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Stormwater in Finland typically lacks substantial treatment despite potentially containing
elevated concentrations of nutrients and trace metals that can degrade the water quality of
receiving waterbodies. Reactive materials, such as biochar, have been effective in remov-
ing pollutants from stormwater. However, knowledge of their performance is primarily
based upon laboratory tests as field studies remain scarce and there is little evidence on
their long-term field performance. This study evaluated field-scale stormwater pollutant
retention by sand and biochar-amended sand filtration systems designed to treat road runoff
containing metals and nutrients in southern Finland. Results of field data, and hydrologi-
cal and geochemical modelling suggest that the filters retain pollutants similarly through
a combination of physical filtration, (ad)sorption and/or (co)precipitation additionally
affected by leaching of alkali metal cations from biochar media which contributed to the
formation of new minerals via PO,* sorption to Fe (oxy)hydroxides or precipitation of Ca
phosphate mineral phases (hydroxyapatite).

Introduction

Urban development is characterised by rapid
urbanisation and an expanding footprint of
human activities. A substantial body of evidence
indicates that urban development has transformed
the dynamics of runoff generation in urban catch-
ments both in terms of runoff volume and its
composition (e.g., Lundy ef al., 2012, Taka et al.,
2017). Traffic- and road-originating runoff has
been shown to transport a substantial quantity of
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pollutants from sources including atmospheric
deposition, exhaust emissions, tire abrasion and
the use of agents such as de-icing salts (Markie-
wicz et al., 2017, Jarlskog et al., 2021). Owing to
elevated pollutant concentrations and high vari-
ability of urban stormwater composition, nutri-
ents and trace metal contaminants in traffic- and
road-originating runoff increase diffuse pollution
and environmental degradation of recipient sur-
face waters, and soil- and groundwater resources
(Béackstrom et al., 2003, Lundy ef al., 2012).
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Engineered structures for passive water treat-
ment are widely recognised as a cost-effec-
tive means of addressing diffuse pollution. In
recent decades, numerous measures to mitigate
the adverse impacts of urban runoff on surface
waters and groundwater resources have been
developed, ranging from structural measures
to relatively more integrated approaches such
as sustainable urban drainage systems (SUDS)
and green infrastructure (see e.g., Fletcher et
al. (2015) for an in-depth overview). Filtration
paired with reactive materials often presents an
economical yet reliable solution for enhancing
pollutant removal from runoff (Kuoppaméki et
al., 2019). Stormwater filtration through chemi-
cally reactive geo- and/or bio-based materials,
including sand filters amended with biochar,
has previously been demonstrated to effectively
retain a range of stormwater pollutants (e.g.,
Reddy et al., 2014, Wendling et al., 2017).

Biochar, a product of biomass pyrolysis or
gasification, has been previously employed pre-
dominantly for soil improvement and carbon
sequestration (Lehmann and Joseph, 2009).
Availability of feedstock and low production
cost make biochar an attractive environmen-
tal sorbent (Ahmad et al., 2014). Biswal et
al. (2022) highlight that the number of stud-
ies evaluating biochar performance from dif-
ferent feedstocks for stormwater treatment has
increased over the last decade. Currently, bio-
char-amended filtration systems are recognised
to exhibit superior performance in retaining and
immobilising nutrients (Ulrich et al., 2017),
metals and metalloids (Ashoori et al., 2019), and
even removing pathogenic bacteria (Mohanty
et al., 2014). The amendment of biochar is
also expected to increase water retention capac-
ity, which can enhance detention of stormwa-
ter compared to non-amended filters (Mai and
Huang, 2021).

Biochar can be produced at different tem-
peratures, which together with feedstock largely
determine its final properties influencing the
removal capacity such as pH, ash content, poros-
ity and cation exchange capacity (Kaya et al.,
2022). Studies have shown that stormwater pol-
lutant removal capacity improved with increas-
ing biochar production temperature (Spahr et
al., 2022). Biochar characteristics such as sur-
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face area, hydrophobicity, number of functional
groups, and to a certain extent ash content,
influenced by pyrolysis/gasification temperature,
affect the adsorption of pollutants (Kaya ef al.,
2022; Spahr et al., 2022).

Previous investigations of biochar-amended
stormwater filtration systems predominantly
involved column-type laboratory, batch-scale or
pilot testing of material performance using syn-
thetic stormwater (e.g., Geng¢-Fuhrman et al.,
2007, Ashoori et al., 2019, Siipola et al., 2020).
For example, Ashoori et al. (2019) and Tian et
al. (2016) demonstrated substantial (> 90%)
ammonia nitrogen (NH,-N) and nitrate nitro-
gen (NO,-N) removal in column-based tests.
Removal of phosphorus (P), however, is variable
and it depends on the biochar feedstock (Afrooz
and Boehm, 2017), pore volume for facilitating
adsorption, and the presence of an additional
metal coating, which has been demonstrated to
enhance P adsorption (Xiong et al., 2019). The
biochar production temperature and the nutrient
content of its feedstock additionally influence
the biochar filtration system performance in
removing stormwater pollutants and its longev-
ity (Boehm et al., 2020). Biochar media has also
been investigated as the green roof substrate to
reduce nutrient loading in both roof runoff and
green roof leachate (Kuoppamiki and Lehvi-
virta, 2016, Liao et al., 2022).

