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• Conventional biofilters fail to treat persis-
tent, mobile, and toxic stormwater con-
taminants.

• GAC overperformed biochar in removing
contaminants in geomedia-amended sand
columns.

• Removal was characterized by nonequi-
librium kinetic sorption upon transport.

• GAC and biochar can retain contaminants
for over a decade in 1-m depth biofilters.
A B S T R A C T
A R T I C L E I N F O
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Green infrastructure drainage systems are innovative treatment units that capture and treat stormwater. Unfortu-
nately, highly polar contaminants remain challenging to remove in conventional biofilters. To overcome treat-
ment limitations, we assessed the transport and removal of stormwater vehicle-related organic contaminants
with persistent, mobile, and toxic (in short: PMTs) properties, such as 1H-benzotriazole,NN'-diphenylguanidine,
and hexamethoxymethylmelamine (PMT precursor), using batch experiments and continuous-flow sand col-
umns amended with pyrogenic carbonaceous materials, like granulated activated carbon (GAC) or wheat-
straw derived biochar. Our results indicated that all investigated contaminants were subjected to nonequilib-
rium interactions in sand-only and geomedia-amended columns, with kinetic effects upon transport. Experimen-
tal breakthrough curves could be well described by a one-site kinetic transport model assuming saturation of
sorption sites, which we inferred could occur due to dissolved organic matter fouling. Furthermore, from both
batch and column experiments, we found that GAC could remove contaminants significantly better than biochar
with higher sorption capacity and faster sorption kinetics. Hexamethoxymethylmelamine, with the lowest or-
ganic carbon-water partition coefficient (KOC) and largest molecular volume among target chemicals, exhibited
the lowest affinity in both carbonaceous adsorbents based on estimated sorption parameters. Results suggest that
sorption of investigated PMTs was likely driven by steric and hydrophobic effects, and coulombic and other weak
intermolecular forces (e.g., London–van der Waals, H-bonding). Results from extrapolating our data to a 1-m
depth geomedia-amended sand filter suggested that GAC and biochar could enhance the removal of organic
contaminants in biofilters and last for more than one decade. Overall, our work is the first to study treatment al-
ternatives forNN'-diphenylguanidine and hexamethoxymethylmelamine, and contributes to better PMT contam-
inant removal strategies in environmental applications.
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1. Introduction
Urban stormwater has long been managed only to reduce flood risks.
However, stormwater is increasingly viewed as an asset to augment local
water supplies (Luthy et al., 2019). With drought and flood events becom-
ing more severe and frequent, stormwater harvesting represents a unique
opportunity to effectively build climate change resilience in urban environ-
ments. In this context, non-traditional innovative drainage systems, such as
green infrastructure, are increasingly built to capture and treat urban
stormwater while providing multiple environmental and societal benefits
for urban dwellers (Batalini de Macedo et al., 2021). However, stormwater
can carry over 600 pollutants, mainly from vehicle-related sources
(Eriksson et al., 2007), and conventional green infrastructure (including
biofilters) fail to remove the polar (i.e., mobile) contaminant fraction
(Spahr et al., 2020; Teixidó et al., 2022). These contaminants generally ex-
hibit logarithmic organic carbon-water partition coefficients (log KOC) or
logarithmic octanol-water distribution coefficients (log DOW) below 3, at
circumneutral pH values; meaning they are mobile substances (i.e., “M”
in the PMT acronym) (Arp and Hale, 2019), they adsorb weakly onto soil
constituents (Reemtsma et al., 2016), and can ultimately reach different
water bodies.

Among the vehicle-related organic contaminants,NN'-diphenylguanidine
(DPG), 1H-benzotriazole (BTZ), hexamethoxymethylmelamine (HMMM),
and their transformational products are currently under the spotlight due to
their detection in storm-, ground-, and drinking water (Peter et al., 2018;
Schulze et al., 2019; Hinnenkamp et al., 2022), their recalcitrance in treat-
ment facilities (Farré et al., 2008; Schulze et al., 2019), and their recently
found ecotoxicological risks (Johannessen et al., 2021; Sandré et al., 2022).
Furthermore, both DPG (tire wear particle leachate) and BTZ (corrosion
inhibitor) have been identified as prioritized persistent, mobile, and toxic
(PMT) and very persistent and very mobile (vPvM) substances (Category 1;
priority substances for follow-up) (Arp and Hale, 2019). Although
HMMM (tire wear particle leachate) is not strictly considered a PMT/
vPvM contaminant, Wiener and LeFevre (2022) identified the priori-
tized PMT/vPvM substance melamine as a plausible “dead-end” prod-
uct of HMMM biotransformation.

Therefore, these PMT vehicle-related organic contaminants in
stormwater inevitably reach conventional biofilters and percolate
through, potentially contaminating groundwater. Amendments with py-
rogenic carbonaceous materials (PCMs) such as (regenerated) activated
carbon and biochar have proven to remove several dissolved ionizable
and ionic organic contaminants in stormwater during passive infiltra-
tion (Ray et al., 2019; Spahr et al., 2020; Teixidó et al., 2022); involving
several drivers and interactions: hydrophobic (solvophobic) and steric
effects, coulombic and London–van der Waals forces, π-π electron
donor-acceptor (EDA) and H-bonding interactions (Teixidó et al.,
2011; Xiao and Pignatello, 2015; Tong et al., 2019). Research has deter-
mined factors that can significantly impact biofilter media performance
and durability, such as the physicochemical properties of sorbents
(e.g., elemental composition, surface activity, porosity) and runoff com-
position (e.g., nutrients, inorganic salts, organic pollutants, dissolved
organic carbon, pH) (Esfandiar et al., 2022). Sorption capacity generally
increases with PCM production temperature, pore volume, and surface
area (Lattao et al., 2014; Tong et al., 2019). The sorbents particle size
would also influence sorption by changing the intraparticle kinetic dif-
fusion (e.g., shortening internal paths to sorption sites) (Boehm et al.,
2020). However, to our knowledge, no studies have assessed the poten-
tial removal of DPG and HMMM contaminants by PCMs in stormwater
(in)filtration systems.

