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Urban stormwater carries dissolved organic and metal contaminants that pose risks to water supplies and

the environment. Green infrastructure elements such as biofilters have the potential to capture and treat

urban stormwater prior to infiltration to groundwater. Because conventional sand-based biofilters often fail

to eliminate dissolved contaminants from stormwater, there is a need to improve biofilter treatment

efficiency. In our study, we investigated four different wood-derived biochars for the removal of seven

trace organic contaminants (TrOCs, atenolol, benzotriazole, dicamba, diuron, fipronil, mecoprop, terbutryn)

and five metals (cadmium, copper, lead, nickel, zinc). Three biochars were produced at pyrolysis

temperatures of 400 °C, 580 °C, and 750 °C, and one biochar of biomass gasification (1100–1400 °C).

Batch experiments conducted with synthetic stormwater showed that the removal capacity of the biochars

increased with increasing production temperature and specific surface area. The gasification biochar

outperformed the three pyrolysis biochars and was further tested in flow-through column experiments

operated for more than eight months and 4000 pore volumes. The least retained organic contaminant was

dicamba followed by fipronil and terbutryn. Using a 1-D forward prediction intraparticle diffusion-limited

sorption model, 20% breakthrough of dicamba was estimated to occur at 1100 and 5300 pore volumes in

biochar-amended sand filters containing 1 to 10 weight percent biochar, respectively. Based on these

results, case study calculations for a full-scale biochar filter in Los Angeles, CA, suggest potential service

lifetimes of five years and longer when using dicamba as an indicator compound for early TrOC

breakthrough.

1. Introduction

Numerous cities across the world experience increasing water
stress due to climate change, urbanization, and continuous
introduction of anthropogenic contaminants in the urban

water cycle.1 Stormwater runoff is a major contributor to
surface water quality impairments as it can carry pollutants
such as trash, pathogens, nutrients, metals, and trace organic
contaminants (TrOCs).2–7 Large quantities of synthetic
chemicals are used in the urban environment including
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Water impact

Urban stormwater contains dissolved trace organic contaminants and metals that need to be removed to protect water supplies and aquatic ecosystems.
This study combines laboratory batch and column experiments with transport modeling to assess the efficacy and longevity of biochar filters for urban
stormwater treatment and highlights the need for improved biochar testing and selection strategies.
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pesticides, biocides in paints, and corrosion inhibitors in
brake fluids and antifreeze.8 Many of these chemicals are
water soluble compounds that may be mobilized during rain
events and enter the aquatic environment via stormwater
runoff. A number of these contaminants are persistent and
mobile in water and can be transported further downstream
or enter aquifers.9 Eventually, these chemicals may end up in
drinking water either in their original form or as potentially
harmful transformation products.

To protect aquatic ecosystems and human health from
adverse effects caused by synthetic chemicals,10,11 new
strategies are needed to prevent the entry of urban-runoff
contaminants into surface waters and groundwater. While
wastewater treatment plants can now be equipped with
advanced treatment technologies using activated carbon or
ozone to eliminate a large proportion of recalcitrant organic
chemicals from wastewater effluent, stormwater will continue
to challenge the urban water system.12–15

Urban green infrastructure elements, also called best
management practices, are being installed in cities to move
toward a more sustainable and resilient urban water
management regime.16 Urban green infrastructure including
constructed wetlands or biofilters provide multiple benefits
such as water retention for flood control, greening and
cooling the city, habitat improvement for wildlife, and land
appreciation.16 Green infrastructure elements also provide
the potential for removal of contaminants from urban
stormwater runoff.8,17 Biofilters, also known as infiltration
swales, rain gardens, or bioretention cells, have received
special attention as nature-based solutions for improved
stormwater purification.18–21 While conventional sand-based
biofilters can remove particle-associated pollutants, polar
and mobile organic contaminants are often not reliably
eliminated.8,22,23

Biochar has gained increasing attention as a low-cost and
sustainable adsorbent for the purification of
stormwater.8,24–26 Biochar is a carbonaceous material that
can be produced from biomass such as wood, agricultural
waste, grass, or sludge by pyrolysis or gasification.27,28

Similar to activated carbon, biochar can adsorb organic
contaminants and has also been shown effective for the
removal of pathogens and metals from water.24,25,29–31

Commercial activated carbon used for water treatment is
often produced from fossil carbon – peat, coal, or lignite –

and requires energy intensive treatment with steam at high
process temperatures above 900 °C. Biochar can be locally
produced from residual biomass, is less costly, qualifies as a
negative emission technology, and may co-generate energy
(industrial heat, electricity) especially when produced by
gasification.27,32,33 The physicochemical properties of biochar
are highly variable as they depend on both feedstock
selection and production conditions.27 In a screening of
commercially available biochars, Ulrich et al. 2015 found that
a high-temperature gasification biochar performed best for
the removal of organic contaminants from stormwater.34 In
contrast, biochars produced at low temperatures were

suggested to be more effective for the removal of inorganic
contaminants.35,36 Currently, it remains challenging to select
suitable biochars for the treatment of stormwater, which
contains mixtures of organic and metal contaminants. Also,
we lack standardized testing protocols to assess the
performance of biochars as well as the longevity of biochar
filters for stormwater purification.

