PFCAs) and perfluorosulfonic acids (PFSAs) together accounted
for over 70% of the total PFAS mass. Despite its intended role in water quality improve-
ment, the rain garden showed no measurable change in PFAS concentrations (differences
of only 0.03-1.10%). These findings highlight the persistence and mobility of PFAS in
urban stormwater runoff and the limited efficacy of conventional green infrastructure
in mitigating PFAS contamination. Furthermore, they underscore the ineffectiveness of
conventional green infrastructure for PFAS mitigation and the urgent need for advanced
treatment technologies integrated into urban water management frameworks.

Keywords: PFAS contamination; urban stormwater; green infrastructure; rain garden

1. Introduction

Urban stormwater runoff has emerged as a significant yet underrecognized contributor
to freshwater pollution, particularly in densely populated areas [1-4]. While past concerns
have focused on conventional pollutants such as heavy metals and nutrients, attention
has recently expanded to include emerging contaminants like per- and polyfluoroalkyl
substances (PFAS), owing to their persistence, mobility, and toxicity in both aquatic and
terrestrial systems [5,6]. As emerging contaminants, PFAS are synthetic compounds defined
by robust carbon-fluorine bonds that confer unique properties such as chemical stability
and resistance to environmental breakdown [7,8]. As a result of these attributes, they
are commonly found in industrial and consumer applications, including aqueous film-
forming foams (AFFFs), pharmaceuticals, cosmetics, textiles, and food packaging [9]. Their
persistence and bioaccumulative nature have earned them the label “forever chemicals,”
raising significant concern over their environmental and health impacts [9,10].
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Although PFAS contamination is well-documented in industrial effluents and wastew-
ater discharges, urban stormwater runoff has received comparatively less attention as a
PFAS exposure pathway. Urban environments present a wide range of diffuse PFAS sources,
including traffic-related materials (e.g., lubricants, brake fluids, road marking paints), fire-
fighting foams, building materials (e.g., cement additives, hoses, cables), household waste
and street dust, food packaging, and atmospheric deposition [4,11-16]. For instance, street
sweeping analysis in various urban areas in Florida identified up to 37 different PFAS
compounds, with concentrations as high as 41.24 ng/g [14], while surface runoff in Albany,
NY, reached PFAS concentrations of 81.8 ng/L [12]. Similarly, runoff in Saskatoon, Canada,
averaged 9 ng/L [17]. Zushi et al. [18] reported that urban rivers receive a higher PFAS
load from stormwater runoff than the effluent from wastewater treatment plants. In the
U.S,, researchers identified the presence of PFAS in 100% of urban stormwater samples
from seven storm events, with perfluorooctane sulfonate (PFOS) and perfluorooctanoic
acid (PFOA) being the most frequently reported PFAS compounds [19].

Recent research has also emphasized the role of surface runoff as a diffuse but signifi-
cant PFAS source to aquatic systems. Urban surfaces such as roads, pavements, rooftops,
and landscaped areas accumulate PFAS from atmospheric deposition, vehicular activity,
and consumer product residues. During rainfall events, these surfaces mobilize PFAS into
stormwater, which then transports them to receiving waters without treatment. This path-
way contributes substantially to short-chain PFAS loading, owing to their high solubility
and mobility, and poses risks of long-term contamination, groundwater infiltration, and
bioaccumulation in aquatic ecosystems [20].

Given the occurrence of PFAS in stormwater, green infrastructure (GI), such as rain gar-
dens and bioswales, may play a crucial role in mitigating their transport, as Gl is structured
to retain, infiltrate, and treat stormwater runoff at its source to improve urban stormwater
quality [21-24]. Although the effectiveness of GI in reducing conventional pollutants is well
established, its capacity to retain or remove PFAS remains largely unexamined. Research
on PFAS in stormwater is still in its early stages, and the absence of regulatory guidelines
for PFAS in stormwater complicates efforts to assess risks and implement water reuse
strategies [25]. Furthermore, data on PFAS occurrence and concentration in urban runoff re-
main limited, impeding informed decision-making in stormwater management and policy
development. This represents a critical research gap, especially as Gl is increasingly viewed
as a first line of defense against a broad spectrum of stormwater contaminants [10,26]. To
address this research gap, this study aimed to (1) assess and characterize the occurrence
of PFAS in urban stormwater runoff, and (2) evaluate the performance of a rain garden in
reducing PFAS concentrations from stormwater runoff. The findings from this research
contribute to a more comprehensive understanding of PFAS behavior in urban hydrological
systems and the role of GI in PFAS mitigation.

2. Materials and Methods
2.1. Chemicals and Reagents

A set of 40 PFAS compounds and matching isotopically labeled standards was pro-
cured from Wellington Laboratories Inc. (Guelph, ON, Canada), following the U.S. EPA
Draft Method 1633 version 4 [27] (Table S1, in Supplementary Information). Detailed
descriptions of the Non-Extracted Internal Standard (NIS) and Extracted Internal Standard
(EIS) are included in Table S2 and Table S3, respectively. HPLC-grade acetonitrile from
Fisher Scientific Inc. (Waltham, MA, USA) was used to prepare the stock solutions for
individual standards and stored at —20 °C. Ammonium acetate (CH3COONH4, HPLC-
grade, >99%) was purchased from Sigma-Aldrich (St. Louis, MO, USA), while HPLC-grade
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acetonitrile (ACN) and methanol (>99% purity) were sourced from Fisher Scientific Inc.,
Waltham, MA, USA.