The effects of PCMs on organic contaminant transport in porous
media treating stormwater have been widely studied for hydrophobic
compounds but less for polar compounds (Ulrich et al., 2015). Sorption
is often simplified and assumed to reach instantaneous equilibrium
(i.e., equilibrium transport) (Guelfo et al., 2020). However, mass trans-
fer between sorbing organic contaminants and porous adsorbents may
be rate-limited (de Wilde et al., 2008; Brusseau et al., 2019; Hossain
2

and McLaughlan, 2021) (i.e., with nonequilibrium transport), mainly
because of intraparticle diffusion (Werner et al., 2012).

Rate-limited sorption can have important implications for the transport
and fate of chemicals in the infiltrating medium (Chen et al., 2019; Guelfo
et al., 2020; Hossain and McLaughlan, 2021). The importance of nonequi-
librium processes in the sorption of contaminants is a function of the phys-
ical properties of the sorbents, the nature of the chemical interactions, and
pore water flow velocity (Mao and Ren, 2004). For example, the kinetic ef-
fects on transport intensify with higherflow velocities and shorter distances
(Werner et al., 2012), making it especially relevant in shallow infiltration
systems (Ulrich et al., 2015). In one-dimensional (1-D) flow-through col-
umn experiments, nonequilibrium processes result in early solute break-
through and/or asymmetrical breakthrough curves (Guelfo et al., 2020).

Understanding the rate-limited transport of contaminants allows us to
predict removal performance and optimize design options of geomedia-
amended biofilters (Tong et al., 2019). Thereto, thiswork aimed to evaluate
the potential of different PCMs to enhance the removal of the PMT vehicle-
related stormwater contaminants (BTZ, DPG, and HMMM) in geomedia-
amended passive infiltration systems and study their transport behav-
ior. To this end, we conducted lab-scale batch and column experiments
(using realistic infiltration rate, dissolved organic matter, and biologi-
cally active conditions) with different geomedia to identify the best
candidate amendment material. In addition, we applied a 1-D model
to fit nonequilibrium sorption and quantify transport parameters. Fi-
nally, we extrapolated the results for a 1-m depth column to estimate
the service life of a biofilter under conditions likely encountered in a
maritime Mediterranean climate city (Barcelona, Spain).

2. Methods

2.1. Materials

2.1.1. Pyrogenic carbonaceous materials
Fourteen PCMs were initially screened, including Jacobi Carbons

(Merseyside, United Kingdom) commercially available fresh granulated
activated carbon (GAC) and regenerated activated carbon (RAC). For the
reactivation of exhausted activated carbon (RAC) performed at Jacobi facil-
ities (France), the spent material from drinking water treatment plants was
pre-dried at 120 °C, separated from impurities by density, thermally
reactivated at around 700 °C in a controlled atmosphere, sieved to restore
its initial granulometry, and complemented with fresh GAC to compensate
for losses in the regeneration cycle. In addition, twelve standard biochars
(known as the “Edinburgh Standard Biochar set”) produced by the
United Kingdom Biochar Research Centre (UKBRC) at the University
of Edinburgh (United Kingdom) were used (Mašek et al., 2018). All
PCMs were gently crushed with a mortar and sieved to a 0.5–0.85 mm
particle size range. The same particle size range as the main packing
column material (i.e., silica sand) was used to avoid geomedia losses
throughout the column experiment.

The summary of the PCMphysicochemical characteristics is provided in
the Supplementary materials (Table S1). The geomedia surface areas were
determined by Brunauer-Emmett-Teller (B.E.T.) analysis with N2 adsorp-
tion at 77 K. Only the biochar with the highest mean removal during the
batch material initial screening (i.e., biochar derived fromwheat straw pel-
lets pyrolyzed at 550 °C; WSP550) and the commercial GAC for perfor-
mance benchmark were used further in the study. The biochar N2 B.E.T.
surface area of 6.09 m2 g−1 and GAC surface area of 878 m2 g−1 indicated
a notable difference between them. Although the specific surface area of
the Edinburgh Standard Biochar set fell within the low range of reported
values for PCMs (Tomczyk et al., 2020; Teixidó et al., 2013), they enabled
reproducible results.

2.1.2. Synthetic stormwater
All experiments were carried out with synthetic stormwater prepared

from deionized water and salts (i.e., CaCl2, MgCl2, NH4Cl, Na2SO4,
NaHCO3, NaNO3, and NaH2PO4; Table S2) to obtain total carbonate,
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nitrogen and phosphorus concentrations representative of urban runoff
(Grebel et al., 2013), at 5 mg C L−1 dissolved organic carbon (DOC) and
pH of 6.5. Sigma-Aldrich humic acid was only used in the preliminary
batch screening experiments. Representative DOC concentrated stock (1 g
C L−1) was used for most of the experiments and was prepared based on
Ulrich et al. (2015) with 15 L of deionizedwater equilibrated for a fortnight
at room temperature with 80 g of dry leaves, 150 g of grass, 670 g of plant-
based compost, and 300 g of straw. This organic matter tea was filtered
(glass fiber filter, 0.7 μm), stored in amber bottles, and frozen (−4 °C)
until use. Sodium azide (NaN3) ranging from 1.5 to 3.1 mM was added to
the matrix.