The overarching goal of this study is to contribute towards
(i) an improved biochar selection process for the removal of
metals and TrOCs from urban stormwater and (ii) the
identification of trace organic compounds that can serve as
indicators for the performance and longevity of biochar
filters. To this end, we systematically investigated the
sorption of five metals and seven trace organic contaminants,
which are relevant in stormwater runoff, onto four biochars
produced at different treatment temperatures and processes.
Experiments were carried out in synthetic stormwater
containing dissolved organic carbon (DOC) in order to mimic
realistic conditions. Moreover, we determined whether the
co-presence of organic contaminants and metals affects their
overall removal. After screening tests, flow-through column
experiments were conducted with one weight percent (wt%)
of the best-performing biochar mixed with either silica or
limestone sand. The columns were fed for more than eight
months with a mixture of the selected metals, DOC, and
TrOCs to identify suitable indicator compounds for biochar
performance. Lastly, we present results from transport
modeling of breakthrough curves using a 1-D intraparticle
diffusion-based sorption model, and predict the potential
lifetime of full-scale stormwater filters containing 1 wt%, 2.5
wt%, 5 wt%, and 10 wt% of biochar using the least retained
organic contaminant as a conservative indicator for filter
longevity.

2. Materials and methods

A list of all chemicals including suppliers and purities is
provided in the ESI† (Table S1).

2.1 Biochar and sand

Three biochars were produced from a mix of spruce and fir
wood at constant pyrolysis temperatures of 400 °C (BC400),
580 °C (BC580) and 750 °C (BC750) in a continuous pyrolysis
process with a residence time of 10 min on a PYREKA
pyrolysis unit.31 One conifer softwood biochar was obtained
from a commercial gasification plant operating at
temperatures up to 1100–1400 °C (Mountain Crest Gardens,
MCG, GrowPro Inc., California, USA). All biochars were
analyzed for their specific surface area (SSA) and their
elemental composition by Eurofins Umwelt Ost GmbH,
Germany, according to the guidelines of the European
Biochar Certificate.28 The MCG biochar was further analyzed
with Hg porosimetry to determine the pore size distribution
(TU Freiberg, Germany). Ottawa (silica) sand (Fisher
Scientific) was washed with 5% HNO3 for 24 hours and
rinsed several times with DI water until neutral pH.

Environmental Science: Water Research & TechnologyPaper
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Commercial limestone sand (VICAL, Minerals Technologies,
USA) consisting of CaCO3 (97%) with traces of MgCO3 (1.2%)
and Fe2O3 (0.05%) was used as received. Sand and biochar
were sieved to 0.595–0.841 mm (i.e., 20–30 Tyler mesh size).

2.2 Synthetic stormwater

Batch and column experiments were performed with
synthetic stormwater emulating the composition of actual
stormwater.37 The simulated stormwater matrix contained 4.4
mg L−1 NO3

−, 1.3 mg L−1 NH4
+, 1.5 mg L−1 H2PO4

−, 31 mg L−1

SO4
2−, 60 mg L−1 HCO3

−, 1.8 mg L−1 Mg2+, 30 mg L−1 Ca2+, 40
mg L−1 Na+, and 61 mg L−1 Cl− (Table S4†).37 The dissolved
organic carbon (DOC) concentration was set at 5 mg C L−1.
Suwannee river natural organic matter (International Humic
Substances Society, St. Paul, MN) was used for all batch
experiments. As Suwannee river natural organic matter could
not be provided in sufficient quantity for the long-term
column experiments, we used humic acid (Sigma Aldrich) as
an organic carbon source for the flow-through studies where
the actual applied concentration ranged from 2 to 4 mg C L−1

DOC. The pH of the synthetic stormwater was adjusted to
7.5.

2.3 Batch sorption experiments

2.3.1 Biochar screening for sorption of metals. Sorption of
five dissolved metals (Cd, Cu, Ni, Pb, and Zn, all co-present
in the solution) on the four biochars was investigated using
batch reactors containing 5 mg, 20 mg, or 40 mg of biochar
in 200 mL of synthetic stormwater, and 15 mg, 20 mg, or 25
mg of biochar in 50 mL of synthetic stormwater
corresponding to 0.025, 0.1, 0.2, 0.3, 0.4, and 0.5 g biochar
per L, respectively. Batch reactors were placed on a shaker
table in the dark for 48 hours to wet the biochar prior to the
addition of metals. One metal stock solution containing all
five metals in dissolved form at 50 mg L−1 was prepared from
weighting in CdCl2, CuCl2, NiCl2, PbCl2, and ZnCl2 in DI
water acidified with 1 volume percent of HNO3. Each biochar
batch reactor was spiked with the stock solution to achieve
an initial concentration for each metal of 50 μg L−1. A control
experiment was set up without biochar to assess negligible
losses of metals in the synthetic stormwater matrix. The pH
was monitored over time and remained stable at 7.5. After 48
hours, 10 mL of sample was filtered with a 0.45 μm PES
syringe filter (TISCH Scientific), spiked with 300 μL of 65–
70% HNO3, and stored in the dark at 4 °C until analysis.

