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Abstract

Climate change, population growth and urbanisation contribute to an increasing de-
mand for freshwater resources. In order to face this challenge, stormwater harvesting
for aquifer storage and recovery has gained interest over the past decades. However,
pollutants from various surfaces are transported with the runoff, posing a threat for re-
ceiving groundwater upon aquifer infiltration. Biofiltration is a low-cost and low-energy
technology that uses natural processes to improve the stormwater quality. Heavy met-
als are a contaminant of concern, because of their lack of degradability and toxicity at
low levels. So far, removal potential has been shown in lab and column tests, but field
research is limited. Furthermore, most biofiltration studies focused on removal of total
metals, whereas dissolved metals are known to have higher bioavailibilities and thus
toxicities.

This research aims to gain more insight in the processes in field scale biofilters, by
monitoring and analysing the concentrations of metals (Fe, Mn, As, Co, Cr, Cu, Ni, Pb,
Zmn) in the inlet and the outlet of a stormwater biofilter in Spangen, Rotterdam. In the
analysis, a distinction was made between the total metal concentrations, consisting of
dissolved and suspended metals, and dissolved metal concentrations. The main chem-
ical water composition was also monitored, to get a better picture of the conditions in
which the biofilter was operated. This information was used to identify how the design
and operation of the system can be improved with regards to metal removal. Addition-
ally, a transport model in PHREEQC was used to estimate the lifetime of the biofilter
before breakthrough occurs, and how operational choices affect this lifetime.

Preferential flows and short-circuiting as a result of design- and operational choices were
uncovered by analysis of the electrical conductivity. Heterogeneous distribution of water
on the filter and the inlet located closely to the outlet contributed to this. A great varia-
tion in hydraulic conductivity supported these observations. The hydraulic conductivity
was generally much higher than is recommended for biofilters. Additionally, the system
was irrigated with recovered water from the aquifer to avoid a foul smell of extracted
water and keep the biofilter wet during longer dry periods. This means that the system
was not only fed with stormwater, but also with water from the aquifer. Feeding of two
different water sources with different compositions lead to the increase of total and dis-
solved concentrations of As, Co, Cu, Ni & Pb in the outlet, as well as higher dissolved Zn
concentrations. Phoshate, ammonium, and total and dissolved concentrations of Fe, Mn,
and Cr on the other hand decreased. The effect of mixing of two different waters was
accounted for, by estimating the expected concentration of each pollutant if mixing was
the only mechanism effecting their concentration. This was done using mixing fractions
based on the electrical conductivity. Differences in estimated and measured concentra-
tions showed that the release and removal of various pollutants was not a mere result of
mixing only. The change in water composition and subsequent competition for sorption
spots was found to be the main mechanism involved. The transport model showed that
preferential flows resulted in C/CO = 0.8 breakthrough of metals occurring much faster
than in a plug flow. These observations show that the current design and operation of
the biofilter do not provide adequate removal of metals in the biofilter.
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1 Introduction

1.1 Background

Water management in urban areas is facing new challenges as a result of a growing popula-
tion, urbanisation and climate change [10]. Urban growth and prolonged droughts lead to an
increasing demand for freshwater resources [11], whereas soil sealing is reducing the ability
of the soil to filter and store water, leading to higher runoff and pollution loads as well as
higher flooding potential, especially in combination with the increasing frequency of intense
rainfall events [12]. At the same time, groundwater overdraft leads to sinking cities [13] and
saltwater intrusion [14], especially in delta cities and coastal areas. To meet the increasing
water demand in a sustainable way, conserving water and diversifying the sources is of im-
portance [15]. Managed Aquifer Recharge (MAR) for stormwater recycling is a promising
technique that may contribute to this sustainable water management. Aquifers can retain
large volumes of water and provide natural treatment (e.g. sorption, filtration and degra-
dation) [16] at low costs, low energy and a low spatial footprint. In coastal aquifers it has
the additional advantage of assisting in the prevention of saltwater intrusion [15]. Aquifers
have been used for for water storage for millennia, however in recent years more scientific
research has been carried out to show the effectiveness of aquifers as sustainable water
treatment systems, often combined with treatment in a wetland [17].

Treatment is necessary, because urban stormwater runoff can contain various pollutants,
such as pathogens, organic matter, nutrients, sediment and metals [18]. These pollutants
are transported from surfaces in residential, commercial and industrial areas where wa-
ter cannot pond and infiltrate. Heavy metals are an important pollutant, because of their
prevalence in nature, their effects on the aquatic environment and their lack of degradabil-
ity [19]. They can be toxic at very low concentrations and their accumulation in soils poses a
threat to the environment [20]. Copper, zinc and nickel are measured in the highest concen-
trations in runoff. They originate from building materials such as roofs and traffic-related
sources such as brake linings and tire wear [21]. The purpose of MAR is the recharge of
water to aquifers for subsequent recovery or environmental benefit. Aquifer Storage and
Recovery (ASR) is a type of MAR in which water is injected into a well for storage and is
later recovered from the same well [22]. To prevent pollution of the aquifer stormwater
treatment technologies are increasingly being developed. One of these technologies is the
stormwater biofilter [23].The extent to which the source water needs to be treated depends
on the quality of the source water, aquifer type and the groundwater quality in the aquifer
as well as local regulations and the purpose of the recovered water [17].

Biofiltration is a technology that embraces natural processes in an engineered system. It
typically combines the properties of wetlands and slow sand filtration in a sand-based,
porous filter medium, covered by a vegetated swale. Underneath the filter layer, a transi-
tion layer and drainage layer of a coarser material ensure a proper drainage to the drainage
pipe at the bottom. The biofilter can retain water during high rainfall peaks and treats
the stormwater by means of physical, chemical and biological processes [24]. The use of a



biofilter in combination with stormwater harvesting and ASR forms the basis of the Urban
Water Buffer (UWB) concept. Such a system, has been implemented in Spangen, Rotter-
dam. This neighbourhood has a surface level of 1.3 m below sealevel [2]. This low surface
level, in combination with high amounts of paved surfaces lead to flooding problems during
heavy rainfall, despite the presence of a separate sewer system [25]. In addition, soccer club
Sparta, located in the same neighbourhood, uses freshwater to spray the artificial grass field
for better play [1]. Together forming an ideal situation for the UWB. Stormwater from the
stadium roof and surrounding areas is now connected to the UWB Spangen: it is collected in
an underground retention basin, before passing through the Sedipoint pre-treatment system
(Fraenkische, DE), followed by the Blueblogs biofilter (FieldFactors). A schematic overview
of the biofilter, including various processes that can occur in the filterlayer, is shown in Fig-
ure 1. Stormwater is distributed over the surface of the biofilter, where it can pond before
infiltrating down the into the vegetated filter media. Here, the filter media, vegetation and
microbes present facilitate a combination of physical, chemical and biological treatment, be-
fore water is collected at the drainage pipes at the bottom of the filter. After treatment, the
stormwater is infiltrated into the aquifer.