2.2. Batch experiments

2.2.1. Material screening
The PCM screening was conducted to identify which biochar exhib-

ited the highest sorption towards the three studied vehicle-related con-
taminants and to determine the optimum solid-to-liquid ratio. Different
solid-to-liquid ratios were employed by adding 5 mg, 10 mg, and 25 mg
of PCMs in 50 mL of synthetic stormwater (corresponding to 0.1, 0.2,
and 0.5 g sorbent L−1, respectively). Synthetic stormwater was pre-
pared with 5 mg C L−1 DOC (Sigma-Aldrich humic acid), 1.5 mM
NaN3, and spiked with 0.3 μM of the contaminants, such that the final
methanol concentration was below 0.5 % (Teixidó et al., 2011). The
geomedia was pre-equilibrated with synthetic stormwater for 24 h be-
fore the contaminant spike, and it was followed by a short equilibration
time of 5 days. During the experiment, reactors were placed on an end-
over-end rotary shaker at 10 rpm. Controls were used with and without
sorbent material to monitor the effects of PCM-induced pH changes and
to account for the reactor losses (<6 %), respectively.

The distribution coefficient (Kd, L kg−1) was calculated as the ratio
between the sorbed (q) and liquid-phase (Ce) concentrations:

Kd ¼ q
Ce

¼ V
Ms

⋅
C0 � Ceð Þ

Ce
(1)

where q (mg kg−1) is the sorbed concentration, Ce (mg L−1) is the liquid-
phase concentration, C0 (mg L−1) is the liquid-phase concentration in the
control (without sorbent), V (L) is the liquid volume, and Ms (kg) is the
sorbent mass.

2.2.2. Adsorption kinetics
Batch kinetic experiments were carried out in triplicate for each

contaminant to study sorption rates onto GAC and WSP550 biochar.
Reactors contained 50 mL of synthetic stormwater, prepared with
5 mg C L−1 of DOC (from the 1 g C L−1 concentrated stock) and
3.1mMNaN3. After 24 h of pre-equilibration with 25mg of PCM (except
GAC for BTZ and DPG, using 5 mg and 10 mg, respectively), 0.3 μM of
contaminants were added. Batch vials were agitated in an end-over-
end rotary shaker at 10 rpm, and pH was monitored daily to control
changes (control with sorbent). Controls without sorbent were used to
track reactor losses (<6 %) and used as initial concentrations. For sam-
ple collection, aliquots were taken at pre-selected intervals within
seven days (at 3, 6, 12, 24, 48, 72, 120, and 168 h). The sorbed concen-
tration (q) was determined by mass balance, and kinetics data were
fitted to pseudo-first-order (PFO) (calculations in SI), commonly used
to describe the adsorption kinetics of contaminants on carbon-based
sorption materials (Xiao et al., 2017). The equation for the PFO model
is as follows:

dqt
dt

¼ k1 qe � qtð Þ (2)

where qt and qe are the adsorbed contaminant concentration at time t
and at equilibrium (mg kg−1), t is time (h), and k1 (kg mg−1 h−1) is
the PFO kinetic rate constant.
3

The adsorbed concentration at equilibrium and the rate constant were
solved using the GraphPad Prism software based on the least square error
between experimental and modelled values.

2.3. Column experiment

2.3.1. Column system setup
Ten continuous-flow columns were used to assess the removal perfor-

mance of the PCM(GAC or biochar) towards the selected vehicle-related or-
ganic contaminants and their transport in simulated field conditions. A first
set of columns was operated under biotic conditions, while a second group
flowed under abiotic conditions (Fig. 1). The PVC columns (19.5 cm in
length, 3.2 cm inner diameter) were packed with commercial silica sand
(AXTON SiO2), sand amended with GAC, and sand amended with
WSP550 biochar (all materials at 0.5–0.85 mm range). The column diame-
ter to particle size ratio exceeded the minimum recommended (40) to limit
boundary effects (Gibert et al., 2014). Gravels commonly used in green in-
frastructure setups in the City of Barcelona (Spain) were packed at the top
and bottom of the column (1 cm of coarse gravel: >1.7 mm, and 1.75 cm
of finer gravel: 0.5–1.7 mm) to support and secure the 14 cm portion of re-
active material-amended sand. The sand and gravel were acid-washedwith
5%HNO3 to remove impurities (e.g.,metals and carbonates) and then thor-
oughly rinsed with deionized water until neutral pH was obtained.

GAC and biochar were added at 0.5 wt% to the sand and gently mixed
prior to column packing. In addition, all columns contained 1 wt% of
sand extracted from an existing bioswale (i.e., solid inoculum), previously
autoclaved for the abiotic set of columns. This low percent-by-weight of
reactive geomedia (GAC and biochar) allowed the observation of PMT con-
taminant transport throughout the experiment. Besides, stormwater
biofilters should not be amended with high percentages of carbon-based
materials as they could compromise their hydraulic properties (Boehm
et al., 2020). Columns were dry-packed, mechanically shaken to maximize
packing density, and flushedwith CO2 gas in up-flow direction right before
start-up to ensure water saturation. The porosity of the columns was esti-
mated gravimetrically after water saturation and corrected to subtract the
porosity in the gravel layers.

The ten columns operated up-flow mode at a volumetric flow rate of
1.84 ± 0.1 mL min−1 (5.5 cm h−1 linear velocity) by means of two multi-
channel peristaltic pumps. The flow rate was defined based on the recom-
mended design for biofilters to treat urban runoff (Ekka et al., 2021).
Tracer tests with 90 mM NaCl were carried out to estimate the mean hy-
draulic residence time and examine the breakthrough curve for each
column type.

2.3.2. Conditioning stage
Previous to contaminant injection, 100 pore volumes (PVs) of a

microbe-enriched solution (liquid inoculum) were flushed through the
biotic columns in a closed circuit to promote microbial attachment. The
same solution with 6.2 mM NaN3 was injected into the abiotic control col-
umns. This liquid inoculum was prepared with 2.4 L of deionized water,
0.14 mM of lactate, and equilibrated for 15 days with 20 wt% of sand col-
lected from an existing bioswale. The solution was intermittently aerated
and, before its injection, it was filtered (glass fiber filter, 0.7 μm) and
diluted with Milli-Q water until reaching <1 mg C L−1 DOC. Finally, the
columns were conditioned for 100 PVs with contaminant-free synthetic
stormwater (5 mg C L−1 of DOC concentrated stock; 3.1 mM NaN3 in the
abiotic set) for DOM pre-exposure and to remove pyrolyzed fines from
the system before contaminant spike.

