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César Gómez-Ávila a , Tariq Hussain b , Balaji Rao b, Robert Pitt c, Jennifer Guelfo b,  
Huayun Zhou b, Danny Reible a,b,*

a Texas Tech University, Department of Chemical Engineering, Lubbock, TX, USA
b Texas Tech University, Department of Civil, Environmental, and Construction Engineering, Lubbock, TX, USA
c University of Alabama, Department of Civil, Construction, and Environmental Engineering, Tuscaloosa, AL, USA

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Dissolved PFAS are not removed by 
conventional stormwater treatment.

• Particulate bound PFAS are more likely 
to be better controlled.

• Sediment resuspension can cause release 
of particulate-bound PFAS.

• Long residence time systems promote 
precursor transformation.
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A B S T R A C T

This study evaluates the performance of various conventional stormwater control measures (SCMs) in mitigating 
26 per- and polyfluoroalkyl substances (PFAS), including perfluorooctanesulfonic acid (PFOS), and per
fluorooctanoic acid (PFOA). PFAS with carbon chain lengths ≥ 9 exhibited greater particulate affinity, ranging 
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Particulates
Dissolved

from 35% to 73% of their concentration associated with suspended solids. In contrast, only 17–35% of PFAS with 
C ≤ 8, which dominated the detected compounds, were associated with particulate phases. As most SCMs studied 
(biofilters, media filters, hydrocyclones, and a retention pond) heavily rely on particle removal, the treatment of 
filtered-water PFAS (< 0.7 μm) was poor, with essentially no attenuation. Particulate-phase PFAS removal 
varied, with some systems, such as the retention pond, effectively reducing concentrations. In contrast, others, 
including the biofilters and one treatment train (hydrocyclone plus cartridge filters), exhibited unexpected in
creases, suggesting potential remobilization of particulate-associated PFAS within the system. The retention pond 
SCM, influenced by evaporation, infiltration, and used for local irrigation, was monitored over a one-year period 
to assess PFAS persistence, precursor transformation, and the effects of water loss on contaminant concentra
tions. Analysis of precursor compounds in the pond, including fluorotelomer sulfonates (FTS) and perfluoroalkyl 
sulfonamides (FASAs), showed decreased concentrations relative to runoff. When coupled with increased con
centrations of stable products such as perfluorohexanesulfonic acid (PFHxS), PFOS, and PFOA, these changes 
suggested in situ transformation due to the extended retention time in the system. Additionally, the concen
tration of PFAS associated with the filtered water (e.g., PFBA, PFOA) increased over time due to evaporation of 
water during periods of minimal stormwater inputs or discharges. Perfluoroalkane sulfonic acid (PFSA) con
centrations (primarily PFOS) in sediments were higher than those in the incoming particulate phase, suggesting 
sorption and accumulation of PFOS in sediments. The substantial filtered water fraction of PFAS and the limited 
removal of PFAS by any of the SCMs underscore the limitations of conventional SCMs in treating PFAS.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are persistent environ
mental contaminants widely distributed in the environment due to their 
many industrial and commercial applications (Ahrens and Bundschuh, 
2014; Buck et al., 2011; Prevedouros et al., 2006; Schaefer et al., 2023; 
Zareitalabad et al., 2013). Their high chemical and thermal stability, 
low volatility, and surfactant behavior have made them useful for fire 
suppression through aqueous film-forming foams (AFFF), textiles, 
nonstick coatings, and industrial surfactants (Buck et al., 2011; Kissa, 
2001). However, these same properties also contribute to their envi
ronmental persistence, raising concerns over their bioaccumulation, 
mobility, and long-term ecological impacts (Lu et al., 2024; Suja et al., 
2009).

AFFF and other industrial discharges have contributed significantly 
to PFAS contamination in soil, groundwater, surface water, and sedi
ment (Ahmed et al., 2020; Bach et al., 2017; Dauchy et al., 2017; 
Domingo and Nadal, 2019). Once released into the environment, PFAS 
partition into various matrices, with perfluoroalkyl carboxylic acids 
(PFCAs) and perfluoroalkane sulfonic acids (PFSAs) forming as terminal 
transformation products of precursors such as fluorotelomer sulfonates 
(FTS) and perfluoroalkyl sulfonamides (FASAs) (LaFond et al., 2023, 
2024). Among these, perfluorooctanoic acid (PFOA) and per
fluorooctanesulfonic acid (PFOS) are of particular concern due to their 
widespread occurrence and toxicity (Li et al., 2017; Shi et al., 2024; 
Tsuda, 2016). Stormwater has been increasingly recognized as a sig
nificant nonpoint source of PFAS, mobilizing them from industrial sites, 
airports, urban surfaces, and other sources into receiving water bodies 
and sediments (Flanagan et al., 2021; Olmsted et al., 2021). Therefore, 
effective treatment of stormwater is crucial to prevent the release of 
PFAS into the environment.

Stormwater Control Measures (SCMs), including biofilters, cartridge 
filters, hydrocyclones, and retention ponds, are widely implemented to 
mitigate pollutant loads and manage urban runoff. These systems rely on 
processes such as filtration, sedimentation, and adsorption; however, 
their efficiency in reducing contaminant concentrations may vary 
depending on pollutant characteristics, storm conditions, design, and 
media composition (Blecken et al., 2017; Gogate et al., 2017; Gome
z-Avila et al., 2025; Jay et al., 2019). The effectiveness of these SCMs in 
removing PFAS remains largely unexplored, especially in evaluating the 
differences between the treatment of the particulate and filtered-water 
phases of stormwater runoff. Existing data is often derived from 
laboratory-scale studies that do not fully capture the complexities of 
field conditions, including competing constituents, long-term accumu
lation, and physical fouling of sorption media. Column studies have 
demonstrated that engineered media amended with biochar or activated 

carbon can reduce PFAS concentrations (Beryani et al., 2025; Hawkins 
et al., 2024; Holly et al., 2024; Pritchard et al., 2022), but real-world 
systems often underperform due to large particle size, low amendment 
content, and competing agents in stormwater (Beryani et al., 2025). 
Field-scale studies of biofilters have revealed substantial PFAS accu
mulation throughout the entire depth of the media, indicating PFAS 
mobility and the potential for remobilization of previously retained 
precursors after transformation into more mobile products over time 
(Beryani et al., 2024). Wetlands have been shown to accumulate PFAS in 
sediment but may also contribute to recontamination due to shifts in 
hydrology or sediment chemistry. Precursor transformation further 
complicates mass balance assessments and our understanding of PFAS 
fate in these systems (Sarti et al., 2025).

