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Black carbon-amended bioretention systems are an increasingly popular strategy for the removal of

organic contaminants, including poly- and perfluoroalkyl substances (PFASs) and other trace organic

contaminants (TOrCs), from urban stormwater. Many PFASs preferentially accumulate at the air–water

interface, but detention time requirements for stormwater bioretention systems typically result in full

saturation of the bioretention systems, effectively removing their air–water interfaces. This study assessed

the effect of bioretention system saturation on removal of PFASs, metals, and hydrophilic TOrCs. A field-

aged mixture of 40% v/v sand, 30% v/v zeolite, and 30% v/v biochar was packed into columns which were

operated with hydraulic controls to remain unsaturated or fully saturated throughout the duration of the

experiment. Twenty-four storm events sized to a 95th percentile storm at a California, United States

military site were simulated using synthetic stormwater fortified with aqueous film forming foam-derived

PFASs, TOrCs, and metals to mimic real-world conditions. Unsaturated conditions outperformed saturated

conditions for removal of all PFASs analyzed. A simulated inadvertent system perturbation (i.e. flooding

event) in the unsaturated columns did not result in significantly greater mobilization of PFAS mass,

suggesting that more sorption to the biochar occurred as a result of the transient retention of PFASs at the

air–water interface reducing kinetic sorption limitations. Overall, maintaining unsaturated conditions in a

biofilter may extend the sorptive filter lifetime for PFASs by up to 83%. The results have implications for

bioretention system application and design for PFAS removal in contaminated catchment areas.

Introduction

Urban stormwater runoff is an important vector for releases
of poly- and perfluoroalkyl substances (PFASs),1,2 metals,3

and trace organic contaminants (TOrCs)4 into surrounding
ecosystems, potentially affecting drinking water supply and
beneficial use of runoff. Sources of PFASs to stormwater

include road dust,5 consumer products,6 runoff from
firefighting training grounds,7 and wastewater discharges.8

Atmospheric sources of PFASs can also contaminate
rainwater and contribute to and mobilize existing surface-
bound PFASs.9 Particularly at sites where aqueous film-
forming foam (AFFF) has been released, there is increasing
evidence that PFASs can be absorbed10 and slowly released7

from concrete, resulting in the potential for traditional grey
stormwater infrastructure and other cementitious surfaces to
serve as long-term PFAS sources. Even when not impacted by
PFASs, larger impervious surfaces in urban environments and
on military facilities increase the intensity and volume of
runoff and the pollutant load into receiving waterways, which
may be mitigated by low-impact development.11
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Water impact

When stormwater biofilters are not saturated, per- and polyfluoroalkyl substances (PFASs) sorb to the air–water interface, likely reducing kinetic limitations
to sorption. The design of black carbon-amended biofilters for PFAS removal can be improved by preventing saturation. Filter lifetimes may roughly double
by installing inlet flow controls to maintain unsaturated conditions.
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In March 2023, US EPA proposed a maximum
contaminant level (MCL) of 4 ng L−1 for PFOS and PFOA in
drinking water, and the US EPA 2022 draft freshwater aquatic
life chronic water quality criteria for PFOS and PFOA are 8.4
μg L−1 and 94 μg L−1 respectively.12 As urban stormwater is
increasingly being viewed as a potential drinking water
supply source,13 there is a growing need to mitigate PFAS
releases in stormwater runoff, both for water supply concerns
as well as total releases to surface waters. Drinking water
PFAS treatment technologies are well-developed14,15 but
generally inappropriate for stormwater settings: stormwater
treatment systems are often distributed (rather than
centralized)16 and noncontinuous flow17 and background
dissolved organic carbon levels18 may further limit the
efficacy of PFAS drinking water technologies such as
nanofiltration and ion exchange. Destructive stormwater
treatment technologies have been evaluated for AFFF-
impacted sites,19 but because these require high energy input
and are expensive, they may be infeasible for implementation
across large watersheds. Smaller scale, decentralized
stormwater infrastructure on a catchment scale generally
shows passive treatment benefits over active treatment.20,21