2.3.3. Contaminant challenge test
After the columns were conditioned, they were challenged with BTZ,

DPG, and HMMM spiked synthetic stormwater (0.3 ± 0.05 μM initial con-
centration) over 600 PVs (Fig. S3). Relatively high concentrations of con-
taminants, compared to reported concentrations in stormwater and
surface waters (e.g., BTZ: 0.05 μM — Giger et al., 2006; DPG: 0.01 μM —
Peter et al., 2018; and HMMM: 0.03 μM — Johannessen et al., 2021),



Fig. 1. Schematic representation of the column experiment system run at 1.84± 0.1mLmin−1. Two different synthetic stormwater (SSW) influents were assessed: with (on
the top) andwithout azide (on the bottom), to represent biotic and abiotic environments, respectively. PVC columns were dry packedwith sand, sand amendedwith 0.5 wt%
activated carbon (GAC), and sand amended with 0.5 wt% WSP550 biochar (BCH) and secured with gravel supports at the top and bottom of the columns.
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were spiked to produce breakthroughs within the time frame of the exper-
iment. However, concentrations in stormwater above 1.4 μMhave been re-
ported (Challis et al., 2021). The adopted term ‘challenge test’ implies
testing a stormwater treatment system under extreme conditions (Zhang
et al., 2014). Information on the contaminant CAS number, molecular
structure, suppliers, and other details, can be found in Tables 1 and S3
(chemicals were used as received). Methanol in the contaminants stock
mix was evaporated (to avoid excessively high DOC concentrations at the
column effluents), and the driedmixwas redissolved in deionizedwater be-
fore its application.

Influent reservoirs were stirred with a PTFE impeller and prepared
every three days to minimize contaminant (bio)transformation and micro-
bial growth. Weekly analyses of influent and effluent samples for standard
water quality indicators (i.e., pH, temperature, electric conductivity,
Table 1
Target stormwater vehicle-related contaminants of emerging concern. Physicochemical

Name (acronym, CAS) Molecular
structure

MW (g mol−1) and Vm

(Å3)a

1H-Benzotriazole (BTZ, 95–14-7) 119.12/77.00

NN'-Diphenylguanidine (DPG, 102–06-7) 211.11/141.39

Hexamethoxy-methylmelamine (HMMM,
3089-11-0)

390.22/331.44

a Van der Waals molecular volume calculated using Perkin Elmer Chem3D software.
b Logarithmic KOC and water solubility (Sw) at 25 °C generated from US Environment
c Logarithmic DOW values at pH 7.4 calculated using ACDlabs.com ACD/LogD.
d PMT/vPvM criteria together with REACH emission likelihoods given by Arp and Ha
e Melamine is a PMT/vPvM substance (Category 1) and it is considered a “dead-end”
f Similar structure to triazine compounds with sublethal consequences in organisms s

et al., 2021).
g Sandré et al. (2022).
h Müller et al. (2022), Peter et al. (2018), and Seiwert et al. (2020).
i Johannessen and Parnis (2021) and Johannessen et al. (2021).

4

dissolved oxygen, DOC)were used tomeasure overall columnperformance.
Samples to analyze organic contaminants concentrations were taken regu-
larly from the influent tanks to ensure constant levels and account for pos-
sible variations.

2.4. Analytical methods

Trace organic contaminants were quantified by Ultra High-
Performance Liquid Chromatography (UPLC), coupled with XEVO TQ-
S triple quadrupole tandem Mass Spectrometer (LC-QqQ-MS/MS,
Waters Corporation). The mass spectrometer was operated in positive
and negative electrospray ionization (ESI), with multiple reaction mon-
itoring, acquiring two transitions (i.e., one quantifier and one qualifier)
for each analyte. Separation for chromatography was performed at 40 °C
properties, PMT criteria, and common sources in stormwater.

Log
KOC

b
Log DOW

(pH 7.4)c
Log SW
(mg L−1)b

PMT/vPvM criteriad Source and
references

3.00 1.28 3.78 YES (category 1) Corrosion inhibitorg

3.77 1.28 3.22 YES (category 1) Vulcanisation
acceleratorh

1.00 2.45 2.17 Potential precursor (category
1)e,f

Cross-linking agenti

al Protection Agency EPISuite™.

le (2019).
transformation product for HMMM.
uggests HMMM (and derivatives) toxicity cannot be underestimated (Johannessen
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at a flow rate of 0.350 mL min−1, using an Acquity UPLC HSS T3
(Waters, 2.1 × 10 mm, 1.8 μm) chromatography column and a water-
methanol gradient containing 5 mM of Sigma-Aldrich ammonium for-
mate (for details on the analytical method, gradient profile, and instru-
mental detection limits see Tables S4 and S5). Analyte quantification
was based on the chromatography-mass spectrometer parameters from
analytical standards, using an external matrix-matched calibration
curve to correct the ionization influence of the matrix (Buhrman et al.,
2008). All samples were filtered with cellulose acetate syringe filters
(0.45 μm) and injected with the deuterated internal standard mix at
10 μg L−1.

Standardwater quality indicators pH, temperature, and electric conduc-
tivity were evaluated with a Hach multiparameter probe. Dissolved oxygen
(DO) concentrations in column effluents were determined by employing an
air-tight flow cell connected to the column effluent, leaving 30 min be-
tween lectures to obtain a stable DO reading. Samples for DOCwerefiltered
with polyvinylidene difluoride membrane syringe filters (0.45 μm), acidi-
fied with HNO3 until reaching a pH value of 2–3, and measured with a
Shimadzu Total Organic Carbon Analyzer (TOC-VCSH).