2.3.2 Biochar screening for sorption of TrOCs. The
sorption of seven TrOCs (1H-benzotriazole, atenolol, dicamba,
diuron, fipronil, mecoprop, and terbutryn, all co-present in
the solution) was evaluated with the four biochars in batch
reactors containing 5 mg, 20 mg, or 40 mg of biochar in 200
mL of synthetic stormwater at pH 7.5 corresponding to a
solid-to-liquid ratio of 0.025, 0.1, and 0.2 g biochar per L,
respectively. The organic contaminants were chosen based on
reported occurrence in urban stormwater,8 usage types
(including a corrosion inhibitor, herbicides, biocides, an

insecticide and a pharmaceutical, which may serve as
indicator for stormwater impacted by human sanitary
sewage), and physicochemical properties (including anionic,
neutral, and cationic species, Table S2†). The log octanol–
water partition coefficients (logKOW for neutral compounds)
and log octanol–water distribution coefficients (logDOW

values for ionizable compounds) were below 4 indicating
their aquatic mobility. Batch reactors were placed on a shaker
table at 200 rpm for 48 hours to wet the biochar prior to the
addition of organic contaminants. Subsequently, 100 μL of a
0.2 g L−1 methanolic TrOC solution containing all seven
TrOCs was spiked to achieve an initial concentration of 100
μg L−1 of each compound. A control experiment was set up
without biochar to assess negligible losses of TrOCs in the
synthetic stormwater matrix. After 48 hours, 1.5 mL of
sample was filtered with a 0.45 μm GF syringe filter (TISCH
Scientific) and stored in the dark at 4 °C until analysis.

2.3.3 Sorption of TrOCs and metals on BC750 and MCG
biochar. The two best-performing biochars (BC750 and MCG)
were further applied to study sorption of (i) the mixture of
seven TrOCs only, (ii) the mixture of five metals only, and
(iii) all seven TrOCs and five metals in co-presence over a
time span of seven days in synthetic stormwater at pH 7.5.
Sorption of TrOCs (c0 = 50 μg L−1, each) and metals (c0 = 50
μg L−1, each) was determined in batches with 0.025 g biochar
per L and 0.2 g biochar per L, respectively. Experiments in
co-presence of seven TrOCs and five metals (c0 = 50 μg L−1,
each) were performed using both 0.025 and 0.2 g biochar per
L. Control batches without biochar were set up to investigate
interactions between metals and TrOCs (c0 = 50 μg L−1, each)
in aqueous solution. All sorption experiments were
conducted in triplicates with daily measurements to confirm
sorption plateau at seven days (ESI,† section S6).

2.4 Flow-through column experiments

Twelve columns of 48 cm length and 3.175 cm inner
diameter (clear PVC pipes with PVC pipe connectors) were
operated to test four different geomedia configurations in
triplicates: (i) silica (Ottawa) sand, (ii) silica sand mixed with
20 wt% carbonate sand (limestone), (iii) silica sand mixed
with target 1 wt% (exact 0.87 wt%, corresponding to 8.4
volume percent) MCG biochar, and (iv) silica sand mixed
with 20 wt% carbonate sand and target 1 wt% MCG biochar
(Fig. 1). Three-way diverting sampling valves were installed at
the outlet of the columns. The columns were operated in up-
flow mode at a flow rate of 1.2 mL min−1 (Darcy velocity of 9
cm h−1) using a multi-channel peristaltic pump (Sci-Q 205 U,
Watson-Marlow) and semi-clear PTFE tubing (0.3175 cm
inner diameter). The flow rate emulated the recharge
conditions at a stormwater wetlands park in Los Angeles, CA,
USA38 at which 1.1 × 106 m3 stormwater will be captured over
4 months during the rainy season. The stormwater will be
stored in constructed ponds and wetlands, which act as a
hydraulic buffer for flow control.38 Our column studies
simulate filters operated with constant water flow after the

Environmental Science: Water Research & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
m

ag
gi

o 
20

22
. D

ow
nl

oa
de

d 
on

 0
6/

01
/2

02
6 

21
:0

0:
13

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ew00857a


1290 | Environ. Sci.: Water Res. Technol., 2022, 8, 1287–1299 This journal is © The Royal Society of Chemistry 2022

wetlands. We assume a filter size of 4047 m2 to treat the
captured stormwater prior to infiltration for groundwater
recharge. While we envision the biochar filters to run under
saturated conditions during the rainy season with flow
control, the filters are expected to dry out during the summer
months. However, it was beyond the scope of this study to
assess dynamic wet/dry seasonal operation of the filters.

Detailed information on the porosity of the filter material
and pore volume determination as well as bromide tracer
tests can be found in the ESI† (section S7). After an initial
equilibration time of five days with synthetic stormwater,
TrOCs and metals were introduced into the columns for 263
days according to the experimental setup depicted in Fig. 1.
Synthetic stormwater (pH 7.5) spiked to achieve 5 mg C L−1

