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ARTICLE INFO ABSTRACT
Editor: Y. Deng The application of NaCl as a deicer increases salinity of stormwater runoff, which may impact the speciation and
mobility of various contaminants, including metals. Salt can remain in the fill media of stormwater management
Keywords: practices for an extended period after application, creating annual cycles of baseline and high salinity. This study
Stormwater evaluated the impacts of NaCl concentration and application cycles on metal retardation in fill media via 1-D

NaCl effects

Metal mobility
Dynamic modeling
In-situ soil remediation

continuous flow bench-scale columns. The high salinity scenario of 0.1 M NaCl decreased retardation factors
of metals when compared to baseline salinity scenario of 0.01 M NaCl. Application of cycling baseline and high
NaCl caused substantial fluctuations in the effluent metal concentration. The metals that were adsorbed during
the baseline salinity periods were desorbed during the high salinity periods, leading to elevated concentrations of
metals in porewater and effluent. Flushing with water removed only Na from the fill media top layers, while
applying cysteine, as an environmentally friendly chelator, was demonstrated to be a promising approach to
mobilizing accumulated metals from top layers to deeper layers. The results suggest that incorporating seasonal
changes in environmental variables such as salinity enhances accuracy of contaminant transport modeling in fill
media.
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A. Behbahani et al.
1. Introduction

Stormwater runoff can be problematic due to the increased risk of
flooding and the potential for contaminant washoff (Obropta and Kar-
dos, 2007). Stormwater management is more challenging in urbanized
areas because developed lands (i.e., impervious surfaces) can increase
the likelihood of runoff and intensify its power to entrain built-up con-
taminants (Tang et al., 2021). Stormwater management practices
(SMPs) are among low impact development approaches that have been
widely employed to manage stormwater runoff to address quantity and
quality concerns (Kratky et al., 2017). SMPs capture stormwater runoff
from contributing drainage areas (e.g., roadways) and gradually drain it
to either downstream infrastructure and water bodies (e.g., sewer sys-
tem or surface streams) or groundwater, therefore, they have a potential
of being a point source of contamination for water resources (Ivanovsky
et al., 2018). A sustainable SMP design needs to holistically take into
account the water quality enhancement before discharging the storm-
water into water resources.

A variety of contaminants have been detected in stormwater runoff,
including nutrients, metals, and sediments (Davis et al., 2001). Among
these contaminants, sediments and metals can easily accumulate on
impervious surfaces during dry periods (Wei et al., 2019). Metals are
abundant and non-degradable constituents of urban runoff that have
been regulated by many entities due to their potential toxicity (Ander-
son et al., 2016). Engineered soils selected for use in SMPs (e.g., loamy
sand and sandy loam) often demonstrate good removal efficiencies for
most of the environmentally important metals such as Cr, Cu, Ni, Cd, and
Pb (Wang et al., 2016; Sangiumsak and Punrattanasin, 2014). However,
metal retardation in the fill media can be impacted by various factors
such as cation exchange capacity (CEC), pH, organic content, dissolved
oxygen, and salinity (Augustine, 2017; Degryse et al., 2009). Acosta
et al. (2011) demonstrated that runoff with higher salinity resulted in
greater mobility of Cu, Zn, Cd, and Pb through the soil media. In addi-
tion to the chemistry of runoff and fill media, physical characteristics of
fill media such as clay percentage may affect removal owing to high
organic content and small size of clay particles which promote metal
adsorption (Fonseca et al., 2011). It should be noted that in circum-
neutral environments such as stormwater runoff, the the exchangeable
fraction of metals that is subject to retardation and/or mobilization
(Tomczak et al., 2019; Boyer et al., 2018).

Stormwater management from both quantity and quality perspec-
tives is typically addressed through static design approaches, which
assume characteristics are constant over time. On the contrary, a dy-
namic approach takes into account temporal changes in characteristics.
One parameter that governs metal removal during infiltration is the soil-
water distribution coefficient (Kq), defined as the ratio of the solid-
associated metal concentration to its aqueous phase concentration at
equilibrium. Static metal transport models employ a fixed distribution
coefficient, while real-world data suggest a fixed distribution coefficient
may inaccurately estimate the capacity of fill media to retard metal
transport. For instance, metal removal efficiency were notably reduced
for Cu, Zn, and Cd in a SMP due to NaCl application in the wintertime
(Kratky et al., 2017). The high Na concentration competes with cationic
metals for sorption sites in the fill media, reducing metal distribution
coefficients. Additionally, Cl will form complexes with previously
adsorbed metals and release them, further reducing the distribution
coefficient (Behbahani et al., 2021). A distribution coefficient that is
responsive to environmental factors (i.e., dynamic) is a more realistic
approach to understand and model metal fate and transport. It is
particularly applicable in northern climates, where NaCl application in
the wintertime and its extended presence in the fill media through
spring, is unavoidable for safety reasons. However, the salt application is
not limited to safety measures in northern climates and a high salinity
condition can occur for an extended period in areas where salt is used as
a dust suppressant (Parvej et al., 2021).

Several studies have investigated the impacts of salt on metal
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mobility through porous media (e.g., Paus et al., 2014), however, only a
few of them have studied the cycling between high and baseline salinity
periods (McManus and Davis, 2020). For instance, Paus et al. (2014)
studied the impacts of high salt and low temperatures on the mobility of
Cu, Zn, and Cd using experimental columns and found that applying
1000 mg/L NaCl solution increased the mobility of all studied metals
through the porous media, while the low temperature decreased the
mobility of Zn and Cd, and increased the mobility of Cu. McManus and
Davis (2020) conducted column experiments to assess contaminant
mobility in response to episodic high NaCl concentrations (2000, 5000,
and 10,000 mg/L) as opposed to the baseline salinity of 20 mg/L. Each
episode of high salinity was repeated after every six baseline salinity
storms, and the elevated salinity resulted in higher porewater concen-
trations for all studied metals, nitrogen, and phosphorus. However, the
highest metal concentrations in porewater were observed in the first and
second baseline events after the high salinity event. They attributed
these observations to salt presence not only during the high salinity
application event but for an extended period of time afterward. Field
studies have also found that elevated salt concentrations in SMP fill
media persist beyond the freezing seasons (Flanagan et al., 2019;
McKenzie et al., 2019). The current study attempted to experimentally
monitor the impacts of cycles of baseline and high salinities, as opposed
to constant or pulse-induced salinities, to mimic real-world situations
more accurately.

The connection between elevated salinity and decreased sorption to
the fill media presents a potential challenge for metal management in
SMPs, however, it may also offer an opportunity for in-situ remediation
techniques. Accumulation of metals in the top layers of the fill media has
been observed in many SMPs (Walaszek et al., 2018; Anderson et al.,
2016; Nieber et al., 2014). Although metal accumulation is an essential
step for achieving water quality enhancement, it may also necessitate
timely maintenance activities, especially if surficial media concentra-
tions exceed regulatory values. Surficial soils with high concentrations
of adsorbed metals pose the potential risk of metals becoming resus-
pended or redistributed. Fill media maintenance can include soil
replacement, but this is relatively expensive and tedious, while in-situ
remediation can be less expensive and faster. Generally, in-situ and
ex-situ soil remediations (for metals) utilize chelators to release the
metals from the soil particles (Bolan et al., 2014). While a concentrated
NaCl solution may effectively mobilize metals, the resultant Cl
contamination renders NaCl an inappropriate remediation approach.
Dolev et al. (2020) studied the efficacy of environmentally friendly
chelators like proteinogenic amino acids, including cysteine, for metal
release in ex-situ experiments (i.e., batch experiments on disturbed soil).
Cysteine released ~65 %, ~15 %, ~30 %, and ~40 % of the Cd, Cu, Ni,
and Zn from the soil, respectively, which were notably higher than
washing the soil with water (which recovered less than 5% for all
studied metals). Decreasing the metal concentration in the top layers
may reduce the risk of surficial resuspension and redistribution. More-
over, calcium (Ca) is an important element for plant health and was not
released after applying cysteine (Dolev et al., 2020), while many other
chelators such as EDTA can mobilize Ca (Zhang and Tsang, 2013). The
current study included testing the potential of cysteine to flush down
metals as an in-situ (i.e., undisturbed media) remediation technique.
This type of approach (i.e., in-situ remediation) can be a promising and
cost-effective tool to remediate the surface of SMP fill media, where high
accumulation of contaminants occurs. These surficial contaminants are
prone to resuspension and redistribution, posing the risk of contami-
nation for surface water bodies. Applying a moderate and environ-
mentally-, environmentally friendly chelator like cysteine may not only
flush the surficial contaminants to the lower layers but also prevent
them from being fully flushed from the fill media (i.e., minimize the risk
of groundwater contamination).