LEGEND

Retention Zone
|

=
R o T P T PRt A PR PR URN

Figure 1: Biofilter design and removal processes. Adapted from [1]

1.2 Problem Statement

As urban water buffers seem to be a promising technique to contribute to solving afore-
mentioned problems, a larger interest in research on the topic has developed over recent
years. Consistently high removal percentages for metals have been reported in earlier stud-
ies ([26, 27, 28, 29, 30, 31]), showing that biofilters indeed have great potential to efficiently
remove metals from stormwater. However, most of this research was based on lab- or col-
umn experiments, using small sized experimental set-ups and (semi)-synthetic stormwater
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dosage in a controlled environment. Field data from full scale system on metal removal in
biofilters are limited, especially in relation to the removal of dissolved metals. Although
load reductions exceeding 90% for Cu, Pb & Zn were also found in a study monitoring sev-
eral full scale systems in Australia [32], no distinction was made between total and dissolved
metals and the contribution of the different processes responsible for this removal remains
fairly unknown. A large fraction of heavy metals in stormwater runoff is generally asso-
ciated with suspended solids, which can be removed by filtration, resulting in high metal
removal. While lead was found to indeed be mainly particle bound [33, 34, 35, 36], other
heavy metals were typically found in the particulate and dissolved phases. Several stud-
ies have shown that the presence of salt can increase concentrations of some metals in the
dissolved form and negatively impact removal [35, 37, 38]. Maniquiz-Redillas et al (2014)
showed that partitioning in the heavy metal load of runoff was also influenced by flow rate
and total suspended solids (T'SS) load, and that this fractionation played an important role
in the performance of bioretention systems [39]. Results from previous research show more
variation with respect to dissolved metals, compared to total metals. Sgberg et al (2017)
found in a column study that total and particulate Cd, Cu, Pb and Zn were well removed,
but reported negative removal for dissolved Cu and Pb, especially when dosed with salt-
containing stormwater [40]. Muthanna et al (2007) reported good removal of total Zn & Pb,
but found varying results for total Cu, with removal percentages as low as 40%, the reduced
removal is suggested to be related to Cu in the dissolved fraction [36]. This findings are
in line with those of Trowsdale (2011), who reported removal for total Cu, but no removal
and even leaching for dissolved Cu [41] in a full scale system in New Zealand. Hatt et al
(2007), also found good removal for total Zn, Cu & Pb in a laboratory study, but found more
variability in their dissolved forms, especially for Cu, for which leaching was observed [42].
As metals in their dissolved form are generally more toxic and bioavailable than when they
are particle-bound [35], more research into their removal is needed.

Another problem, in which metal speciation also plays a role, is metal accumulation and
breakthrough during long-term operation of biofilters. Accumulation of metals is mainly
seen in the top layer of the biofilter as a result of mechanical filtration of particle-bound
metals and adsorption of dissolved metals ([43, 28, 44, 31, 45, 46]. Although filtration of
particulate metals can slowly clog the filter media over time, this is not expected to neg-
atively impact the filtration capacity through the media. However, when the adsorption
capacity of the top layer is exhausted, adsorbed metals may migrate through the filter un-
til breakthrough occurs [47]. Hatt et al (2011) simulated this by accelerated metal dosing
in a column test and found that breakthrough of Zn may be a concern. Although break-
through of Pb, Cd & Cu were unlikely to occur before physical clogging, accumulation of
these metals in the filter media may exceed guidelines for human and ecological health [47].
Sgberg et al (2019) reported that metals primarily adsorbed to different filter materials in
the exchangeable fraction, so desorption of these adsorbed metals may pose a delayed threat
[48]. Research on other pollutants in three ten-year-old field-scale biofilters in Australia by
Lucke et al (2017) showed reduced removal potential and even release of pollutants, and
emphasises the need for international research on long term pollutant removal [49].



The Blueblogs biofilter in Spangen has been operational since September 2018 and has been
monitored by KWR on a monthly basis to maintain a permit which allows the infiltration
into the aquifer. These monitoring rounds have shown removal of heavy metals to levels
that generally comply with Dutch infiltration regulations [1]. Nevertheless, both Zn & Cu
concentrations occasionally surpassed the permit target value, whereas both Ni and As con-
centrations at the outlet have occasionally been reported higher than at the inlet, although
still well below their target values[1]. Iron concentrations were also reported to be very
high, as a result of contamination of the stormwater in the buffer with phreatic groundwa-
ter [1]. Fe and Mn are not generally considered in stormwater biofiltration, as they are not
directly relevant to aquatic health. However, they are of concern for ASR, because of their
potential to clog injection and recovery wells [46]. After addition of iron-oxide coated sand
(IOCS) to the Blueblogs biofilter, the Fe concentrations have been strongly reduced [1]. The
contamination with groundwater has also lead to a rather high salinity of the inlet water.

The previous monitoring at Spangen has only been done on a monthly basis (and even less
frequently after longer operation). Additionally, these samples were taken from the inlet
and outlet of the biofilter simultaneously, so that no relation between inlet and outlet sample
exists. Only total metals were measured. As variability in the treatment capacity of certain
metals has already occurred, and the system should be able to remove HMs consistently
under different circumstances, more research into the processes that govern metal removal
on this site is necessary.

In addition to this irrigation of the biofilter with water from the aquifer has been initiated
before the study period and may have an influence on the treatment capacity. These irriga-
tion rounds were implemented when extracted water started to present a foul smell. The
irrigation rounds prevent water from standing too long. Besides, the irrigation rounds are
used to keep the biofilter wet during longer dry periods. It was also noted that distribution
of inlet water over the biofilter was not homogeneous. Kluge et al (2018) reported on the im-
pact that a heterogeneous distribution of inlet water can have on the accumulation of metals
at different distances from the water inlet [45]. This insinuates that the filter volume is not
used optimally and may result in earlier breakthrough.

Versteeg (2020) [50] has constructed a surface complexation model in PHREEQC, which
was calibrated using experimental data from Gen¢-Fuhrman (2007) [21]. This model was
applied to the KWR monthly monitoring data at Spangen [1] to predict metal breakthrough
on this site. Jonker (2020) constructed a similar model for pathogen breakthrough at Span-
gen, where heterogeneous distribution of inlet water was simulated using a multipathway
approach [3]. To improve the breakthrough prediction for HMs in Spangen, the hetero-
geneous water distribution should be implemented in the PHREEQC model for dissolved
metals.



1.3 Objectives

The monitoring data from KWR provide a basic overview of the water quality at the inlet
and outlet of the biofilter. However, actual removal efficiencies cannot be calculated, because
there is no relationship between the sample at the inlet and the outlet when taken at the
same time. Taking multiple samples at frequent intervals from both the inlet and the outlet
while the system is running can provide a better insight into the removal processes in the
biofilter. In addition to this, a distinction between total and dissolved metals can show more
about the processes that occur in the biofilter to facilitate metal removal. Knowledge of these
factors can be used to make better predictions on the future of metals in the biofilter as well
as to suggest ways to improve the system. As chemical adsorption is an important removal
mechanism for dissolved metals, this removal mechanism will be the main focus. Sorption
processes are not limited to metals, thus physicochemical parameters as well as main ion
and nutrient concentrations are also considered. The aim of this study is to provide a better
insight into the removal of heavy metal (HM) and nutrients in the Blueblogs biofilter in
Rotterdam, Spangen in order to validate, predict and optimise effectiveness of the heavy
metal removal in the biofiltration system.

This leads to the following research question:

Research Question: How does the Blueblogs biofilter perform with respect to re-
moval of heavy metals and nutrients under environmental and operational conditions
as found in Spangen, Rotterdam in spring and summer of 20202

Subquestions:
1. To what extend are heavy metals (Fe, Mn, Pb, Cr, As, Co, Cu, Ni, Zn) removed
during operation of the biofilter?
2. Which factors in the operation and design of the biofilter contribute negatively
to heavy metal removal?
3. What changes can be made to the system to enhance heavy metal removal?