2.2. Site Description and Stormwater Sample Collection

Stormwater samples were collected from a rain garden located in Secaucus, New
Jersey, USA (40.789543° N, 74.056534° W). This rain garden is an integral component of
an urban stormwater management system designed to reduce runoff and improve water
quality in a highly developed area. To the best of our knowledge, there are no known
direct PFAS sources in the immediate vicinity. Excess runoff from the area is directed into a
drainage system that ultimately discharges into the Hackensack River.

Four lysimeters were installed within the rain garden to facilitate water sampling. The
sampling locations, including inlet and outlet flow directions, are illustrated in Figure 1.
Each lysimeter was constructed using 10.2 cm high-density polyethylene (HDPE) pipes,
with the lower 15 cm perforated and installed below ground, allowing subsurface water to
enter (Figure S1). A fiberglass mesh covered the perforated section to prevent clogging by
large particles. The top of the lysimeters was sealed with a PVC cap to avoid contamination
from debris and precipitation. For surface runoff sampling, a separate set of HDPE pipes
with sealed bottoms was used. These were open at the top, flush with the ground surface,
and covered with fiberglass mesh. Water samples were collected using a hand pump, with
thorough decontamination procedures in place to prevent cross-contamination. Prior to
each collection, the pump and tubing were rinsed with deionized (DI) water and purged
with samples.

Surface runoff (Overflow

samplin;
Leachate samp! pling)

= Surface runoff (Inflow #
sampling)

Figure 1. Lysimeters locations for sample collection and inlet flow direction. (Image credit: authors).

Sampling was conducted between August and December 2023 (once per month), with
additional collections in June and July 2024, capturing six distinct stormwater events. Each
event was closely monitored to ensure representative stormwater sampling at the rain
garden site. Following sample collection, water samples were transferred into PFAS-free
HDPE bottles and stored at 4 °C until analysis. Rainfall data for each sampling event were
obtained from the Secaucus station of the New Jersey Weather and Climate Network [28]
located approximately 1.4 miles southwest of the study area. Rainfall depths and durations
for each monitored storm event are summarized in Table S4. Grab samples of inflow and
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leachate were collected using lysimeters and inlet samplers, while total inflow and outflow
volumes were not measured due to discrete sampling.

2.3. Extraction Procedures and Instrumental Methods for PFAS Analysis

PFAS extraction was performed in duplicate following the U.S. EPA Draft Method 1633
version 4 [27]. Each stormwater sample was extracted and analyzed in duplicate to verify
measurement consistency. Each sample was spiked with an EIS mix containing nine labeled
PFAS (Table S2). PFAS compounds were extracted using solid-phase extraction (SPE)
with WAX cartridges (150 mg, Waters Corporation, Milford, MA, USA). The extracts were
fortified with a Non-Extracted Internal Standard (NIS) mix of twenty labeled PFAS (Table
53). PFAS analysis was performed using a Waters ACQUITY UPLC (Ultra Performance
Liquid Chromatography) system coupled with a triple quadrupole mass spectrometer
(Waters Corporation, Milford, MA, USA) operated in ESI (—), MRM mode. To suppress
system /background PFAS, a delay column (ZORBAX Eclipse Plus C18, 50 x 3 mm, 1.8 um;
Agilent, Santa Clara, CA, USA) was installed post-mixer. Samples and standards (50 pL)
were injected into a BEH C18 analytical column (100 x 2.1 mm, 1.7 um; Waters). Mobile
phases were A: 20 mM ammonium acetate in water and B: acetonitrile, delivered at 0.25 mL
min~!. The mobile phase gradient is provided in Table S5. The cone voltages and collision
energies were optimized by syringe infusion (20 uL min ') using MS Scan/Daughter Scan.
Two transitions (quantifier /qualifier) were monitored where available. Compound-specific
MRM transitions for targets, NIS, EIS, and MS parameters are listed in Tables S6-58.

2.4. Quality Assurance and Quality Control

To ensure the reliability of the analysis, laboratory control samples were spiked at twice
the limit of quantification in each batch. Signal-to-noise ratios were maintained at >3:1
for quantification and confirmation ions, and >10:1 for analytes with only quantification
ions. The recovery of internal standards was monitored to assess extraction efficiency, and
calibration coefficients (R?) for all target analytes were maintained above 0.99. To account
for potential background contamination from lysimeter components, DI water was passed
through the fiberglass mesh and lysimeter, and the effluent was analyzed. Any detected
PFAS concentrations were subtracted from corresponding stormwater measurements to en-
sure accuracy. Calibration curves were generated from at least six standards (0.5-500 ng/L)
containing isotopically labeled analogs. Method detection limits (MDLs) for individual
PFAS ranged from 0.23 to 0.76 ng/L, and limits of quantification (LOQs) ranged from
0.5 to 2.0 ng/L, depending on the compound.