Biochar has additionally been studied for
removal of metals from stormwater. Biochar
with varying feedstock have demonstrated the
ability to retain heavy metals such as cadmium
(Cd), lead (Pb), copper (Cu) and zinc (Zn) and
their adsorption increased with biochar appli-
cation rate (Komkiene and Baltrenaite, 2016,
Ashoori et al., 2019). Similarly, Kotodynska et
al. (2012) observed the adsorption of the same
metals, and pH influence on the adsorption of
metals. They concluded that higher pH reduces
the adsorption capacity due to precipitation or
formation of hydroxide complexes (Kotodynska
et al., 2012). As most metals and P species in
street and/or road stormwater runoff exist in
particle-bound form (Owens and Walling, 2002),
both physical entrapment and biogeochemical
reactions influence pollutant dynamics within
urban stormwater filtration systems. Under-
standing of ion interactions with mineral and
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Fig. 1. Cross-section of the sand and sand-biochar stormwater filtration systems and conceptual inputs and outputs

of the system.

organic phases is necessary to identify their role
in attenuation of targeted pollutants (Wendling
and Holt, 2020). Despite the significant experi-
mental research concerning the suitability of fil-
tration media for stormwater pollution retention,
there is a notable scarcity of field observations
(Biswal et al., 2022). To date, relatively little
knowledge exists on the long-term (spanning
more than a year) biochar filter performance in
field conditions dominated by varying pH and
redox conditions (Mohanty et al., 2018).

The objective of the present study was to
assess the effects of two adjacent roadside filters
on stormwater quantity and quality and under-
stand the pollutant retention and removal pro-
cesses and subsequently suitable maintenance
programme during a continuous period over
northern, cold-climate autumn-winter. Both fil-
ters had a similar overall structure with the only
difference that the sand-biochar filter contained
a 300 mm layer of biochar, facilitating com-
parison of effluent water quantity and qual-
ity between filters. The effects of both filters
on water quality and pollutant removal were
assessed by geochemical modelling. Distributed
hydrological modelling was used to verify mea-
sured discharge quantities from the filters, and
to evaluate whether filters were under saturated
conditions for a prolonged period, which would
promote anoxic conditions and dissolution of
adsorbed pollutants into the discharged waters.

Material and methods
Study site and data

The study site is located in the city of Vantaa,
southern Finland (60.31436 N, 24.88096 E).
Adjacent areas draining and directly contributing
runoff to the filter system include a section of Tik-
kurilantie, a moderately busy road with an average
annual daily traffic load of ca. 7000 vehicles, and
a bicycle path (Assmuth et al., 2019). Two identi-
cal roadside filters (3.4 m x 10 m each) installed
in parallel were constructed in 2017 with differ-
ing filter media: sand and sand-biochar media
(powdered biochar from birch wood, Betula spp.)
(for details see Assmuth et al., 2019, Fig. 1). The
particle size distribution of sand was 0.2-2 mm,
the powdered birch biochar was <2 mm, and sub-
surface drain gravel was 816 mm. Filters were
located next to one another and separated by a
bentonite layer to prevent water transfer between
the filters. Filters were additionally lined with
bentonite to prevent infiltration to and from the
surrounding soil, allowing water to flow directly
to the subsurface drains located at the bottom of
each filter. No core samples were taken from the
filters to ensure the integrity of the layering. Thus,
it was assumed the layering of the filter media
has not significantly changed with time or been
substantially affected by external factors, such as
compression by foot or vehicle traffic.
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The inflow stormwater quality was measured
from a bridge via an opening in the bridge drain-
age structure at ca. 300 m distance from the fil-
ters. Precipitation was recorded in-situ with two
high-resolution rain gauges (IM523 Metos, Pessl
Instruments, Austria) at five-minute intervals.
Discharge was measured with tipping bucket
gauges (TB/0.5L, HyQuest Solutions, Australia)
recording flow at five-minute intervals. Pulse
counter recorded tips of a tipping bucket gauge
with one tip equal to 0.5 L. Inflow to a filter
from the street was calculated to originate from
an estimated catchment area of 74.5 m? which
was optimised with PEST (Model-Independent
Parameter Estimation and Uncertainty Analysis
ver. 13, Doherty, 2010), which facilitates calibra-
tion in numerical modelling. The precipitation
and discharge were measured with high temporal
resolution from autumn 2019 (19 Sep.) to winter
2020 (19 Feb.). The studied period included
three measurement campaigns in autumn 2019
for sampling stormwater influents and filter
effluents during rainfall events. The campaigns
were launched based on weather forecasts to
catch stormwater quality during rainfall-runoff
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events (Table 1). Some precipitation measure-
ments are missing for Event 1 due to equipment
malfunction.

During the measurement campaigns, water
samples were collected manually using 1 L con-
tainers during the three rain events. In total,
10 samples each of sand and sand-biochar filter
effluents were collected along with five storm-
water samples per a single rain event. In October
2019, each event produced 25 water samples
within 15-20 minutes intervals or less, total-
ling 75 water samples over three rain events
(Table 1).

The filters' performance was analysed using
the individual results of all ten samples of each
filter effluent (instead of other means, e.g., ana-
lysing the event mean concentrations) for greater
understanding of variability in stormwater qual-
ity and filters response in terms of water qual-
ity and quantity. Mass balance and the charge
balance error percentage (%CBE) were evalu-
ated to determine the accuracy of each sample.
Stormwater quality analyses were performed by
MetropoliLab Oy and in Aalto University water
laboratory in October 2019. Details on water

Table 1. Sampling details and ambient conditions during the sampling events. "Sand-biochar" denotes sand-
biochar filter effluent, "Sand" denotes sand filter effluent, and "Stormwater" denotes stormwater influx collected at

bridge opening.