1.4 Approach and Research Outline

A schematic overview of the approach that was taken in order to answer the research ques-
tions is visualised in Figure 2.
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Figure 2: Schematic overview of research approach

The background and context of the topic are described in Chapter 1, along with the problem
and its relevance and importance. Chapter 2 will elaborate on the conditions under which
the system has been operated. After this, the methods used in this research are explained
in more detail in Chapter 3. The results of the research are reported and discussed in
Chapter 4 and the final conclusion drawn in Chapter 5. Finally recommendations for further
research are mentioned in Chapter 5.2.



2 System Analysis

As the system of interest concerns a field scale system that had been operational before the
start of this research, gaining an insight into how it operates and has been operated over
time is essential to set-up a research plan. The analysis may reveal factors to take into
consideration when taking samples and analysing the data obtained during the research.
This chapter will give more information about the field site, biofilter design and system
operations.

2.1 Research Site

The Blueblogs biofilter is part of the UWB in Spangen, a neigbourhood in Rotterdam, with
approximately 10200 inhabitants [51]. The area lies 1.3 m below sealevel and 22 km from
the coast [2]. The UWB is connected to the rainwater sewer, which collects water from
various areas, specified in Table 1, although the park may not be connected yet. Research
by Zuurbier et al seems to indicate that the connected area was even smaller, based on
how much water reached the buffer [1]. Figure 3 shows the areas that are assumed to
be connected outlined in red, along with the location of the UWB and the underground
retention basin, where water is stored before treatment in the biofilter. The next sections
will expand further on this. Overflow to the surface water only occurs if the retention basin
is completely full [1].

Underground

Overflowto ./ "\ retention basin

surface watér, =
—r
A4 77

Table 1: Areas that are connected to the
stormwater sewer [1, 2]

Surface Type Area (m?)| t.

Roof (Sparta + Westervolkshuis) 6000 v/

Paved (Parking + Square) 18300

Soccer Field 13200 ‘.'WATEI.?BUFFER
Park 8400 ’Ré[nvwbt‘er cblléctl:bn /i
Total 45900 ~system (main attery)

Figure 3: Area that is connected to the rain-
water sewer, outlined in red. Figure from [2]

The collected and treated water is meant for use by Sparta, to spray their fields. The fresh-
water demand for this is approximately 15000 m3 per year, with a higher demand in sum-
mer than in winter. Other uses of the water are an ornamental water column from which
water pours down three times a day and when people pull the handle that is attached to



it [1]. Furthermore water is used for backflushing and irrigation of the biofilter, which is
discussed in more detail in Section 2.4.

2.2 System Set-up and Design
2.2.1 Urban Water Buffer

The UWB-system as is implemented in Spangen consists of a stormwater collection system
with pre-treatment, before infiltration into the aquifer for ASR. The stormwater from Sparta
is first stored temporarily in a 1400 m2 Rigofill underground retention basin that is lined
with foil to prevent any interaction with the groundwater [52]. This storage allows the
distribution of water to the aquifer at a lower rate than the rainfall intensity as to not
overload the infiltration rate to the aquifer during rain events [2]. In the pipeline leaving
the retention basin, a Sedipoint system is installed as a first treatment step to remove
coarse material and light, non-aqueous phases [53]. The next treatment step is the biofilter
itself. This is a natural system to treat stormwater, based on a combination of slow sand
filtration and a vertical flow constructed wetland [2], focused on removing suspended solids
and adsorbed metals [1]. The surface of the biofilter in Rotterdam is 90 m? with a maximum
discharge onto the filter of 30 m3/h. After filtration, the water is pumped to a standpipe 3.3
m above surface level, to create extra head for infiltration into the ASR well. The water can
be extracted for use at the Sparta stadium [1] after sufficient retention time in the aquifer.
A schematic overview of the UWB is shown in figure 4.
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Figure 4: Schematic Overview of Field Site. Adapted from [1].



The ASR well consists of two two partial wells in a single borehole, separated by a clay
layer to avoid short-circuiting [54]. The shallowest well (W1) has its screening at a depth
of 17-19 m below surface level. The well screening of the deeper well (W2) is 20 - 26.5 m
below surface level [2]. W2 is used for infiltration and W1 is used for recovery, to make use
of the density difference between brackish and freshwater. The latter has a lower density,
causing it to float on the brackish water in the deeper levels of the well. The influence of the
infiltration and extraction of stormwater is monitored via the monitoring wells, located at
seven metres away from the ASR well [1].
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Figure 5: Cross-section of the ASR well and the monitoring well at the Urban Water buffer
Spangen. From [2].

2.2.2 Biofilter

Blueblogs biofiltration system is a natural system to treat stormwater, based on a combi-
nation of slow sand filtration and a vertical flow constructed wetland [2]. The filter has a
top surface area of 94.4 m? and consists of three main sand layers of different grain sizes
as is shown schematically in Figure 6. The coarsest sand (1.2-2.0 mm) on the bottom of the
filter is 30 cm thick and functions as a drainage layer, above that is a 20 cm thick transition
layer of coarse sand (0.8 - 1.25 mm), above which the 60 cm thick filter layer of medium -
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Table 2: Filter sand grain size _ R
ilter Layer ¢
Transition S F 1o
Layer Thickness (m) Grain Size (mm] son Layer rg.z o :
Filter 0.6 0.4-0.8 \’m
Transition 0.2 0.8-1.25 9 m 52 o
Drainage 0.3 1.2-20 o, 6 °
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6 4

Figure 6: Schematic overview of the dimen-
sions of the biofilter

coarse sand (0.4 - 0.8 mm) is located (Table 2). All of the sands are dried and calibrated and
are commercially known as AcquaSilica®. The filter layer is covered with approximately 5
cm of iron-oxide coated sand (IOCS). As iron oxides have a relatively high surface area and
surface charge, this is expected to enhance sorption processes [55]. Additionally, a mulch
layer is added on top of the filter to retain moisture [56]. Vegetation is an important part
of biofilters as it reduces flow, enhances sedimentation and takes up nutrients and other
pollutants, including some metals, as growth components [24]. The vegetation in the BB
at Sparta originally contained Carex nigra, Carex testacea, Panicum virgatum, Calama-
grostis acutiflora, and Mentha aquatica. On the 16-07-2020 new plants were added: Carex
acuta, Persicaria bistorta, Filipendula ulmaria, Valeriana officinalis, Lythrum salicarium,
Cardamine pratensis, Myosotis scorpiodes, Centaurea jades, and Allium suaveolens. A satu-
rated zone is created by raised outlet, causing standing water in the biofilter. This saturated
zone provides water to the plants and microbes in drier periods and creates an anaerobic
zone. Furthermore, the saturated zone can provide a prolonged retention time for a volume
of stormwater [24].

2.3 System Operations
2.3.1 Overview

The flows from the buffer to the biofilter and from the biofilter to the standpipe are regulated
based on the water levels in the different components of the UWB. These water levels are
measured using pressure sensors that send a signal to a Programmable Logic Controller
(PLC) which subsequently triggers frequency regulated pumps to adjust their flow rates.
The flow is also measured, using magnetic flow meters [1] as well as the EC of the water
that is infiltrated and extracted. All processes are regulated by the PLC that also logs
the parameters every 30 minutes. A schematic overview of this regulation system is given
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schematically in Figure 7.
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Figure 7: A schematic overview of the UWB Spangen and its flow regulation system. Figure
from [3]
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The collected stormwater is stored in the retention buffer before being fed to the biofilter.
This feeding event starts when the water level in the buffer surpasses a certain threshold.
The water level of the buffer is measured using a pressure sensor (p,) in connected drain
well 1. The pressure-regulated pump (P 1) adjusts its discharge (@ A) onto the biofilter based
on the pressure signal from pressure sensor p,. The event finishes when the water level in
the buffer drop to a certain value.