Despite increasing research, several critical gaps remain. Several 
commonly implemented SCMs, such as media filters and hydrocyclones, 
have not been evaluated for their effectiveness in PFAS removal. Addi
tionally, comparative field evaluations across different SCMs are 
limited, particularly regarding the relative behavior of PFAS in filtered 
water versus particulate phases. There is also limited understanding of 
long-term system performance, including the effects of evaporation, 
infiltration, and in situ transformation of precursor compounds. These 
gaps hinder the ability to design systems that consistently manage both 
legacy and emerging PFAS under real-world conditions. Retention 
ponds, a commonly implemented SCM, promote sedimentation, 
pollutant retention, and controlled stormwater release (Gomez-Avila 
et al., 2025; Scholz, 2015; Scholz and Yang, 2010), but their role in PFAS 
fate remains unclear. Due to the persistence and mobility of PFAS, there 
is concern that retention ponds may function as both sinks and sec
ondary sources of contamination, allowing for potential leaching, 
diffusion, and remobilization of PFAS over time.

This study characterized the distribution and fate of PFAS in 
stormwater by sampling surface water, sediment, and stormwater runoff 
across seven stormwater control measures (SCMs), three biofilters (one 
with a media filter), three hydraulic separators (two with media filters), 
and a retention pond. PFAS partitioning between filtered water (< 0.7 
µm) and particulate (> 0.7 µm) phases was assessed in all systems. Inlet- 
outlet comparisons in three storm events (21 total events) were used to 
evaluate PFAS behavior in these systems, and the retention pond was 
further examined through additional sampling to assess precursor 
transformation and PFAS persistence. By focusing on a wide range of 
SCMs, we hoped to identify trends in PFAS behavior, particularly as it 
relates to particulate-associated PFAS versus PFAS in filtered water. The 
results should be viewed as preliminary in that they represent the 
findings from only these SCMs and the storm events sampled. These 
findings offer, however, important insights into PFAS behavior in the 
common mix of SCMs used to address urban and industrial runoff and 
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inform strategies for more effective stormwater management.

2. Materials and methods

2.1. SCM and runoff area characteristics

Sites selected for this study were chosen based on their use of 
operational SCMs designed to mitigate pollutant loads in runoff and 
follow those previously characterized in a prior study (Gomez-Avila 
et al., 2025). The selected SCMs encompass a range of treatment stra
tegies, including sedimentation-based systems, filtration media, and 
combination approaches (treatment trains), to evaluate their effective
ness in PFAS removal. Sampling was conducted across multiple storm 
events to capture temporal variations in flow conditions and contami
nant loading. Understanding the characteristics of runoff areas and land 
cover is essential for evaluating the performance of SCMs. Runoff 
amounts and concentrations are directly influenced by the surrounding 
environment, drainage area size, and rainfall characteristics. While most 
SCMs in this study were implemented in locations with no known point 
sources of PFAS contamination, they still exhibited significant concen
trations in stormwater. One particular SCM, the retention pond, was 
located in a drainage area influenced by legacy AFFF contamination, 
providing a unique case for evaluating PFAS fate and transport in 
stormwater infrastructure. A summary of site characteristics, including 
SCM types and sampling periods, is provided in Table 1.

2.1.1. Retention pond SCM (inland southwest)
The retention pond examined in this study was located in the arid 

southwestern U.S., where rainfall is infrequent but can be intense, 
leading to potential flooding. All recorded storm events had rain depths 
between 10 mm and 20 mm. The pond has a surface area of 1.6 hectares 

and the largest drainage area among all studied systems, covering 104 
hectares of mixed-use land. The area of the pond was essentially con
stant during the period of this study. Approximately half of the drainage 
area consists of turf, while the remaining portion is dominated by 
impervious surfaces, including paved areas, parking lots, streets, roofs, 
and walkways, which contribute to substantial runoff and contaminant 
transport into the pond.

Four primary drainage pathways contribute to the retention pond. 
The largest, an unlined channel on the north side, drains a 43-hectare 
catchment, approximately 50 % of which is impervious. A second 
pathway, a V-shaped concrete open channel on the northwest side, 
drains a 17-hectare area where the impervious fraction exceeds 75 %. 
The third drainage pathway is an 18-inch diameter piped system located 
on the west side, which drains 32 hectares with over 85 % impervious 
cover. This area includes a 14-hectare former aircraft parking apron near 
a historical AFFF use zone, leading to PFAS contamination in the runoff. 
The final drainage pathway consists of a diffuse sheet-flow entry from a 
12-hectare pervious drainage area adjacent to a green space.

2.1.2. Biofilter SCMs (Pacific southwest)
The studied biofilters were located in the Pacific southwest of the U. 

S., where annual precipitation is low, and there is a distinct rainy season 
during the winter months. Approximately half of the monitored storm 
events had rainfall depths below 10 mm, while remaining storms ranged 
from 10 mm to 40 mm. These biofilters manage relatively small drainage 
areas, ranging from 0.15 to 0.34 hectares, primarily consisting of 
parking lots. Over 95 % of the land cover in these areas is impervious, 
including asphalt and concrete surfaces, which contributed to high 
runoff volumes and velocities, increasing pollutant transport into the 
SCMs.