Event Water Sample Time of sampling No. of Antecedent Cumulative rainfall/
(start—end) samples dry days max rain intensity
Sand-biochar 01.10.2019 (04:27)— 10
01.10.2019 (06:42)
1 Sand 01.10.2019 (04:26)— 10 12h 10 mm /0.9 mm h-
01.10.2019 (06:50)
Stormwater 01.10.2019 (04:24)— 5
01.10.2019 (05:30)
Sand-biochar 20.10.2019 (20:15)— 10
21.10.2019 (07:53)
2 Sand 20.10.2019 (21:55)— 10 1-2 days 11 mm /0.6 mm h™'
21.10.2019 (07:58)
Stormwater 20.10.2019 (19:15)— 5
20.10.2019 (20:15)
Sand-biochar 26.10.2019 (15:25)— 10
26.10.2019 (17:05)
3 Sand 26.10.2019 (15:45)— 10 1-2 days 11 mm /0.5 mm h™'
26.10.2019 (17:21)
Stormwater 26.10.2019 (15:05)— 5
26.10.2019 (15:45)
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Fig. 2. Flow chart of the STYX model application. Abbreviations: PET = evapotranspiration, PEST = Model-Inde-
pendent Parameter Estimation and Uncertainty Analysis and VTK = visualisation toolkit.

quality analysis can be found in Koivusalo et al.
(2023). The water quality data of the stormwater
filter outflow and the inflow (bridge drainage
water) are summarised in Supplementary Infor-
mation Fig S1.

Modelling discharge and mineral
formation in the filters

To verify the measured discharge and to check
the saturation of the filter media, a numerical
soil-hydrological model (STYX; Fig. 2) was
developed with C++ to simulate relevant pro-
cesses in Nordic conditions outside and within
the filter structure (see Fig. 1). The model has
been published as open source (MIT license)
software on GitHub. The simulated system
was divided accordingly into surface and sub-
surface domains similar to the FLUSH model
(Warsta et al., 2013). STYX describes storage
of water in the surface domain, and unsatu-
rated and saturated water flow, and heat con-
duction in the subsurface domain. Parameter
optimisation and sensitivity analysis were per-
formed with the PEST software suite (ver. 13,
Doherty, 2010). The input and output com-
putational grids were presented in the Visu-
alization Toolkit (VTK) format (http://www.
vtk.org). Goodness of fit of model calibration
and validation outputs against the measured
discharge were determined with Nash-Sutcliffe
efficiency (N-S) coefficient (Nash and Sut-
cliffe, 1970).

The governing partial differential equations
in STYX were numerically solved with the finite
volume-based method. In this application, a
single rectangular cell was used to store water
on the filter surface domain. The tridiagonal
algorithm was used to directly solve the result-
ing equations in the subsurface domain in a
1D column of hexahedral cells (e.g., Warsta et
al., 2013). Brute force iterative solvers were
also included for comparison purposes. Unsatu-
rated water flow in the subsurface domain was
simulated with the Richards equation (Richards,
1931) and saturated water flow with the Darcy
equation. Unsaturated hydraulic conductivity
and water retention capacity of the soils, i.e., the
non-linear relationship between pressure head
and water content, were computed using the
van Genuchten methods (van Genuchten, 1980).
Heat transport was simulated with a modified
conduction-convection equation (Warsta et al.,
2012). Potential daily evapotranspiration was
pre-computed using the Hargreaves equation
(e.g., Hargreaves and Allen, 2003).

Water flow in the filters is presented in the
model in the following way. Precipitation is
scaled with a factor to address the larger catch-
ment area of the filter than the filter top surface.
Water accumulates on the surface domain cell.
Water in the surface domain infiltrates into the
top subsurface cell in the subsurface domain.
To promote infiltration from the surface to the
subsurface domain, hydraulic conductivity of the
top subsurface cell is always considered to be in
a saturated state. Evaporation from the subsur-
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face domain is removed from the top cell of the
subsurface domain. In moist conditions, water
percolates through the unsaturated soil towards
the bottom of the filter. In dry conditions, water
can move upwards in the filter towards the top
cell in the subsurface domain where water is
removed by evaporation. Water is removed from
the filter via a subsurface drainpipe when the cell
where the pipe is located becomes saturated.

The dominant pollutant removal mecha-
nisms based on the discharge from both filters
were evaluated with mineral saturation indi-
ces that indicate possible mineral precipitation
or dissolution in PHREEQC software (Appelo
and Postma, 2007). Thermodynamic equilibria
combined with knowledge of mineral formation
kinetics, filter material composition and birch
biochar surface reactivity informed the evalu-
ation of pollutant retention mechanisms within
the biochar filter matrix. Since the water samples
were taken in October, the water temperature
was assumed to be 5°C. Discharge from both fil-
ters was taken as the input in PHREEQC for the
assessment of saturation indices to understand
what minerals likely control the effluent concen-
trations with respect to ambient conditions.

Saturation indices indicate either oversatu-
ration (SI > 0; mineral precipitation) or under-
saturation (SI < 0; mineral dissolution) of the
mineral phases, whilst SI values between —0.5
and 0.5 represent mineral phase equilibrium with
the solution. Saturation indices are calculated as:

SI = log(¥} (1)

S

where IAP is the ion activity product (describes
the non-equilibrium state of a solution, i.e., mea-
sured concentrations) and K is the solubility
product (describes the relationship of the ion
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equilibrium in the solution). SI represents the
ratio between the deviations from the evaluated
conditions (IAP) to the equilibrium situation
(K,) (Appelo and Postma, 2007).