However, very few decentralized stormwater treatment
technologies have been intentionally designed for organic
contaminant treatment, much less PFASs.22

Some green stormwater control measures such as
biofilters have been found to treat organic contaminants in
runoff when including black-carbon products such as
granulated activated carbon,23 which is well-studied for PFAS
treatment in drinking water,24,25 and lower-cost and more
sustainable yet similarly effective products such as
biochar.26–29 While traditional stormwater control measures
focus on treating water quality, enhancing them with black
carbon amendments improves stormwater systems by
enabling contaminant removal via sorption and
transformation;30 biologically active biochar-amended filters
have been shown to enhance removal of organic
contaminants as well.31 As such, biochar-amended
stormwater biofilters have become an attractive option for
contaminant removal, and work well for a wide suite of
contaminants,22,29,32 particularly when other amendments
are also considered. For example, while some have found the
relative contribution of certain zeolites to the removal of
PFASs from stormwater to be negligible,33 enhanced removal
of metals by zeolites has been observed.34 The limited data
for PFAS removal in black carbon-amended stormwater
biofilters33 suggest these compounds may be a limiting
pollutant: breakthrough of PFASs such as PFOS may occur
well before other contaminants of concern. This is likely
driven by lower sorption partitioning coefficient values,
especially for shorter-chain PFASs.35

Many PFASs preferentially accumulate at the air–water
interface (AWI),36,37 which has likely led to significant retention
of PFASs in vadose zone soils.38,39 The release of PFASs from
impacted soils is the subject of much study,40,41 as limited
evidence points to a role for kinetic limitations on the

desorption from solids42 as well as a potential role for
collapsing AWIs in PFAS releases.43 If not hydraulically
controlled to maintain an unsaturated state, bioretention
systems, much like soils, undergo multiple wet–dry cycles as
dictated by local climactic conditions. These re-saturation
events (i.e., precipitation events) thus effectively remove the
majority of AWIs as the wetting front moves through the filter.
Hydraulic controls have also been shown to improve flows in
stormwater retention systems: dynamic controls with outlet
valves provide higher removal of suspended solids in
stormwater basins.44 While previous studies indicate that
biochar-amended biofilters have promise for treatment of
PFASs in stormwater,33 those filters were tested under saturated
conditions. What remains unclear, however, is whether
hydraulic controls that maintain unsaturated conditions within
stormwater biofilters can enhance PFAS removal.

This study aimed to assess the effect of bioretention
system saturation on removal of PFASs, metals, and TOrCs in
bench-scale simulated stormwater biofilters. To achieve this,
a field-aged mixture of sand, zeolite, and biochar was packed
into columns which were operated with hydraulic controls to
remain unsaturated or saturated throughout the duration of
the experiment. Storm events, sized to 95th percentile storms
for a coastal U.S. military facility in southern California,
USA,45 were simulated using synthetic stormwater fortified
with AFFF-derived PFASs, dissolved organic carbon, TOrCs,
and metals to mimic real-world conditions.33 The longer-
term potential for leaching of PFASs from the stormwater-
dosed columns, such as from collapsing AWIs within the
filter media, was also assessed by simulating a disruption of
the hydraulic controls (i.e., a flooding event creating full
saturation in both systems) with clean synthetic stormwater.
The resultant data were then evaluated with respect to PFAS
breakthrough, retention, and leaching.

Experimental
Materials and methods

Experimental setup. Column experimental design was
based partially on previous experiments.33 A mixture of 30
v% zeolite (BioGreen Technologies Inc., Boulder, CO, USA),
30 v% high-temperature gasification biochar (Biochar
Supreme Environmental Ultra, Everson, WA, USA), and 40 v%
sand (silica concrete sand) was mixed by a local media
supplier and delivered to a site at Colorado School of Mines
for use in a full-scale bioretention system, where it was field-
aged for six months before a representative sample was taken
for use in column experiments. The media mixture was
sieved to 20 μm to 1.68 mm (12–40 mesh). Clear polyvinyl
chloride (PVC) columns (90 cm length, 7.2 cm diameter) of a
sufficient column-diameter to maximum grain-diameter (12
mesh; 1.68 mm maximum) ratio to ensure proper fluid
hydraulics46 were roughed inside with a wire brush to reduce
preferential flow paths and capped at the bottom with PVC
endcaps and PVC reducing adapters connected to
polytetrafluoroethylene tubing. Each column (six in total,
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three replicates each for both experimental conditions) was
packed with 5 cm coarse silica barrier sand, 15 cm of
engineered media mixture, and 5 cm of coarse silica sand to
act as a protective layer. Columns were operated in gravity-
driven downflow mode.