DOC was prepared weekly in a 200 L tank and pumped with
a flow rate of 13.7 mL min−1 into a mixing chamber. Once
per week, we freshly prepared two stirred 20 L tanks
containing a 500 μg L−1 TrOC mixture and a 500 μg L−1 metal
mixture in DI water, respectively. One multi-channel
peristaltic pump independently transported the two
contaminant solutions to a mixing chamber (a 20 L glass
tank) resulting in a final concentration of 50 μg L−1 of each
TrOC and metal being pumped into the columns. The mixing
chamber was continuously air-bubbled and all pumps were
remotely controlled using a single-board microcontroller
(Arduino Uno SMD R3). To minimize stagnancy, the
residence time in the mixing chamber was approximately
8 hours. At pre-selected time points, concentrations of metals
and TrOCs were determined in influent samples (c0, collected
from the mixing chamber, Fig. S16 and S19†) and effluent
samples (c, collected at the column outlet) to calculate
removal efficiencies (c/c0). Breakthrough of metals and TrOCs
was defined as c divided by c0 equals 0.2. Selected samples
were further analyzed for dissolved organic carbon (TOC-L
Shimadzu, section S7.3†), dissolved oxygen (ProODO, YSI,
section S7.4†), nutrients (SmartChem Discrete Analyzer,
Westco Scientific Instruments, section S7.5†), pH, oxidation–

reduction potential, electrical conductivity, total dissolved
solids, and temperature (multi-parameter probe, HANNA
Instruments), and turbidity (HANNA Instruments, section
S7.6†). All columns remained oxic throughout the
experimental run time and no removal of dissolved organic
carbon or nutrients was observed. A detailed description on
water quality analyses can be found in the ESI† (section S7).

2.5 Chemical analyses

Metal analysis. Cd, Cu, Ni, Pb, and Zn were quantified
using an inductively coupled plasma mass spectrometer (ICP-
MS, Thermo Scientific XSERIES 2 Quadrupole). A sample
volume of 10 mL was filtered with PES syringe filters (TISCH
Scientific) and acidified with 300 μL of HNO3 (65–70%) to
obtain 2 vol% of HNO3 in each sample prior to analysis. A 10
mg L−1 stock solution (Inorganic Ventures, VA, USA)
containing 5% v/v HNO3 was diluted to generate an external
calibration curve from 1 μg L−1 to 75 μg L−1 for Cd, Cu, Ni,
Pb, and Zn analysis. Subsets of twelve samples were
bracketed with quality control standards of 50 μg L−1. Limits
of quantification were between 1.4 μg L−1 and 1.8 μg L−1.

TrOC analysis. TrOCs were quantified using liquid
chromatography electrospray ionization tandem mass
spectrometry (LC-ESI-MS/MS, Applied Biosystems API 3000)
with a Shimadzu SCL-10AVP system controller and a SIL-20A
autosampler (Shimadzu). 1H-Benzotriazole, atenolol, diuron,
and terbutryn were quantified in positive ionization mode;
fipronil, dicamba, and mecoprop in negative mode (Table
S3†). Aqueous samples were analyzed using a XBridge BEH
C18 column (5 cm × 2.1 mm, 3.5 μm, Waters) equipped with
a XBridge BEH C18 VanGuard cartridge (5 mm × 2.1 mm, 3.5
μm, Waters). The mobile phase consisted of HPLC-grade
water (solvent A, Optima LC/MS grade, Fisher Chemical) and
methanol (solvent B, Optima, > 99.9%, Fisher Chemical)
each acidified with 0.1 vol% formic acid. The eluent gradient
for negative ionization mode was 10% B (0–4 min), linear

Fig. 1 Experimental setup of the column flow-through experiments with synthetic stormwater at pH 7.5 containing metals (Cd, Cu, Ni, Pb, Zn,
each 50 μg L−1) and TrOCs (1H-benzotriazole, atenolol, dicamba, diuron, fipronil, mecoprop, terbutryn, each 50 μg L−1). The synthetic stormwater
contained inorganic constituents and 5 mg C L−1 DOC.
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increase to 95% B at 12 min, and 95% B for 1 min at a flow
rate of 200 μL min−1. The eluent gradient for positive
ionization mode was 10% B (0–0.02 min), linear increase to
67% B at 12 min, linear increase to 95% B at 13 min and
95% B for 1 min at a flow rate of 200 μL min−1.
Quantification of analytes was carried out using deuterated
internal standards (final concentration of 10 μg L−1, Table
S3†) and external calibration standards ranging from 1 μg L−1

to 100 μg L−1. The limit of quantification was defined as the
lowest concentration standard with a signal to noise ratio
≥10. Data analyses were performed with the Analyst 1.5.2
software (AB Sciex).

2.6 Modeling of TrOCs in biochar filters and case study to
predict filter longevity

To simulate and predict breakthrough times of TrOCs in
biochar filters, a 1-D forward-prediction transport model was
adapted from Werner et al. 2006 and 2012,39,40 and Ulrich
et al. 2015.34 The model is based on the Freundlich equation
and describes sorption-retarded intraparticle diffusion
kinetics as outlined in previous studies.34,39,40 Model
equations and input parameters used to predict contaminant
breakthrough in biochar filters are compiled in the ESI†
(section S10, Table S28). Breakthrough data for the columns
containing sand mixed with 1 wt% (exact 0.87 wt%) MCG
biochar were fitted to the 1-D intraparticle diffusion limited
sorption model to obtain the Freundlich coefficient (Kfr), the
Freundlich exponent (N = 1/nfr), and the intraparticle
tortuosity (τ) of the biochar particles. Standard deviations for
the parameters were calculated through separate fitting of the
three individual columns (Table S29†). The case study
calculations were based on the recharge conditions at the
above described stormwater wetland in Los Angeles38

assuming a filter area of 4047 m2, a filter depth of 1 m, and
an annual infiltration period of 122 days (Table S30†).