3. Results and Discussion
3.1. PFAS Distribution and Dominant Species in Stormwater Runoff

Stormwater runoff, particularly during large storm events, often exceeds the infiltra-
tion capacity of green infrastructure and is redirected to stormwater systems or nearby
surface waters, which leads to contamination in aquatic systems [2]. In this study, 40 PFAS
species were monitored during six stormwater events at the inlet of an urban rain garden.
The summed PFAS concentrations (£40 PFAS) ranged from 1437 to 1615 ng/L (Figure 2,
with detailed concentrations listed in Table S9). Among all six sampling events, consistent
patterns emerged in the dominance of specific PFAS compounds. Perfluorooctanoic acid
(PFOA), perfluorobutane sulfonate (PFBS), perfluorohexanoic acid (PFHxA), and perfluo-
rooctane sulfonate (PFOS) were shown as the most prevalent species, which aligns with
findings from previous studies [9,12,14,17,29,30].
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Figure 2. Concentrations of X40PFAS (ng/L) during six stormwater events. For each event, two replicate
samples were extracted and analyzed; the data are presented as mean (1 = 2) & standard deviation.

The remarkably consistent PFAS concentrations observed across all six stormwater
events, despite seasonal variability, suggest a persistent and homogeneously distributed
source of contamination within the study area. This uniformity may be due to a combination
of factors: (1) the omnipresence of PFAS-laden materials in urban surfaces, including roads
and buildings, which provide a continual reservoir for wash-off [31,32]; (2) atmospheric
deposition acting as a steady background input [14]; and (3) limited variation in land
use characteristics across the drainage area, resulting in similar pollutant profiles in each
event. Unlike conventional pollutants that may be highly influenced by specific event
characteristics (e.g., first flush, antecedent dry period), PFAS (particularly short-chain
compounds) exhibit low sorption potential and are not readily sequestered in soils or
sediments, leading to consistently high mobility and detectability in stormwater.

PFBS emerged as the dominant species, with concentration values varying from
239 to 303 ng/L, surpassing other compounds like PFBA, PFHxA, and PFOA across all
sampling events. The prevalence of PFBS suggests a significant role for short-chain PFAS
in urban stormwater runoff, consistent with increasing regulatory restrictions on long-
chain PFAS [30]. As a common substitute for PFOS, PFBS is widely used in industrial
applications such as stain repellents and surfactants [33]. Furthermore, its high mobility in
environmental systems likely contributes to its increased presence in stormwater runoff
samples [1]. Additionally, PFBS serves as a degradation product of longer-chain PFAS,
indicating that the breakdown of complex PFAS compounds may be contributing to the
persistence and accumulation of short-chain PFAS in stormwater systems [34].

Following PFBS, PFHxA was the second most abundant species, with concentrations
ranging from 115 to 137 ng/L. As a byproduct of long-chain PFAS degradation, PFHxA has
been widely adopted as a replacement for PFOA in industrial and commercial applications,
including coatings, lubricants, and surfactants [9,34]. The strong presence of PFHXA in
runoff and leachate samples may be associated with traffic-related sources such as vehicle
emissions, tire wear, and roadway sealants [35]. While PFBA was also detected across multi-
ple events, its concentrations were relatively moderate, fluctuating between 64 and 78 ng/L.
As a short-chain PFAS, PFBA is utilized in a broad spectrum of items—from industrial
materials to everyday products, such as cleaning agents and coatings [4,16].

These compounds are known for their high-water solubility, low sorption affinity,
and resistance to degradation, which enhance their mobility and persistence in urban
hydrological pathways [32]. The prevalence of these specific compounds may also indicate
that local runoff is influenced more by consumer product residue and road runoff than by
industrial discharges. Their frequent detection in atmospheric samples also implies that
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deposition may be a sustained input source [36]. The chemical characteristics of PFBS and
PFHXxA, especially their low molecular weight, favor rapid transport and accumulation in
stormwater over time, leading to their consistent dominance in all sampling events.

Compared to prior studies, stormwater runoff PFAS levels in this study were much
higher. For instance, the Hackensack River was found to have X5 PFAS (PFOA, PFOS,
PFHxA, PFPeA, and PFBS) concentrations of 20.2 ng/L [37], far lower than the levels
observed in stormwater samples from this study. Similarly, a study in Saskatoon, Canada,
reported mean PFAS concentrations of 9.0 ng/L in stormwater [17], while stormwater sam-
ples from Alabama showed a maximum average of 237 ng/L across six PFAS compounds
(PFHpA, PFOA, PFPeA, PFOS, PFBS, and PFHxA) [38]. Additionally, in Florida’s Pensacola
Bay System, ZPFAS levels reached 677 ng/L near a coastal airfield [39].

The elevated concentrations measured in this study may be explained by multiple co-
occurring factors: (1) the location of the study site within a high-density urbanized area with
significant vehicular traffic and impervious surface coverage; (2) the cumulative effect of
multiple non-point sources discharging PFAS into a small catchment with limited dilution
capacity; and (3) the legacy load of PFAS in urban materials and catch basin residues
that continue to leach into runoff over time. Furthermore, the use of high-sensitivity EPA
Method 1633 likely contributed to a broader PFAS detection compared to previous studies
employing less inclusive methods.

The findings from this study highlighted the significance of urban stormwater as a
substantial source of PFAS contamination in surface water bodies. In particular, the signifi-
cant prevalence of short-chain PFAS compounds, like PFBS, PFHxA, and PFPeA, across
nearly all stormwater runoff and leachate samples underscores the increasing dominance
of these contaminants in urban environments. Their widespread use, persistence, and
mobility in water systems highlight the potential role of traffic-related activities, such as tire
degradation, brake pad wear, and roadway runoff, in PFAS contamination [40]. Addition-
ally, the environmental breakdown of long-chain PFAS into their short-chain counterparts
further amplifies their presence in stormwater runoff. Their consistent detection across all
sampling events demonstrates that stormwater is not a sporadic or event-driven source of
PFAS, but rather a persistent and chronic pathway of contamination.