Biofilter

The biofilter is, in its turn connected to drain well 2, also equipped with a pressure sensor
(pp) to measure the water level in the biofilter. The discharge from the buffer onto the biofil-
ter (Q A) continues until the water level in the biofilter reaches its maximum desired value
in order to prevent flooding. When this is reached, the flow from the buffer (Q A) is paused
and water from the biofilter is pumped (P2) into the standpipe to be subsequently infiltrated
into the aquifer. The discharge onto the biofilter (Q A) is higher than the discharge from the
biofilter (@ B), so during a longer event the flow from the buffer is paused several times in
order for the water level in the biofilter to lower sufficiently. After the feed event has fin-
ished, water is pumped from the biofilter to the standpipe (@ B) until the water level in the
biofilter is back to a set level, to create a saturated zone.

Standpipe

The standpipe is made of PVC with a height of 3.3 m and a diameter of 400 mm. In the
standpipe, the water builds up until it reaches the pressure needed to infiltrate water into
the subsurface ( C). This happens when the water level reaches 90% [1]. Another pressure
sensor (pc) registers the water level and gives a signal that opens an electric valve leading
to the ASR well. The maximum pressure in the standpipe is limited in two ways: the same
pressure sensor also gives feedback to the pump that pumps water from the biofilter to the
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standpipe (P2) and reduces the flow (@ B) when necessary. An additional measure is the
overflow from the standpipe back to drain well 2 [1].

Extraction

Once infiltrated into the aquifer, the water is stored in the subsurface until it is recovered.
The main extraction of water from the aquifer is used by Sparta Stadium, using the water
to spray the field. Other purposes for extracted water are the water ornament, backflushes
and irrigation of the biofilter. The purpose of the backflush is to minimise the well clogging
potential. Backflush water is extracted from W2 for about 5 minutes after infiltration of
every 20 m? of water [1]. This happens automatically as the flow is registered by a magnetic
flow meter (QC). Irrigation is done three times a day to remove the smell of standing water
and to supply the plants with water in dry periods [1].

Infiltration to the aquifer cannot happen simultaneously with extraction from the aquifer.
This means that when Sparta is extracting water from the aquifer while the biofilter and
standpipe are full, no water can infiltrate in to the aquifer, so the water level in the biofilter
cannot go down until extraction is finished. As a result the discharge onto the filter during
a feeding event is paused for a longer amount of time.

2.3.2 Settings

The logged data from the PLC was used for a preliminary investigation into the system and
its operation. Some settings have been changed over time or were adjusted in favour of
sampling for this research. This section gives a brief description of the relevant settings.

Event Frequency and Duration

The amount of water in the retention buffer is dependent on the amount of stormwater that
is collected. Thus the duration and frequency of feeding events is dependent on rain events
as well as the settings for the threshold values in the buffer and the biofilter (see Figure
8). The frequency and duration of feed events, as well as dry periods between events, thus
varies a lot. Furthermore, the threshold levels that trigger feed events have been changed
over time, contributing to even more variation. This has an effect on the retention time
of the water in the buffer as well as in the biofilter and it poses a challenge to set up a
sampling plan, as the system needs to run in order to be able to take water samples. Hence
the settings were changed before the sampling rounds started (see Table 3). These changes
allowed feed events to only start on Tuesdays, between 08.00 and 12.00, unless there had
been so much rain that the water level in the buffer reached 75%, to prevent overflow of the
retention buffer. The change in settings is clearly visible in figure 10, where the buffer level
changes halfway through the month and events start happening on a weekly basis.
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Figure 8: An overview of the duration of feeding events from the buffer to the biofilter and
dry periods in between events (bottom). The Rainfall data from [4] (top) is used to show how
rain events compare to feed events in the BB

Table 3: Waterlevel in retention buffer and biofilter (on PLC) to trigger flow from the re-
tention buffer to the biofilter and from the biofilter to the standpipe. This table compares
the original* settings [1] to the new settings during sampling. *original settings already
changed multiple times before sampling rounds.

original settings sampling settings
Buffer Biofilter Buffer Biofilter
Any day Any day Tuesday Any day

Start flow from retention buffer to biofilter =50% <92% =75% = 50% < 90%
Stop flow from retention buffer to biofilter <20% =96% <55% < 40% = 96%
Stop flow from biofilter to standpipe - <60% - - < 88%

Saturated Zone

After a feeding event, the water in the biofilter is pumped to the standpipe, until it the
water level in the biofilter is back to its set level of the saturated zone. Like the thresholds
in the buffer, the level of the saturated zone has also been changed over time. However these
changes were not made in favour of the sampling rounds, but for other reasons, such as the
root length of the vegetation. An example of such changes is clearly visible in figure 9 and
10. In December 2019 the saturated zone was set to 60% as can be seen from the water level
in the biofilter in between events. During events it went up to between 92 and 96%. In June
2020 new vegetation was recently added to the biofilter and the saturated zone was kept
above 80% continuously. This was also the month in which the settings were changed in
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favour of the research. This switch is visible halfway through the month, where the Buffer
level rises and the events start to happen on a weekly basis.
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Figure 9: Feed events from the buffer Figure 10: Feed events from the buffer
to the biofilter (Average Flow in m3/h) to the biofilter (Average Flow in m3/h)
and the corresponding water levels in the and the corresponding water levels in the
buffer and the biofilter (sandbed level) in buffer and the biofilter (sandbed level) in
December 2019. The water level in the June 2020. The water level in the buffer
buffer was 92-96% during an event, but remained above 80% constantly.

the saturated zone remained at 60% in

between events.

2.4 Irrigation with Aquifer Water

Another operational change was made not long before starting the measuring rounds. In
order to keep the biofilter wet during longer dry periods, such as the one indicated in figure
8, water from the aquifer was used to irrigate the biofilter. Another reason to introduce
these irrigation rounds was to get rid of a foul smell that was present in the extracted
water. The water for these irrigation rounds was extracted from well 1 (the upper well)
three times a day. The result is visible in Figure 11, where the flow from the retention
buffer to the biofilter is plotted as inflow and the flow from the biofilter is plotted as outflow.
The higher outflow peaks that coincide with the inflow are due to feed events. The outflow
peaks in between events happen three times daily as a result of irrigation with water from
the aquifer. The daily irrigation cycles are set to happen once in the morning (07.00 - 08.30),
one at noon (12.00 - 13.00) and one in the late afternoon (17.00 - 18.00). The average inflow
volumes from the aquifer during these cycles were 5.26m3, 3.94m3 and 6.31m? respectively.
The average volume of stormwater entering the biofilter during a feed event is 34.4m53.
This is enough to fill the pores in the submerged zone, approximately 88m?2 completely
with stormwater during an event. During the irrigation events, however, this water gets
replaced by water from the aquifer. Based on the mentioned average volumes per irrigation
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cycle, it takes less than two days for the stormwater to be replaced by aquifer water, as
is demonstrated in figure 12. Figure 11 also shows that the EC drops during a feeding
event and rises during the irrigation cycles, as a result of a higher salinity in the aquifer
compared to the stormwater. The mixing of different waters can impact the the treatment
by the biofilter and will be further discussed in Section 4.2.