The standalone biofiltration systems included a central drainage 

Table 1 
Summary of sampling sites and specific storm events sampled.

Location SCM Type SCM features Drainage Type Drainage Area 
(hectares)

Storm Event 
Dates

Rainfall 
(mm)

Inland Southwest 
(Continental 
climate)

Retention Pond 16,000 m2 pond Mixed-use Commercial 
and aircraft parking apron

104 12/26/ 
19–12/28/ 
19 
10/8/ 
22–10/10/ 
22 
11/24/ 
22–11/28/ 
22

10.9 
10.7 
15.2

Pacific Southwest 
(Coastal climate)

Biofilter 1 37 m2 Biofilter Parking lot 0.15 2/22/20 
3/3/21 
3/10/21

7.4 
13.5 
8.1

Biofilter 2 340 m2 Biofilter Parking lot 0.15 12/14/21 
3/28/22–3/ 
29/22

30 
22.4

Biofilter + Media Filter 19 m2 Biofilter 
Bone char and iron-coated activated alumina 
media filter

Metal fabrication facility +
parking lots

0.34 2/10/20–2/ 
11/20 
2/22/20–2/ 
23/20 
12/27/ 
20–12/29/ 
20

39.9 
3.8 
12.4

Pacific Northwest 
(Coastal climate)

Hydrodynamic separator 
+ Media Filter 1

Hydrodynamic separator + 23 Zeolite, Perlite, 
Granular activated carbon (ZPG) cartridge 
filters

Industrial 1.8 10/9/ 
20–10/10/ 
20 
11/3/20 
2/17/21–2/ 
18/21

10.4 
9.7 
3

Hydrodynamic separator 
+ Media Filter 2

Hydrodynamic separator + 23 ZPG cartridge 
filters

Industrial/ Loading dock 1.3 11/30/21 
12/4/21

9.1 
2.5

Hydrodynamic separator Hydrodynamic separator Industrial 1.4 2/27/22–2/ 
28/22 
5/6/22–5/ 
8/22 
5/28/22

114.3 
13 
3
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vault with an underdrain, backflow preventer, approximately 17 inches 
of biofiltration soil media (BSM) and mulch media, and underlying 
gravel and stone layers for drainage. Drought-tolerant, low-maintenance 
vegetation were planted to support treatment performance and system 
stability. The hybrid biofilter + media filter SCM included three treat
ment stages: a gabion pretreatment filter, a modular LID biofilter, and a 
dual-media polishing filter. The gabion, composed of coarse ballast 
enclosed in geofabric, intercepted runoff and removed gross solids and 
debris through settling and filtration. Runoff then entered the biofilter, a 
proprietary vegetated system designed to filter suspended solids and 
reduce contaminants using a layered media bed consisting of mulch, a 
sand/peat BSM, bridging stone, and a modular underdrain. Drought- 
tolerant native vegetation was included in the BSM to maintain infil
tration capacity and promote pollutant retention. The final stage, a dual- 
media filter, included layers of bone char and iron-coated activated 
alumina (FS-50) within a concrete vault that further targeted sorption of 
filtered-phase (<0.7 μm) contaminants.

2.1.3. Treatment train SCMs (Pacific northwest)
The SCMs in the northwestern U.S. were in regions where precipi

tation is more evenly distributed throughout the year, with frequent 
light to moderate rainfall events. Only three of the recorded storms in 
this region exceeded 10 mm in total rainfall depth. These SCMs treat 
runoff from fully impervious industrial catchments ranging from 1 to 1.3 
hectares, resulting in high runoff volumes and contaminant loads. The 
systems included two treatment trains and one standalone system: all 
three used Continuous Deflective Separation (CDS) hydrodynamic sep
arators, with the two treatment trains also incorporating downstream 
cartridge filters containing a proprietary blend of zeolite, perlite, and 
granular activated carbon (ZPG). The CDS unit removed debris and 
sediment via swirl concentration and deflective screening, while the 
downstream cartridge filters adsorbed contaminants. Siphon-activated 
flow through the cartridges ensured even distribution across the media 
bed, promoting effective treatment and extending media life. Prior to the 
study, the second treatment train underwent maintenance that included 
removal of accumulated solids and servicing of the filter cartridges, 
while the other systems had no recent maintenance activities recorded.

2.2. Stormwater sampling

Stormwater sampling protocols followed methodologies established 
in previous work (Gomez-Avila et al., 2025; Hussain et al., 2024). 
Composite samples were collected at both influent and effluent points of 
each SCM using Teledyne ISCO 3700C automatic samplers. Each com
posite sample consisted of 20 subsamples of 500 mL, collected over the 
course of a storm event. For the retention pond, automatic samplers 
were deployed at three of the four identified inlets following the same 
protocol. The diffuse sheet flow pathway was not sampled due to the 
difficulty of obtaining representative samples from its shallow and 
dispersed flow pattern. Additionally, the pervious drainage area was not 
expected to contribute significant PFAS loads or significant water vol
ume to the retention pond. As the retention pond lacked a discharge 
outlet for the duration of the project, manual grab samples (5 L each) 
were collected pre- and post-storm at the north and south sides of the 
pond. Samples from each side were combined to account for spatial 
variability and provide a representative concentration for the pond 
during pre- and post-storm conditions. These composite samples were 
representative of concentrations within the pond and thus, concentra
tions in any potential discharges (e.g. irrigation or infiltration). Field 
and method blanks were employed to assess potential PFAS contami
nation introduced during sampling. No PFAS were detected in blank 
samples above method detection limits (~1 ng/L), confirming that the 
sampling process did not contribute measurable contamination to the 
collected samples. Detailed descriptions of the sampling and filtration 
procedures, including quality control measures, are provided in 
(Gomez-Avila et al., 2025; Hussain et al., 2024) .