3.2. PFAS Class Distribution in Stormwater Runoff

The 40 monitored PFAS species in this study were classified into seven chemical cate-
gories (Table S9): 13 Perfluorocarboxylic Acids (PFCAs), 8 Perfluorosulfonic Acids (PFSAs),
3 Fluorotelomer Sulfonates (FTSs), 3 Fluorotelomer Carboxylic Acids (FTCAs), 8 Perfluo-
roalkyl Sulfones (PASFs), 2 Perfluoroether Carboxylic Acids (PFECAs), and 3 Perfluoroether
Sulfonic Acids (PFESAs). PFCAs accounted for the highest fraction of the total PFAS in
stormwater samples, followed by PFSAs, with these two groups comprising over 70% of the
Y40 PFAS (Figure 3). Other PFAS groups contributed less than 10% each, similar to findings
from Chen et al. (2023) [41], where PFCAs represented 68% of %26 PFAS in stormwater. Bai
and Son (2021) [42] and Olmsted et al. (2021) [43] also observed a predominance of PFCAs
over PFSAs in U.S. surface waters and stormwater pond sediments.

3.3. Assessment of PFAS Concentration Change Across a Rain Garden

Concentration change across the rain garden was evaluated based on a comparison
of cumulative PFAS concentrations (240 PFAS) in inflow and leachate samples across
six stormwater events. The results indicated minimal differences in PFAS concentrations
between inflow and leachate samples, suggesting that the system did not measurably alter
PFAS concentrations (Figure 4). For example, in August 2023, the total PFAS concentration
in the inflow was 1645 ng/L, while the average leachate concentration was 1640 ng/L, a
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negligible decrease. Similarly, narrow differences were seen in September 2023 (1608 ng/L
for inflow vs. 1591 ng/L for leachate), October 2023 (1439 ng /L for inflow vs. 1428 ng /L
for leachate), December 2023 (1462 ng/L for inflow vs. 1461.5 ng/L for leachate), June 2024
(1616 ng/L for inflow vs. 1600 ng/L for leachate), and July 2024 (1697 ng/L for inflow vs.
1666.5 ng/L for leachate).
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Figure 3. Fractions of PFAS groups in the stormwater.
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Figure 4. 40 PFAS concentrations (ng/L) in runoff and leachate samples across sampling events.
The data are shown as mean (n = 2) & standard deviation.

The observed differences between inflow and leachate concentrations across all sam-
pling events were marginal, with reductions ranging from 0.03% to 1.10%, indicating that
the studied rain garden had essentially no impact on PFAS concentrations in stormwater
runoff. The monitored storm events ranged from 28.4 mm to 88.3 mm of rainfall, with dura-
tions between 9 and 21 h (Table 54). These rainfall depths are representative of moderate to
large storm events for the region. Given the grab-sampling approach, inflow and leachate
volumes could not be directly compared. However, the consistently small concentration
differences (0.03-1.10%) between inflow and leachate samples across all events indicate
that the rain garden did not measurably affect PFAS concentrations.

While slight variations were noted over time, no clear seasonal trend was evident,
suggesting that factors such as storm intensity, antecedent conditions, or variability in
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PFAS input sources may have influenced these results. These findings emphasize the
persistence of PFAS in urban stormwater and the limitations of current rain garden designs
in mitigating their mobility. Importantly, the lack of measurable removal was consistent
across both long- and short-chain PFAS, highlighting the inadequacy of conventional rain
garden soils and vegetation to sorb or degrade these compounds. Given the extremely low
organic carbon partitioning and strong resistance to biodegradation of PFAS, this finding is
unsurprising but critical. It underscores the need for engineered enhancements (e.g., ion-
exchange resins, activated carbon amendments, engineered mulch) if green infrastructure
is to play a meaningful role in PFAS management.

3.4. Potential Sources of PFAS in Stormwater Runoff

PFAS contamination in precipitation, including rainfall and snow, is widespread before
surface contact. Rainfall-induced runoff is likely to transport PFAS, having potentially
come into contact with polluted dust and suspended soil particles prior to reaching nearby
water bodies. As a result, stormwater is widely recognized as a significant pathway for
PFAS entry into surface aquatic environments [44,45]. Xiao et al. (2012) [19] also found that
rainfall was a significant contributor to PFAS in stormwater runoff from residential areas.

At the Secaucus study site, the rain garden drains an area composed primarily of
impervious surfaces (Figure S2). Roadways and parking areas represent the largest fraction
of the catchment and are heavily trafficked, providing significant potential inputs of PFAS
from tire wear, brake pads, and vehicle fluids. Surrounding commercial and municipal
buildings contribute to rooftop runoff, which may carry PFAS from roof coatings, sealants,
and construction materials. Only a small fraction of the catchment consists of pervious
or landscaped areas, where residues from urban dust or consumer products may also
contribute. This land use composition explains why short-chain PFAS species such as PFBS
and PFHXA were consistently dominant, reflecting traffic-related and building-derived
sources characteristic of highly impervious urban catchments.