Events

ﬁ 2000

20
1800

15 1600

1400

10 Irrigation cycles

Flow m3/h
EC (uS/cm)

1200

1000

800

——54

O O O O OO O OO0 O 00O O 000 000000 OO0 o0 oo o o oo
NN NN AN AN NN NN NNNSNNNNNN
OO0 0000000 0000000000000 O00O0 000 o0 oo
NN I NI NN N NN NN NN NN NN NN QNN NN NSNANA
AT NN A
NN RNNRNNNNNNSNNENNSNNSNSNESNSNNSNSNSNSNENSNNNNSNNNNSNNNNN
OO0 00000090 0000000000000 O0O0O0 090 O QOO0
LTI IZIZIIIZIIIII2=L
AN M TN ONWOIIOANMTFTIN OCNODDNDNO A NN OO0 O

H A A A A A NNNNNNNNNN®MM

Outflow biofilter Inflow biofilter

m
@]

at outlet (uS/cm

Figure 11: Outflow of the biofilter as the result of feed events (inflow) and three-times-daily
irrigation with aquifer water in July 2020. The irrigation has an effect on the EC.
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Figure 12: Replacement of stormwater by aquifer water as a result of three-times-daily
irrigation events.

2.5 Water Distribution and Ponding Zone

The water from the retention buffer is distributed to the biofilter via channels surrounding
the perimeter of the biofilter as are shown in Figure 13. Even though the channels surround
the biofilter, the water is only discharged onto the biofilter in the corners indicated by the
blue inlet arrows in figure 14. This design in combination with the current settings, that
stop the inflow once the water level reaches the threshold that is below the subsurface, does
not allow for water to pond onto the biofilter. Instead, only the inflow corners are wet in the
case of an event, these are also the corners where the vegetation flourishes more than on
the rest of the filter as is visible in figure 15. The effect of this will be discussed in Section
4.2 and 4.2.1.
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Figure 14: Drainage system of biofilter

Figure 13: Water Distribution Channels Figure 15: Vegetation growth in inlet cor-
ners
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3 Materials and Methods

3.1 Water Quality

Water quality is the main parameter of interest in this research, hence it was measured
extensively. These measurements were done on Tuesdays between 08.00 - 12.00, to make
sure that sampling was possible, based on the water level in the retention buffer, as was
discussed in Section 2.3. Sampling rounds took place in spring and summer of 2020. Twice
in June, twice in July and once in August.

3.1.1 Sampling Frequency

During its time of operation, water quality data had already been recorded by KWR and the
municipality, but the measurements were done quite infrequently. The water quality has
been monitored on a monthly basis during the first year of operation and once every three
months after that [57]. These data do not only have a low density, but are also taken at
the inflow and outflow of the BB at the same time. The hydraulic retention time is thus not
taken into account and calculating the removal efficiency of the biofilter is thus not accurate.
These historical data do thus not give sufficient insight in the processes in the biofilter.

Taking samples at frequent intervals at both the inlet and outlet during an event can give
more insight into the actual removal efficiency in the filter. In-situ measurements using
sensors were taken every five minutes minutes for this purpose, whereas grab samples to
be analysed in the lab were taken approximately every 15 minutes. This was not always pos-
sible with the system starting and stopping as described in Section 2.3, leading to varying
amounts of samples per event. Grab samples were used, because they can give an insight
into the variations in the inlet and outlet water over time. Not all the samples that were
taken were also analysed. The data from in-situ measurements was analysed first, to find
patterns and retention times in the biofilter. Based on this, the first samples were analysed
in the lab, as a well-spread subset of the taken samples. Based on this, a decision could be
made on which additional samples to analyse. The schedule with actual measurements and
analysis can be found in Appendix F.

3.1.2 In the Field

The in-situ data that were collected were pH, DO, EC & temperature. These were measured
using various Greisinger metres, depending on their availability. The sensors were inserted
in beakers that functioned as flow-through cells, as can be seen in Figure 16. One beaker
contains inlet water, while the other contains outlet water. The other end of the tubes
ending in the beakers is connected to sampling valves in the underground control room.
These sampling valves are connected to pipes in the UWB, one at the inlet of the biofilter
and one at the outlet. The valves were open throughout the event to create a continuous
flow in the cell. The DO sensor was calibrated on the day before sampling, whereas the EC
and pH sensors were calibrated within 30 minutes before the sample round started. Grab
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samples could be collected from the overflow of the beaker. Water was caught in a 180 ml
polypropylene container, out of which it was divided into separate vials in preparation for
analysis in the lab. The procedure for different parameters will be explained in the next
section.

Figure 16: Two flow-through cells to measure pH, DO, EC and temperature in the water at
the inlet and outlet

3.1.3 Sample Preservation and Analysis

Main Cations and HMs

Two 15 ml vials were filled with water from each grab sample. One vial was filled with
unfiltered water, whether the water in the other vial was first filtered using a syringe and
0.45 um filter. The unfiltered sample is used for analysis of total metals, whereas the filtered
sample is used for analysis of dissolved metals. Samples for metal analysis should ideally
be acidified to pH < 2 immediately after sampling [8]. For logistic and safety reasons, the
samples were not acidified on-site, but were instead stored cooled and acidified within 8
hours in the water lab at TU Delft, using 1 vol% of HNO3 69% (Rotipuhran). The samples
were then stored at 4 °Celsius for at least 48 hours, so that any precipitates had the time
to dissolve, before analysis of main cations and heavy metals on the Inductively Coupled
Plasma Mass Spectrometer (Analytik Jena PlasmaQuant MS). The unfiltered sample was
filtered before analysis, to make sure that no insoluble particles can damage the ICP-MS.
Samples were also diluted prior to analysis, so that the expected concentration remained
below the upper detection limit of the machine (100 ppb for trace elements, 7500 ppb for
other elements). An overview of the most important ions that were measured is given in
Table 4.
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Table 4: Cations analysed on ICP-MS

HMs Main Cations

As Ba
Cd Ca
Cr K

Cu Mg
Fe Na
Mn Sr
Ni

Pb

Zn

Main Anions

Another 15 ml vial was filled on-site, from the main grab sample. This was also filtered
trough a 0.45 pym filter and stored at 4 °Celsius, but not acidified. The sample was used
for main anion analysis on the Ion Chromatography (IC) (Methrohm 818 anion system).
Because of expected high chloride (C/™) concentrations, the "regression with polynomials"-
method [58] was used for calibration and samples did not need to be diluted. The measured
parameters are shown in Table 5.

Table 5: Anions analysed on IC

Main anions
Cl
Br
S04
NO2
NO3

PO4

Phosphate and Ammonium

Phosphate and ammonium were analysed on the Discrete Analyser (DA). For this method
the sample needs to be filtered and acidified, like was done for one of the vials for cation-
analysis. Because analysis on the ICP-MS does not use the full 15 ml of sample, the leftover
water from the same vial could be used for analysis on the DA. Phosphate was also analysed
with the other main ions on the IC, but the DA is more accurate. Acidification of the sample
makes sure that all Fe in the sample occurs in dissolved form and cannot sorb part of the
PO%.

DOcC

Samples to analyse for Dissolved Organic Carbon (DOC) were taken less frequently than
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the other samples, for economic reasons. One or two samples of 30 ml were taken during
each event. They were filtered on-site, and acidified in the lab using 1.6 ml of 2M HCI, after
which they were stored at 4 °C. Unfortunately the samples may have been stored too long
before analysis on the TOC analyser. This resulted in concentrations that were so far out
of the expected range, based on earlier reports on the same site [1], that the data were not
used.

Turbidity & Alkalinity

The water from the grab sample that was left in the original container was stored unfiltered
for turbidity analysis and alkalinity titration. Turbidity was analysed in the Hach 2100N
laboratory turbidimeter. A titration was used to determine the total alkalinity of the sample.
This was done using the Metroohm AG SM Tritino 702. The initial pH and volume of the
sample was measured, before slowly adding 0.1M HCI, while the sample was being stirred.
Acid was added until the pH reached 4.3. Using the initial volume of the sample, the volume
of acid added and the normality of the acid, the total alkalinity could be calculated with
Equation 1, in which Vj;q is the volume of acid need to reach pH 4.3 (ml), Nyumpie is the
normality of the acid that is used (eg/L), 50 * 103 is the mass of CaCOj3 per eq, and Vsample
is the volume of the intial sample.