The effects of constantly saturated or constantly
unsaturated treatment conditions were evaluated using
hydraulic controls on three replicate columns for each
condition. Constantly saturated conditions were maintained
with outlet controls by fixing the outflow tubing outlet at the
top of the barrier sand, creating a saturated zone (Fig. 1) that
remained throughout the total length of the experiment. The
three constantly unsaturated columns were allowed to drain
freely by gravity, and inlet controls were employed to
maintain unsaturated conditions by reducing the influent
hydraulic loading: the field-scale equivalent of this design
would be a stormwater detention basin that drains into a
“polishing” biofilter, where flow from the detention basin
into the biofilter is modulated with outlet controls regulating
the inlet flow into the biofilter. The variable outlet flow
prevented the calculation of an empty bed contact time, but
is representative of biofilter conditions that would be

expected in the field. The empty bed volume (EBV) in each
column (calculated as total volume of engineered media, not
including barrier sand) was 0.68 L.

During the challenge phase, the top layer barrier sand was
removed and replaced with clean sand as needed to maintain
sufficient flow. Of note, columns that maintained saturation
required more regular maintenance than the unsaturated
columns: three different sand replacement events were
performed on all three saturated columns during the eight-week
study to remove biofilm clogs and maintain sufficient hydraulic
conductivity to not overflow the column, compared to one
cleaning event for one column for the unsaturated conditions.

Synthetic stormwater. Synthetic stormwater was generated
in 20 L high-density polyethylene (HDPE) carboys by mixing
salts and catch-basin site sediment from Naval Weapons
Station Seal Beach (NWSSB), CA, USA at 3 g L−1 with straw-
derived dissolved organic carbon (DOC) concentrate
generated as described in previous experiments,33 shaken
vigorously, then allowed to settle at least 8 hours. The settled
stormwater was then decanted into two additional 20 L HDPE
carboys for fortification with a suite of contaminants. These
included PFASs from diluted AFFF (previously characterized
as primarily electrochemical fluorination (ECF)-derived47) at
4 μg as PFOS L−1; hydrophilic TOrCs (Hi-TOrCs) mecoprop,
fipronil, imidacloprid, atrazine, diuron, and benzotriazole at
40 μg L−1 and metals Ni, Zn, Cu, Cd, and Pb at 200 μg L−1.
AFFF was used to deliver an environmentally relevant mixture
of PFASs. A suite of hydrophobic TOrCs (list in Table S6†)
was included at 0.1 μg L−1 to provide a representative
contaminant mixture to that found in urban runoff.

Spike solutions were prepared as previously described.33

Once dosed with contaminants, the synthetic stormwater was
then introduced into individual HDPE cone bottom tanks
(9.5 L/2.5 gal) fit with a 0.635 cm inner diameter on/off ball
valve and a 0.635 cm inner diameter precision flow-
adjustment valve, connected to PTFE tubing. Though PTFE is
typically avoided for experimental PFAS work, target and
suspect analysis for PFASs (see below) during the initial
sampling events indicated that the PTFE tubing did not leach
measurable PFASs, which is consistent with prior studies.48

Inlet flow was maintained at approximately 20 cm h−1, a
typical specification for stormwater growing media
infiltration rate.