Results
Hydrological processes

For STYX calibration, the measured drain dis-
charge data was divided in half into calibra-
tion (19 Sep.—30 Nov. 2019) and validation
data sets (1 Dec. 2019—19 Feb. 2020). Hydrau-
lic conductivity of the sand, catchment area
and potential evapotranspiration (PET) multi-
plier were calibrated automatically with PEST
using the sand filter discharge data. Water reten-
tion curves (WRC) were manually tested and
selected between PEST runs due to the compli-
cated interconnectivity between WRC parame-
ters (Table 2). The sand WRC was selected with
trial-and-error basis. Several biochar amended
soil WRCs were tested for the biochar layer,
but none performed as well as the sand WRC
and, in the end, it was retained (Table 2).
Hydraulic conductivity of the biochar layer in
the biochar filter model was also calibrated
with PEST while sand parametrisation, evapora-
tion multiplier and catchment area were derived
directly from the sand filter calibration. The
successful interoperation of these parameters
including catchment area (74.5 m?) in both
filters increased confidence in the calibrated
values. The PET value was not scaled down by
PEST and the small wintertime PET value was
extracted as such from the top cell. The effect of
grid resolution was then tested by running the
simulations with two different grid resolutions
(21 vertical cells with 0.05 m cell depth and

Table 2. Water retention curves applied in the sand and biochar filter layers (see Fig. 1). 65 and 8, are the satu-
rated and unsaturated water contents, respectively, a and n are van Genuchten water retention curve parameters,

and K is the saturated hydraulic conductivity.

8, (m® m®) 8, (m® m®) a(m™) n(-) Ks (ms™)
Biochar 0.31 0.02 13.58 1.83 0.0014
Gravel 0.30 0.01 7.00 2.00 0.0056
Sand 0.31 0.02 13.58 1.83 0.0056
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respectively.

42 cells with 0.025 m cell depth), and accord-
ing to the results the differences were relatively
small.

According to the computed Nash-Sutcliffe
model efficiency coefficient (N-S) values (Nash
and Sutcliffe, 1970), the sand and biochar
models were calibrated successfully against
the measured discharge data (Figs. 3 and 4).
The validation N-S value for the sand-biochar
filter was below zero because several events
were missing from the data due to unknown

reasons (possibly device malfunction because
the peaks were present in the sand filter).
The modelled water balance over 19 Sep.
2019 to 19 Feb. 2020 for both filters was
similar (sand/sand-biochar, if not stated oth-
erwise): 35.4 m? inflow, 1.51 m?® evaporation,
33.89 m?/33.86 m* discharge, 0.14 m*/0.18 m?
storage change, 0.14 m*0.15 m® error, imply-
ing the ability of biochar material to hold more
water. Increasing the upper boundary of gravel
saturated hydraulic conductivity in the optimi-
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Fig. 5. Pressure head (h) (m) in the filter profile as a function of time. hin the Drainpipe at the bottom of the gravel
layer is 0 m (air pressure) and h decreases (suction increases) linearly with elevation in equilibrium conditions. In
the results, the profile is always unsaturated (h < 0 m) but precipitation events increase h in the upper layers creat-
ing non-equilibrium conditions and a hydraulic gradient in the profile inducing flow.

sation stage (Table 2) did not improve the fit of
the modelled discharge, and the hydraulic con-
ductivity of gravel and sand remained the same.
The high hydraulic conductivity of the
gravel layer and the installed drainpipe at the
bottom of the filters ensured that the gravel
layer stayed in unsaturated state during the
whole simulation period (Fig. 5). The unsatu-
rated gravel layer also enabled the overlaid sand
layer in both filter types to drain vertically with-
out restrictions during all assessed precipitation
events. This prevented the formation of pro-
longed saturated conditions in the upper parts
of the filter. The biochar filter profile does not
get saturated at any point during the simulation
(Fig. 5), which can be attributed to gravel inter-
secting the advancing of the saturation front.

Pollutant removal and retention in view
of water quality data

Both the sand-biochar and sand filter effluents
consistently exhibited elevated pH and electri-
cal conductivity (EC) relative to the bridge (i.e.,
reference) stormwater influent (Fig. 6). Over
the three studied events, the sand-biochar filter
effluent had pH in a range of 7.89-8.16 with
average of 8.0, and sand filter effluent in a range
of 6.77-7.8 with average of 7.61. Reference raw
stormwater had an average pH of 6.74 over three
events. Sand-biochar filter exhibited more alka-
line conditions in the effluent and significantly
higher EC than the sand filter effluent, which had
more neutral conditions.

An imbalance between anions and cations
was observed in both filter effluents, indicating
an additional source of anions not accounted
for in measured analytes. Effluent data from
the sand and sand-biochar filters demonstrated
significant differences with respect to potassium
(K"), total organic carbon (TOC), magnesium
(Mg*"), and calcium (Ca?") concentrations (see
Supplementary Information Fig. S1 and Koi-
vusalo et al., 2023) with biochar amended filter
leaching a median of 26 mg/L Ca and 11 mg/L K
in 2019 data. These differences in effluent con-
centrations of alkali and alkaline earth metal
ions (Ca’" and K") illustrate differences in the
reactivity of ions within the filter material solid
phase capable of buffering acidity. The sand-
biochar filter effluents exhibited a greater excess
charge of 3.2 mmol/L than the sand filter effluent
(ca. 2 mmol/L).