2.3. Sediment sampling

The retention pond underwent additional sampling of sediments to 
compare with incoming stormwater particulates. Sediments were 
collected from the top 5–10 cm at both the north and south ends of the 
pond. These locations represent areas of primary inflow and potential 
settling zones. The samples were homogenized to produce a composite 
representation of recently deposited materials. This approach was 
designed to capture the upper sediment layer, where stormwater-borne 
particulates accumulate, allowing for a comparison between incoming 
particulate-associated PFAS and those retained and potentially altered 
within the pond through long-term fate processes.

2.4. Sample preparation

2.4.1. Water samples
SCM inlet and outlet water samples were processed to quantify the 

distribution of PFAS between the filtered-water phase (< 0.7 μm) and 
particulate phase (> 0.7 μm). The fraction of the PFAS in the particulate 
phase was defined by difference between filtered and unfiltered samples. 
Concentrations were typically too low to conduct additional fraction
ation of the particulate phases (i.e. the fraction associated with sand, silt 
or clay sized particles).

Filtered samples were prepared in 50 mL disposable polypropylene 
centrifuge tubes. 5 mL of sample were combined with 2.1 mL of LC-MS 
grade methanol and a mass-labeled PFAS internal standard mix to 
achieve a final internal standard concentration of 200 ng/L. The 
resulting mixture, prepared at a 70:30 water-to-methanol ratio, was 
vortexed for 1 min to ensure thorough mixing. Samples were then 
centrifuged at 5000 rpm for 20 min. An aliquot of 1.8 mL of supernatant 
was carefully transferred to an autosampler vial for analysis.

2.4.2. Sediment samples
Sediment samples were extracted using a methanol-based method as 

described in previous literature (Guelfo et al., 2018; Shojaei et al., 
2021). 500 mg of homogenized dry sediment were transferred to a 50 
mL disposable polypropylene centrifuge tube and spiked with 
mass-labeled PFAS internal standard mix to yield a final concentration 
of 200 ng/L in the extract. Extraction was performed by adding 7 mL of 1 
% ammonium hydroxide in methanol, vortexing for 5 s, and placing the 
sample in a 50◦C sonication bath for 1 hour, followed by mechanical 
shaking for 2 h. The sample was then centrifuged at 5000 rpm for 20 
min, and the supernatant was transferred to a 20 mL scintillation vial. 
This extraction process was repeated twice to maximize analyte recov
ery. The collected supernatant was evaporated to near dryness under a 
stream of ultra-pure nitrogen and reconstituted in 700 µL of 1 % acetic 
acid in methanol. The reconstituted sample was then transferred to a 2 
mL microcentrifuge tube containing 40 mg of ENVI-Carb (Millipore 
Sigma, USA), vortexed for 30 s, and centrifuged at 15,000 rpm for 30 
min. The final supernatant was added to a 2 mL autosampler vial con
taining ultrapure water and LC-MS grade methanol in a 70:30 ratio for 
analysis.

2.5. Chemical analysis

2.5.1. PFAS
PFAS analysis was performed using high-performance liquid chro

matography (HPLC) coupled with a Sciex X500R quadrupole time-of- 
flight mass spectrometer (LC-QTOF-MS, Framingham, MA, USA) in 
negative electrospray ionization (ESI− ) mode. Aliquots of 500 μL of each 
sample were injected into a C-18 column at 40◦C and eluted using HPLC- 
grade water with 20 mM ammonium acetate and LC-MS-grade methanol 
at a flow rate of 600 μL/min on an Exion AC pump (Shimadzu). Data 
collection was implemented in multiple reaction monitoring high reso
lution (MRMHR) mode. Data were quantified with calibration standards 
ranging from 0.5 to 5000 ng/L (R² > 0.99) via isotope dilution. 
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Continuous calibration checks were performed every ten samples to 
verify instrument performance. Calibration and Quality control (QC) 
samples were evaluated based on the recovery of internal standards, and 
only those with recoveries between 70 % and 130 % were accepted. 
Samples outside this range were reanalyzed. Calibration and mass- 
labeled internal standards were obtained from Wellington Labora
tories (Guelph, Ontario, Canada). A total of 26 PFAS were analyzed, 
including PFCAs (C4–C14), PFSAs (C4–C10), sulfonamides (FBSA, 
FHxSA, PFOSA), FTS (4:2, 6:2, 8:2), and sulfonamidoacetic acids (N- 
MeFOSAA, N-EtFOSAA); 16 compounds were consistently detected 
above method detection limits (1–10 ng/L for most PFAS) and included 
in the data analysis: PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, 
PFBS, PFPeS, PFHxS, PFOS, FBSA, FHxSA, PFOSA, 6:2 FTS, and 8:2 FTS, 
while PFAS that were never detected included PFTrDA, PFTeDA, PFNS, 
PFDS, N-MeFOSAA, and N-EtFOSAA. The sum of the 16 consistently 
detected compounds is referred to as 

∑
16PFAS throughout the manu

script. The sum was dominated by five PFAS: PFHxA, PFOA, PFHxS, 
PFOS and FHxSA, which typically constituted the vast majority of the 
measured compounds. Further details such as their respective mass- 
labeled internal standards, molecular weights, and full compound 
names are further described in Tables S1 and S2 of the supplementary 
information (SI).