Column experiments were conducted to investigate the impacts of
baseline, high, and cycling salinities on the long-term retardation of a
suite of metals (Cr, Mn, Fe, Cu, Zn, and Pb) for loamy sand media. These
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are metals that are abundant in the stormwater and of regulatory
importance (standards that exist or are under review) in both aquatic
and soil systems (US-EPA, 2002; US-EPA, 2003; US-EPA, 2017a;
US-EPA, 2017b). Additionally, they can be categorized as potentially
toxic elements (PTEs) due to their potential adverse impact on biota
(Anderson et al., 2016). The effect of fill media characteristics was also
considered, contrasting loamy sand and sandy loam in the cycling
salinity scenario, to assess the potential difference in metal retardation.
After reaching full breakthrough of metals in the top layers, flushing
treatments of tap water and 0.25 M cysteine were applied to test the
efficacy of each treatment to mobilize metals.

2. Materials and methods
2.1. Column construction and characteristics

Metal transport through the porous media was experimentally
evaluated using 8 bench-scale columns that represented 4 different
scenarios in duplicate, where the duplicates were designated as “A” and
“B”. Scenarios included: 1) static baseline salinity of 0.01 M (0.584 g/L)
NaCl in synthetic stormwater (SSW) applied to loamy sand media, 2)
static high salinity of 0.1 M (5.84 g/L) NaCl in SSW applied to the loamy
sand media, 3) dynamic baseline and high salinity cycles of SSW applied
to loamy sand media, and 4) dynamic baseline and high salinity cycles of
SSW applied to sandy loam media. Each column was run for ~4 months
to simulate ~14 years of real-world SMP service time. The cycling
salinity condition was created by applying SSW with baseline salinity for
96 h and applying SSW with high salinity for another 96 h; each 96-h
application window was equivalent to 6 months of SMP use (assuming
aratio of drainage area to the SMP infiltration area of 6 and Philadelphia
annual precipitation records; more details in Supplementary data A).
Characterization was performed to determine particle size distribution
(PSD), exchangeable sodium percentage (ESP), cationic exchange ca-
pacity (CEC) and organic content. ESP is representative of sodic level,
where ESP greater than 15 % is considered sodic fill media and not
appropriate for SMP use. CEC is defined as total available negatively
charged sites on the surface of particles that can bind with cations.
Owing to substantial impact of CEC on metal sorption, there are some
recommendations from agencies for the minimum required CEC of fill
media in SMPs. For instance, Philadelphia stormwater management
guidelines recommends employing fill media with at least 5 meq/100 g
soil (City of Philadelphia Planning and Research and City of Philadel-
phia Water Department, 2014). The 1 M KCI extraction method was
employed to estimate CEC of different samples (Ross and Ketterings,
2011). Organic content was estimated by the loss on ignition (LOI)
method, and PSD was analyzed by using an LS 13 320 Particle Size
Analyzer. Loamy sand media was composed of 85 % sand, 10 % silt, and
5 % clay; the organic content, ESP, and cationic exchange capacity were

2.540.21 %, 5.4340.12 %, and 8.36+1.12 1"5%1, respectively. Sandy

loam media was composed of 65% sand, 30% silt, and 5% clay; the
organic content, ESP, and cationic exchange capacity were 3.7+0.54 %,
5.66+0.20 %, and 10.43+2.33 {"O—‘Eﬁg, respectively. Table 1 summarizes
the properties of SSW, which was prepared using deionized water (DI)
with a resistance of 18.2 MQ-cm and the averages of environmentally
relevant concentrations that were observed during 4-years of storm-
water monitoring in Philadelphia, PA, USA (McKenzie et al., 2019). The
average and maximum Na concentration measured in stormwater runoff
in the aforementioned SMP monitoring were converted to NaCl con-
centration and used in this study for baseline and high salinity, respec-
tively. Additionally, the global average of event mean concentrations
(EMC) of studied metals in the influent to SMPs were extracted from the
International Stormwater BMP Database (2021) and are presented as a
reference for comparison.

Columns were constructed using PVC pipes with an inner diameter
(ID) of 10 cm and PVC endcaps. The total length of each column was

Journal of Hazardous Materials 440 (2022) 129779

Table 1

Nominal concentrations, chemicals, and suppliers for synthetic stormwater; the
Mean EMC column displays values reported from the international stormwater
BMP database (2021).

Value Chemical Supplier Mean
EMC
pH 7 HNO3; & KHCO3 Fisher Scientific & 7
Aquaponic
TOC, mg- 10 Humic acid Sigma-Aldrich 19
C/L
Cr, ug/L 30 Cr Sigma-Aldrich 8
(NO3)30.9H,0
Mn, pg/L 30 Mn(NO3)» Sigma-Aldrich 117
Fe, pg/L 600 Fe Sigma-Aldrich 1873
(NO3)30.9H,0
Cu, pg/L 60 Cu Sigma-Aldrich 40
(NO3)20.3H20
Zn, ng/L 150 Zn Sigma-Aldrich 129
(NO5),0.6H,0
Pb, nug/L 7 Pb(NOs), Sigma-Aldrich 45
NacCl, g/L 0.58" & NaCl Sigma-Aldrich 0.73¢
5.8"

# NaCl concentration in SSW with baseline salinity condition, equivalent to
0.01 mol/L.

b NaCl concentration in SSW with high salinity condition, equivalent to
0.1 mol/L.

¢ Mean EMC of total Na was converted to equivalent mean EMC of NaCl.

25 cm consisting of 15 cm of fill media (loamy sand or sandy loam) with
5 cm layers of gravel (grain sizes greater than 2.5 cm) on top and at the
bottom (Fig. 1). Fill media and gravel layers were separated by a non-
woven geotextile fabric (Underguard) to prevent the mobilization of
fine particles during the experiment. The fill media was damp packed in
2.5 cm layers, where porous media consistency was promoted by scar-
ifying the surface of the lower layer before adding the next one and
placing an equal mass of fill media for each layer, which created
consistent fill media porosity of ~ 0.45 in all columns. Micro lysimeters
(SoilMoisture Equipment Corp.) with an outer diameter of 0.95 cm were
installed into the packed fill media, per manufacturer instructions, to
collect porewater samples at 5 and 10 cm below the surface of the fill
media in an upward flow direction (Fig. 1), then the geotextile fabric and
top gravel layer were installed, followed by the cap. Holes were drilled
in the caps to pass through tubing (Cole Parmer, 3.2 mm ID silicone) and
lysimeters. Adhesive sealant was used to create a watertight seal with

gravel 2.5/cm effluent
fill media 5 ¢m
deep
fill media 9 ¢m ,
shallow {—
fil media . |
s¢m influent
gravel 2.5/cm

TI penstaﬁg: pump
)

Fig. 1. Schematic of the column and water flow; shallow and deep lysimeters
are defined based on the upward flow direction.
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the endcaps and to prevent leakage from the holes.