Urban land uses and local activities also contribute to PFAS loading. Set-out residential
waste [44], biosolid-amended gardens [32], and urban dust can all serve as PFAS sources.
Additionally, traffic areas are especially critical contributors due to emissions from brake
wear, tire degradation, vehicle fluids, and pavement erosion [46,47]. Road dust studies
in Australia showed higher PFAS levels in high-traffic zones than in industrial areas, and
street runoff PFAS concentrations have been found to exceed those in wastewater treatment
effluent by severalfold [48-51]. The strong association between traffic intensity and PFAS
loading [52] suggests that transportation corridors are a major non-point source of PFAS,
particularly for short-chain species. Their fine particulate form and high environmental
mobility make them readily transportable into receiving waters during rain events.

Additional sources of PFAS in urban stormwater include building materials (e.g.,
sealants, adhesives, roofing materials) [53], food packaging waste in public litter streams [9],
laundry effluent from washing PFAS-treated textiles [54], atmospheric deposition from
nearby incineration facilities, and residues from historical uses of aqueous film-forming
foams (AFFF) [55]. Even areas with no current point sources may still exhibit elevated
PFAS levels due to the legacy contamination and slow degradation of PFAS-containing
infrastructure. The diffuse and ubiquitous presence of PFAS in the urban built environment
thus results in a complex mixture of both legacy and contemporary sources contributing to
runoff during rain events.

4. Conclusions

The findings of this study underscore the prevalence of PFAS in urban stormwater
runoff and highlight its potential role as a significant, yet underappreciated, source of PFAS
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contamination in freshwater systems. Stormwater samples contained total PFAS concentra-
tions (X40 PFAS) ranging from 1437 to 1615 ng/L, dominated by PFBS (239-303 ng/L) and
PFHxA (115-137 ng/L), with PFCAs and PFSAs together comprising more than 70% of
the total PFAS mass. Despite the rain garden’s intended role in improving water quality, it
did not measurably affect PFAS concentrations, with differences not exceeding 1.1% across
all sampling events. This limited performance indicates that conventional green infras-
tructure designs may fall short when addressing persistent and mobile contaminants like
PFAS. Given these findings, future research should emphasize understanding the specific
sources and routes of PFAS within urban stormwater systems, examining the seasonal
and spatial variability of PFAS transport, and evaluating the effectiveness of advanced
stormwater treatment technologies. To improve PFAS management, policymakers and
urban planners must integrate PFAS monitoring into stormwater management frameworks,
design infrastructure that accounts for emerging contaminants, and develop updated regu-
latory guidelines. Ultimately, addressing PFAS contamination in stormwater is crucial for
protecting freshwater resources and ensuring the long-term sustainability of urban water
management practices. This study bridges a critical knowledge gap in PFAS dynamics in
urban stormwater and informs the development of more effective mitigation strategies for
emerging contaminants.

5. Recommendations

The findings from this study indicate that conventional rain gardens and similar green
infrastructure have a negligible impact on PFAS concentrations in stormwater runoff. Based
on these results, the following recommendations are proposed:

o  Enhanced treatment media: Incorporate engineered amendments such as activated
carbon, ion-exchange resins, or engineered mulch into rain garden designs to improve
PFAS retention.

e Monitoring integration: Include PFAS monitoring in stormwater quality assessment
frameworks to better capture the contribution of diffuse urban sources.

e  Source control strategies: Reduce PFAS inputs at the source by targeting traffic-related
materials, building products, and waste streams that act as primary contributors in
impervious catchments.

e Policy development: Update urban water management guidelines to explicitly address
PFAS, including setting concentration benchmarks for stormwater reuse and discharge.

e  Future research: Evaluate the long-term performance of modified green infrastructure
systems, including seasonal variability, leaching behavior, and combined treatment
approaches, to determine sustainable PFAS mitigation strategies.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/w17202982/s1: Table S1: Targeted PFAS species used in this
study; Table S2: Isotopically labeled PFAS species in the extracted internal standard (EIS) used
in this study; Table S3: Isotopically labeled PFAS species in non-extracted internal standard (NIS)
used in this study; Table S4: Storm events analyzed during this study; Table S5: Mobile phase
gradient method employed for elution; Table S6: Mass Spectrometry tuning parameters for the target
PFAS species; Table S7: Mass Spectrometry tuning parameters for the isotopically labeled PFAS
species in the non-extracted internal standard (NIS); Table S8: Mass Spectrometry tuning parameters
for the isotopically labeled PFAS species in the extracted internal standard (EIS); Table S9: Average
concentrations (ng/L) of the detected PFASs in the stormwater samples; Figure S1: Leachate lysimeter.
Figure S2: Author-prepared schematic of land use within the Secaucus rain-garden drainage area
showing roads/parking (gray), buildings/rooftops (light yellow), green/landscaped areas (tree
symbol), and the red area indicates the rain garden location.



Water 2025, 17,2982 10 of 12

Author Contributions: Conceptualization, D.S.; methodology, H.S.; validation, H.S. and Z.Z.; formal
analysis, H.S. and Z.Z.; investigation, H.S.; writing—original draft preparation, H.S.; writing—review
and editing, Z.Z., R.D. and D.S.; visualization, R.D. and M.B.; supervision, D.S.; funding acquisition,
D.S. All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by 319(h) grant from the New Jersey Department of Environmental
Protection (NJDEP) to the Township of Secaucus (grant #NJ02030103180090-01).

Data Availability Statement: The data supporting the findings of this study are available within the
article and its Supplementary Materials. Additional raw data or materials may be made available
upon reasonable request to the corresponding author. No publicly archived datasets were generated
during this study.