2.5.2. Total oxidizable precursor assay (TOP)
The TOP assay was conducted following the method by (Houtz and 

Sedlak, 2012), with modifications from (Shojaei et al., 2021). A 5 mL 
aqueous sample was transferred to an 8 mL glass vial containing 80 mM 
potassium persulfate and 170 mM sodium hydroxide. The mixture was 
heated in a water bath at 80◦C for 8 h. After cooling to room tempera
ture, the pH was measured to ensure it remained between 5 and 9; if the 
pH dropped below 3 (which can lead to PFCA mineralization), samples 
were discarded, and the procedure was repeated. After oxidation, sam
ples were mixed with LC-MS grade methanol in a 70:30 ratio and spiked 
with mass-labeled internal standards. For sediment samples, 500 mg of 
dry sediment were extracted without mass-labeled internal standards for 
the TOP assay, and the final extract (1 % acetic acid in methanol) was 
reconstituted in 5 mL of ultrapure water after nitrogen evaporation. The 
remaining TOP assay procedure was performed as described for aqueous 
samples. Following the TOP assay, samples were analyzed as described 
above.

2.5.3. Chloride analysis
Chloride concentrations in stormwater samples from all outfalls and 

in retention pond water (pre- and post-storm) were measured using ion 
chromatography, following EPA Method 300.1 (USEPA, 1997) and are 
presented in Table S3. Calibration was performed over the concentration 
range of 1–200 ng/L, with quality-control standards deemed acceptable 
only if measured values fell within ±20 % of their nominal 
concentrations.

2.6. Retention pond mass balance

To evaluate seasonal dynamics of PFAS in the retention pond, 
monthly grab samples and water level measurements were collected 
between January and December 2022. Water samples were analyzed for 
PFAS and chloride concentrations, with changes in chloride and water 
level changes providing a record of volumetric change over time. This 
data was used to develop a mass balance model simulating hydrologic 
fluctuations and PFAS behavior throughout the year.

The model was initialized using data from a storm that occurred on 
November 25–26, 2022 (17 mm of total precipitation). This event served 
as a baseline for estimating pond volume. A chloride mass balance was 
applied under the assumptions that short-term losses such as infiltration 
and evaporation were negligible over the timescale of a single storm, 
and that the pond acted as a thoroughly mixed tank. Runoff volumes 
from each outfall were calculated using the United States Department of 

Agriculture (USDA) curve number approach and precipitation infor
mation from the West Texas Mesonet (Mesonet, 2025). By combining 
chloride concentrations from the pond and the runoff sources, the un
known pre-storm pond volume was calculated (Equation 1, SI). The 
water balance yielded a pre-storm volume of 4.5 × 104 m³ (Nov 24) and 
a post-storm volume of 5.1 × 104 m³ (Nov 28), giving an average pond 
depth of 3.1 m

Following this initialization, the model estimated volume changes in 
daily intervals, incorporating direct rainfall, runoff contributions, and 
evaporation. The only unknowns were losses via infiltration and irri
gation, which were inferred by comparing the modeled water levels to 
the monthly field measurements. This comparison enabled calibration of 
the model and estimation of loss terms. Results indicated that infiltration 
was negligible, consistent with expectations for a pond with a com
pacted fine silt base that retains water year-round. From January 
through May, volume losses were attributed solely to evaporation, 
which was quantified using reference data from the Water Data for Texas 
database, which provides evaporation rates specific to the region. Dur
ing warmer months, observed losses increased substantially and were 
attributed to irrigation withdrawals for nearby landscaping. Estimated 
losses reached a maximum of approximately 1400 m³/day, equivalent to 
a depth reduction of roughly 0.1 m/day over the 16,000 m² pond surface 
area—values consistent with expected irrigation demands for similar 
systems. Additional modeling details, including water balance equa
tions, runoff volumes, and verification of modeled pond depths with 
field observations, are presented in the SI (Figures S1–S3).

After establishing the dynamics of pond volume, the model was 
extended to estimate PFAS concentrations over time. Stormwater runoff 
concentrations, averaged across three sampled storm events, were used 
as PFAS inputs, and direct rainfall to the pond was assumed to contain 
negligible PFAS. The variation in individual PFAS concentrations from 
the pond inputs during the three main events were small (± 50 % for 
PFOA and 36 % for PFOS) and thus were assumed constant during all 
storm events for the purposes of the model. PFAS removal was modeled 
conservatively under the assumption that PFAS did not degrade or 
evaporate and exited the pond only through irrigation or infiltration, 
carrying the same concentration as the bulk pond water. Modeled and 
measured concentrations for each detected PFAS are shown in the SI 
(Figures S4–S16).

3. Results and discussion

3.1. Stormwater characterization

To characterize stormwater entering the SCMs, the distribution of 
PFAS between the filtered-water and particulate phases was evaluated to 
assess how PFAS partitioning varies with carbon chain length and 
chemical class. Fig. 1 presents the proportion of total PFAS concentra
tion in particulates compared to the filtered water. Total sample size is 
153, including biofilters (n = 41), retention pond (n = 61), and hydro
cyclones and media filters (n = 51). Results show a trend of increasing 
PFAS association with particulates as fluorinated carbon chain length 
increases, suggesting that longer-chain PFAS exhibit greater affinity for 
solid-phase partitioning than shorter-chain compounds, a pattern that is 
consistent with previous studies (Guelfo and Higgins, 2013; Higgins and 
Luthy, 2006). Statistical analysis using ANOVA (α = 0.05) identified a 
significant difference in PFAS distribution across carbon chain length 
groups and, in particular, the fraction of C5, C6 and C7 PFAS associated 
with particulates was significantly less than both shorter chain length 
and longer chain length PFAS (p = 0.007). PFAS with C ≥ 9 had median 
particulate-phase associations exceeding 35 %, with values reaching 
over 70 %, presumably due to the dominance of hydrophobic in
teractions. Although PFAS with C ≤ 8 were primarily detected in the 
filtered-water, a notable fraction was still present in particulates, 
particularly for C3 and C4 PFAS, possibly due to increasing significance 
of electrostatic interactions. The median particulate association for 
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PFAS with C ≤ 8 ranged from below 20 % to 30 %, with some variability 
across stormwater samples. A separate comparison of PFCAs and PFSAs 
association with particulates did not show a statistically significant 
difference, indicating that carbon chain length, rather than functional 
group, plays a primary role in PFAS partitioning behavior in stormwater 
particulates. Additionally, the variability in solids content across sites 
can obscure clear trends based solely on chain length, which limits the 
ability to more clearly isolate the effect of chain length or functional 
group on the fraction associated with particulates.