Despite the filters' ability to retain and attenu-
ate metals, such as lead, and nutrients, Koivusalo
et al. (2023), who studied the same filter struc-
tures, observed that the sand and sand-biochar
filter effluents demonstrated significant differ-
ences with respect to K, TOC, chlorine (Cl), Mg,
and Ca, with biochar contributing to elevated
concentrations of these elements in the sand-bio-
char filter effluent relative to the sand filter. Koi-
vusalo et al. (2023) reported elevated concentra-
tions of NO,-N, total nitrogen (TN) and chloride
(CT) for the sand filter during high intensity rain
events compared with reference stormwater and
effluents from the sand-biochar filter. They also
observed that biochar amended sand filter dem-
onstrated higher NH,-N and TN removal.
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The water quality data (see Supplementary
Information Fig. S1) suggested that the filters
successfully retained total suspended solids by
physical entrapment. This process most likely
occurred in the uppermost sections of the filters
as sand layers of both filters are comprised of
regular grain size (0.2-2 mm), so only particles
that can pass downwards can engage in cation
exchange with the reactive biochar layer. This
implies that sediments and organic matter orig-
inating from the walkway and road are accumu-
lating in the upper layers of the filters. Adsorp-
tion of metals likely occurs in the top sand
layer of the filter containing organic matter at
a depth of 0.2 m, and in the biochar layer in the
sand-biochar filter (depth of 0.2-0.5 m; Fig. 1).
The results further indicate that some of the sol-
utes are dissolving from the filter materials and
reacting with the infiltrating solutes, for exam-
ple total phosphorus (TP) and alkali and earth
metals (Ca?" and K).

Pollutant removal and retention
mechanisms based on modelling

The saturation of mineral phases within the sand
and sand-biochar filters was simulated for three
rain events in October 2019. The interpretation
of the modelled data provides information about
sorption/desorption and precipitation/dissolution

processes occurring inside both filters, which
is relevant to understanding the contaminant
attenuation capacity and long-term filter perfor-
mance.

PHREEQC analyses showed that, within
filter materials, the degree of iron oxide mineral
phase saturation and the quantity of available
calcium had a substantial impact on P removal
from stormwater via calcium phosphate mineral
formation and/or adsorption to iron oxide min-
eral surfaces in both filters. Influent stormwater
and effluents from the filters contained redox-
active elements such as manganese (Mn), iron
(Fe) and sulphur (S). Their significance lies in
the ability of associated Mn, Fe and S mineral
phases to engage in a variety of electron-transfer
reactions as well as the potential for mineral
phase transformations due to changes in redox
conditions (Fig. 7). The relative significance
of redox-active mineral phases provides knowl-
edge about the environmental conditions neces-
sary to maintain optimum filter performance and
informs required maintenance actions.

The mineral phases determined by
PHREEQC modelling as most likely controlling
major ion concentrations in sand-biochar effluent
via precipitation/dissolution reactions included
amorphous Al(OH),, poorly crystalline Fe(OH),,
hydroxyapatite (Ca (PO,),OH), calcite (CaCO,),
MgAl hydrotalcite (Mg,Al(OH), (OH),) and
MgFe hydrotalcite (Mg Fe,(OH), (OH),) (Fig. 8).



26 Dubovik et al. - BOREAL ENV. RES. Vol. 29
800
NQ, reduction
600 4 Mn(IV) reduction
b & A
A A9:9:3 7.0.9.0. NEE—-— °®
S N yxYTeEnnale
e ]
T 200 - SGos 2% @ A
% oo
O - - — —
0 .
Fe(ll) reduction ——#—— Sand-biochar effluent 2017
2009—————— — — — — — o Sand effluent 2017 —
———w-—— Sand-biochar effluent 2019
) & Sand effluent 2019
SO, reduction
'400 T T T T T T T T
1 6 11 18 21 26 31 38 41
Sample no.
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The sand and sand-biochar filters exhib-
ited similar aluminium (Al) mineral phase
dynamics, with AI(OH), most likely control-
ling Al concentrations. At alkaline pH, alu-
nite (KAL(SO,),(OH),) and gibbsite (Al(OH),)
were the most theoretically stable minerals;
however, amorphous Al(OH), was most likely
the mineral phase controlling Al concentra-
tions due to its lesser degree of crystallinity
and more rapid formation in comparison with
gibbsite or alunite. Amorphous Fe(OH), also
has a poorly-crystalline structure that favours
its formation in the short term over more
crystalline phases. Ferrous iron (Fe*") forms
hematite (ferric iron oxide, Fe,O,) and other
Fe oxide and oxyhydroxide minerals (e.g., goe-
thite, FFOOH) may also form when oxidized or
hydrolysed (Cornell and Schwertmann, 2003),
both of which were supersaturated (results
not shown). Both the sand-biochar and sand
filters exhibited similar oversaturation of fer-
rihydrite  (amorphous Fe(OH),), goethite

(FeOOH), hematite (Fe,0,) and schwertman-
nite (Fe,O,(OH)SO,).