2.2. Tracer test

Tracer tests were conducted for each column prior to and after the
experiments to check the consistency of the water flow and fill media
packing among the columns. A flow rate of 5 mL/min, which was equal
to the main experiment flow rate, was used throughout the tracer test.
Bromide (Br) was chosen as the tracer (250 mg/L Br solution, from KBr
(Sigma-Aldrich), in DI water). Samples were collected from the effluent
and analyzed using a Br™ selective electrode (Thermo Scientific).
Retardation factor (R) of Br’, median residence time, and dispersion
coefficient were estimated from the tracer study by employing STAN-
MOD (details in Section 2.5). An ideal tracer would have a retardation
factor of 1 since theoretically, its distribution coefficient (Kg; kLg) equals

zero because it does not sorb to solids (Eq. 1). A threshold of +10 %
deviation in the estimated parameters (i.e., dispersion coefficient and
retardation factor) was defined as the index of consistency among
columns.

R—14+PKe 1
n

In which, p (%) is the fill media dry bulk density and n the is fill
media porosity.

Average R values, median residence time, and dispersion coefficient
of all columns in the beginning and at the end of the experiment were
1.03 £ 0.01, 220.44 4+ 7.44 min, and 0.012 4 0.004 cmZ/min, respec-
tively. The comprehensive report of tracer studies for each column is
presented in Supplementary data B.

2.3. Influent application and sample collection

The long-term performance of the fill media was evaluated by
applying a steady upward flow at 5 mL/min using a peristaltic pump at
room temperature of ~20 °C. The upward flow was chosen to facilitate
consistent saturated conditions and to limit potential hydraulic issues
such as preferential flow paths and short-circuiting near the column
inner walls (Paus et al., 2014). Equivalent service time was calculated
from the experimental setup considering the following: fill media pore
volume, applied accumulative influent volume, assumed loading ratio
(6; ratio of contributing to infiltration area), assumed annual precipi-
tation (Philadelphia region; 120 cm). An example calculation can be
found in Supplementary data A, and for the stated assumptions, ~107
pore volumes corresponded to 1 year of service. The experiments were
continued until full breakthrough for all the studied metals at the
shallow lysimeters was reached.

The distance from the surface was defined using the geotextile fabric
on the upgradient side as the datum (i.e., the surface of the fill media at
the bottom of the column, closer to the influent; Fig. 1). Porewater
samples were collected from shallow lysimeters (5 cm downgradient
from the datum), deep lysimeters (10 cm downgradient from the
datum), and effluent (15 cm from the datum) every 96 h, which was
equivalent to the introduction of ~ 54 pore volumes of SSW (more de-
tails and an example calculation are in Supplementary data A). After
each round of sampling, the salinity of cycling scenarios was altered,
while salinities remained unchanged for baseline and high salinity sce-
narios throughout the entire experiment. All the scenarios were tested in
duplicate columns, and randomly selected sample replicates were
collected during each round of sampling. Vacuum syringes were used to
extract samples from the lysimeters which were then transferred to
15 mL centrifuge tubes, while sampling from the effluent was collected
directly into 15 mL centrifuge tubes. All the sampling components,
including syringes and centrifuge tubes, were acid washed in a 5 %
HNOj3 bath. After collection, samples were acidified with 0.5% HCI 42 %
HNOj3 (v/v) and then stored at 4 °C until further analysis for metals.
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2.4. Fill media flushing and post-experiment dissection

Series A columns were flushed with tap water, while series B columns
were flushed with 0.25 M cysteine (assay > 99 % by Prescribed For Life)
for ~ 27 pore volume over a period of 48 h after completion of the
salinity experiments. The porewater and effluent samples were collected
before and after the flushing procedure. The difference in the pre-and
post-flush concentrations was used to evaluate the efficacy of each
remediation solution (i.e., tap water and 0.25 M cysteine) to mobilize
metals and Na.

After the flushing experiment, the columns were dissected, with fill
media samples collected at 2.5 cm increments (i.e., 6 depths for each
column). Fill media across the specified depth range was excavated
using an acid-washed plastic scoop and was dispersed on a plastic sheet
to air dry. After air-drying, the fill media was manually mixed and
subsamples from the mixture were collected and stored at —20 °C until
further processing. Samples were labeled based on the downgradient
end of the layer (e.g., the subsample collection from the 2.5-5cm
segment was labeled as 5 cm below the surface). Next, the subsamples
were oven-dried and the exchangeable metal concentrations were
extracted using 1 M MgCl, in duplicate based on the method developed
by Tessier et al. (1979). Exchangeable Na and metal concentrations (q
(mg/kg); Eq. 2) were analyzed and data were used to evaluate remedi-
ation efficacy.

VG,
M

@

in which, V (L) is the volume of extraction solution, C,, (ug/L) is the
measured concentration in the extraction solution, and M (g) is the mass
of fill media used in the extraction experiment.

2.5. Sample analysis and data processing

Elemental analysis was performed by an inductively coupled plasma
mass spectrometry (ICP-MS; Agilent 7900). Although samples were
analyzed for a suite of 54 elements, the targeted elements were Na, Cr,
Mn, Fe, Cu, Zn, and Pb. Analytical interferences were minimized with
helium and hydrogen gasses in the collision/reaction cells. Calibration
curves were prepared from stock solutions (Inorganic Ventures), and
values below the detection levels, which occurred mostly at the start of
the experiment and in less than 5% of the samples, were assumed half
detection level. Detection levels varied slightly based on the instrument
tuning for each run, however, the average detection levels for Na, Cr,
Mn, Fe, Cu, Zn, and Pb were 38.5, 0.5, 0.2, 0.7, 0.1, 0.2, and 0.03 pg/L,
respectively. A threshold of +30% deviation from target concentration
for calibration points was considered acceptable. Sample analysis
included three repeated measurements (MassHunter default settings)
and the relative standard deviation (RSD) of concentrations derived
from these measurements was checked to be less than 30%. A reference
material (NIST 1640A) was run every 20 samples to check for accuracy
and consistency. Moreover, the internal standard stability was moni-
tored continuously (+30% acceptability threshold) with a maximum
relative standard deviation of 5% for a sample’s repeated measurements.

Porewater and effluent concentrations were inversely fitted with the
analytical solution of the 1-D solute transport advection-dispersion-
retardation equation (ADRE; Eq. 3) by employing STANMOD (van
Genuchten et al., 2012). Eq. 3 assumes the system is advection domi-
nated which was confirmed by Peclet numbers (Eq. 4) found to be orders
of magnitude greater than 10 for metals (Appelo and Postma, 2005). The
CXFIT model, which assumed zero production and degradation at an
equilibrium state (i.e., reversible sorption processes occur instanta-
neously), was adopted to conduct the inverse fits. The data from each
sampling depth were fitted separately and retardation factors (R values)
for each metal and scenario were estimated. Retardation factors were
estimated at all sampling locations where full breakthrough was
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observed.
C LVR — %
— = 0.5erfe(——=2 3
c VT ®
uL*
Pe =
©="p, C)]

In which, C (ug/L) is the measured concentration at a specified
sampling location, Cy (ug/L) is the influent concentration, erfc is the
complementary error function, L (cm) is the sampling depth, u (cm/min)
is average linear velocity, t (min) is time, D (cm?/min) is dispersion
coefficient, Pe is Peclet number, L* (cm) is column characteristic
dimension (defined as ratio of volume to area of column), and Dy (cm?/
min) is diffusion coefficient.

The dispersion coefficients were fitted based on the tracer test and
then applied to the metal transport fitting. The coefficient of determi-
nation (r%) for comparison between observed metal concentrations and
theoretical metal concentrations from the analytical solution along with
confidence bounds of R values were derived from STANMOD. A
threshold of 0.95 for r? values was selected as an indicator of good fit.

The measured porewater metal concentrations in the cycling cases of
loamy sand and sandy loam were compared using linear regressions. The
regression parameters of , slope, and intercept along with estimated
confidence bounds were employed to assess the potential differences
between the performance of each fill media type. The regression was
performed on the data series from 5 cm below the surface during the
entire course of the experiment. Confidence bounds of slopes were
assessed and the difference between loamy sand and sandy loam was
reported as significant when the confidence bound excluded 1.