Acknowledgments: The rain garden was constructed as part of a project funded by the New Jersey
Department of Environmental Protection (NJDEP) and hosted by the Town of Secaucus, which
partnered with DS to implement in situ water quality monitoring. The authors gratefully acknowledge
their support and collaboration. The authors acknowledge the assistance of laboratory staff at Stevens
Institute of Technology.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

Sharma, R.; Malaviya, P. Management of stormwater pollution using green infrastructure: The role of rain gardens. Wiley
Interdiscip. Rev. Water 2021, 8, e1507. [CrossRef]

Fan, G.; Lin, R.; Wei, Z; Xiao, Y.; Shangguan, H.; Song, Y. Effects of low impact development on the stormwater runoff and
pollution control. Sci. Total Environ. 2022, 805, 150404. [CrossRef]

Gao, Z.; Zhang, Q.; Li, ].; Wang, Y.; Dzakpasu, M.; Wang, X.C. First flush stormwater pollution in urban catchments: A review of
its characterization and quantification towards optimization of control measures. J. Environ. Manag. 2023, 340, 117976. [CrossRef]
Beryani, A.; Furén, R.; Osterlund, H,; Tirpak, A.; Smith, J.; Dorsey, J.; Blecken, G.T. Occurrence, concentration, and distribution of
35 PFASs and their precursors retained in 20 stormwater biofilters. Environ. Sci. Technol. 2024, in press. [CrossRef]

Williams, A.].; Gaines, L.G.; Grulke, C.M.; Lowe, C.N.; Sinclair, G.F,; Samano, V.; Richard, A.M. Assembly and curation of lists
of per- and polyfluoroalkyl substances (PFAS) to support environmental science research. Front. Environ. Sci. 2022, 10, 209.
[CrossRef]

Strynar, M.; McCord, J.; Newton, S.; Washington, J.; Barzen-Hanson, K.; Trier, X.; Munoz, G. Practical application guide for the
discovery of novel PFAS in environmental samples using high resolution mass spectrometry. J. Expo. Sci. Environ. Epidemiol. 2023,
33, 575-588. [CrossRef]

Buck, R.C.; Korzeniowski, S.H.; Laganis, E.; Adamsky, F. Identification and classification of commercially relevant per- and
polyfluoroalkyl substances (PFAS). Integr. Environ. Assess. Manag. 2021, 17, 1045-1055. [CrossRef]

Mohseni, M.; Lahiri, S.K.; Nadaraja, A.V.; Sundararaj, U.; Golovin, K. Durable and comfortable superoleophobic fabrics utilizing
ultra-short-chain fluorinated surface chemistry. Chem. Eng. J. 2023, 471, 144726. [CrossRef]

Goukeh, M.N.; Alamdari, N. Removal of contaminants in stormwater via subsurface-flow wetlands: A review with focus on
nutrients, heavy metals, and PFAS. J. Environ. Eng. 2024, 150, 03124001. [CrossRef]

Bodus, B.; O’'Malley, K.; Dieter, G.; Gunawardana, C.; McDonald, W. Review of emerging contaminants in green stormwater
infrastructure: Antibiotic resistance genes, microplastics, tire wear particles, PFAS, and temperature. Sci. Total Environ. 2023,
872,167195. [CrossRef]

Xiao, F.; Halbach, T.R.; Simcik, M.E,; Gulliver, J.S. Input characterization of perfluoroalkyl substances in wastewater treatment
plants: Source discrimination by exploratory data analysis. Water Res. 2012, 46, 3101-3109. [CrossRef]

Kim, S.K.; Kannan, K. Perfluorinated acids in air, rain, snow, surface runoff, and lakes: Relative importance of pathways to
contamination of urban lakes. Environ. Sci. Technol. 2007, 41, 8328-8334. [CrossRef]

Spahr, S.; Teixido, M.; Sedlak, D.L.; Luthy, R.G. Hydrophilic trace organic contaminants in urban stormwater: Occurrence,
toxicological relevance, and the need to enhance green stormwater infrastructure. Environ. Sci. Water Res. Technol. 2020, 6, 15-44.
[CrossRef]

Ahmadireskety, A.; Da Silva, B.F.; Robey, N.M.; Douglas, T.E.; Aufmuth, J.; Solo-Gabriele, HM.; Bowden, J.A. Per- and
polyfluoroalkyl substances (PFAS) in street sweepings. Environ. Sci. Technol. 2021, 56, 6069-6077. [CrossRef] [PubMed]

Novak, PA.; Hoeksema, S.D.; Thompson, S.N.; Trayler, K.M. Per- and polyfluoroalkyl substances (PFAS) contamination in a
microtidal urban estuary: Sources and sinks. Mar. Pollut. Bull. 2023, 193, 115215. [CrossRef]



Water 2025, 17,2982 11 of 12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Dias, D.; Bons, J.; Kumar, A.; Kabir, M.H.; Liang, H. Forever chemicals, per- and polyfluoroalkyl substances (PFAS), in lubrication.
Lubricants 2024, 12, 114. [CrossRef]

Codling, G.; Yuan, H.; Jones, P.D.; Giesy, J.P.; Hecker, M. Metals and PFAS in stormwater and surface runoff in a semi-arid
Canadian city subject to large variations in temperature among seasons. Environ. Sci. Pollut. Res. 2020, 27,18232-18241. [CrossRef]
Zushi, Y.; Takeda, T.; Masunaga, S. Existence of nonpoint source of perfluorinated compounds and their loads in the Tsurumi
River basin, Japan. Chemosphere 2008, 71, 1566-1573. [CrossRef]