2.5. HYDRUS 1-D transport model

The breakthrough curves for the NaCl tracer experiment were fitted
with a numerical solution to the advection-dispersion equation, using
the equilibrium model in the open source HYDRUS 1-D software and
the soil hydraulic parameters of the columns, previously estimated
gravimetrically (0.4 saturated water content; 0.29 cm min−1 saturated
hydraulic conductivity, Table S6). The dispersivity was determined
from the best fit and then utilized for modelling organic contaminants
transport. Experimental data was adjusted to subtract hold-up time out-
side the (reactive) sand section.

Various models have been developed to describe rate-limited sorption
with nonequilibrium transport in the porous media. In this work, the non-
equilibrium HYDRUS one-site transport model assuming Langmuirian
dynamics was fitted to the experimental contaminant breakthrough data
to account for the blocking of sorption sites (i.e., NOM fouling). Sorption
parameters (i.e., attachment coefficients and Smax) were optimized using
the Levenberg-Marquardt algorithm (least squares method).

The one-dimensional nonequilibrium chemical transport and the fate of
solutes with the advection-dispersion equation and the mass balance trans-
fer between aqueous and solid kinetic phases can be described as:

∂
θC
∂t

þ ρb
∂q
∂t

¼ ∂
∂x

θD ∂C
∂x

� �
� ∂fC

∂x
(3)

ρb
∂q
∂t

¼ θkaψC � kdρbq (4)

where C is the concentration in the aqueous phase (g cm−3), q is the con-
centration in the solid phase (g g−1), t is time (min), θ is the volumetric
water content (cm3 cm−3), ρb is the dry bulk density (g cm−3), D is the dis-
persion coefficient (cm2 min−1), f is the volumetric fluid flux density
(cm min−1), and x is the vertical coordinate positive upward (cm). ka is
the first-order attachment coefficient (min−1), and kd is the first-order de-
tachment coefficient (min−1). Finally, ψ is a dimensionless blockage func-
tion that can simulate the decrease in the attachment coefficient due to
the filling of favorable sorption sites (Smax) and can be described following
the Langmuirian dynamics equation (Šimůnek et al., 2018):

ψ ¼ 1 � S
Smax

(5)

2.5.1. Simulation of service life
Using the optimized model parameters, breakthrough results were ex-

trapolated to a 1-m depth geomedia-amended sand column to simulate
and approximately predict the service life of one biofilter in Barcelona
5

City (Fig. S4). The simulated unit was assumed to be 5 m2 with 180 m2 of
capture area (100 % impervious), where annual precipitation (592 mm)
produces on average 100 m3 of road runoff per year, loaded with
2.55 mmol (1 g) of HMMM. The lifetime was defined at the 50 % break-
through of themostmobile target contaminant (i.e., HMMM) (further infor-
mation in the Suppl. materials).

3. Results and discussion

3.1. Batch sorption experiments

The preliminary batch screening tests (i.e., single-Kd experiments) re-
vealed that the 5-day distribution coefficients (log Kd) for the fourteen eval-
uated PCMs ranged from 2.18 to 3.40 L kg−1 (Table S7). Activated carbons
(i.e., GAC and RAC) exhibited the highest log Kd values as observed in pre-
vious studies (Spahr et al., 2022). Regarding biochars, WSP550 showed the
highest removal, achieving log Kd values similar to the commercial chars
(i.e., differences below 0.5 log units), though its N2 B.E.T. surface area
was not the largest. In addition, no correlations between 5-day log Kd values
and other PCM physicochemical properties were observed. Only the
WSP550 biochar and the GAC (performance benchmark) were used further
in this study. BTZ and DPG showed higher removal than HMMM among
these two adsorbents.

Kinetic curves for DPG, BTZ, and HMMM adsorption onto the biochar
and GAC are depicted in Fig. 2 (additional results in Table S8). Sorbed con-
centrations (q) increased with time and, in most cases, attained quasi-
conditions of equilibrium by the end of the experiment. However, after
five days of reaction, BTZ and HMMMdid not reach sorption equilibrium
in biochar reactors. The studied biochar exhibited slower contaminant
uptake rates, reaching a plateau (adsorption >90 %) for BTZ and DPG
after approximately 168 h of reaction (k1 = 0.030 h−1 for BTZ and
0.029 h−1 for DPG). In contrast, sorption onto GAC reached similar
high adsorption levels after only 24 h (k1 = 0.254 h−1 for BTZ and
0.193 h−1 for DPG), indicating adsorption kinetics onto GAC were
around seven times faster. HMMMpresented the lowest kinetic rate con-
stants in both adsorbents (k1 = 0.062 h−1 for GAC and 0.010 h−1 for
WSP550 biochar). Regarding qt values, results confirmed that GAC ex-
hibited the highest sorption capacity (i.e., mmol kg−1), which could
lead to higher attenuation performance (i.e., removal) in a potential
PCM-amended biofilter.

3.2. Column experiments

3.2.1. Columns performance
The column testbed successfully operated throughout the entire experi-

ment. NaCl tracer test results and hydraulic retention times (HRT) of the
columns are provided in Fig. S2 and Table S9. The results showed the
50 % breakthrough point at 1 PV, reaching the unity of relative concentra-
tion (i.e., C/C0) before the second pore volume. The shape of the conserva-
tive tracer breakthrough curve confirmed the adequate setup and the
absence of preferential flow paths in all the columns. Experimental data
fit with HYDRUS inverse modelling yielded a mean HRT of 23.4 min and
an optimized dispersivity value of 0.15 cm. The obtained Peclet numbers
above unity indicated advection dominant transport.