Conditioning and challenge experiments. Columns were
conditioned with clean synthetic stormwater (stormwater
prepared with salts, straw-derived DOC, and site sediment but
without added contaminants) for 100 EBV (17 instances of 4 L
per column “storm events” over six weeks), with one to two
antecedent dry days between events. The challenge phase
consisted of 24 individual 4 L “storm events” per column sized
to a 95th percentile design storm at NWSSB,45 or 1.778 cm
(0.7″) precipitation over a hypothetical catchment area of which
the filter area was assumed to be 2%. The total amount of
stormwater volume was equivalent to 1.5 years of precipitation
in Long Beach, CA, an adjacent city to NWSSB.49 Each storm
event was dosed into the columns three times a week for eight

Fig. 1 Diagram of experimental setup showing synthetic stormwater
generation, inflow, engineered media description, and saturated and
unsaturated conditions.
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weeks, with one to two antecedent dry days between each
simulated storm, and lasted 4–6 hours. Saturated-condition
columns were kept saturated during conditioning and
challenge phase storm events, while unsaturated columns
drained freely during the conditioning and challenge phases.
Influent samples were taken as 1 mL composites from all six
individual spiking tanks for a total of 6 mL. One composite
effluent sample was taken per column per each storm event at
1 hour intervals, consistent with a time compositing sample
collection method;50 consistent volumes of sample were
collected every hour for three hours after influent flow began,
for a total of 6 mL sample taken for PFASs in a pre-weighed 15
mL polypropylene (PP) tube, 10 mL sample for metals in a 15
mL PP tube, and a 5–15 mL sample for hydrophilic TOrCs in a
20 mL glass scintillation vial.

After the challenge phase was complete, a 40 ppm bromide
tracer test was conducted with 2 L clean synthetic stormwater
per column (ESI;† Fig. S9). Each column was then cored with a
3.175 cm (1.25″) PVC tube to preserve media contaminant
content while a flush event was conducted to determine the
effect of inadvertent column saturation in field applications
(i.e., a simulated failure of the inlet controls). During the flush
event, the water level in the unsaturated columns was raised to
ensure complete saturation using an equivalent elevation-
based outflow control. Columns were dosed with a double
storm event volume (8 L) and then allowed to drain completely.
Three composite effluent samples were taken throughout the
flushing event. After completion of the challenge and flushing
events, the filter media retained from the core was divided into
three equivalent 5 cm sections and each section was
individually dried and homogenized.

Analytical methods. PFAS water and biofilter media
samples were stored at −20 °C, thawed immediately prior to
analysis, then prepared as previously described42,51 and
analyzed via LC-QToF-MS (X500R; SCIEX, Framingham, MA)
operated in negative electrospray mode. For both aqueous
and solid-phase samples, HRMS data were processed in
SCIEX OS v1.6.2 for target compounds listed in the ESI† and
suspect data analyzed using a custom XIC list with >1400
PFASs and a custom spectral library with >300 PFASs;
semiquantitative analysis was performed by estimation using
a calibration and internal standard for a target compound
based on chain length and ionizable moiety. More details on
the semiquantitative method used in this study are available
in Nickerson et al.52

PFAS solid media extraction was conducted using a
method previously described in Nickerson et al.;52 a 0.50 ±
0.01 g aliquot of this filter media was weighed into a 50 mL
polypropylene centrifuge tube, spiked with 4 ng internal
standard, and extracted using two rounds of basic methanol
and two rounds of acidic methanol, then reconstituted using
1% acetic acid in methanol. For the 18 samples analyzed, a
method blank with internal standard was also prepared, and
two samples (11%) were extracted in triplicate.

For PFAS water analysis, one method blank in a 15 mL PP
sample vial using water, solvents, and internal standard was

prepared for every batch of 20 samples. For water and soil
analysis, one laboratory blank containing water, solvents, and
internal standard was analyzed per 10 samples analyzed,
along with one double blank and one quality control sample
calibrated to a mid-range point on the calibration curve. The
batch of ten samples preceding and succeeding a quality
control sample was reacquired if the quality control
concentration was not within 70–130% of its expected value.
Limits of quantitation (LOQs) were determined using either
the lowest adjacent point of a minimum of five on the
calibration curve, or twice the concentration of the lowest
method or laboratory blank, whichever was higher. A table of
LOQs is provided in the ESI† (Tables S7–S9).