3.2. SCM PFAS capture efficiency

The effectiveness of SCMs in reducing PFAS concentrations varied 
across the systems studied. Fig. 2 summarizes the total PFAS concen
trations (

∑
16PFAS, as defined in section 2.5.1) at the inlet and outlet of 

each SCM, using mean values from all sampled storms as identified in 
Table 1. Fig. 2(a) shows the filtered-water 

∑
16PFAS, while Fig. 2(b) 

shows the same quantity in the particulate fraction. Error bars indicate 
the range (high and low) of the data across all sampled storm events. 
Note that this figure does not capture inlet-outlet paired data but simply 
the range of inlet and outlet concentrations across all storm events for 
each system. Due to the number of sampling events per system, these 
findings should be viewed as preliminary trends, for which a more in 
depth sampling is necessary to fully understand PFAS fate within SCMs.

Across most systems, apparent removal of filtered-water (<0.7 μm) 
PFAS was minimal, with effluent concentrations generally between 10 
and 50 ng/L, except in the retention pond, where post-storm pond 
concentrations reached nearly 1400 ng/L (approximately two orders of 
magnitude higher). These results are consistent with previous findings 
(Gomez-Avila et al., 2025), highlighting that the tested SCMs show low 
removal efficiency for filtered-water contaminants. Among all systems 
evaluated, only the biofilters and one hydrocyclone plus cartridge filter 
system demonstrated reductions in filtered-water PFAS. Biofilter 1 
reduced concentration from over 100 ng/L to 51 ng/L, and Biofilter 2 
reduced concentrations from 71 ng/L to 32 ng/L. A possible explanation 
for this reduction is the use of mulch and sand/peat-based biofiltration 
soil media (BSM). The organic content in the mulch and peat BSM can 
contribute to contaminant retention (Higgins and Luthy, 2006; 

Milinovic et al., 2015), and the established vegetation may support some 
degree of PFAS uptake as has been seen in literature (Awad et al., 2022; 
Higgins and Luthy, 2006; Milinovic et al., 2015). The hydrocyclone plus 
cartridge filter system, which reduced filtered-water PFAS concentra
tions from 48 ng/L to 24 ng/L, was the system that underwent main
tenance prior to sampling. This maintenance likely allowed for more 
effective contact between stormwater and the ZPG filter media, enabling 
sorption of filtered PFAS. In contrast, the second hydrocyclone plus 
cartridge filter system, which had not been recently maintained, 
exhibited increased effluent concentrations. The accumulation of solids 
in the hydrocyclone vault and media cartridges likely led to physical 
clogging, reduced flow-through, and limited contact between storm
water and the filter media. These conditions can significantly impair the 
performance of sorptive systems, even when using granular activated 
carbon, a material well established for PFAS removal (Liu et al., 2019; 
McCleaf et al., 2017; Simonich et al., 2022), although additional studies 
are necessary to fully understand this behavior. The remaining systems 
exhibited little to no filtered removal, either due to influent concentra
tions near detection limits or to a lack of optimization for PFAS 
treatment.

Treatment of particulate-associated PFAS (i.e., those retained on 0.7 
µm filters), which accounted for 15–40 % of total PFAS, was inconsis
tent, likely due to their inconsistent removal of the smallest particles. 
The concentrations of solid-associated PFAS in many of the systems were 
of the order of 10 ng/L or less, which is near the limit of detection for the 
∑

16PFAS. While PFAS with carbon chain lengths ≥ 9 are expected to 
bind with solids (Section 3.1) and be removed via sedimentation or 
filtration, the majority of PFAS detected in these systems had chain 
lengths below this threshold. Several systems exhibited elevated 
particulate-associated PFAS concentrations at the outlet, possibly due to 
desorption from surfaces or resuspension of sediments within the SCMs 
that lacked maintenance. For example, the first hydrocyclone + car
tridge filter system showed an overall increase in PFAS, primarily driven 
by the particulate phase. Maintenance and regular removal of accumu
lated solids, plus designs to minimize scour of previously captured fine 
particulates, are needed for hydrocyclone systems to achieve good solids 
removal during stormwater events. The second Hydrocyclone + Car
tridge Filter system (which had undergone maintenance) achieved 

Fig. 1. Percentage of total PFAS concentration present in inlet particulates (> 0.7 µm) for all SCMs divided by fluorinated carbon chain length (n = 153).
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notable reductions in particulate-phase PFAS, decreasing from 34 ng/L 
to 13 ng/L (a 61 % reduction), supporting the idea that solids removal is 
possible, but highlighting the need for additional studies.

The retention pond exhibited different behavior from other SCMs 

due to the presence of a known PFAS source and its ability to capture 
very small particulates. While it effectively removed particulate-phase 
PFAS via sedimentation and mixing within the large pond volume, it 
showed a significant increase in filtered-phase PFAS, from 

Fig. 2. (a) Mean inlet and outlet filtered water (< 0.7 µm) concentrations (ng/L) and range of measuremetns over all events of 
∑
₁₆PFAS for each SCM. (b) Mean inlet 

and outlet particulate (> 0.7 µm) concentrations (ng/L) and range over all events of 
∑
₁₆PFAS for each SCM.
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approximately 450 ng/L at the inlet to a maximum of 1400 ng/L in the 
pond (and presumably in any pond discharges). This accumulation likely 
reflects the lack of a consistent discharge, the persistence of PFAS in the 
water column due to their stability and their low volatility, combined 
with evaporation of water in the pond. These dynamics are explored 
further in Section 3.3.