Two-tail paired t-tests were conducted on the aqueous and solid-
phase metal concentrations for statistical comparisons. The test was
conducted on the solid-phase metal concentration (q) profile over depth
to compare the tap water and cysteine treatments, and the paired
parameter was q at each sampling depth. Moreover, the test was con-
ducted to compare the time series of metal concentration (C) in pore-
water and at shallow depths derived from a transport model (Behbahani
et al., 2020) with the experimentally measured concentrations; the
paired parameter was C at shallow depth at each sampling time. The
threshold for a significant difference was selected as a p-value smaller
than 0.05 (i.e., 95% confidence level).

A mass balance was calculated for the metal introduced and retained
in the column system. The total metal mass (M, (mg)), introduced to
the system throughout the experiment, was calculated using Eq. 5, while
the retained metal mass in the fill media after tap water and cysteine
treatments (Myewinea (Mg)) Was estimated using Eq. 6. The exported mass
percentage (i.e., from the fill media) was calculated from M, and
Meuined using Eq. 7.

Mlol = O-OOICOth (5)
6
Mrelained = ZMiqi (6)
i=1
M ot Mre aine
exported mass(%) = —o 4 100 @

tot

In which, V,, (L) is the total introduced SSW volume, i is the fill
media layer number, M; (kg) is the mass of the fill media in layer i, and g;
(mg/kg) is the exchangeable metal concentrations in layer i.

3. Results and discussion

3.1. Metal retardation in static baseline and high salinity scenarios

The high salinity scenario significantly decreased the retardation of
all studied metals through the fill media compared to the baseline
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scenario. In the baseline salinity, Fe and Cu showed the highest re-
tardations, reaching full breakthrough at shallow depths after 1520 pore
volumes (Fig. 2a). Lead (Pb) was also notably retarded and reached full
breakthrough at shallow depth after 1450 pore volumes in the case of
baseline salinity. Full breakthrough of Cr at shallow depth was achieved
after ~1000 pore volumes, indicating moderate retardation compared
to Cu, Fe, and Pb. Such differences among retardation of studied metals
were also observed in the high salinity scenarios, but the times to reach
full breakthrough at 5 cm were substantially reduced to ~600 pore
volumes, indicating lower retardation (Fig. 2b). Generally, Mn and Zn
were abundant in the fill media and they leached substantially from the
fill media, resulting in porewater and effluent concentrations exceeding
the influent concentrations (i.e., C/Cop > 1) in all tested scenarios
(Fig. 2). Duplicate uncertainty, shown as standard deviations, are shown
for different metals in various scenarios and depths in Supplementary
data C (Fig. C4 to Fig. C27).

The porewater concentrations in the deep lysimeters and the column
effluent also confirmed increased mobility of metals in high salinity
conditions. For instance, Cr did not reach full breakthrough at either the
deep lysimeters or the effluent in the baseline salinity, while full
breakthrough of Cr at these sampling depths occurred after almost five
years of service in the case of high salinity SSW (Fig. 3a). Similar trends
were observed for Fe, Cu, and Pb, however, Fe reached only about 60%
of its full breakthrough in the effluent under high salinity condition
(Fig. 3b, ¢, d).

The rank order of R values associated with baseline salinity at
shallow depth was (from greatest to least retardation) Cu > Fe > Pb
> Cr, while this ranking changed to Fe > Cu > Pb > Cr in the high
salinity scenario (Table 2). Such a shift between Fe and Cu in the ranking
revealed the differences in the salinity effect on R values for these two
metals. The R values of Cr, Fe, and Pb decreased by a factor of ~ 3 in the
high salinity scenario, while the R value of Cu decreased by a factor of
4.3 (Table 2). Behbahani et al. (2021) conducted batch experiments to
evaluate the impacts of salinity from different concentrations of various
salts on metal Kq values. It was found that increasing the concentration
of NaCl from 0.01 M to 0.1 M reduced the K4 values of Fe and Pb to a
greater extent compared to Cr and Cu, while the current study suggested
Cu was impacted more than other metals. Interactions between organic
matter, which was included in the influent of the current flow-through
study, and Cu may explain the reason; the SSW was not filtered or
centrifuged before introducing it to the columns and therefore likely
included particulate organic matter that could be retained on the top
layer of the fill media. Organic matter impacts the mobility of Cu to a
notable extent (Nelson et al., 2009; Blecken et al., 2009; Amrhein et al.,
1992) and could immobilize Cu in the baseline salinity condition,
resulting in higher retardation compared to other metals. However,
particulate organic matter may also be subject to dissolution and higher
mobility when exposed to a high salinity condition (Tedoldi et al., 2017,
Wong et al., 2010). The greater influence of salinity on Cu vertical
retardation may be derived from organic matter-induced transport.

Assessment of R values at multiple depths was feasible in the high
salinity scenario because full breakthrough at deeper layers was ach-
ieved. Such assessment revealed that the retardation of metals at various
depths was generally consistent, except for Cr which exhibited a sig-
nificant decline in the R value from the shallow lysimeter to the effluent
(Table 2). Generally, the goodness of fits and confidence bounds of R
values were within the acceptable range of r? greater than 0.95
(Table 2), except for the cases of Mn and Zn for which substantial
leaching from the media likely contributed to poorer fits. In both base-
line and high salinity scenarios, the Zn concentration increased from
shallow to effluent depths (Supplementary data C). Although Mn
leaching was also observed throughout the media in both scenarios, the
Mn concentrations decreased from shallow to effluent depths (Supple-
mentary data C). The R values of Cr, Fe, Cu, and Pb were reliable owing
to meeting the predefined statistical criteria (Section 2.5).

Potential changes in adsorption capacity of the fill media over depth
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porewater concentrations from columns and their replicates were used.

— & —deep-high salinity —— effluent-high salinity

Year of service
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

0 217 435 652 869 1086 1304 1521
Pore volume

Year of service
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

c-Cu

0 217 435 652 869 1086 1304 1521
Pore volume

— & —deep- baseline salinity

—— effluent-baseline salinity

Year of service
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1.2 T T T T T T T T T T T T T 1

b- Fe Ay X
l e s s s e s e m s A S A S
A/& »
0.8 &~
’
0306 /i( by A
< F a :\D/\J/\
/ .
[s) 4 N -
0.4 | A /3/
. A oy
02 e A &
LA = g
S LS S D T
0 a8 L= & L J n " I
0 217 435 652 869 1086 1304 1521

Pore volume

Year of service
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

0 217 435 652 869 1086 1304 1521
Pore volume

Fig. 3. Normalized porewater concentrations of metals at deep (10 cm below the surface) and effluent (15 cm below the surface) depths of baseline salinity and high
salinity scenarios for a- Cr, b- Fe, c- Cu, and d- Pb; the averages of porewater concentrations from columns and their replicates were used.

may depend on a variety of factors, including depth-dependent trends in
porewater concentrations of salt and metal, organic content, pH,
oxidation-reduction potential, dissolved oxygen, and fill media particle
size distribution (Tang et al., 2019; Wong et al., 2013; Acosta et al.,
2011; Degryse et al., 2009; Norrstrom, 2005; Benoit and Rozan, 1999;
Tessier et al., 1979). As water infiltrates, dissolved oxygen levels may
decrease, resulting in more reducing conditions. Under reducing con-
ditions, manganese hydroxide, which is an important soil functional
group for metal adsorption (Kelly et al., 2020; Du Laing et al., 2009),
may cause Mn (III) to be reduced to Mn (II), decreasing the capacity of
the media for metal sorption. The release of Mn from the fill media even
in the baseline salinity may suggest that such phenomenon occurred
during the experiment because Mn (II) is more mobile than Mn (III)
(Oldham et al., 2019; Luo et al., 2018). However, such changes in Mn
speciation may have impacted Cr retardation to a greater extent

compared to other cationic metals. As an oxyanion in a neutral envi-
ronmental system (Benjamin, 2015), Cr interactions are different
compared to other cationic metals. The adsorption of Cr is governed
more by chemical bonds with soil functional groups than by electrostatic
attraction onto the soil particles. Islam et al. (2020) reported soil func-
tional groups bind with the inner and outer sphere chromate complexes,
resulting in Cr adsorption, which might explain the significant decrease
in Cr retardation over depth, while no significant trend for other metals
was observed. However, additional studies are needed to more
comprehensively test these potential mechanisms such as trends in
dissolved/particulate organic matter, and media particle size distribu-
tion over depth. Longer columns would better facilitate this
examination.