Metals samples were filtered using 0.45 μm PES syringe
filters (SF14501, Tisch Scientific, OH, USA) and acidified using
200 μL nitric acid to pH <2 and analyzed via ICP-AES using US
EPA method 200.7.53 Hi-TOrC samples were filtered using 0.45
μm glass fiber syringe filters (SF15159, Tisch Scientific, OH,
USA), transferred to 2 mL glass vials, spiked with internal
standards, and analyzed at Stanford University using LC–MS/
MS (API 3000, Applied Biosystems, MA, USA).33 Bromide
samples from the tracer test were filtered using 0.45 μm PES
syringe filters and refrigerated, then analyzed via IC (Dionex
ICS-900; ThermoFisher Scientific). DO, pH, and conductivity
were analyzed every two weeks (every 6 storm events) using a
portable Hach multimeter (HQ40D) and DO/pH probes.
Nitrate, phosphate, and ammonia concentrations were
analyzed twice during the experiment spectrophotometrically
using HACH TNTplus vial tests 835, 843, and 830, respectively.

Statistical methods. To compare the mass released
between two groups (i.e., for the flush event), and effluent
concentration differences, statistical significance was
determined using a two-tailed Student's paired t-test. Results
were deemed significant at p = 0.05. The relative standard
deviation was calculated to illustrate the homogeneity of the
column soil concentrations.

Results & discussion
Removal of PFASs under constantly unsaturated conditions

Both saturated and unsaturated column configurations
provided substantial water quality improvement with respect
to PFASs, Hi-TOrCs, and metals for the duration of the
experiment (Fig. 2 and S1–S8†). Across all PFASs analyzed,
unsaturated conditions generally outperformed saturated
conditions, likely due to preferential PFAS retention at the
AWI that was maintained by the constant unsaturated
conditions. Influent concentration of target PFASs varied in
magnitude from 3920 ± 1280 ng L−1 PFOS to 6 ± 3 ng L−1

FBSA throughout the experiment (full description of influent
in Tables S2–S5†). Although these influent PFAS
concentrations are higher than typically found in
stormwater,54 these elevated concentrations were used to
facilitate observation of breakthrough for multiple PFASs,
and may also be representative of runoff from some PFAS
source areas.10
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An evaluation of the number of storms to initial
breakthrough (defined as 10% breakthrough, C/Co = 0.1)
indicates that the retention of PFASs in the unsaturated
columns was generally chain-length dependent (shorter-chain
PFASs were less retained than longer-chain PFASs; Fig. 3).
Except for PFHpS and PFOS (for which 10% breakthrough
was observed for both at the 22nd simulated storm event),
chain-length dependent breakthrough was consistently
observed. However, in contrast to what has been observed in
previous saturated experiments by Pritchard et al.33 where
PFHxS broke through 16% faster than FHxSA in zeolite +
biochar columns and 91% faster than FHxSA in zeolite +
regenerated activated carbon columns, here PFHxS and
FHxSA broke through at approximately the same time in
unsaturated conditions, though FHxSA exhibited full
breakthrough (i.e., C/Co = 1) by the 22nd storm in the
saturated conditions in this study (Fig. 2 and 3).

Removal of Hi-TOrCs and metals

Hi-TOrCs and metals were effectively removed in both the
saturated and unsaturated columns. Only the chlorophenoxy
herbicide mecoprop reached 5% breakthrough by the end of
the challenge phase in saturated columns, with no
breakthrough in unsaturated columns: all other Hi-TOrCs
were not detected or did not increase appreciably during the
experiment (Fig. S8†). In short, despite shorter contact time
(observed by less ponding occurring in and superior PFAS
removal in unsaturated columns), removal of the other TOrCs
studied did not suffer. In contrast to PFAS removal, the

removals for the metals Cd, Zn, and Pb were not significantly
different between the two conditions. However, Cu removal
performed better under unsaturated conditions (p = 0.03)
and Ni removal was more efficient under saturated
conditions (p = 0.005). Pb exhibited lower concentration than
expected in the influent; it likely partitioned to suspended
sediment, complexed with DOC, or precipitated as lead (II)
phosphate. The Zn-containing catch-basin material
potentially preloaded the columns during the conditioning
phase. Nevertheless, Zn removal was constant throughout the
experiment, indicating that Zn removal capacity had not (yet)
been exceeded.