Sand-biochar effluent showed oversatura-
tion to a near-equilibrium of hydroxyapatite
(Ca(PO,),OH) for all three events and equi-
librium or near-equilibrium of calcite (CaCO,)
minerals (Fig. 8). Hydroxyapatite and calcite
were likely the mineral phases controlling Ca
concentrations in the sand-biochar filter efflu-
ent, which exhibited 30 times greater effluent
Ca concentrations than the sand filter effluent.
The saturation of Mg mineral phases indi-
cates a similar dynamic for sand-biochar and
sand filter. For all events, MgAl hydrotalcite
(Mg,Al(OH), (OH),) and MgFe hydrotalcite
(Mg Fe,(OH), (OH),) remained oversaturated
and were likely to have formed in-situ during
the period of filter operation, whereas other
Mg mineral phases such as brucite (Mg(OH),),
tale (Mg,Si,0,,(OH),), chrysotile (Mg,(Si,0,)
OH,) and sepiolite (Mg,Si O, (OH),-6H,0)
remained undersaturated.
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Discussion
Discharge modelling results

Hydrological processes in the filter were simu-
lated with the STYX model including accumula-
tion of water from precipitation in the surface
domain, and unsaturated and saturated water
flow in the filter subsurface domain. According
to the simulation results, the discharge data were
successfully recorded except for some missing
events in the biochar amended filter. Simula-
tions showed neither leakage from the structures
nor prolonged waterlogged conditions inside the
filters. Anoxic conditions could increase solute
dissolution from the filter material, which was
evident in the PHREEQC simulation results.

An important result was that the biochar
amended sand filter retained water longer than
the sand filter, which reflected lower hydrau-
lic conductivity and water retention properties
of the biochar material. Previously, biochar
amended filtration systems have been reported to
improve water retention (Mai and Huang, 2021).
Higher water retention capacity favours the pres-
ence of a saturation zone which can enhance
denitrification, and the number of antecedent dry
days appears to have little influence on nitrate
(NH,") removal (Afrooz and Boehm, 2017,
Rahman et al., 2020). It is possible that thicker
layers of biochar can start to hydraulically block
the filter when hydraulic conductivity of the
material is low. STYX was applied in this study
to simulate the filters from the water quantity
viewpoint, but the future objective is to include
water quality dynamics and couple PHREEQC
model to STYX via PhreeqcRM API (Parkhurst
and Wissmeier, 2015). This would enable cou-
pled simulation of water flow, geochemistry and
solute transport within the filter structure.

Sources of stormwater pollution and
pollutant retention mechanisms

Typical sources of pollutants in road and street
runoff include atmospheric deposition, tire abra-
sion and wear of vehicle components such as
brakes, and the application of de-icing salts
(Markiewicz et al., 2017, Miiller et al., 2020,
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Jarlskog et al., 2021) resulting in increased
concentrations of nutrients (N and P) and heavy
metals (e.g., Cd, Zn, nickel (Ni), Cu) (Lundy et
al., 2012). The total impervious area and land
use in the drainage area additionally contribute
to stormwater pollutant load, which strongly
varies with seasonal changes (Valtanen et al.,
2014). Influent stormwater samples (reference
stormwater) for the study were collected from
a bridge drainage opening 300 m apart from the
filters. The construction materials at the bridge
site (mainly concrete and steel) may have influ-
enced the stormwater quality. Although pH and
EC of the biochar amended filter was consist-
ently higher than pH of reference stormwater,
pH stayed within the 6.5-8.5 limit which is the
most optimal range for the aquatic microorgan-
isms (US EPA, 2023). Elevated EC can broadly
be attributed to increasing base cation concen-
tration due to ash dissolution in the sand-bio-
char filter (Tan et al., 2015). The filter effluents
had higher pH and EC possibly due to higher
orthophosphate (PO,*), nitrate (NO,) and CI
concentrations relative to reference stormwater
(see Supplementary Information Fig. S1).

Hydrogeochemical modelling and data
shows that pollutant attenuation in both filters
occurs via a combination of physical (filter-
ing) and chemical (sorption, precipitation, trans-
formation) mechanisms as most metals and P
compounds in stormwater runoff from roads
exist in particle-bound form. Sand is consid-
ered chemically inert, and the primary mode of
action for sand filters is physical entrapment of
particulate pollutants. Although trace mineral
'impurities' in sand used in filter construction
typically contribute to a small degree of chemi-
cal reactivity, a major part of the reactivity of the
filter solid phase can be attributed to the biochar
component of the sand-biochar filter. Although
fine filter media, such as sand, has been shown to
successfully retain stormwater pollutants, such
filters often exhibit inferior hydraulic capacity
with time and antecedent dry periods (Hatt et
al., 2008).

The mineral phases determined by
PHREEQC modelling as most likely controlling
major ion concentrations in sand-biochar effluent
via precipitation/dissolution reactions included
amorphous AlI(OH),, poorly crystalline Fe(OH),,
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hydroxyapatite (Ca (PO,),OH), calcite (CaCO,),
MgAl hydrotalcite (Mg,Al(OH),(OH),) and
MgFe hydrotalcite (MgFe (OH) (OH),). Both
the degree of Fe oxide mineral phase saturation
and the quantity of labile Ca®* in filter mate-
rials had a noticeable impact on P removal
from stormwater by calcium phosphate min-
eral formation and/or adsorption to Fe oxide
mineral surfaces in sand and sand-biochar fil-
ters. The primary mechanisms of P removal
from influent stormwater were thus PO,* sorp-
tion to Fe (oxy)hydroxides or precipitation of
Ca phosphate mineral phases (hydroxyapatite).
Similar behaviour was reported by Tian et al.
(2016) who demonstrated that P removal likely
occurred via ion exchange, precipitation or sorp-
tion, and that presence of cations (Ca** and
Mg?") impacted P sorption and removal of Ca*
through precipitation of hydroxyapatite. Se et
al. (2011) demonstrated the rapid PO,* sorption
onto calcite which can act as both the source
and sink for PO, due to a similarly rapid dis-
solution rate. PHREEQC modelling showed that
both calcite and hydroxyapatite were theoreti-
cally oversaturated or near-equilibrium at 5°C
(Fig. 8). Although PHREEQC model results
indicate oversaturation, the formation of schw-
ertmannite is unlikely as it forms at acidic pH
and significantly higher sulphate concentrations
than observed herein (Zhang et al., 2017).