High salinity increased the mobility of metals because equilibrium
sorption capacity was decreased in the presence of elevated salt
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Table 2

Retardation factors (R values) of Cr, Fe, Cu, and Pb in shallow depth of baseline
and various depths of high salinity along with their statistics, derived from
CXFIT inverse fit. Values after” + ” represent the 95% confidence bound; NA
stands for not applicable when a full breakthrough was not achieved.

shallow- baseline  shallow- high deep- high effluent- high
salinity salinity salinity salinity
R value ? Rvalue r? Rvalue 12 R r
value

Cr 1233 0.99 396 0.95 315 0.97 293 0.99
+ 26 + 26 +12 +6

Fe 1957 0.98 654 0.95 688 0.98 NA NA
+ 32 + 46 + 15

Cu 1995 0.99 463 0.99 469 0.99 447 0.99
+ 31 +12 +11 +8

Pb 1437 0.95 444 0.98 406 0.98 443 0.99
+ 59 +19 +12 +7

concentrations due to cation exchange and formation of chloro-metal
complexes (Behbahani et al., 2021; Wong et al., 2013; Bradl, 2004).
Behbahani et al. (2021) reported that under a scenario of 0.1 M NaCl
concentration, cation exchange was the most important contributor to
lower distribution coefficient values (K4q) of metals (i.e., less retarda-
tion). The dominant mechanism of metal adsorption to soil is the elec-
trostatic attraction of cationic metals to the negatively charged surface
of particles (e.g., loam and clay particles). The elevated concentration of
Na competes with cationic metals at concentrations that are orders of
magnitude lower, which reduces the metal adsorption onto soil particles
(i.e., causing a reduction in Kg). Other studies have also reported
increased metal mobility in response to salt application. Paus et al.
(2014) investigated different fill media by treating columns with
1000 mg/L NaCl and found the effluent concentrations (15 cm below
the surface) of Cd and Zn substantially increased after NaCl application,
while Cu was less impacted by NaCl in media. As discussed previously,
Cu was more impacted by salinity in the current study, potentially due to
the presence of organic matter in the SSW used in the current study
compared to organic matter-free influent for the column experiments by
Paus et al. (2014). Sgberg et al. (2017) tested the performances of
different pilot-scale bioretention cells under baseline and high salinity
conditions and found that metal mobility generally increased, resulting
in lower removal efficiencies. They also observed cases of substantial
leaching of Cu and Pb in the presence of high salt. Wen et al. (2019)
studied the impacts of saline coastal water on groundwater quality and
showed the higher salinity resulted in higher metal concentration and
associated health risks, potentially due to elevated dissolved form of
metals.
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3.2. Metal retardation in dynamic cycling scenarios

Influent salinity cycling was associated with notable variations in the
porewater concentrations in both loamy sand and sandy loam media,
indicating fluctuations in the fill media sorption capacity and resultant
metal retardation. As hypothesized and in line with the findings from
Section 3.1, both media had substantially higher effluent and porewater
metal concentrations, associated with lower metal retardation, during
the high salinity periods for all the studied metals. Normalized pore-
water concentrations at shallow depth at the end of each cycle are shown
in Fig. 4. The average porewater concentrations (average of baseline and
high salinity scenarios) gradually increased and plateaued, similar to a
classic breakthrough curve, suggesting that metals accumulated in the
media over time. For samples associated with the high salinity periods,
metal concentrations at shallow depths frequently exceeded the influent
concentrations in the cycling scenarios, suggesting desorption from the
media (Fig. 4). Zinc and Mn porewater concentrations were more
notably affected by the dynamic cycling scenarios compared to static
baseline and high salinities (Fig. C1 and C2 in Supplementary data C).
Evidence of salinity-induced desorption was also exhibited by Cr, Fe, Cu,
and Pb, which did not exceed C/Cp~1 during the static high salinity
scenario. For instance, Pb porewater concentrations at the shallow depth
in the dynamic cycling scenario of loamy sand media exceeded the
influent concentration (i.e., C/Cy > 1) after ~ 650 pore volumes
(Fig. 4a), in corresponding pore volumes, Pb did not reach full break-
through (i.e., C/Cp < 1) in the static baseline salinity (Fig. 2a) and did
not exceed the influent concentration in the static high salinity (Fig. 2b).
This comparison is also depicted in Fig. C3 of Supplementary data C.

Higher metal adsorption during baseline periods resulted in elevated
accumulation in the fill media. When the high salinity period began,
these accumulated metals desorbed, leading to elevated porewater and
effluent concentrations. High salinity periods not only undermined the
ability of the fill media to adsorptively remove metals but also desorbed
metals that had become solid-associate during the low salinity periods.
This effect was not observed in the static high salinity scenario because
the capacity of the fill media was consistently low, and a constant dis-
tribution coefficient governed the mass distribution between aqueous
and solid phases. Metals such as Cr, Pb, Fe, and Cu, which did not have a
substantial source in the fill media, only reached full breakthrough (i.e.,
equal incoming and outgoing concentration) in the static high salinity
scenario. The changes in distribution coefficient, as a result of variations
of salinity in dynamic cycling cases, resulted in the accumulation of
metals in the fill media during baseline periods. Such accumulation
acted as a source of metal during high salinity periods. The distribution
of mass in the high salinity periods changed in favor of the aqueous
phase, resulting in added metal mass to the incoming mass (i.e.,
desorption). This has important practical implications because roadway
runoff may have highly variable salinities which are greatly influenced
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Fig. 4. Normalized porewater concentrations of studied metals at shallow depth (5 cm below the surface) of cycling scenario for a- loamy sand media and b- sandy
loam media; shaded area represents the periods of high salinity application; the averages of porewater concentrations from duplicate columns are presented.
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by salt employed as a deicer in northern climates or as a seasonal dust
suppressant for unpaved roads. In either case, the stormwater runoff
would flush the salt from the contributing surface to the SMP fill media,
where the salt can remain for an extended period of time, creating a
cycle of high salinity condition. Subsequent storms would eventually
flush the salt from the SMP fill media, creating a baseline salinity cycle.
This process cannot be modeled in a static approach that employs a
constant retardation factor for the fill media. It highlights the impor-
tance of dynamic contaminant fate and transport modeling, which ac-
counts for temporal variations due to environmental factors.