3. Results and discussion
3.1 Impact of biochar characteristics on metal and TrOC
removal

Batch screening tests with four wood-derived biochars were
conducted to study the effect of biomass conversion
conditions and processes (i.e., pyrolysis and gasification) on
the adsorbent removal capacity. Fig. S1 and S2† show the
results for the removal of metals and TrOCs, respectively, by
the three pyrolysis biochars BC400, BC580, and BC750 and
the MCG gasification biochar. The contaminant removal

efficiency increased with heat treatment temperature, with
the MCG gasification biochar exhibiting the best
performance. BC400 and BC580 showed little removal of
metals and TrOCs (<30%) at the tested solid-to-water ratios.
In contrast, BC750 and the MCG biochar exhibited higher
removal capacities towards all tested metals and TrOCs, and
the contaminant removal efficiency increased with increasing
solid-to-water ratio.

The physicochemical characteristics of the four biochars
are shown in Table 1. The specific surface areas (SSA) of
BC400 and BC580 were less than 100 m2 g−1, while the SSAs
of BC750 and MCG biochar were 400 and 610 m2 g−1,
respectively. With increasing pyrolysis temperature, the
carbon content and the ash content of the biochars increased
nonlinearly, and the hydrogen and oxygen contents displayed
a nonlinear decrease. Consequently, the H/C, O/C and (N +
O)/C molar ratios decreased with increasing pyrolysis
temperature. Of all chars, the gasification MCG biochar
displayed the highest ash content, specific surface area, and
total pore volume obtained by BET analysis (Table 1 and
S5†), as well as the smallest H/C molar ratio indicating a high
degree of carbonization.

To identify which physicochemical properties are most
related to contaminant removal, we correlated logKd values
with the biochar properties (see Tables S7 and S8† for linear
semi-log correlation coefficients). For all metals (except Pb)
and TrOCs, the adsorption strength significantly increased
with increasing specific surface area of the biochars (p <

0.05). Moreover, a high degree of carbonization (expressed as
low H/C molar ratio) enhanced contaminant removal (p <

0.05 to p < 0.2). A positive correlation between ash content
and contaminant logKd values was apparent but less
pronounced (p < 0.2). These observations agree with previous
findings concluding that aromatic carbon within
hydrophobic structures were the main contributors to
contaminant adsorption.34,41–43

In 48 hour batch experiments, metal uptake followed the
order Pb > Cu > Zn > Ni ∼ Cd (Fig. S1†) reflecting the
hydrolytic properties of the metals. Metal removal followed
the same order as the first hydrolysis constants indicating
that a lower degree of solvation facilitates the approach and
interactions with the biochar surface functional groups (e.g.,
carboxyl and hydroxyl groups).44 This removal sequence of
metals has been observed with other carbonaceous materials
such as granulated activated carbon, and the adsorption
extent was ascribed to weak intermolecular (van der Waals
forces) and electrostatic interactions between metals and

Table 1 Specific surface area (SSA), ash content, and elemental composition of three pyrolysis biochars produced at 400 °C, 580 °C, and 750 °C, and
one gasification biochar (MCG). All values are related to biochar dry mass

SSA (m2 g−1) Ash (%) Hydrogen (%) Carbon (%) Nitrogen (%) Oxygen (%) Sulfur (%) H/C ratio O/C ratio (N+O)/C ratio

BC400 94 1.0 2.2 79.8 0.13 16.8 0.05 0.329 0.158 0.159
BC580 29 1.5 1.7 88.7 0.21 7.8 0.04 0.228 0.066 0.068
BC750 400 1.8 0.5 91.3 0.21 6.2 0.04 0.065 0.051 0.053
MCG 610 9.2 <0.1 82.9 0.15 7.9 0.08 0.014 0.072 0.073
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surface functional groups.45,46 Ash content may also enhance
metal removal.44

Batch sorption experiments with BC750 and MCG biochar
showed that diuron was the best removed TrOC followed by
1H-benzotriazole, atenolol, terbutryn, and fipronil (Fig. S2†).
Several studies highlighted the high uptake capacity of
biochar and soil organic matter for the herbicide diuron.25,34

In contrast, the anionic species dicamba and mecoprop were
less well removed, which may be due to greater electrostatic
repulsion with the biochar functional groups bearing
negative charge at the studied pH value.45 The logKd values
were neither correlated with the molecular hydrophobicity
(commonly measured by the octanol–water partition
coefficient, Table S2†), nor with the mobility in soil (i.e., the
KOC, Table S2†). TrOC sorption onto biochar is governed by
multiple retention mechanisms at the surface including π–π

electron donor–acceptor interactions, H-bonding,
electrostatic interactions, and physical interactions such as
pore-filling mechanisms.45

The selected biochars removed metals to a lesser extent
than TrOCs (Fig. S1 and S2†). Our results confirm that high
temperature biochars with high specific surface area,
hydrophobicity, and microporosity perform well for the
removal of dissolved organic contaminants from

stormwater.46 However, our results contradict the hypothesis
that low-temperature biochars are more suitable for the
removal of charged contaminants such as metals. Therefore,
mixing different pyrolysis temperature biochars with
gasification biochar was not considered.