Depth profile and mass balance of PFASs

To evaluate the distribution of PFASs in the filter bed at the
completion of the experiment (prior to the flushing event), a
depth profile of the PFASs extracted from the cored section of
the biofilters is provided in Fig. 4. Consistent with
distribution results in ion-exchange resin used to treat AFFF-
impacted groundwater,55 the more mobile shorter-chain
PFASs such as PFPeS and PFPeA are relatively more
concentrated in the lower part of the columns, likely because
of displacement by longer-chain PFASs with higher sorption
affinities for the geomedia. Concentrations of the longer
chain PFASs such as PFOA are relatively elevated at the top of
the columns: within each PFAS class, there is a clear trend of
increasing perfluoroalkyl chain length resulting in relatively
elevated concentrations in the upper portion of the column
as compared to the lower part of the column. The relative

Fig. 2 Saturated vs. unsaturated removal efficiency (influent/effluent) for select PFASs for storm events 1–22. The twenty-fourth storm event was
omitted due to an error in the spiking solution; influent and effluent values and figures including storm 24 can be found in the ESI.†
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concentration of FHxSA, a PFAS that was present in the AFFF
but also may have formed from the transformation of other
polyfluoroalkyl species,56 is elevated in the upper and middle
sections of the unsaturated column despite later
breakthrough than the longer-chain PFASs (e.g., PFHpA,
PFHpS and Cl-PFOS), and this relative enrichment is much
higher than the other C6 PFASs (i.e., PFHxS and PFHxA). This
profile could indicate transformation occurring in the most
oxic (upper) sections of the column, with the resultant FHxSA
immediately sorbing to the column as the treated water
percolates. In general terms, the saturated columns show

more homogeneous concentrations across the column
(average variance across column 0.04); unsaturated columns
show greater concentrations in the center of the column and
are more heterogeneous (average variance 0.09). The relative
abundance of AmPr-FPeSA-PrA in the unsaturated column
may be due to transformation of this compound in the upper
layers or displacement by other PFASs.

When the total mass of each PFAS applied to the columns is
compared to the sum of estimated mass retained in the
column and estimated mass in effluent, these mass balance
data indicate close to full mass recovery for many of the PFASs

Fig. 3 Mean 10% breakthrough (C/Co = or >0.1) storm event (storm event = 4 L; 95th percentile storm event at a relevant military site in Seal Beach,
CA, USA) in unsaturated columns only, in order of chain length for select target and suspect PFASs and metals, grouped by contaminant class.

Environmental Science: Water Research & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
de

 m
ar

ç 
20

24
. D

ow
nl

oa
de

d 
on

 6
/2

/2
02

6 
16

:5
1:

44
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ew00767g


Environ. Sci.: Water Res. Technol., 2024, 10, 1233–1244 | 1239This journal is © The Royal Society of Chemistry 2024

included (Fig. 5) with all PFASs >0.7 times the influent load,
apart from PFPeA. In the case of PFPeA, the poor mass recovery
(45% saturated, 36% unsaturated) likely reflects the relative
low concentration of PFPeA in the influent (31 ng L−1) and low
(but significant in terms of relative influent mass) levels of
PFPeA in the effluent (i.e., less than the LOQ of 5 to 10 ng L−1).
In contrast, particularly for the unsaturated columns, the over-
recovery of the sulfonamides FBSA and FHxSA likely reflect
their potential formation from polyfluoroalkyl substances (i.e.,
precursors) with N-substituted sulfonamide head groups. For
example, FHxSA is a commonly observed (and likely semi-
stable57) intermediate of parent compounds such as AmPr-
FHxSA.56,58 Such precursor transformation is expected and
likely leads to more microbiologically inert and commonly
regulated PFASs.59,60 Volatilization losses are not expected to
contribute heavily to lack of mass recovery for most of the
strongly acidic and anionic PFASs studied here,61 though some
may volatilize when present in their neutral forms.62