Vacid * Nsample *50 % 103

Alkalinity = (1)

Vsample

3.1.4 Accuracy

The accuracy of the water analysis was tested by the principle of electro-neutrality. The
principle requires that the sum of the anions must equal the sum of the cations in meq/L
(Eq. 2).

antions = Zanions (2)

However, unanalysed species and analytical errors can introduce electrical imbalances in
the data. This error can be quantified by the Charge Balance Error (CBE), a relative error
in percent used to determine the quality of the water analysis (Eq. 3). A small error is
acceptable (Table 6) [59].

CBE — antlzons— IZanzzonsl 100 3)
Y cations+|Y. anions|

Table 6: Acceptable Charge Balance Error [8]

sum Anions (meq/L) Acceptable CBE

0-3.0 + 0.2 meq/L
3.0-10 +2%
10 - 800 +5%
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Another method is estimating the EC from the sum of the anions and the cations separately,
using a rule of thumb (Eq. 4) [8]. The estimated EC can then be compared to the measured
EC.

Zanions(meq/L) = antions(meq/L) =EC/100 4)

3.2 Mixing Fractions

Section 2.4 explained that irrigation of the biofilter with water from the aquifer leads to
filling of the biofilter with water from the aquifer. At the start of an event, this aquifer is
initially present and is replaced by water from the inlet as the event continues. As a result
of this, water at the outlet will first consist of aquifer water, before the inlet water comes
trough. In order to analyse the actual removal and release of pollutants it is important
to know the composition of the initial water and the inlet water, as well as the fraction of
inlet water that is coming out at the outlet. This can be tracked using a tracer. Electrical
Conductivity (EC) can function as an inexpensive, natural tracer [60], and because both
waters have a different EC it can be used to calculate the fraction of inlet water, using a
method from Appelo & Postma [61]. The fraction of inlet water is calculated using Equation
5, in which f;,;e; is the fraction of inet water, mgc sampie is the measured EC in the sample,
MEC,initial 1S the EC initially measured in the biofilter at the start of the run, and mgc inies
is the EC measured at the inlet of the biofilter. The calculated fraction of inlet water can in
turn be used to estimate the concentration of other ions, using Equation 6, where m; p,, is
the estimated concentration of the ion of interest, based on mixing only. m; ;. is the con-
centration of the same ion that was measured at the inlet and m;,;;;q; is the concentration
of the same ion is was initially present in the biofilter. The difference between the measured
and estimated concentrations (m; sqmpie and m; nix respectively) is calculated using Equa-
tion 7 and indicates whether the ion has been removed or released by a reaction other than
mixing of the two water types.

MEC,sample ~MEC,initial

finlet = (5)
MEC,inlet —MEC,initial

M mix = fintet * Miinlet + (1= finlet) * Mi initial (6)

Mj react = Mjsample — Mimix (7)

It is important to note that under certain conditions, the EC may behave as non-conservative
[62]. Interactions of cations within the saline tracer and the filter media by processes such
as ion exchange, surface complexation and via physical mass-transfer phenomena can in-
fluence the accuracy of the tracer [63]. Using a truly conservative, natural tracer such as
Cl~ was considered, but in the end EC was chosen. The easier and more economical in-situ
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monitoring resulted in many more data points of EC compared to C/~. Deviations in EC
as a result of cation-reactivity are expected to be too small to severely impact the results.
Nevertheless this should be kept in mind when analysing the results. On 18-08-2020, the
EC-sensor was malfunctioning, thus on this day the C/~ concentration was used, rather
than the EC.

3.3 Hydraulic Conductivity

To answer the question of how the heavy metal removal is affected by operational conditions,
it is important to investigate the design of the biofilter. The hydraulic conductivity can give
an insight into the flow and hydraulic retention time in the biofilter, which are important
parameters to take into account.

3.3.1 Lab

The hydraulic conductivity of the material was measured in the lab using a constant head
permeability test. The setup consists of a vertical, cylindrical column in which the material
to be tested is placed. Above the soil sample, water flows into the column, which can overflow
at the top, keeping the head constant. The head difference can be seen using the piezometers
that are attached to the column at different heights, see figure 17 for a schematic drawing
of the set-up. The three different sands of the Blueblogs Biofilter were tested separately,
as to determine the hydraulic conductivity for each layer. During a timed interval, the
water going through the sample was caught in a measuring cup, which was weighed to
determine the exact volume of water. This information, together with the dimensions of the
sample and the head difference could be used to determine the hydraulic conductivity using
Darcy’s law (equation 8), where k is the
hydraulic conductivity (m/s), Q is the dis-
charge (m?/s), z is depth (m) and h is the
pressure head (m). The porosity can be cal-
culated using equations 9 and 10, where p
is porosity (-), V is volume (m?2), m = mass
(kg) and p is the particle density of the sand
particles (kg/m3). The test was carried out
in triplicate.

. Q=xAz
k= AxAh 8)

_ Vbulk - Vgrains

9
Vouir
m
Vgrains = sand (10)
Pparticle

2§‘igure 17: Constant Head Permeability Test
in the laboratory. (Adjusted from [5])



The test was repeated three times for each

different grain size. A laboratory hydraulic

conductivity test can give valuable infor-

mation about the initial conductivity of the

original media, which has shown to be one of the most important variables in how the hy-
draulic conductivity of the biofilter develops over time [64].

3.3.2 In-Situ

As a laboratory has some limitations, such as that the impact of in-situ soil compaction,
growth of plant roots and preferantial flow is not measurable, an in-situ hydraulic con-
ductivity test was also carried out. This was done using a single ring infiltration test as
recommended by Australian adoption guidelines for stormwater biofiltration [24]. Using
this method, the hydraulic conductivity at the surface of the soil is measured, using a plas-
tic ring with a diameter of 100 mm that is driven 50 mm into the soil [65]. The head is
then kept constant by pouring water in using a graduated cylinder. The time interval and
volume required to keep the head constant are noted down. The test is carried out for two
different heads (50 mm and 150 mm). For fast draining media, such as the Blueblogs Biofil-
ter in Spangen, the time interval should be maximum one minute. The infiltration rate
should remain steady for at least 30 minutes before stopping the experiment [66]. This test
requires three measuring points for a biofilter with a surface area of 50m? or less and an
additional measuring point for every extra 100m?. As the surface area of the BB is 90 m?,
four points, spatially distributed over the biofilter were chosen, see figure 18. The points
were not chosen at random. A visual inspection already gave away that the corners near
the inlet received more water than the rest of the biofilter as was discussedin Section 2.5.
Hence one of the testing points was chosen near one of the inlets, one near the outlet, one
in the driest corner of the filter and one in the middle, to see the influence of heterogeneous
water distribution on the hydraulic conductivity.

To calculate the field saturated hydraulic conductivity (K¢s), Gardner’s behaviour of the soil
is assumed (eq. 11) and the conductivity can be calculated using the analytical expression,
equation 12 for steady flow [66].

K(h) =Ko % e (11)

in which K is the hydraulic conductivity, a is a soil structure parameter and h is the negative
pressure head.