Fig. 3 presents the mean relative abundance of PFAS in the inlet and 
outlet by phase for all systems except for the retention pond. As noted 
above, the retention pond exhibited significant differences as a result of 
a specific known source (AFFF associated with airfield operations). PFAS 
in all other systems were not linked to a particular source and likely 
represent a more diffuse background of PFAS from multiple sources. The 
PFAS in Fig. 3, are color-coded by class: red for perfluoroalkyl sulfonates 
(PFSAs), blue for perfluoroalkyl carboxylates (PFCAs), and yellow for 
precursors such as fluorotelomer sulfonic acids (FTSs) and per
fluoroalkane sulfonamides (FASAs). Within each class, darker tones 
indicate longer-chain compounds.

When comparing inlet and outlet distributions, the filtered-water 
PFAS composition showed minimal overall changes, highlighting the 
limited effectiveness of SCMs in the removal of PFAS in the <0.7 μm 
fraction. However, some compound-specific shifts were observed. Pre
cursors such as FASAs were completely removed from the filtered phase, 
and slight reductions in FTS were detected, suggesting potential sorption 
and filtration. These changes were accompanied by an increase in FTS 
within the particulate fraction at the outlet, supporting the possibility of 

sorption from the dissolved to the particulate phase. Within the inlet 
itself, PFCAs were more abundant in the filtered-water, with 45 % of 
total PFAS (21 % PFOA) but less dominant in the particulate fraction 
with only 29 % of total PFAS (10 % PFOA). PFSAs were relatively 
consistent across phases, accounting for 30 % of filtered-water PFAS (27 
% PFOS) and 27 % of the particulate (17 % PFOS). Precursors were 
notably more abundant in the particulate phase, with a total of 44 % of 
total PFAS compared to 25 % in the filtered water. At the outlet, PFSAs 
showed a notable increase, mostly in the particulate fraction, rising to 58 
% compared to 38 % in the filtered water. This shift may be due to 
transformation of precursor compounds initially sorbed to retained 
sediments in the systems.

3.3. Retention pond PFAS distribution and dynamics

To investigate the mechanisms behind PFAS accumulation in the 
retention pond, the distribution of different PFAS classes between sur
face water and sediment was evaluated and their relative composition is 
shown in Fig. 4.

Precursors (FTS and FASAs) account for 27–29 % of the total con
centration in incoming stormwater (both filtered and particulate) but 
decrease to < 10 % of the concentrations in the pond and underlying 
sediment. This suggests that transformation processes within the pond 
contribute to the degradation of precursors into terminal PFAS, sup
ported by an observed increase in terminal compound distribution such 

Fig. 3. Relative abundance of PFAS in the SCMs over the 18 storm events (excluding the retention pond). The top row represents inlet samples, with filtered-water 
PFAS (< 0.7 µm) on the left (n = 181) and particulate-associated PFAS (> 0.7 µm) on the right (n = 180). The bottom row shows outlet samples with filtered-water 
PFAS (< 0.7 µm) on the left (n = 267) and particulate-associated PFAS (> 0.7 µm) on the right (n = 267). PFAS are color coded by class: PFSAs (red), PFCAs (blue), 
and precursors (yellow), with increasing color saturation indicating longer carbon chain lengths.
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as PFHxS and PFOA in pond water. In the pond surface water, PFCAs 
account for over 30 % of the total PFAS concentration, but drop below 
10 % in sediment, consistent with the relatively low organic carbon–
water partitioning coefficients of short to medium-chain acids such as 
PFHxA (log Koc of 1.99 – 2.26), which remain more mobile in the water 
column. Conversely, longer chain PFSAs which have higher log Koc 
values (e.g., PFOS 3.8 – 4.8) constitute 58 % of the filtered-water PFAS 
and increase to 80 % in sediment. A similar trend is seen when 
comparing PFAS in incoming particulates and pond sediment. While 
both exhibit comparable distributions, sediment contains a lower pro
portion of precursors, further supporting in-situ transformation over 
time. Additionally, although PFOS constitutes about 30 % of total PFAS 
in incoming stormwater, its portion drops to 11 % in pond water. In 
contrast, PFOS increases in sediment, rising from 51 % in stormwater 
particulates to 59 % in pond sediment, possibly through a combination 
of repartitioning from the water column into the sediment and precursor 
transformation. Results of the TOP assay (Fig. 5) demonstrate that pre
cursor oxidation can significantly increase (more than double) the molar 
concentration of PFAS in the system. The greater increase in PFCAs, 
relative to the total measured precursors suggests the presence of 
additional, unidentified precursors not captured by targeted analysis. 
Additionally, targeted precursors may represent transitional compounds 
in the transformation pathway from unknown precursors to terminal 
PFAS (LaFond et al., 2023). In the natural environment of the pond, 
photolysis and microbial activity are likely responsible for driving 
transformation of these precursors into terminal PFAS (Houtz and 

Sedlak, 2012).
Monthly measurements and modeling (Section 2.6) of water level 

and 
∑

16PFAS concentrations provide some further insight into pond 
dynamics as shown in Fig. 6. The model of pond water volume included 

Fig. 4. Relative abundance of PFAS in the retention pond. The top row represents stormwater runoff samples during three storm events, with filtered-water PFAS (<
0.7 µm) on the left (n = 128) and particulate-associated PFAS (> 0.7 µm) on the right (n = 128). The bottom row shows retention pond samples during the events and 
sampling over a year with filtered-water PFAS (< 0.7 µm) on the left (n = 322) and particulate-associated PFAS (> 0.7 µm) on the right (n = 113). PFAS are color 
coded by class: PFSAs (red), PFCAs (blue), and precursors (yellow), with increasing color saturation indicating longer carbon chain lengths.