In the biotic columns, throughout the experiment, the average DOC re-
moval consistently decreased (from 30 to 17 %), while DO removal in-
creased (from 21 to 34 %) (Fig. 3). In the abiotic columns, DOC removal
decreased from 22 to 6 %. A simplified mass balance of DOC removal at
the initial and last stage of the challenge test (Fig. 3a) indicated that the ad-
sorption capacity of the PCM likely governed initial removal, as it was
higher in the PCM amended columns. However, the contribution of biolog-
ically enhanced removal had grown by the end of the test. The relatively
high DOC removal, regardless of the drop in the DOC adsorption capacity
by the carbonaceous adsorbents (i.e., fouling), along with the higher
DO depletion (Fig. 3b), suggested an increased biological activity
(i.e., respiration). Similar column performance evolution (DOC and DO)



Fig. 2.Batch kinetics results (symbols) and fitted pseudo-first-order (PFO)model (lines) for BTZ, DPG, andHMMMadsorption ontoWSP550 biochar (a) and GAC (b), using a
synthetic stormwater matrix spiked at 0.3 μM (initial contaminant concentration) and a solid-to-liquid ratio of 0.5 g L−1; except for BTZ (0.1 g L−1) and DPG (0.2 g L−1) in
GAC-containing reactors. Error bars indicate standard deviation from triplicates. The sorbed concentration at equilibrium (qe) and kinetic rate constant (k1) parameters
estimated from the fit to the PFO model are included in the Suppl. materials (Table S8).
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has been observed in both lab- and field-scale column experiments studying
the removal of stormwater contaminants by similar sorptive carbon-based
materials (Spahr et al., 2022; Teixidó et al., 2022). Based on the DO mea-
surements at the column effluents, columns remained above 1 mg O2 L−1

during the experiments.

3.2.2. Contaminant breakthrough curves
At 600 PVs, the sand-only columns (Fig. 4a-c) exhibited low removal

and no significant differences between biotic and abiotic conditions results
of BTZ, DPG, and HMMM (p > 0.05, 2-way ANOVA, Tukey post hoc test,
Tables S11-S13). Contaminants completed breakthrough after a plateau
phase that progressively increased following a steep initial slope. The
relative concentrations (C/C0) of 0.8 (DPG) and 0.9 (BTZ and HMMM)
at 10 PVs in sand-only columns emphasized the poor removal this
widely applied biofilter material provides for the target polar vehicle-
related organic contaminants.

Similarly, biochar-amended column breakthrough curves of biotic and
abiotic conditions (Fig. 4d-f) had no significant statistical differences
(p > 0.05, 2-way ANOVA, Tukey post hoc test, Tables S11-S13). Samples
at 10 PVs with C/C0 values of BTZ, DPG, and HMMM, between 0.6 and
0.8, indicated that the contaminant breakthrough occurredwith a sharp ini-
tial slope. The C/C0 increased steadily in the biochar-containing columns
until they reached unity for all three contaminants after 500 PVs. For the
short HRT we used, no significant differences could be found between
Fig. 3.Removal percentage of (a) DOC and (b) DO in the biologically active columns from
of the contaminant challenge test (Fig. S3). Subtraction of the DOC removal in biologica
yielded the biologically enhanced removal values. Error bars indicate standard deviatio
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removal of organic contaminants in sand-only and WSP550 biochar-
amended columns (p>0.05, 2-wayANOVA,Tukey post hoc test, Tables S11
and S12).

The biotic and abiotic conditions inGAC-containing columns resulted in
negligible differences, except for the BTZ removal (p < 0.05, 2-way
ANOVA, Tukey post hoc test, Tables S11-S13), where biologically en-
hanced might have contributed to some 9 % of BTZ removal on average
(calculated by mass balance; Fig. 5). Nonetheless, breakthroughs of the
three contaminants in these GAC-amended filters followed the same gen-
eral shape, with a steep rise followed by a plateau of gradually increasing
relative concentrations. The C/C0 for BTZ (Fig. 4g) and DPG (Fig. 4h) re-
mained lower than 0.6 after 600 PVs and about 100 PVs for HMMM
(Fig. 4i). Compared to sand-only and biochar-amended columns, the
lower C/C0 values indicated that GAC-amendments removed contaminants
significantly better (p < 0.05, 2-way ANOVA, Tukey post hoc test,
Tables S11 and S12).

The breakthrough curves in Fig. 4 showed that equilibrium betweendis-
solved and adsorbed fractions of the organic pollutants did not occur instan-
taneously and suggested the presence of nonequilibrium processes. The
observed general shape of a steep initial rise followed by a plateau phase
that slowly increased in all the columns was typical of kinetic transport
(Guelfo et al., 2020). The plateau phase occurred at different relative con-
centrations (C/C0) between packing materials following the sequence of
sand (0.8–0.9), biochar-amended (0.6–0.8), and GAC (0.2–0.6). But, by
effluent samples taken after the conditioning stage (0 PVs), and at the end (600PVs)
lly active columns from the DOC removal in abiotic columns (i.e., DOC adsorption)
n of the results from three replicated biotic columns.



Fig. 4. Experimental column breakthrough curves (symbols) and fitted HYDRUS one-site transport model assuming Langmuirian dynamics (lines) for DPG, HMMM, and BTZ
adsorption onto sand-only (a-c), biochar-amended (d-f), and GAC-amended (g-i) sand columns. The test was conducted using synthetic stormwater spiked at 0.3± 0.05 μM
(initial contaminant concentration) for over 600 pore volumes following 100 pore volumes ofmicrobial seeding and 100 pore volumes of conditioningwith contaminant-free
synthetic stormwater. Error bars indicate standard deviation from column triplicates.
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the end of the experiment, contaminants breakthroughs were complete,
except for BTZ (C/C0 = 0.4–0.5) and DPG (C/C0 = 0.6) in GAC-
amended columns. Rate-limited diffusion was likely intensified by the col-
umn composition (i.e., a homogenous mix of sand with 0.5 wt% of
geomedia) and governed the contaminant sorption process in the column
testbed. Hence, breakthroughs in treatment units operating under equilib-
rium conditions (Hossain and McLaughlan, 2021) or packed with 100 %
Fig. 5. Mass balance of BTZ enhanced removal in GAC amended columns. The
sorption contribution at each pore volume was estimated from the difference
between the unity and the removal in the abiotic GAC-amended columns. The
difference between the sorption contribution and the average enhanced removal
in the biologically active GAC-amended columns yielded the share of biologically
enhanced removal. Error bars indicate standard deviation of the results from three
replicated biotic columns.
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geomedia (e.g., GAC filters used for drinking water treatment) would differ
notoriously from our results.