Simulating hydraulic failure

One concern about relying on the AWI for retention of PFASs
during stormwater treatment is the potential for significantly
elevated releases of AWI-retained PFASs upon complete
saturation, particularly given the transient nature of the AWI.
However, data from the simulated inlet control failure (i.e.,
flushing event with clean synthetic stormwater) suggest that
system failure for the unsaturated conditions would
remobilize an equivalent mass of PFASs as the fully saturated
conditions (Fig. 6), despite retention of greater masses of
PFASs in the columns (Fig. 5). For most PFASs, no significant
differences were apparent between the flush mass of PFASs
released from the unsaturated and saturated conditions (p =
0.026 for target PFASs; data in Table S11†). More importantly,
as a percentage of the total mass retained on the column,
slightly less total mass was eluted from the unsaturated
column during the flush, suggesting that if retention at the

Fig. 5 Mass balance. The ratio of soil and effluent sums of mass loads to the total influent mass load in each condition; a value of 1 means the
total mass load in influent is equal to total recovered PFASs in effluent and media. Mass in effluent was calculated by summing all mass in all
samples measured with linearly extrapolated masses from storm events that were not assessed. Mass in filter media was calculated by multiplying
the media concentrations by the column mass.

Fig. 4 Illustration of relative media concentration by PFAS species in a black carbon amendment with a high AWI (unsaturated columns) vs. low
AWI (saturated columns). Values are normalized to mean values for that compound and the column saturation type. Only PFASs with influent
concentration above 20 ng L−1 are shown.
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AWI was responsible for greater contaminant removal, the
collapse of these interfaces would not threaten filter
resiliency (see Table S11†). For example, during the flush,
0.9% of total retained PFOA mass eluted from saturated
columns, while 0.8% eluted from unsaturated columns. Total
flushed PFOS mass for saturated and unsaturated columns
was 0.3% of mass retained in both conditions.

The greater removal by the unsaturated columns during
simulated storm events and yet comparable leaching in both
conditions during the flushing event was somewhat
surprising. The premise of the study was that any
significantly greater mass being retained under the
unsaturated flow conditions would be a result of air–water
interfacial retention, which, in theory, would be readily
released upon re-saturation (i.e., a collapse of AWIs that had
been maintained throughout the 24 simulated storms
because of the hydraulic inlet controls). The lack of a “pulse”
release due to the collapse of these interfaces suggests that
although initial retention may have been due to this
interfacial partitioning, the additional time spent in the
engineered media (enabled by the AWI retention) allowed for
greater uptake of PFASs into the sorbent media. In other
words, PFAS adsorption to the AWI in these unsaturated
pores may have allowed for more time for the PFASs

absorbed to that interface to sorb into the biochar, increasing
the effective contact time for PFASs and other compounds
that interact with the air–water interface. Typically, PFAS
sorption to black carbon is kinetically limited in faster-flow
applications such as those required by higher flow rate
stormwater control measures,35 as was observed in previous
saturated experiments conducted with a face velocity of 20
cm h−1.33 PFAS adsorption kinetics may vary based on the
presence of co-contaminants, sorbent porosity, and the
functional groups present on the sorbent.63 Various sorption
models can be used to model PFAS sorption to black carbon
amendments;64,65 the results here encourage closer scrutiny
on PFAS–AWI interactions in unsaturated systems during
transport and retention modeling.

Lifetime estimate

Lifetime estimates were based on a previous modeling effort
considering kinetic limitations in contaminant transport65

trained and validated with similarly composed filters,
synthetic stormwater, and contaminant loading with a
continuous flow model. A saturated 0.3 m-depth filter
operated at a 20 cm h−1 flow rate was estimated to remove
PFOS at 55 ng L−1 (an industrial runoff concentration from