Applying dynamic R values to a previously developed contaminant
transport model (Behbahani et al., 2020) revealed a similar fluctuating
pattern when dynamic salinity was modeled. For instance, normalized
Pb porewater concentration at 5 cm below the surface for two scenarios
are shown in Fig. 5: a- dynamic cycling salinity scenario via applying
rotating high and low R values (presented in dotted red line), and b-
static salinity scenario via applying a constant R value that was the
average of low and high R values of the high and baseline salinity sce-
narios (represented by black dashed line). In the static scenario, the fill
media performance was overestimated in the high salinity condition or
underestimated in the baseline salinity condition. Hence, even using an
average R value could not predict the metal transport accurately.
Although using a constant average R value may provide insight into
gradual accumulation in the media, employing dynamic R values could
more accurately model the real environmental systems. A paired
two-tailed t-test was conducted to compare the measured porewater
concentrations from the cycling experiments with those derived from
the model. Generally, there was not a significant difference between the
data sets, suggesting that the use of a different R value for low and high
salinity components of the cycle reasonably reproduces the porewater
concentrations. For instance, statistical comparison for Pb in the shallow
depth between model and cycling salinity of loamy sand fill media
yielded a p-value of 0.045 (Table D1 and Fig. D1 in Supplementay data
D). The dynamics of the cycling salinities resulted in similar high fluc-
tuation in concentrations at deep lysimeter and effluent sampling loca-
tions, similar to what was observed in the shallow lysimeters. The
reduction in Fe concentrations at effluent relative to deep lysimeters was
generally more notable than other metals (Fig. D3 in Supplementary
data D), which might be due to differences in desorption mechanisms in
presence of NaCl. Behbahani et al. (2021) showed that under 0.1 M NaCl
treatment, formation of chloro-metal complexation did not effectively
contribute to Fe desorption compared to cation exchange, while

1.2 T
1t
0.8
(=]
Q o6
(&)
04
0.2
— — —Pb at 5 cm; static constant R
).' ---------- Pb at 5 cm; dynamic cycling R
12 3 4 5 6 7 8 9 10 11 12 13 14
Time (year)

Fig. 5. Normalized porewater concentration of Pb at 5 cm below the surface,
derived from a previously developed model (Behbahani et al., 2020) by using
cycling and constant R values; the constant R value was the average of low and
high R values that were used in the cycling scenario.
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chloro-complexation played a more important role for desorption of Cr,
Cu, and Pb. This suggests Fe is impacted by chloride-induced mobility to
a lesser extent. Therefore, Fe desorption lacks one of the main mecha-
nisms (i.e., complexation), resulting in limited desorption over depth
when comparing to Cr, Cu, and Pb.

Limited differences were observed between the sandy loam and
loamy sand porewater and effluent concentrations. Generally, the r2
values, derived from the statistical regression analysis of porewater
metal concentrations in loamy sand and sandy loam fill media under
cycling salinity scenario, were greater than 0.95 for Cr, Fe, Cu, and Pb.
The confidence bound of regression slopes included 1 for Mn, Fe, Cu, and
Zn, suggesting an insignificant difference in porewater concentrations
(Tables E1 - E4 in Supplementary data E). For instance, Fig. 6 and
Table 3 presents the statistical analysis result for the case of Cr. As can be
seen, porewater concentrations were slightly lower (<15 %) in the sandy
loam media owing to greater adsorption, but the differences were sig-
nificant for Cr (regression slope excluded 1). Lead (Pb) also revealed the
same behavior as Cr (i.e., statistically significant difference when
comparing loamy sand and sandy loam; Fig. E5 and Table E5 in Sup-
plementary data E).

The statistical analysis to determine the significance of the difference
was confirmed through another approach. The observed concentrations
in sandy loam and loamy sand shown in Fig. 6 were rotated clockwise by
45° (i.e., transformed coordinates) to analyze the p-value of the
regression slope. The transformed slope p-value represents the differ-
ence from a zero slope, which is equivalent to the difference from a slope
of one (i.e., equal concentrations) in the real system shown above. For
Cr, the slope regression p-value was 0.04, which indicates a significant
difference between sandy loam and loamy sand. This p-value is in line
with the 95 % confidence interval of the regression slope in Table 3 that
excludes a slope of one.

The substantial fluctuations and episodic desorption observed for
sandy loam and loamy sand suggest that there is not a practical differ-
ence in expected performance for metals removal in locations with
seasonal salt application. Though the sandy loam media had 20 % more
silt, higher organic content, and greater cationic exchange capacity,
improved metal retardation was generally not observed. Therefore,
practitioners may prefer loamy sand media (i.e., limit the amount of silt
and clay to 15 %) to meet their infiltration rate and metal retardation
interests. While increased fine particles in sandy loam did not notably
improve metal retardation, elevated NaCl concentrations can induce
stability of the fine particles (Behbahani et al., 2021) and clay dispersion
(Oster et al., 2016), resulting in fill media clogging and decreased
infiltration rates.

Hagq et al. (2018) studied the impacts of episodic NaCl pulses on the
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Fig. 6. Linear regression of measured Cr concentrations at the shallow sam-
pling depth (i.e., 5 cm below the surface) of loamy sand and sandy loam media
under cycling salinity scenario; samples were collected throughout
the experiment.
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Table 3

Statistical parameters derived from the regression between Cr concentrations at
the shallow sampling depth (i.e., 5 cm below the surface) of loamy sand and
sandy loam media under the cycling salinity scenario.

Coefficients Standard Error Lower 95 % Upper 95 %
Intercept 2.67 0.93 0.75 4.58
Slope 0.85 0.04 0.76 0.93

water quality of 12 large Eastern US watersheds and found significant
trends of higher dissolved concentrations of cations, nutrients, phos-
phorus, and organic matter from hours to days after snowstorms that
were followed by salt deicer application. Mullins et al. (2020) investi-
gated seasonal patterns in the outflow of two infiltration-based green
infrastructure (GI) sites in Pittsburg, PA, and recognized impacts of NaCl
deicer as one of the main chemical drivers of the seasonal alterations in
the GI performance, including substantially higher dissolved concen-
trations of metals such as Pb, Cu, Cd, and Zn as a response to NaCl
application. McManus and Davis (2020) studied the impacts of periodic
NaCl application (one high salinity event every 6 baseline salinity
events) in experimental columns. They showed elevated concentrations
of a range of contaminants, including metals, that occurred in the
effluent during the first two events after the high salinity event (each
event was equal to ~ 3 pore volumes, assuming a porosity of 0.45). This
highlights that influent salt can change fate and transport of contami-
nants but also the retention of salt in the fill media is impactful.

Generally, mobility of metals can significantly increase in different
environmental systems under high salinity conditions. For example,
higher salinity enhanced the transport of metals in a river system (Zou
et al., 2022). The impacts of salinity on metals adsorption/desorption
behavior are not limited to the soil particles or stormwater management
systems. For instance, Maity et al. (2021) studied the influential factors
of metals adsorption onto micro and nano plastic particles and found
high salinity decreased metal adsorption due to increased competition
between electrolytes, resulting in increased ecotoxicity of the system. In
similar research, Liu et al. (2022) showed the presence of either
monovalent or divalent salts inhibited the adsorption of Pb (II) onto the
surface of microplastics, though divalent salt limited the adsorption to a
greater extent. A comprehensive statistical-based field and laboratory
investigation of metal adsorption/desorption process in aquatic envi-
ronments revealed that environmental factors such as pH and salinity
affect the weakly-bound metals (i.e., exchangeable fractions); higher
salinity and lower pH was associated with higher metal desorption,
where pH was shown to be a more impactful statistical factor (Miranda
et al., 2022).

—e—Pb —= -Cr Mn
q (mg/kg) - Log scale
0 1 10 100
0 i , .
a- flushed with tap water
25 / 9 I+ X
—~ 5t d : ¥
G et
= L
5 T 7 ?K—:F
o v P
[ y
® 10 x o
12,5 >K H‘
15 L >;< 5

Depth (cm)

Journal of Hazardous Materials 440 (2022) 129779
3.3. Fill media flushing

Flushing with cysteine mobilized most metals compared to flushing
with tap water. The analysis of fill media extracts for metals clearly
showed lower concentrations in top layers (i.e., 2.5 cm below the sur-
face; Figs. 7 and 8) for all the studied metals except Zn, after applying
cysteine treatment when comparing to tap water treatment. Flushing
with cysteine impacted the fill media exposed to baseline salinity to the
greatest extent, while the lowest response was observed for the high
salinity scenario. Since remediation is applicable and more relevant in
case of high accumulation, the discussion in this section describes the fill
media remediation experiments for the baseline salinity scenario, and
the data for remediation experiments of other scenarios can be found in
Supplementary data F. The fill media concentration profiles before
flushing treatments were unavailable because the columns could not be
dissected prior to flushing experiments. However, it is likely that the fill
media concentration profile of tap water treatment in the baseline
salinity scenario is reflective of the pre-treatment condition because the
measured porewater concentrations before and after tap water treat-
ments were essentially unchanged (Fig. G1 and G2 in Supplementary
data G; all scenarios presented in Supplementary data G). For reference,
the metal concentration profiles from the tap water-flushed system are
shown in Fig. 7a (x-axis is a log scale), which shows that metals con-
centrations decreased with depth.