3.2 Sorption in co-presence of metals and TrOCs

As BC750 and MCG outperformed the lower-temperature
biochars in terms of metal and TrOCs removal from synthetic
stormwater, these two biochars were chosen for subsequent
experiments to determine 7 day sorption uptake of (i) metals
only, (ii) TrOCs only, and (iii) metals and TrOCs together.
Control experiments with 50 μg L−1 metals and 50 μg L−1

TrOCs together without biochar showed no removal of any
metal or organic compound within 7 days (Fig. 2). The
contaminant decrease in biochar systems can, thus, be
assigned to interactions of metals and TrOCs with the
carbonaceous adsorbents.

In batches containing 0.2 g biochar per L and 50 μg L−1

metals, the removal order was Pb ∼ Cu > Zn > Ni ∼ Cd
(Fig. 2a). The presence of 50 μg L−1 TrOCs significantly
decreased the removal efficiency for Zn, Ni, and Cd for both
biochars (p < 0.05, Table S9†) by up to 35%, 10%, and 15%,

Fig. 2 Batch experiments in co-presence of five metals (nominal initial concentration c0 = 50 μg L−1, each) and seven TrOCs (c0 = 50 μg L−1, each)
with (a) 0.2 g biochar per L to determine sorption of metals, and (b) 0.025 g biochar per L to determine sorption of TrOCs onto BC750 or MCG
biochar after a contact time of 7 days in synthetic stormwater at pH 7.5 with 5 mg C L−1 DOC. Reported is the concentration c measured after 7
days relative to the initial concentration c0 for metals and TrOCs measured in the respective control batches without biochar. Error bars represent
standard deviations of triplicate experiments. Asterisks represent statistical differences between bracketed treatments (p < 0.05).
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respectively. The removal of Pb and Cu was not significantly
affected by the presence of TrOCs (p > 0.2, Fig. 2a). The
removal order for the co-presence of metals and TrOCs was
altered to Pb > Cu > Ni ∼ Cd > Zn. As shown in Fig. S4,† all
TrOCs except dicamba were strongly adsorbed onto both
BC750 and the MCG biochar within 7 days and removed to
concentration levels below our detection limit.

In batches containing 0.025 g biochar per L and 50 μg L−1

TrOCs, the presence of 50 μg L−1 metals led to observable
trends of decreased TrOC removal on both BC750 and MCG
biochar (Fig. 2b, Table S11†). However, the co-presence of
TrOCs and metals increased the dispersion of the data, and
no significant differences in TrOC removal efficiency could
be determined when comparing TrOC sorption onto biochars
in absence and presence of metals (p > 0.05, Table S10†),
with the only exception of terbutryn and atenolol (Fig. 2b).

Experiments with metals and TrOCs in co-presence
confirm that MCG biochar has the highest adsorption
capacity for both TrOCs and metals. Flow-through column
experiments were, therefore, conducted only with the MCG
biochar. The results presented in Fig. 2 corroborate that the
concentrations of metals and TrOCs (each 50 μg L−1) remain

stable in synthetic stormwater over a time period of at least 7
days. This allowed the column experiments to be conducted
with weekly replenishment of the influent mixture of metals
and TrOCs.

3.3 Metal removal in flow-through column experiments

Metals were poorly removed from stormwater in flow-through
column systems which agrees with the batch sorption
experiments. Nickel was the least retained metal in sand and
biochar-amended columns (Fig. S15†) with breakthrough
(defined as c/c0 = 0.2) in less than 20 pore volumes for silica
sand and carbonate sand columns. Nickel breakthrough in
biochar columns occurred after 120–160 pore volumes.
Similar to Ni, Cd was poorly removed in both sand and
biochar systems (Fig. 3a). The addition of carbonate sand led
to a slight enhancement of Cd removal (breakthrough after
130 pore volumes) compared to silica sand (breakthrough
after 30 pore volumes). The amendment of 1 wt% MCG
biochar to silica sand increased Cd retention by
approximately 100 pore volumes. The combination of 1 wt%

Fig. 3 Breakthrough of (a) cadmium, (b) zinc, (c) copper, (d) lead (initial nominal concentration c0 = 50 μg L−1) from synthetic stormwater (pH 7.5)
in columns filled with (i) silica sand, (ii) silica sand mixed with 20 wt% carbonate sand, (iii) silica sand mixed with 1 wt% MCG biochar, and (iv) silica
sand mixed with 20 wt% carbonate sand and 1 wt% MCG biochar. The concentrations c and c0 were measured at the column effluents and in the
mixing chamber, respectively. Error bars represent standard deviations of triplicate column systems.
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MCG with 20 wt% carbonate sand showed best performance
and removed 80% of the Cd for 280 pore volumes.

Zinc was slightly better removed than Ni and Cd
(Fig. 3b). In silica and silica–carbonate columns,
breakthrough of Zn was obtained after 70 and 170 pore
volumes, respectively, indicating that carbonate sand also
enhanced Zn retention (p < 0.05, Table S26†). The addition
of 1 wt% MCG biochar to silica sand improved Zn removal
by 190–240 pore volumes (breakthrough after 260 and 410
pore volumes in silica-biochar and silica–carbonate-biochar
systems, respectively). Copper was not removed in silica or
silica–carbonate sand systems as shown by immediate

breakthrough within 5 pore volumes (Fig. 3c). The formation
of dissolved complexes with humic acid may have reduced
Cu removal.47 The amendment of 1 wt% MCG biochar to
silica sand and silica–carbonate sand significantly improved
Cu removal (p < 0.05, Table S26†) and breakthrough was
observed after approximately 450 pore volumes (Fig. 3c).
Lead was the best retained metal in both sand and biochar-
amended systems (Fig. 3d). Silica sand and silica–carbonate
sand removed 80% of lead for 100 and 170 pore volumes,
respectively. Mixtures of silica sand and silica–carbonate
sand with 1 wt% MCG resulted in 80% lead removal for 460
and 660 pore volumes, respectively.