Xiao, F.; Simcik, M.E,; Gulliver, ].S. Perfluoroalkyl acids in urban stormwater runoff: Influence of land use. Water Res. 2012, 46,
6601-6608. [CrossRef]

Abunada, Z.; Alazaiza, M.Y.; Bashir, M.J. An overview of per- and polyfluoroalkyl substances (PFAS) in the environment: Source,
fate, risk and regulations. Water 2020, 12, 3590. [CrossRef]

McGuire, M.P.,; Grimley, D.A; Phillips, A.C.; Stillwell, A.S.; William, R.; Shen, ].; Schneemann, M. Retrofitting urban land through
integrative, subsoils-based planning of green stormwater infrastructure: A research framework. Environ. Res. Infrastruct. Sustain.
2021, 1, 035003. [CrossRef]

Rivera, D.Z.; Hendricks, M.D. Municipal undergreening: Framing the planning challenges of implementing green infrastructure
in marginalized communities. Plan. Theory Pract. 2022, 23, 807-811. [CrossRef]

Wang, M.; Sun, C.; Zhang, D. Opportunities and challenges in green stormwater infrastructure (GSI): A comprehensive and
bibliometric review of ecosystem services from 2000 to 2021. Environ. Res. 2023, 225, 116701. [CrossRef]

Ortiz, E.; Mayr Mejia, A.; Borely, E.; Schauer, L.; Young Green, L.; Trotz, M. Can reuse of stormwater detention pond water meet
community urban agriculture needs? Sustainability 2025, 17, 523. [CrossRef]

Raimondi, A.; Quinn, R.; Abhijith, G.R,; Becciu, G.; Ostfeld, A. Rainwater harvesting and treatment: State of the art and
perspectives. Water 2023, 15, 1518. [CrossRef]

Vigneswaran, S.; Kandasamy;, J.; Ratnaweera, H. High rate stormwater treatment for water reuse and conservation. Appl. Sci.
2025, 15, 590. [CrossRef]

U.S. Environmental Protection Agency. Draft Method 1633: Analysis of Per- and Polyfluoroalkyl Substances (PFAS) in Aqueous, Solid,
Biosolids, and Tissue Samples by LC-MS/MS (4th Draft); EPA 821-D-21-001; U.S. Environmental Protection Agency: Washington, DC,
USA, 2023.

New Jersey Weather and Climate Network. Station Summary: Secaucus. Rutgers University. 2025. Available online: https:
/ /www.njweather.org/station /9 (accessed on 15 January 2025).

Page, D.; Vanderzalm, J.; Kumar, A.; Cheng, K.Y.; Kaksonen, A.H.; Simpson, S. Risks of perfluoroalkyl and polyfluoroalkyl
substances (PFAS) for sustainable water recycling via aquifers. Water 2019, 11, 1737. [CrossRef]

Ismail, U.M.; Elnakar, H.; Khan, M.F. Sources, fate, and detection of dust-associated perfluoroalkyl and polyfluoroalkyl substances
(PFAS): A review. Toxics 2023, 11, 335. [CrossRef]

Savvaides, T.; Koelmel, J.P.; Zhou, Y.; Lin, E.Z.; Stelben, P.; Aristizabal-Henao, J.J.; Bowden, J.A.; Godri Pollitt, K.J. Prevalence and
implications of per- and polyfluoroalkyl substances (PFAS) in settled dust. Curr. Environ. Health Rep. 2021, 8, 323-335. [CrossRef]
Kozik, S. Tracking Perfluoroalkyl Substances from Wastewater Influent to Its Accumulation in Vegetables and Forage Grass.
Master’s Thesis, Utah State University, Logan, UT, USA, 2024.

Zhang, K; Qadeer, A.; Chang, S.; Tu, X.; Shang, H.; Khan, M.A.; Feng, Y. Short-chain PFASs dominance and their environmental
transport dynamics in urban water systems: Insights from multimedia transport analysis and human exposure risk. Environ. Int.
2025, 202, 109602. [CrossRef]

Wang, Z.; Cousins, 1.T.; Scheringer, M.; Hungerbiihler, K. Fluorinated alternatives to long-chain perfluoroalkyl carboxylic acids
(PFECAs), perfluoroalkane sulfonic acids (PFSAs) and their potential precursors. Environ. Int. 2013, 60, 242-248. [CrossRef]

Kali, S.E.; Osterlund, H.; Viklander, M.; Blecken, G. Occurrence, concentration and distribution of 50 organic contaminants in
water and bottom sediment from urban streams affected by stormwater discharges. Water Res. 2025, 283, 123847. [CrossRef]
Bossi, R.; Ellermann, T.; Skov, H. Per- and Polyfluoroalkyl Substances (PFAS) in Atmosphere and Deposition. In Scientific Report
from DCE—Danish Centre for Environment and Energy; Aarhus University: Aarhus, Denmark, 2023; No. 20. Available online:
https://dce.au.dk/fileadmin/dce.au.dk/Udgivelser /Notater_2023/N2023_20.pdf (accessed on 2 May 2025).