When the cysteine treatment was applied, two important alterations
occurred in the metal concentration profiles. Firstly, the metal concen-
tration profiles changed in response to the cysteine treatment, resulting
in a quasi-increasing depth profiles (Fig. 7b; x-axis is a log scale) due to
metal mobilization. A linear regression model was employed to quantify
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the changes in the metal concentration profiles in the fill media after
flushing with tap water and cysteine. In this regression model (Eq. 8),
the metal concentration in the fill media (q, mg/kg) was the dependent
variable, and depth (d, cm) was the independent variable.

q=ad+b ®)

In which a (mg/(kg.cm)) is the regression slope and b is the regres-
sion intercept.

A negative slope refers to decreasing concentration over the fill
media depth, while a positive slope refers to an increasing trend. The
impacts of tap water or cysteine treatments were evaluated by
comparing the slopes associated with each treatment. The significant
difference was defined as cases in which the confidence bound of esti-
mated slopes did not overlap. The qualitative assessment of the con-
centration profiles, which indicated the concentration profiles changed
from decreasing to quasi-increasing after treating with cysteine, was
confirmed by the quantitative evaluation in almost all cases (i.e., more
positive slope; except Cu in high salinity scenario; Fig. 9¢). However,
increased slope values were significant only in the baseline salinity
scenario for all metals, and there were cases such as Fe and Cu in high
salinity and Cu and Pb in cycling salinity of sandy loam that did not
show a significant increase in the regression slopes (Fig. 9). Cr is an
example to the contrary, where the slope in the baseline salinity scenario

significantly increased from —1.96 kgfm in the tap water treatment case
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to 0.24 kgcgm in cysteine treatment (Fig. 9). A negative slope showed
decreasing concentration trend in the concentration profile, while a
positive slope indicated an increasing trend in concentration over depth.

Secondly, the metal concentrations in the fill media top layer (i.e.,
2.5 cm below surface) of cysteine treatment notably dropped compared
to their corresponding values from tap water treatment (Figs. 7 and 8).
After flushing the baseline salinity column with 0.25 M cysteine solution
for ~ 27 pore volumes, concentrations of exchangeable Cr, Fe, Cu, and
Pb in the top layers of fill media decreased by factors of 3.3, 4, 5, and 2.5,
respectively. For instance, Pb concentration notably decreased from ~
5 mg/kg at 2.5 cm below the surface in the tap water treatment (Fig. 7a)
to ~2 mg/kg in the cysteine treatment (Fig. 7b), suggesting that cysteine
mobilized Pb from the top layer more than tap water. Additionally,
statistical analysis (two-tail paired t-test on concentration profiles
shown in Fig. 7) revealed that cysteine was significantly (i.e., p-value <
0.05) more efficient in flushing Cr, Fe, Cu, and Pb in the baseline sce-
nario (Table 4).

The concentration of Na in the top layer of baseline and high salinity
scenarios decreased from ~100 mg/kg in the tap water treatment to
~72 mg/kg in the cysteine treatment, respectively (Fig. 7). However,
the paired t-test analysis of the concentration profiles did not show a
significant difference of treatments on the Na concentration profile in
baseline salinity condition (p > 0.05; Table 4). Such insignificant impact
from cysteine suggested applying tap water can effectively flush Na from
the top layers and there is no need to apply a chelator for this purpose.
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Table 4
p-values derived from the paired t-test of concentration profiles over depth after
flushing with tap water and cysteine for all the studied scenarios.

baseline high cycling - loamy cycling - sandy
salinity salinity sand loam

Na 013 <0.01 <0.01 <0.01

Cr <0.01 0.16 0.02 0.69

Mn 0.32 0.68 0.03 0.46

Fe 0.03 0.42 0.70 0.56

Cu <0.01 0.02 0.26 0.53

Zn 0.87 0.16 0.03 <0.01

Pb <0.01 0.12 0.34 0.21

Impacts of cysteine in remediation of the top layer as a ratio between
the two treatments based on the solid-associated concentrations in the
top layer of the fill media is summarized in Fig. 8. Sodium (Na) and all
the studied metals were moderately mobilized by cysteine from top
layers, indicated by ratios smaller than 1. It can be concluded that
employing cysteine can remediate top layers of the fill media and it can
be significantly more effective during baseline salinity seasons (i.e.,
summer and fall), most likely due to higher metal accumulation.

The study of the metal mass balance over the 15 cm depth of the
installed fill media indicated that metal mobilization due to cysteine
treatment did not result in substantial export of metals from the effluent
in the baseline salinity scenario. Total incoming and fill media retained
masses for Cr, Fe, Cu, and Pb after tap water and cysteine treatments are
shown in Fig. 10 for the baseline and high salinity scenarios. These
metals were effectively retained in the baseline salinity and were present
at low concentrations in the effluent samples, which suggested the
majority of the total introduced metal loads were sorbed onto the fill
media during the baseline condition. This is consistent with low effluent
concentrations observed throughout the experiments shown in Fig. 3.
The minimal difference between total introduced mass and retained
mass after tap water treatment in the baseline scenario also confirms
that the fill media concentration profile of the baseline salinity scenario
after tap water treatment is a good approximation of the pre-treatment
condition. Interestingly, the retained mass of metals after cysteine
treatment was not substantially different from those treated with tap
water (Fig. 10), suggesting that the metals were relocated within the
column fill media but not substantially exported. Cysteine treatment
resulted in exporting 29 %, 3 %, and 13 % of the available mass of Cr, Fe,
and Cu, respectively (Table F1 in Supplementary data F). The mass of Pb
in the fill media increased slightly (i.e., 16 %) after cysteine flushing,
which might be due to uncertainties associated with the mass balance
approximations such as heterogeneity of the fill media subsampling.

The chelation provided by 0.25 M cysteine treatment showed mod-
erate evidence of remediation of the top layers. Stronger chelators were
not tested in these experiments but they may mobilize the previously
captured metals in an uncontrolled manner, including exporting them
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out of the fill media layer. Employing a strong chelator may require a
porewater collection system in SMPs to collect exfiltrating contaminated
porewater before reaching underlying groundwater. Optimal (i.e.,
optimal concentration and volume of treatment solution) application of
a moderate chelator such as cysteine may mobilize the metals from the
surface to deeper layers of the fill media in a controlled condition.
Exported metal mass in high salinity and cycling scenarios were higher
than baseline due to reduced retardations (Fig. 10, Fig. F3, and Fig. F5 in
Supplementary data F). However, the comparison between tap water
and cysteine treatments revealed notable differences in exports after
cysteine treatment in cycling sandy loam versus those of baseline, high,
and cycling cases for loamy sand (Table F1 in Supplementary data F).
Cycling salinity scenario applied to sandy loam media was the only case
that showed notable export of mass (i.e., from 25 % to 53 %) after
treating with cysteine, which might be attributed to added 20 % loam in
this type of fill media (Table F1 and Fig. F5 in Supplementary data F).
This finding suggests caution should be taken for cysteine treatment
when the fill media is comprised of more than 15 % loam.