G Q2—-Q1
Kpo= o s 22791 12
=W T Hy—HI (12)

in which a is the ring radius, H1 and H2 are the two pressure heads (50 mm and 150 mm),
Q1 and Q2 represent the discharge for the two pressure heads and G is a shape factor
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Figure 18: Single ring infiltration test - measuring points

estimated as:

d
G =0.316—+0.184 (13)
a

with d the depth of insertion of the ring [66]. G can be considered independent of the hy-
draulic conductivity and soil structure parameter when the ponding depth is larger than 50
mm [65].

Before placing the ring, the mulch layer and IOCS layer were swept out of the way, so the
hydraulic conductivity of the filter layer could be tested. As this test only measures at shal-
low depths, the hydraulic conductivity of the deeper layers could not be assessed. However,
as the lowest hydraulic conductivity as well as the occurrence of most of the treatment[24],
is expected in the filter layer, a deeper in-situ test was not required.

3.4 PHREEQC modelling

In addition to field data, modelling with PHREEQC (version 3) was used as an approach
to get a better insight in the system. This was done using two different type of models: a
conceptual model to compare to the results and verify the processes and a transport model
to predict the effect of different scenarios on long-term functioning of the biofilter. Both
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models will be discussed in more detail in the sections that follow. Before that, PHREEQC
will be introduced.

3.4.1 Introduction to PHREEQC

PHREEQC stands for pH-REdox-EQuilibrium, while the C indicates that is was written in
C++. Meanwhile, kinetic and reactions and one dimensional transport options have been
implemented in the program [67]. It was developed by Parkhurst in collaboration with
Appelo and can be used used to simulate a variety of reactions and processes in natural
waters or in batch- and column-experiments in the laboratory [68].

The program predicts dissolution, precipitation, cation exchange and surface complexation,
using mass balances and charge balances. It can do this based on thermodynamic data and
other chemical parameters such as aqueous speciation, surface speciation, ion-exchange
relationships and rate reactions in geochemistry. These data come from researches over the
past years and are included in databases.

Using the keyword SOLUTION, a description of the solution can be entered into the pro-
gram and EXCHANGE and SURFACE can be used to specify a cation exchange medium or
a sorbent respectively.

For this research, the main database PHREEQC.DAT [69] was used, but it did not contain
the geochemical data for all heavy metals. Hence, WATEQ4F.dat [61] [70] and minteq.v4.dat
were used to complement the data.

3.4.2 Cation Exchange

Ion exchange is the interchange between an ion in solution and another ion in the bound-
ary layer between the solution and a charged surface [71]. Under steady-state chemical
conditions, the composition of the exchanger is in equilibrium with the solution. When the
water composition changes, the exchanger readjusts to an equilibrium with the new water
composition [61]. Ion-exchange is mainly physical and reversible.

The cation exchange capacity (CEC) of a soil

Charged solids with a large specific surface area are most relevant for ion exchange. Clay
minerals and organic matter thus contribute to the capacity of a soil to adsorb ions. This
cation exchange capacity (CEC) can be expressed in meq/kg [72]. In this research, the CEC
of the filter medium was unknown and thus had to be estimated from literature. The CEC
of soils is generally given in meq/kg of dry soil and values for dune sand typically range from
0-50 meq/kg [73], of which clay minerals and organic matter are responsible for most of the
exchange capacity. Appello and Postma mention 10 meq/kg as a reasonable value for a sandy
aquifer [61]. As the biofilter has been in use and some clay and organic material may have
accumulated in the filter over time, the CEC of the biofilter was estimated at 15 meq/kg. The
CEC is a parameter that PHREEQC needs in order to calculate the exchanger composition.
The input is in meq/L pore water, rather than meq/kg, so the CEC was converted, using a
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porosity of 0.39 and a specific weight of 2.65 g/cm? for the quartz sand. These values were
inserted into Equation 14, where s stands for "per kg solid", q for "per liter pore water", pp
for the bulk density of the soil matrix (kg/L) and ¢, is the water filled porosity. The CEC
comes down to 62 meq/L pore water. In reality, the CEC may deviate and even vary over
time as a result of OM and clay concentrations or variations in pH.

q:s*@, (14)

€w

Calculation of Exchanger Composition

The PHREEQC-database uses the Gaines-Thomas convention to calculate the the composi-
tion of the exchanger, by combining the cation exchange selectivity constant for the different
ions (Eq. 15 and 16) with the mass balance for the sum of exchangeable cations (Eq. 17).
In the equations, I, J, K, ... are the exchangeable cations with charges i,j, k, ... K is the
selectivity constant for the relevant ions, and can be found in the PHREEQC database. f is
the equivalent fraction of the exchangable ion [61].

1 .01 1 1
ATk J - Xjo o x[= X+ =T (15)
i J l J
/i J +
LS NSIC
ﬂJ = [Ii+]j/i (16)
Br+Ps+Px+...=1 an

3.4.3 Surface Complexation

Variable charge minerals, such as metal oxides, sorb ions from solution without releasing
other ions. Hydroxyl groups of these minerals are protonated at low pH and deprotonated
at high pH (Eq. 18), thus creating a pH-dependent surface charge. The charge of the soild
is counteracted by ions of opposite charge in the diffuse double layer. The protons can be
replaced by heavy metals, forming inner-sphere complexes. This type of adsorption involves
two effects: a chemical bond between the ion and the surface atoms and an electrostatic
effect that depends on the surface charge. Some ions are bound so strongly that they remain
fixed on a surface, despite electrostatical repelling charges [72].

PHREEQC uses the double layer adsorption model by Dzombak & Morel [69] to simulate
surface complexation on ferrihydrite [61].

=MOH; ~=MOH+H" -=MO™ +2H" (18)

In order to model surface complexation in PHREEQC, the medium is simulated by a) the
number of sorption sites in mol/L, b) the surface area of hydrous ferric oxides (HFO) in m?/g

27



and c) the mass of HFO in grams. Versteeg [50] used experimental values by Gen¢-Fuhrman
et al. [21] to calibrate a model in PHREEQC and find the best fit for parameters a, b, and
c. This resulted in 5% 10~5 mol/L sorption sites for quartz and 4.835 * 10”4 mol/L sorption
sites for IOCS. Quartz sand showed a best fit with an iron content of 1.4% Fe, whereas the
iron content of IOCS is 13.5% [50].The surface area of HFO 600 m?2/g was suggested by [74]
and is commonly used [61]. The values found in these previous researches have been used
for this model and are summarised in Table 7.

Table 7: Model settings

Parameter Quartz Sand IOCS
EXCHANGE
CEC (eq/L) 0.06
SURFACE
number of sites (mol/L) 0.207 2.01
surface area HFO (m2/g) 600 600
mass of HFO (g/L) 93.3 892

3.4.4 Precipitation and Redox Conditions

In addition to ion exchange and surface complexation, PHREEQC calculates the SI of min-
erals based on ion activities and corrects for aqueous complexes. The database uses the
Truesdell-Jones equation for major ions and the Debye-Hiickel or Davies equation for minor
ions [61]. For SI = 0, the mineral is in equilibrium with the solution, whereas SI > 1 indi-
cates supersaturation and SI < 1 indicates subsaturation, suggesting that precipitation or
dissolution is expected for that mineral.

The redox changes in the biofilter were not modelled in detail, but the redox condition of the
inlet water was estimated for the solution input, as this can influence the speciation of heavy
metals. The exact pe was unknown, but could be estimated based on the concentrations of
the known concentrations of two species of a redox couple. The chosen pe was based on the
NH4/NOj3 redox couple. It was calculated by PHREEQC using thermodynamic tables and
the pe concept [61], resulting in a pe of 6.52 and 6.71 for the inlet water and initial water
respectively.