Fig. 4 Breakthrough of (a) dicamba, (b) fipronil, (c) terbutryn, (d) diuron, and (e) atenolol (initial nominal concentration c0 = 50 μg L−1) from
synthetic stormwater at pH 7.5 in columns containing (i) silica sand, (ii) silica sand mixed with 20 wt% carbonate sand, (iii) silica sand mixed with 1
wt% MCG biochar, and (iv) silica sand mixed with 20 wt% carbonate sand and 1 wt% MCG biochar. The concentrations c and c0 were measured at
the column effluents and in the mixing chamber, respectively. Error bars represent standard deviations of triplicate column systems.
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In sum, for silica and carbonate sand-containing columns,
copper, nickel, and cadmium showed immediate
breakthrough followed by zinc and lead, which were slightly
better retained. While carbonate sand has been reported to
enhance the removal of metals,48 the addition of 20 wt%
carbonate sand to silica sand did not lead to improvements
for metal removal in our study. Biochar increased the
retention of metals compared to sand-only systems (p < 0.05,
Table S26†) in the order of Pb > Cu > Zn > Cd ≥ Ni. This
order of sorption affinity matches findings in literature,48–50

and is consistent with our 48 hour batch sorption
experiments where lead and copper were best removed by
MCG biochar. In agreement with other studies,25 biochar
amendments to conventional sand filters are beneficial to
enhance copper removal, which may be benefited by humic
acid as shown previously.51,52 The biochar achieved about
50% removal of Cu and Pb through the duration of the tests
in which metal concentrations were measured comprising
about 3000 pore volumes.

3.4 TrOC removal in flow-through column experiments

TrOC removal was assessed in flow-through tests with
measurements continuing for more than 4000 pore volumes.
None of the TrOCs were retained by silica sand or carbonate
sand so that the influent and effluent concentrations in the
sand control columns were identical within the first few pore
volumes (Fig. 4). Sand mixed with 1 wt% MCG biochar
significantly enhanced the removal of organic contaminants
(p < 0.05, Table S27†) even though bulk dissolved organic
carbon was not removed (Table S13, Fig. S10†). In agreement
with our batch sorption experiments, dicamba showed the
earliest breakthrough, followed by fipronil and terbutryn.
Diuron was the best retained TrOC and did not show
breakthrough within the study time.

The type of sand (silica or carbonate) for mixing with the
biochar did not lead to differences in the compound's
retention behavior. The anionic species dicamba was the
least retained compound in the organic contaminant mixture
and showed breakthrough (defined as c/c0 = 0.2) after 1300
pore volumes and complete breakthrough after approximately
3600 pore volumes (Fig. 4a). Fipronil and terbutryn were fully
retained for 2000 pore volumes until a slow increase in
concentration in the column effluent was observable. Twenty
percent fipronil breakthrough was achieved after 2900 pore
volumes (Fig. 4b). Subsequently, the breakthrough curve
leveled off and no further increase in fipronil concentration
could be measured in the column effluent. As the fipronil
influent concentration remained stable between 40 and 60 μg
L−1 (Fig. S19†) and the column effluents were oxic throughout
the experiment (Table S15†), this observation may be
assigned to aerobic (bio)transformation processes in the
biochar columns. Towards the end of the column
experiment, the fipronil concentration started to decline in
both of the sand control systems (Fig. 4b) providing further
evidence for potential (bio)transformation. However, the

identification of transformation products and underlying
reaction mechanisms was beyond the scope of this study.
Terbutryn concentrations in the column effluents increased
steadily resulting in 12% breakthrough after 4000 pore
volumes (Fig. 4c). Diuron and atenolol were continuously fed
into the columns (Fig. S19†) and were completely removed by
MCG biochar over the time course of the experiment
(Fig. 4d and e).

The negatively charged mecoprop was expected to be
poorly retained by biochar as shown in batch experiments
but the compound dissipated within 300 pore volumes in the
sand control columns indicating transformation processes
(Fig. S17†). No breakthrough of mecoprop was observed in
biochar columns, which may be attributed to sorption and
potential transformation processes (Fig. S17†). Moreover,
within the first 1000 pore volumes, the concentration of
mecoprop gradually decreased in the mixing chamber (Fig.
S19†) indicating degradation even prior to entering the
columns. However, additional studies are needed to
characterize the fate of mecoprop in such units. 1H-
benzotriazole showed immediate breakthrough in the sand
columns but after 800 pore volumes the compound
disappeared in all sand systems (Fig. S18†) despite constant
input into the columns (Fig. S19†). These observations
indicate that transformation of 1H-benzotriazole started after
favorable conditions (involving e.g., biofilms) had been
established in the columns.