In this study, the biological removal of DPG (PMT) and HMMM (PMT
precursor) seemed negligible. The results of DPG agreed with its reported
high persistence in the environment (Müller et al., 2022); however,
Alhelou et al. (2019) found that HMMM continuously biotransforms in
surface and subsurface water into more persistent and mobile compounds.
The only contaminant subject to biologically enhanced removal
(i.e., biotransformation or biologically enhanced sorption) was BTZ (9 %
calculated contribution to removal on average), which has been reported
to biotransform by Liu et al. (2011) and Ulrich et al. (2017). Unfortunately,
our results do not allow any firm mechanistic conclusions over the biotic
contribution to BTZ removal. While identifying transformation products
was beyond the scope of this study, it is deemed necessary to assess the re-
moval of the contaminants in the column system and study the involved
mechanisms. Besides, it would provide more information for evaluating
the removal of upgraded biofilters and the potential risk of leaching (bio)
transformation products into the environment.

3.2.3. Modelling transport with HYDRUS
All contaminant breakthrough curves could be well-fitted with the non-

equilibrium one-site transport model with blockage of sorption sites
(Fig. 4). Similar goodness of fit was observed with RMSE and Pearson cor-
relation coefficient (R2 ranging from0.81 to 0.95; Table S14), except for the
BTZ data in sand-only columns, which underestimated C/C0 values be-
tween 400 and 600 PVs and produced the lowest Pearson R2 value of all
the models (0.66). Minor discrepancies with the experimental break-
through curve of BTZ were likely caused by the remobilization of the con-
taminant previously absorbed in the system, as previously observed in
biochar-augmented bioreactors (Ashoori et al., 2019).

Model parameters (summarized in Table S14) indicated that attach-
ment coefficients (ka) were lowest in the sand, followed by biochar and
GAC. The maximum normalized favorable sorption sites (Smax⁎ = Smax/
C0) was also the lowest in sand-only columns and increased by one order
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of magnitude in biochar and by two in GAC-amended columns. The opti-
mized parameters indicated that GAC had the fastest adsorption and the
highest sorption capacity for the polar vehicle-related organic pollutants
we used.

Among the studied contaminants, DPG had the highest attachment rate
coefficient in the three packing materials (9.47× 10−3, 3.15× 10−2, and
6.71 × 10−2 min−1 for columns filled with sand, biochar, and GAC, re-
spectively) and the highest Smax⁎ in sand-only and biochar-amended col-
umns (7.0 and 13.5 g−1, respectively). BTZ had the highest Smax⁎
(276.8 g−1) in GAC-amended columns. HMMM presented the lowest pa-
rameter values (ka and Smax⁎). The differences in the optimized attachment
rate coefficients provided insight into the sorption affinity of the contami-
nants. HMMM, the least hydrophobic compound (Table 1), exhibited a
low affinity to both PCM. BTZ and DPG exhibited a similar higher affinity
in GAC and biochar. The same general trend was observed and discussed
in the batch experiments (kinetics and screening).

The saturation of sorption sites modelled with the Langmuirian dynam-
ics approach could be explained by the expected fouling effect caused by
the excess of DOM in the system (DOC was approximately 5 mg C L−1, typ-
ical stormwater range), whichwas likely intensifiedby the DOMpreloading
during conditioning (emulating a pre-conditioned operative field filter).
The adsorption hindrance due to DOM fouling is well-known inwater treat-
ment applications with carbonaceous geomedia (Teixidó et al., 2012;
Boehm et al., 2020). Contaminant sorption could have been affected by
DOM molecules either by direct sorption site competition or sorption site
blockage, depending on their size (Li et al., 2003). This made it increasingly
difficult for the contaminant molecules to sorb onto vacant adsorbent sites
and may have led to even more rapid breakthroughs. Fouling probably af-
fected HMMM, the largest compound (by molecular weight and van der
Waals molecular volume; Table 1) most, since steric hindrance to diffusion
and contaminant sorption reduction due to DOM presence can increase
with molecular volume (Pignatello et al., 2006; Xiao et al., 2017). DOM
was obtained from natural sources, and hence, the effects found on the ad-
sorption of the contaminants could be considered representative for envi-
ronmental systems.

In agreement with Li et al. (2003), the contaminant retention suppres-
sion by DOM decreased with the PCM specific surface area (N2 B.E.T. sur-
face area: biochar 6.09 m2 g−1; GAC 878 m2 g−1), probably due to
higher availability of sorption sites (i.e., higher Smax⁎ in GAC-containing col-
umns: 49–277 g−1). This may partially explain the difference in removal
between GAC andWSP550 biochar, but further characterization of the sor-
bents (e.g., pore size distribution, point of zero charge) and DOM
(e.g., concentration and composition) is needed. Furthermore, the adsorp-
tion kinetics experiment and the fitted transport parameters from the
HYDRUS 1-D models underlined the faster adsorption kinetics in GAC.
Thus, the higher surface area and the faster kinetics may have facilitated
the contaminant removal in GAC amendments and led to significantly
higher attenuation (i.e., reduction in the concentration of contaminants).