Based on findings by Koivusalo et al. (2023),
the sand filter showed the elevated concen-
trations of NO,-N, TN and CI" and biochar
amended sand filter demonstrated higher NH-N
and TN removal. This is consistent with find-
ings by Rahman et al. (2020) who observed
saturated conditions at the bottom of a biochar
column that facilitated denitrification and TN
removal. Additionally, cations such as K*, Ca**
and Mg? and anions such as Cl° present in
stormwater may influence biochar adsorption
of NH," and PO (Zhang et al., 2020). Mod-
elling with STYX, however, demonstrated no
saturated conditions (cf. Discharge modelling
results section) although biochar-amended sand
filter retained water for longer time than the
sand filter. Detailed investigations using mois-
ture sensors could clarify the development of
saturated conditions inside the biochar-amended
filter.

Leaching or dissolution of cations, particu-
larly Ca*, Mg?*, Fe** and Al*, from the sand-
biochar solid phase contributed to pollutant
adsorption by enabling the formation of new
minerals within the filter matrix. The results
further indicate the contribution of the biochar
amended filter to increased TP concentrations,
which can be attributed to reduced availability
of binding sites on the biochar after two years
of continuous operation or leaching of the fine
biochar material (Hale et al., 2013). Mukherjee
and Zimmerman (2013) reported P losses from
wood and grass biochar which were related to the
ash content and acid functional groups in biochar
material, indicating that weak acids can enhance
the solubility of P adsorbed in Fe-, Al- and Ca-
minerals and that P in biochar is bound in the ash
fraction.

The results indicate oversaturation of
common Fe mineral phases ferrihydrite, goe-
thite, hematite and schwertmannite. Some studies
suggest that surface-bound ferrous iron (Fe*")
is significantly more reactive than dissolved fer-
rous iron (e.g., Larese-Casanova et al., 2012).
Poorly crystalline Fe oxyhydroxide, or ferrihy-
drite, was the mineral phase most likely control-
ling P attenuation via P-Fe complexation due to
the relatively rapid kinetics of poorly crystalline
Fe mineral formation. Concentrations of Pb and
Zn within influent stormwater and the effluents of
both sand and sand/biochar filters were consistent
with well-defined solubility and cation exchange
characteristics of these metals, and with results
obtained in 2017 (Assmuth ef al., 2019).

The data demonstrated retention of Zn, Cu
and Cd and simultaneous leaching and increased
outlet concentrations of alkali metals, PO 43' and
Al. The greater Zn adsorption capacity of the
sand-biochar filter can be attributed to more alka-
line conditions influenced by pH-dependant bio-
char surface charge (Tan ef al., 2015). The most
significant difference between 2017 and 2019
results was the decrease in TP and PO,* removal
by the sand-biochar filter (see Koivusalo et al.,
2023) indicating declining P sorption capac-
ity. Similar biochar behaviour was reported by
Wendling et al. (2013) and Zhang et al. (2017).
This behaviour is most likely due to a decrease
in labile Ca?* ions within the sand-biochar matrix
with time.
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It should be noted that the results of the pre-
sent study represent one type of biochar, manu-
factured from birch, which is not the typical feed-
stock source for stormwater applications (Biswal
et al., 2022). The comparison to the results of
other biochar feedstocks should be attributable
to the properties of biochar in question. The main
comparison for this study is Assmuth et al. (2019)
who applied the Event Mean Concentration
(EMC) approach for determining the pollutant
removal efficiencies and mineral saturation indi-
ces of both filters. The present study used indi-
vidual values for producing the saturation indices
which rendered a more diverse representation of
filters' dynamics. Assmuth et al. (2019) similarly
reported near-equilibrium of hydroxyapatite and
poor PO,* removal for biochar amended filter. Of
note, they observed that TP removal was consist-
ent, which was not observed in the present study.

Previous investigation of birch biochar per-
formance in column trials are corresponding to
the biochar behaviour in the field. The same
material demonstrated high retention of metals
such as Zn, Cu and Pb at the same time leach-
ing PO,* during the column trials (Wendling et
al., 2017). Other investigations of birch biochar
performance, to the author's knowledge, include
only Kuoppamiki et al. (2019) who similarly
observed TN leaching from birch biochar after
irrigation with artificial stormwater. The primary
difference to the present study was the high
retention of P and the poor retention of TN by
Kuoppamaiki ef al. (2019), where a significant
proportion of both TP and TN were attributed to
immobilisation by plant biomass. Kuoppamaéki et
al. (2019) also reported retention of Cr, Pb, and
Cu, and release of Zn, which was similar in the
present results.