Fig. 5. Comparison of molar concentrations (nmol/L) between the increase in 
PFCAs from the TOP assay and the total targeted precursors in stormwater 
runoff and pond surface water.
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estimated storm inputs, evaporation losses, and estimated discharges 
(primarily irrigation) by differences with measured volume. The model 
of PFAS concentrations included inputs due to storm events (estimated 
from the sampled storms), increases in concentration due to evapora
tion, and loss of water and PFAS mass (but no change in concentration) 
due to irrigation discharges. Differences between measured and pre
dicted PFAS concentrations are likely due to the settling of particulate- 
associated PFAS and transformation of precursors, neither of which are 
quantified in the model.

Prior to the modeling period, high-PFAS groundwater was occa
sionally used to fill the pond to ensure adequate irrigation volume, 
which led to a relatively high PFAS concentration at the start of the 
sampling period, as shown in Fig. 6. This input was permanently elim
inated in March 2022, and pond volume observations also suggest that 
there was no additional groundwater input between January and March. 
From January through May, pond volume declined primarily via evap
oration with no significant rain inputs or irrigation discharges. Signifi
cant rainfall in May and June increased pond volume and diluted PFAS 
across all classes. Between storm events, periodic irrigation withdrawals 
removed both water and associated PFAS mass. These losses were esti
mated by comparing modeled PFAS inputs with observed volume 
changes, assuming negligible infiltration due to the pond’s fine-silt base 
and the observed water surface elevation changes accounted for by 
evaporation. For the remainder of the year, stormwater inputs and 
withdrawals reached an approximate balance, resulting in only modest 
PFAS fluctuations and suggesting a dynamic equilibrium among dilu
tion, concentration, transformation, and mass export processes.

Further understanding of relevant processes can be gained from ex
amination of individual PFAS. During the January to May period, the 
shorter-chain filtered-water PFAS (PFBA, PFHxA, PFHxS) increased by 
nearly 50 %, aided in part by precursor degradation. At the same time, 
PFOS (log Koc ≈ 2.6–3.8) concentrations decreased by approximately 20 
%, reflecting its strong affinity for solids and retention in the pond due to 
solids settling. Plots of modeled and observed concentrations of these 
compounds can be found in SI. These findings underscore the critical 
need to incorporate both transformation pathways and sediment in
teractions into PFAS fate models for retention ponds.

The absence of effective natural removal mechanisms leads to the 
accumulation of terminal PFAS in sediments and the water column. 
Pond volume and evaporation govern overall PFAS concentrations, and 

without active treatment targeting PFAS compounds, stormwater con
trol systems that rely on standing water will exhibit progressive PFAS 
buildup and increasing concentrations over time.

4. Conclusions

By evaluating PFAS distribution across different phases and storm
water control measures (SCMs), this study identifies key processes that 
influence PFAS fate and retention. The main findings are: 

• PFAS partitioning to solids is positively correlated with carbon chain 
length, with long-chain PFAS showing stronger partitioning to par
ticulates. For PFAS with more than eight fluorinated carbons (C > 8), 
the median concentration found in the particulate phase is at least 35 
%, increasing with chain length, reinforcing the role of particle in
teractions in PFAS transport and treatment.

• The evaluated SCMs were ineffective at removing filtered-water (<
0.7 µm) PFAS, as most conventional treatments heavily rely on 
particle removal for treatment. Additionally, filtered-water PFAS 
dominated total concentrations across most sites.

• SCMs are designed to effectively remove particulate associated 
contaminants, but the observed results were inconsistent. The vari
ability reflected low solids and PFAS concentrations on particles 
(often near detection limits), as well as occasional increases in 
effluent solids due to accumulation and resuspension of solids during 
storm events for some systems. Regular removal of the accumulated 
solids should reduce or eliminate these issues.

• PFAS speciation in the SCMs revealed that perfluoroalkyl sulfonates 
(PFSAs) were predominantly found in sediments, while per
fluoroalkyl carboxylates (PFCAs) remained more prevalent in the 
filtered water. The observed depletion of precursor compounds 
relative to incoming stormwater, along with elevated concentrations 
of degradation products, suggests in situ transformation into termi
nal PFAS in systems with long residence times.

• Long-residence time systems (such as closed retention ponds) can 
also lead to accumulation of PFAS over time and increases in water 
concentrations over time due to the low volatility of most PFAS and 
water loss processes such as evaporation.

• Long-residence time systems can also lead to accumulation of PFAS 
in sediments for relatively strongly sorbing PFAS such as PFOS. The 

Fig. 6. Modeled and measured Σ16 PFAS concentrations within the retention pond, including daily associated rainfall inputs and irrigation losses.
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inherent stability of terminal PFAS allows them to persist unless 
physically removed or treated.

• As a result of both of the previous points, long-residence time systems 
can result in both sediments and standing water acting as long-term 
PFAS sinks which must be prioritized in monitoring and remediation 
strategies.

• PFAS were detected at levels exceeding regulatory thresholds even at 
sites without known AFFF contamination, suggesting that storm
water can be a substantial source of PFAS for potential drinking 
water sources. Regular maintenance, monitoring, and potential 
infrastructure upgrades will be necessary to mitigate these hidden 
sources.

The results represent trends observed for the specific SCMs and storm 
events sampled, and more comprehensive sampling would be required 
to assess detailed performance and mechanisms for any specific SCM. 
The general trends observed suggest that traditional SCMs are expected 
to offer partial mitigation for particulate-phase PFAS but have limited 
impact on filtered-water contaminants, underscoring the urgent need for 
targeted treatment technologies for PFAS. As industrial practices move 
toward greater use of hexafluoropropylene oxide dimer acid (HFPO- 
DA), also known as GenX, the proportion of PFAS in the filtered phase is 
expected to increase, further reducing the effectiveness of conventional 
SCMs. This work highlights the need for SCM designs that incorporate 
targeted removal mechanisms for filtered-water PFAS and consideration 
of long-term PFAS behavior when developing stormwater management 
strategies that prevent their long-term accumulation within stormwater 
systems.
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