Overall, results suggested that the BTZ, DPG, and HMMM sorption
mechanism onto the studied carbon-based materials mainly involved non-
specific hydrophobic effects, together with specific interactions. BTZ,
DPG, and HMMM aromatic rings could have interacted with the PCM
polyaromatic sheets via π–π EDA interactions (Kah et al., 2017). Electro-
negative atoms (e.g., N and O) in the functional groups present in both con-
taminant and along the PCM edges of the graphene sheets could have
interacted via coulombic and London–van der Waals forces, together with
H-bonding interactions (Pignatello et al., 2017) and contributed to sorp-
tion. HMMM, the largest compound and the one with the lowest log KOC

values (Table 1), was the least retained contaminant, emphasizing the
role of solute hydrophobicity and steric effects in the retention of the stud-
ied compounds. In contrast, BTZ and DPG, with higher Log KOC values
(Table 1), may have had additional contributions to their sorption. BTZ,
with the smallest molecular volume (Table 1), had the lowest steric hin-
drance to diffusion (size exclusion), and the cationic form of DPG
(pKa = 9.38) was likely assisted by the electrostatic attractive forces with
the negatively charged PCM surfaces (Kah et al., 2017). These results
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agree with Tang and Kolodziej (2022), where HMMM was found to be the
most mobile compound in different natural soils and compost-amended
sand, and its sorption processwas not solely governed by hydrophobic effects.
Nevertheless, complementary studies, including isotherms and evaluation of
critical surface properties of sorbents (e.g., point of zero charge and functional
groups by FTIR), are needed to elucidate adsorption mechanisms and better
understand the PCM performance (Tong et al., 2019).

3.2.4. Simulation of service life
Operating at a continuous 5.5 cm h−1

flow rate regime and amended
with 0.5 wt% of geomedia, the material lifetime of a biofilter in Barcelona
City was estimated to be 30 and 50 years for WSP550 biochar
(1.9 mmol kg−1 reactive capacity) and GAC (3.2 mmol kg−1 reactive ca-
pacity), respectively. Both materials would likely be replaced prior to the
end of their estimated service life (guidelines recommend periodic replace-
ment around every ten years) (Grebel et al., 2013), and results indicated
thatmuch less PCMmight be needed tomaintain the removal of the studied
pollutants. This example helps to illustrate the benefits of adding GAC and
biochar to enhance the removal of polar vehicle-related organic contami-
nants in stormwater, even when long-term exposition to stormwater DOC
is considered. However, these results should be interpreted cautiously, be-
cause projections derived from a 1-D model, assumed a negligible contam-
inant (bio)transformation, a continuous and steady stormwater inflow, a
homogeneous media, and particulate-free synthetic stormwater. Field con-
ditions are more complex, i.e., spatial and temporal variations in runoff
composition, inflow intermittency, water flow velocity, transverse disper-
sion, the occurrence of dilution effects, channelling, clogging (physical,
chemical and biological), organic carbon composition and concentration,
and vegetation (plant roots create preferential flow paths) (Schijven and
Šimůnek, 2002).

There is a need for urban stormwater treatment strategies (Feng et al.,
2022; Hamel and Tan, 2022; Rødland et al., 2022) and to study the removal
of PMT contaminants in conventional and geomedia-amended biofilters
(Spahr et al., 2020), especially of those expected to have a higher affinity
with the liquid phase. Understanding BTZ, DPG, and HMMM rate-limited
adsorption, and the DOM effects serves to improve the design of upgraded
stormwater infiltration systems and the prediction of contaminant removal
rates. The importance of this is further highlighted by the PMT properties of
these contaminants and their transformation products. Additional studies
on adsorption kinetics, isotherms, sorption competition, and transforma-
tional products are necessary to elucidate adsorption mechanisms and bet-
ter understand vehicle-related organic contaminants removal.

4. Conclusions

The present study is the first to investigate the removal of specifically
vehicle-related PMT substances, including the recently reported DPG and
HMMM (potential precursor) together with BTZ, a more widely studied
PMT substance highly abundant in traffic-impacted stormwater that it is
known to pass through current water treatment technologies. Our results
showed similar affinity between DPG and BTZ (both top priority PMT sub-
stances) to the evaluated biochar (WSP550) and GAC in batch and column
experiments, being sorption likely contributed by additional specific inter-
actions besides hydrophobic effects. In contrast, HMMM (PMT precursor)
was the least adsorbed compound and could be challenging to remove in
biofilters. All the contaminants exhibited nonequilibrium transport in
sand-only, biochar- and GAC-amended columns and exhibited break-
through curves with a steep initial rise leveling off to a plateau. This is typ-
ical for nonequilibrium interactions of chemicals and media with kinetic
effects upon transport. Furthermore, the presence of DOM in these systems
led to the saturation of favorable sorption sites (i.e., fouling) and an even
more rapid breakthrough of the contaminants.

Overall, these results demonstrate PCM capability to adsorb the investi-
gated contaminants, especially GAC. The larger surface area, faster sorption
kinetics, and higher sorption capacity of GAC, compared to the WSP550
biochar, helped to alleviate the DOM inhibitory effects on the contaminants
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sorption. The extrapolation of results and simulation of service life showed
how both carbonaceous materials could enhance the tested vehicle-related
organic stormwater contaminants removal and last for more than one de-
cade in a 1-m biofilter, which fits with standard guidelines and recommen-
dations for maintaining pollutant removal in bioswales used as stormwater
control measures. Herein, biochar has still proved to be a cost-effective
stormwater treatment option, but its reactivity towards the most mobile
pollutants could be compromised. The number of studied vehicle-related
PMT substances should be expanded, e.g., including compounds with
lower hydrophobicity (lower log KOC and log DOW). Finally, our study mo-
tivates future work on PMT contaminant removal in upgraded green infra-
structure systems.
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