The absence of the evaluation of the role
of microbiological activity in pollutant removal
additionally adds to the ambiguity as no core
samples were taken from the filters to ensure the
integrity of the layering. The assumption that the
layering of the filter media had not significantly
changed after filter construction may not be valid.
Biochar has been noted for changing the soil
microbial ecology and community composition
to one that promotes NH," reduction (nitrifi-
cation) as well as bacterial PO,* solubilisation
(Anderson et al., 2011).
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Long-term filters suitability for
stormwater treatment

Building upon the results detailed in this study,
it is possible to evaluate the conditions that are
most likely to disrupt stormwater filter perfor-
mance. [ron mineral phases (ferrihydrite, goethite,
hematite and schwertmannite) were theoretically
oversaturated in filter effluents, indicating that the
in-situ formation of these mineral phases likely
played a key role in pollutant removal. In contrast
to aluminium (hydr)oxides and aluminosilicate
mineral phases, Fe and Mn minerals are strongly
affected by changes in oxidative-reductive poten-
tial.

For example, when Fe?* is oxidised to Fe*,
poorly crystalline iron (oxy)hydroxide miner-
als precipitate from solution, providing a reac-
tive surface area for cationic pollutant retention.
Metals may also form surface precipitates on
the newly formed Fe oxide and (oxy)hydroxide
mineral phases or may co-precipitate with Fe in
mixed oxide phases. The opposite process occurs
when Fe** is reduced to Fe** following prolonged
waterlogging. The dissolution of Fe (oxy)hydrox-
ide mineral phases under chemically reducing
conditions can release previously retained cati-
onic pollutants in a 'flush’, observed as a spike in
concentration of soluble Fe and metal/metalloid
pollutants in filter effluent. For this reason, where
(ad)sorption to Fe and/or Mn oxide and (oxy)
hydroxide mineral phases is a primary mechanism
of pollutant attenuation, it is critical to ensure
that water does not remain standing within the
filter for a prolonged period such that the rate of
oxygen consumption is greater than the rate of
oxygen diffusion, leading to mineral dissolution.

Clogging and the reduction of the filter
hydraulic conductivity as a result of particle accu-
mulation within the top layer of the filter depends,
among other factors, on the stormwater particle
size and stormwater loading rate (Kandra et al.,
2015). Clogging may be influenced by metal pre-
cipitates or other large solid particles. Inflow and
infiltration rates impacted by the hydraulic con-
ductivity have been shown to influence TN and
TP effluent concentrations (Zhang et al., 2020).
The development of biofilm as the filters age over
time has shown a reduction of bacterial removal
but at the same time increased the removal of
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nutrients (Afrooz and Boehm, 2017). Presence of
vegetation has been demonstrated to reduce clog-
ging and maintain permeability over time which
is also applicable to the cold climate conditions
(Le Coustumer et al., 2012, Valtanen et al., 2017).
For a more robust functioning, the design of the
biochar-amended stormwater filtration systems
should consider the filter media and its feedstock
origin as well as production conditions, catchment
type, its area and activities within the catchment
which influence the particle size distribution in
stormwater, as well as the conditions that impact
the ions removal such as the antecedent dry days
and the presence of a saturated zone (Kandra et
al., 2015, Sillanpad and Koivusalo, 2015).

Conclusions

The water quality data of sand and sand-bio-
char filters had suggested that both filters were
successful at retaining metals, such as Pb and
Zn (Koivusalo et al. 2023). However, biochar
amended filter leached K, TOC, Cl, Mg, and Ca,
while showing high NH,-N and TN removal. The
sand filter effluent had elevated concentrations
of NO,-N, TN and CI- during high intensity rain
events.

Geochemical modelling provides insights into
the theoretical thermodynamic stability of poten-
tial mineral phases, thus informing the conditions
that are most likely to alter the filter performance.
The interactions between stormwater pollutants
and the filter materials aid in evaluating the likely
long-term performance of stormwater filtration
systems with respect to ambient conditions. The
mineral phases identified as most likely control-
ling major ion concentrations in biochar-amended
sand filter effluents were amorphous AI(OH),,
poorly crystalline Fe(OH),, hydroxyapatite
(Ca(PO,),0H), calcite (CaCO,), MgAl hydrotal-
cite (Mg Al (OH), (OH),) and MgFe hydrotalcite
(Mg Fe,(OH), (OH),).

In the present study, (ad)sorption to Fe and/or
Mn oxide and (oxy)hydroxide mineral phases was
the primary mechanism of pollutant attenuation,
and as such it is critical to ensure that water
does not remain standing within the filter for a
prolonged period. Thus, optimal maintenance of
filters for long-term performance should include

monitoring of oxidative-reductive potential. Such
waterlogging can result in a rate of oxygen con-
sumption that is greater than the rate of oxygen
diffusion, leading to mineral dissolution.

Assessment of the microbiological activity
within the filtration systems was beyond the scope
of the present study. Thus, the functional diversity
of microbial species within the stormwater fil-
ters remains unknown along with their contribu-
tion to stormwater purification. Analyses of 2019
sand-biochar filter effluents showed elevated P
and alkali metal concentrations relative to 2017
values, whilst modelling using STYX indicated
that the sand-biochar filter retained relatively
greater runoff volumes than the sand filter system.
Multiple parameters should be considered for
a biochar-amended stormwater filtration system
design including the characteristics of the catch-
ment, biochar media as well as factors that pro-
mote filter clogging over time.

Further examination of long-term extended
analyses using STYX-PHREEQC are needed to
estimate stormwater filter performance, mainte-
nance interval and lifetime under changing cli-
mate conditions. The model could also be used for
optimising the filter structure by adjusting layer
depths, material and drainage system properties
to find the most cost-efficient and hydraulically
effective configuration. This can have a notable
effect in stormwater management when filters
are installed in greater numbers or at larger scale
along roads.
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