The amine (-NHy), thiol (-SH), and hydroxyl (-OH) functional groups
in the cysteine structure are the chelating agents that can bind with
metals in the fill media, resulting in a phase transfer from solid-
associated to the aqueous. It should be noted that cysteine is not
known to be a toxic compounds for environmental systems when present
in concentrations of 0.25 M. Stability constants of metal-cysteine com-
plexes (i.e., Log f, defined as the logarithm of the equilibrium constant
for the complexation reaction between cysteine and metal; Benjamin,
2015; Berthon, 2007) are greater than those of metal-tap water because
tap water does not contain amine and thiol. The cysteine solution was
made from mixing cysteine in tap water. Therefore, cysteine solution
contained extra chelating agents beyond those present in tap water,
facilitating greater formation of metal complexes. Metal oxidation state
impacts its complexation with ligands, including cysteine. Chromium,
Mn, and Fe are mostly present in the soil in an oxidation state of III,
while Cu, Zn, and Pb can be found in soil in an oxidation state of IT (Kelly
et al., 2020; Wuana and Okieimen, 2011). Considering these oxidation
states, the metal-cysteine stability constants in the form of Log f can be
ranked as Cr > Zn > Pb > Cu > Fe > Mn (Berthon, 2007). The mobili-
zation of metals in the current study, represented by changes in pore-
water concentrations in the shallow depths, reported in Fig. G1 in
Supplementary data G, did not fully follow the rank of stability constants
(which was observed to be Cu > Fe > Cr > Pb > Mn > Zn in the baseline
salinity of the current study; Figs. 7 and 8). This may partially be
attributed to sampling over the depth of the columns and exposure to
NaCl as opposed to batch tests that had been conducted to estimate
stability constants in the study by Berthon (2007). The presence of fill
media and NaCl potentially changes the chemistry compared to batch
experiments, which did not include those, to estimate the stability
constants. Nevertheless, more robust column studies coupled with batch
experiments and speciation modeling need to be implemented to better

cysteine treatment

r  b- high salinity

Cu Pb

Cr Fe

Fig. 10. Mass of Cr, Fe, Cu, and Pb associated with the total introduced SSW, and retained in the entire fill media (i.e., 15 cm fill media) after tap water and cysteine
treatment for the a- baseline salinity and b- high salinity scenarios; y-axis is in the Log scale.
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understand the mechanisms and implications of cysteine application for
metal mobilization in stormwater management fill media.

Dolev et al. (2020) investigated the efficacy of a group of proteino-
genic amino acids, including cysteine, in ex-situ soil remediation, and
showed the moderate potential of cysteine to remediate contaminated
soil from Cd, Ni, Zn, and to a lesser extent from Cu. They also demon-
strated that proteinogenic amino acids can be considered environmen-
tally friendly chelators because unlike stronger metal extractors (e.g.,
EDTA and HCl), they did not extract Ca and did not change the particle
size distribution of soil. Liu et al. (2018) did a comprehensive review of
different in-situ and ex-situ soil remediation methods and reported
in-situ soil flushing can be a non-invasive, low-cost soil remediation
technique but may have a potential risk of groundwater pollution. The
results from the current study revealed that employing cysteine, a
moderate chelator, as an extraction treatment for in-situ soil remedia-
tion, may mobilize metals only to a limited extent to clean the top layer
as well as create a more evenly distributed concentration profile over the
fill media depth. A cleaner fill media top layer may substantially lower
the risk of surficial contamination resuspension, which is a probable
scenario in SMPs under certain conditions such as high intensity storms
(Behbahani et al., 2022). However, more investigation is still needed to
optimize the concentration and volume of extraction treatments based
on the site specification (e.g., fill media depth and degree of metal
contamination), as well as to test the functionality of other amino acids
for in-situ soil remediation. Additionally, maintaining plant health by
cleaning part of the root zone, which depends on the plant type, may be
achieved by determining the optimal treatment that allows metal
mobilization to desired depths.

3.4. Environmental implications

Application of NaCl as a safety measure in northern climates as well
as a seasonal dust suppressant results in higher salinity stormwater
runoff, challenging the capability of SMPs to improve water quality
through sorbing metal. This study showed the importance of improving
the contaminant transport models to dynamically simulate the envi-
ronmental factors (e.g., salinity). The results of the tested media in this
research demonstrated adding loam (clay+silt) to the composition of
engineered fill media in amounts higher than 15 % does not practically
increase metal retardation when long-term salinity cycling is expected.
Fine sediments are susceptible to clay dispersion when exposed to high
concentrations of NaCl and this can adversely impact the infiltration
capability of the fill media. Therefore, limiting the amount of loam in
engineered fill media in northern climates can be an option to maintain
infiltration rate while meeting metal retardation goal. Low-cost in-situ
fill media remediation can be performed by applying cysteine as an
environmentally friendly metal chelator in late summer/fall (under
baseline salinity condition). Also, flushing the SMP fill media with water
in early spring (after freezing season) can moderately clean the top
layers of the fill media from salt. Flushing down metals and salt from top
layers is an easy and helpful maintenance activity that can impede
surficial resuspension and redistribution of contaminants.

The dynamic transport modeling can be extended by considering
other environmental factors (e.g., organic content, DO, pH, etc.) beyond
salinity. It should be noted that testing salinity was less complicated due
to the seasonal patterns, while variability in the other water quality
parameters may be more random. A suggested next step to improve the
accuracy of the transport model is incorporating the role of various
cysteine concentrations in the mobility of metals. Similar to what was
performed for salinity, potential impacts of organic matter on the metal
distribution coefficient can be studied by batch and column experi-
ments, and the outcome may be applied in the transport models to
predict the mobilities under various scenarios. Also, optimization of
treatment approach (type and concentration of chelator, as well as
application amount) can be achieved through batch and column ex-
periments to evaluate various in-situ treatment goals.
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4. Conclusion

Column experiments were implemented to evaluate the impacts of
baseline, high, and cycling NaCl salinity on metal retardation through
the SMP fill media. The baseline salinity scenario provided the highest
retardation for metals, while retardation factors were notably reduced in
the high salinity scenario due to competition for sorption sites between
metals and Na that was present at concentrations several orders of
magnitude higher. Since Na can remain in the fill media for an extended
period of time, the high salinity scenario followed by baseline salinity
was tested in a cycling manner to mimic a real-world situation. Cycling
periods of high and baseline salinity may result in high fluctuation of
metal porewater concentration in the fill media; low concentrations (i.e.,
comparatively efficient metal retardation) during baseline salinity, and
high concentrations (i.e., comparatively inefficient metal retardation)
during high salinity. The metals captured during the baseline salinity
were released during high salinity, causing effluent concentration to
exceed the influent concentration (i.e., due to reduced retardation),
resulting in deteriorated water quality.

The cycling salinity scenario was applied to loamy sand (15 %
silt+clay) and sandy loam media (35 % silt +clay). Statistical analysis
showed significantly better retardation of Cr and Pb in the sandy loam
media and no significant difference in Mn, Fe, Cu, and Zn retardation.
Regardless of statistical significance, sandy loam media only showed
slightly (<15 %) higher metal retardation. However, the higher retar-
dation of metals was practically unimportant because the elevated
salinity condition desorbed the accumulated metals.

Cysteine, a proteinogenic amino acid, was tested as an in-situ soil
remediation technique. It was found that 0.25 M cysteine solution could
moderately mobilize metals from the top layers of the fill media and
transport them to the deeper layers. Fill media remediation was more
efficient under the baseline salinity scenario and for metals with low
background concentrations in the fill media due to the reduced con-
centration of these metals in the top layer of the fill media. Flushing the
columns with tap water was not effective in mobilizing the metals but it
was practically effective in mobilizing Na from the top layers.
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Environmental implication

Potentially toxic elements (e.g., metals) in stormwater pose a
contamination risk to receiving water bodies, therefore, they are regu-
lated by various agencies. While stormwater management practices
(SMPs) are designed to address stormwater quantity and quality chal-
lenges, but contaminant removal is often assumed to be consistent. This
research demonstrates that changes in salinity substantially changes
metal retardation; seasonally elevated salinity can release metals
captured during low salinity periods. Dynamic incorporation of envi-
ronmental variations into the design of SMP fill media improves the
accuracy of models to predict metal fate and transport, resulting in their
higher functionality in water quality enhancement.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2022.129779.
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