Fig. 6 Flush event demonstrating similar PFAS release between saturated and unsaturated columns when fully saturated and then allowed to
freely drain.
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MN, USA selected as a chronic benchmark for the
modeling66) to below the California, USA notification level of
6.5 ng L−1 for an estimated 13.9 ± 4.0 years; this represents
approximately 12% breakthrough. In this study, PFOS, spiked
at 4 μg L−1, experienced 12% breakthrough at storm event 12
in saturated systems and storm event 22 in unsaturated
systems, an 83% slower breakthrough. Assuming the ratio of
time to breakthrough for the saturated and unsaturated
filters remains constant at the two levels of influent
concentrations, one might expect up to an 83% increase in
filter lifetime under unsaturated conditions. At NWSSB, this
corresponds to a lifetime of 25.4 years. This improvement in
filter lifetime for PFOS may not change the lifetime for other
contaminants such as metals and pesticides, but as PFOS is
often a limiting contaminant due to low regulatory limits,
increasing PFOS lifetime increases the overall filter lifetime,
as long as filter maintenance occurs regularly. A
disproportionately longer lifetime might be achieved by
extending filter depth.65

More detailed, mechanistic modeling as well as kinetic
experiments to determine the minimum duration necessary
for maintaining the AWI to achieve enhanced sorption may
be helpful in estimating the impact of unsaturated
conditions on filter lifetime. However, other stormwater
models that are currently developed32,65 are set up for
continuous flow or saturated conditions, while this study
involved noncontinuous, intermittent flow and unsaturated
conditions (i.e., the presence of an AWI). As the AWI-based
retention appears to reduce kinetic limitations for PFAS
sorption to the biochar instead of being a final sink (as
indicated by the flush experiment), different sorption kinetics
are likely in effect in the filters. To be more robust, a model
should consider the resultant effect on kinetics from a
system maintaining AWI (i.e., removing or reducing kinetic
limitations from the sorption model); however, this modeling
effort is beyond the scope of this study. Ultimately, though,
antecedent dry days cannot be controlled in the field, and
thus such efforts must be viewed solely in the context of
understanding the mechanisms responsible for the enhanced
removal observed here. Regardless, the breakthrough data
from this experiment implies that filter lifetime can be
extended by (possibly) removing kinetic limitations through
unsaturated flow and the presence of an AWI.

In the context of remobilization of PFASs from the top layer
of sediment, unsaturated biofilters can be advantageous as
well. As shown in Fig. 4, the unsaturated system concentrated
most PFASs below the top 5 cm; first flush and high energy
storms may not reintroduce PFASs from these systems into the
water column in the same way as saturated filters. Finally, the
unsaturated columns in our study show promise for reduced
maintenance relative to saturated columns; during the course
of this experiment, the unsaturated columns clogged much less
frequently in the barrier sand at the top of the column,
requiring less maintenance to restore flow. Presumably, this
may transfer to better field performance, increased filter
longevity, and reduced cost.

Implications

Remediation of stormwater at AFFF-impacted sites is a
priority, and this study shows performance improvements at
these sites may be as simple as adding inlet controls to
existing black carbon-amended infiltration stormwater
control measures, or adding volumetric storage with
regulated, unsaturated biofilter polishing using black carbon-
amended media. Saturated filters, such as those with an
internal water storage zone, are known to improve
stormwater effluent quality for some constituents;67

including an unsaturated zone could improve removal of
PFASs, likely to be the most difficult-to-remove contaminants.
Both saturated and unsaturated column configurations
provided substantial water quality improvement with respect
to PFASs, Hi-TOrCs, and metals for the duration of the
experiment. Across all PFASs analyzed, unsaturated
conditions outperformed saturated conditions, likely due to
their preferential sorption to the AWI under unsaturated
conditions. While there were insufficient data to observe and
compare the removal of Hi-TOrCs in this experiment due to
exceedingly efficacious sorption by the biochar amendment,
data for metals indicated saturated conditions performed
better for Ni removal, while unsaturated conditions
performed better for Cu removal; all other metals performed
similarly in each condition. The results have implications for
bioretention system design for PFAS removal in contaminated
catchment areas. Introducing designs (e.g., inlet flow
controls) that maintain an unsaturated biofilter containing
specialized treatment media may be an acceptable lower-cost
method for treating low to moderate levels of PFASs, while
increasing treatment performance longevity.
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