Goodrow, S.M.; Ruppel, B.; Lippincott, R.L.; Post, G.B.; Procopio, N.A. Investigation of levels of perfluoroalkyl substances in
surface water, sediment and fish tissue in New Jersey, USA. Sci. Total Environ. 2020, 729, 138839. [CrossRef] [PubMed]

Viticoski, R.L.; Wang, D.; Feltman, M.A.; Mulabagal, V.; Rogers, S.R.; Blersch, D.M.; Hayworth, J.S. Spatial distribution and mass
transport of perfluoroalkyl substances (PFAS) in surface water: A statewide evaluation of PFAS occurrence and fate in Alabama.
Sci. Total Environ. 2022, 836, 155524. [CrossRef] [PubMed]

da Silva, B.F,; Aristizabal-Henao, J.J.; Aufmuth, J.; Awkerman, J.; Bowden, J.A. Survey of per- and polyfluoroalkyl substances
(PFAS) in surface water collected in Pensacola, FL. Heliyon 2022, 8, €09932. [CrossRef] [PubMed]

Awonaike, B.; Parajulee, A.; Lei, Y.D.; Wania, E. Traffic-related sources may dominate urban water contamination for many
organic contaminants. Environ. Res. Lett. 2022, 17, 044030. [CrossRef]



Water 2025, 17,2982 12 of 12

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Chen, Y,; Zhang, H.; Liu, Y.; Bowden, J.A.; Tolaymat, T.M.; Townsend, T.G.; Solo-Gabriele, H.M. Evaluation of per- and
polyfluoroalkyl substances (PFAS) in leachate, gas condensate, stormwater and groundwater at landfills. Chemosphere 2023,
318, 137903. [CrossRef]

Bai, X.; Son, Y. Perfluoroalkyl substances (PFAS) in surface water and sediments from two urban watersheds in Nevada, USA. Sci.
Total Environ. 2021, 751, 141622. [CrossRef]

Olmsted, J.L.; Ahmadireskety, A.; Da Silva, B.E; Robey, N.; Aristizabal-Henao, ].J.; Bonzongo, ].C.].; Bowden, ].A. Using regulatory
classifications to assess the impact of different land use types on per- and polyfluoroalkyl substance concentrations in stormwater
pond sediments. J. Environ. Eng. 2021, 147, 06021005. [CrossRef]

Kali, S.E.; Osterlund, H.; Viklander, M.; Blecken, G.T. Stormwater discharges affect PFAS occurrence, concentrations, and spatial
distribution in water and bottom sediment of urban streams. Water Res. 2025, 271, 122973. [CrossRef]

Saifur, S.; Gardner, C.M. Loading, transport, and treatment of emerging chemical and biological contaminants of concern in
stormwater. Water Sci. Technol. 2021, 83, 2863-2885. [CrossRef]

Venkataraman, H. Tire Wear Particle Characterization and PFAS Adsorption. Ph.D. Thesis, University of Texas at Austin, Austin,
TX, USA, 2025.

Pramanik, B.K,; Roychand, R.; Monira, S.; Bhuiyan, M.; Jegatheesan, V. Fate of road-dust associated microplastics and per- and
polyfluorinated substances in stormwater. Process Saf. Environ. Prot. 2020, 144, 236-241. [CrossRef]

Gasperi, ].; Le Roux, J.; Deshayes, S.; Ayrault, S.; Bordier, L.; Boudahmane, L.; Gromaire, M.C. Micropollutants in urban runoff
from traffic areas: Target and non-target screening on four contrasted sites. Water 2022, 14, 30394. [CrossRef]

Houtz, E.F; Sedlak, D.L. Oxidative conversion as a means of detecting precursors to perfluoroalkyl acids in urban runoff. Environ.
Sci. Technol. 2012, 46, 9342-9349. [CrossRef] [PubMed]

Murakami, M.; Shinohara, H.; Takada, H. Evaluation of wastewater and street runoff as sources of perfluorinated surfactants
(PFSs). Chemosphere 2009, 74, 487-493. [CrossRef] [PubMed]

Wilkinson, J.L.; Swinden, J.; Hooda, P.S.; Barker, J.; Barton, S. Markers of anthropogenic contamination: A validated method
for quantification of pharmaceuticals, illicit drug metabolites, perfluorinated compounds, and plasticisers in sewage treatment
effluent and rain runoff. Chemosphere 2016, 159, 638—646. [CrossRef] [PubMed]

Dong, H.; Lu, G.; Yan, Z.; Liu, ].; Yang, H.; Zhang, P.; Nkoom, M. Distribution, sources and human risk of perfluoroalkyl acids
(PFAAS) in a receiving riverine environment of the Nanjing urban area, East China. J. Hazard. Mater. 2020, 381, 120911. [CrossRef]
Udvary, J.; Regina, S.; Sabine, J.; Brigitte, H. Non-metal roofing materials as potential sources of pollutants-laboratory leaching
studies on various roofing materials. ]. Hazard. Mater. 2025, 491, 137972. [CrossRef]

Eichler, C. Characterization of the Distribution and Fate of Neutral Per-and Polyfluoroalkyl Substances (PFAS) in Indoor
Environments Including the Role of Clothing. Ph.D. Thesis, The University of North Carolina at Chapel Hill, Chapel Hill, NC,
USA, 2024. [CrossRef]

McGarr, J.; Eric, G.D.; Mohamad, S. Fate and transport of per-and polyfluoroalkyl substances (PFAS) at aqueous film forming
foam (AFFF) discharge sites: A review. Soil Syst. 2023, 7, 53. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