3.5 Predictions of TrOC breakthrough in filters with different
biochar contents

Dicamba, fipronil, and terbutryn were the only TrOCs that
showed breakthrough in the biochar column experiments.
The breakthrough data for these TrOCs were fitted to the 1-D
contaminant transport model to obtain Freundlich
coefficients and exponents (Fig. S20†). Using the transport
model with the fit sorption parameters, breakthrough times
of the TrOCs in biochar columns were simulated for a bed
depth of 0.48 m. The equations and parameters used for
modeling the breakthrough curves are shown in eqn SĲ1)–SĲ6)
and Table S28.† Sorption parameters obtained from fitting
the column breakthrough data are shown in Table S29†
together with root mean squared errors to evaluate the
goodness of fit.

The anionic herbicide dicamba was the most mobile and
least retained compound in biochar columns and was
therefore chosen as indicator for TrOC breakthrough and
filter longevity. Fig. 5a shows simulated dicamba
breakthrough curves in biochar columns containing
increasing amounts of biochar from one to ten weight
percent. Assuming a continuous dicamba influent
concentration of 50 μg L−1, breakthrough of dicamba
(defined as c/c0 = 0.2) was predicted after 1.1 × 103, 2.6 × 103,
4.0 × 103, and 5.3 × 103 pore volumes for columns containing
1, 2.5, 5, and 10 wt% biochar, respectively (Fig. 5a, Table
S31†). Greater wt% biochar increases dicamba retention, thus
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biochar field applications with >1 wt% are considered
beneficial but field tests are needed to assess hydraulic
performance and longevity.

In agreement with our column experiments, dicamba
breakthrough was followed by fipronil and terbutryn
breakthrough with pore volumes of 4.0 × 103, 1.08 × 104, and
1.14 × 104, respectively, for 5 wt% biochar amendment and
influent concentrations of 50 μg L−1 (Fig. 5b). Fipronil
removal may be enhanced through transformation processes
as indicated by our column experiments (Fig. 4b). Field
applications of biochar filters should further screen for the
presence of transformation products in the treated
stormwater.

Using the dicamba breakthrough predictions shown in
Fig. 5a, we assessed the potential lifetime of biochar-
amended filters under conditions encountered at a case
study site in Los Angeles, CA, USA where 1.1 × 106 m3

stormwater is planned to be captured and treated over
four months during the rainy season. The assumed filter
area and depth were 4047 m2 (1 acre) and 1 m,
respectively, resulting in a filter pore volume of
approximately 1.6 × 103 m3 to 2.1 × 103 m3 for biochar
amendments of 1 wt% to 10 wt%, respectively (Table
S30†). The least retained compound dicamba was used as
an indicator substance for early contaminant
breakthrough. Influent dicamba concentrations of 50 μg
L−1 were chosen to represent the potential sum of
concentrations of mobile trace organic contaminants in
urban stormwater runoff. Dicamba breakthrough (defined
as c/c0 = 0.2) was predicted to occur after 2, 4, 7, and 10
years for filters amended with 1, 2.5, 5, and 10 wt% of
biochar, respectively, at a Darcy velocity of 9 cm h−1

(Table S31†).
These model simulations suggest a long-term efficiency of

biochar filters for the removal of polar and mobile organic
contaminants. Lower inflow concentrations of trace organic
contaminants in the range of few μg L−1 in stormwater runoff
will result in longer operation times (5 years and longer) of
the biochar filters as demonstrated by model results with
dicamba influent concentrations of 5 μg L−1 (Table S31, Fig.

S21†). While our model indicates potential filter operation
times of several years or longer, pilot- and full-scale testing
under actual field conditions are required to assess treatment
performance and longevity, which may be influenced by
dynamics in flow rate, stormwater composition, and filter
clogging. To sustain the long-term functioning of biochar
filters and prevent clogging, stormwater treatment trains
should include sedimentation basins and pre-filters for
particle removal and regular maintenance of particle removal
systems.

4. Conclusions and outlook

The study corroborated that pyrogenic materials like biochar
can serve as cost-effective adsorbents for polar organic
contaminants in urban stormwater runoff. Among the TrOCs
evaluated, dicamba functioned as an early indicator
compound for TrOC breakthrough. While anionic organic
compounds especially are expected to be poorly retained by
biochar, larger sets of organic chemicals need to be
investigated to enhance our predictions of contaminant
removal from urban stormwater in biochar systems. To date,
TrOCs are not part of testing strategies for stormwater
treatment materials and devices.53 Unified testing protocols
should include a selection of commonly found mobile
organic contaminants as well as defined removal targets for
improved stormwater treatment performance. Moreover, we
need improved criteria for biochar selection. Different
gasification biochars or activated biochars should be
compared for their capacity for organic contaminant removal
from stormwater.

Biochar filters require long-term field testing to improve
predictions of treatment efficacy and longevity. Field testing
needs to include pretreatment assessments to ensure that the
biochar performance is not hampered by particle clogging, as
well as performance under conditions of intermittent flow
and variable stormwater composition. Mixing of biochar with
other low-cost materials may enhance removal of organic and
inorganic contaminants including metals and nutrients but
field performance has to be evaluated.

Fig. 5 (a) Simulated breakthrough curves for dicamba (initial nominal concentration c0 = 50 μg L−1) in 0.48 m columns containing 1 wt%, 2.5 wt%,
5 wt%, and 10 wt% MCG biochar. (b) Simulated breakthrough for dicamba, fipronil, and terbutryn in 0.48 m columns containing 5 wt% MCG
biochar (initial nominal concentration c0 = 50 μg L−1).
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