3.4.5 Conceptual Model

A conceptual model was made to verify the observations in the data. Once it was clear that
the replacement of aquifer water initially present in the biofilter by stormwater had a large
influence on the observations, a model was made for both waters in equilibrium with the
exchange media. Averaged measured inlet concentrations of all measured main ions, nu-
trients and heavy metals were used to describe the stormwater solution, whereas the intial
measurements at the outlet were used to describe the initial water present in the biofilter.
Because of the different composition of both waters, the composition of the exchanger and
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HFO sites in equilibrium with the waters differs too. This change in exchanger composi-
tion was used to predict whether adsorption or desorption is expected when initial water
is replaced with aquifer water in the biofilter. This was a quantative analysis, using the
mole fraction of ions on the exchanger, rather than the absolute concentrations. The model
outcome was then compared to the field data.

3.4.6 Transport Model

In order to predict the lifetime of the biofilter based on saturation of the filter media,
PHREEQC was used to simulate advection, adsorption and dispersion. The transport of the
contaminants is described by Equation 19, in which c is the solute concentration (mol/L),
v is the pore water flow velocity (m/s), Dy, is the dispersion coefficient (m?/s), and R is the
retardation factor [61].

19

In the model, the biofilter is schematised as a vertical column of a number of cells, as is
depicted in Figure 19. Each cell consists of a volume of water in the sorption media, initially
holding water of a certain composition. When the model starts running, these cells are filled
with an inflowing solution, shifting down from cell to cell to simulate advective transport.
An explicit finite difference algorithm built into PHREEQC is used for this. The surface
complexation and cation exchange data from the database enable PHREEQC to calculate
the solid and solution equilibrium. This is repeated for each cell [68]. This way, the cells
become saturated from top to bottom as the saturated front moves down. The expected
pollutant concentration in the solution after a certain volume of inlet water has passed the
filter can be calculated and visualised using a breakthrough curve.

Model Settings

The transport model used the same ion exchange and surface complexation settings as for
the conceptual model that were explained in Section 3.4.2 and 3.4.3. Additionally, the model
was run without ion exchange and with ion exchange and a stronger CEC. Five cells, of
0.12 m each, were chosen to simulate the 0.6 m filter layer of the Blueblogs biofilter. This
relatively coarse grid is enough to investigate hydrochemical reactions [68]. The column is
flushed many times in the simulation, in order to reach breakthrough. More cells are not
necessary for this purpose and would result in very long computation times. Flux bound-
aries were set at the column ends, because the concentration of flow across the boundary is
set.

A total of 2000 bed volumes was simulated. The number of shifts is the number of times
that water in each cell moves to a neighbouring cell. This number was calculated using
the total time of the desired simulation and the time it takes for one pore volume to pass
through the filter. With an average volumetric flow rate of 9.71 m3/h this resulted in 25641
shifts of 2356 seconds. The calculations are specified in the PHREEQC script in Appendix
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Figure 19: Schematic overview of transport in column

G. This model aimed to simulate the lifetime of the biofilter before breakthrough, starting
at the beginning of operation in September 2018.The composition of the initial water in the
biofilter at the time is unknown, and was assumed not to contain any heavy metals. The
composition of main ions was based on the drinking water composition in Zuid-Holland [75].
The inflowing solution was defined as stormwater only, continuously flowing down the filter
for 2000 bed volumes. The pH of the model was fixed at a value of 7.2, the mean and median
that was measured at the outlet in the biofilter at Spangen.

Plug Flow vs Preferential Flow

Water distribution and design of the biofilter were found to lead to preferential flow paths
in the biofilter. As a result of this, more water flowed through the filter at the inlet corners,
whereas less water flowed through the middle of the filter. The effect of this preferential
flow paths could be simulated by running three models in parallel, and adjusting the flow
accordingly. An overview of this concept is shown in Figure 20. Al, A2 & A3 represent the
different areas, and Q1, Q2 & Q3 represent the different flows.
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Figure 20: Overview of the biofilter roughly divided into three sections. Section Al and
A2 represent the corners that receive a larger fraction of water. Section A3 represents the
middle fraction that receives a smaller water flow. Figure adapted from [3].

This multi pathway approach was used by Jonker (2020) to simulate the effect on pathogen
retention in the biofilter, who found the following distribution to best represent the field
data: Q1 = Q2 = 40% of total flow, Q3 = 20% of total flow, and Al = A2 = 10% of the to-
tal surface area and A3 = 80% of the total surface area [3]. These values were also used
in the current model, simulating metal breakthrough. As heavy metals accumulate over
time, validation with the field data was not possible. Different volumes of water dosed over
different areas of the biofilter result in different flow rates and total amounts of water pass-
ing through the different parts of the filter. The settings for the plug flow and preferential
flow model are summarised in Table 8. To obtain the breakthrough of the preferential flow
model, the pollutant concentrations from the different parts of the filter were summed up.

Table 8: Model settings for plug flow vs preferential flow

Area Volume  Linear Velocity
(% of Total) (% of total) (m/h)
Plug flow
Total 100 100 0.10
Preferential Flow

Al 10 40 0.41
A2 10 40 0.41
A3 80 20 0.03
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4 Results & Discussion

This chapter reports and discusses the concentrations of different pollutants found in the in-
let and outlet water of the biofilter in Spangen and the processes that could have influenced
this. Measurements were done during five events in the period from June - August 2020, on
June 9th, June 15th, July 7th, July 14th and August 18th. The duration of events differs
and was influenced by how long and how frequently the system paused during a run. The
longest continuous event was the one on 06-07-2020 and is therefore used as an example
event in some graphs. Similar behaviour was generally found in the other events, of which
the data can be found in Appendix B.

4.1 Water Quality
4.1.1 Inlet Water Quality

During the research period, the quality of the water flowing from the buffer to the biofilter
was measured. The water quality of the inlet water is reported in table 9, as well as the
quality that was found in previous research on the same site between 27-09-2018 and 01-
07-2019 [1]. Most of the concentrations measured in the current research correspond well
with values that were found earlier. However, concentrations of Mn, NO; and POZ‘ are
higher than observed in the previous research, while the DO is lower. Some measured
concentrations also vary from what is expected for typical Dutch stormwater runoff. These
typical values can be found in Appendix C. For some parameters, Dutch literature was not
found, so typical values of international stormwater are cited in the text instead.
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Table 9: Inlet water Quality Spangen. n = 20

UWB Spangen - Current Study UBW Spangen [1] Phreatic groundwater [1]

mean median min  max 30-10-2018
Heavy Metals (ug/L)
Cr 0.5 0.5 0.3 0.8 - -
Ni 2.2 2.0 1.7 4.5 <5 -
Cu 1.2 0.61 0.25 7.7 <5 -
Zn 47 32.4 17.3 235 26-220 -
Pb 0.4 0.3 0.1 1.0 <5 -
Cd 0.0 0.0 0.0 0.0 <1 -
As 2.4 2.4 1.2 4.8 <4 -
Fe 778 735 250 1480 530-3500 16000
Mn 840 857 600 1071 190-690 1800
Co 0.3 0.2 0.2 0.9 <2 -
Nutrients (mg/L)
NO3 2.9 3.0 2.4 5.4 <0.22 - 1.28 0.06
NO2 0.1 0.0 0.0 0.7 - -
NH4 1.7 1.7 1.1 2.3 0.63 -2.9 14.2
PO4 7.1 7.1 4.9 8.6 <0.15-1.04 3.4
SO4 14 14 94 25.3 <30-61 <30
Physico-Chemical Parameters
EC (uS/ecm) 770.3 779.7 661 1034 516-1064 1385
DO (mg/L) 0.1 0.0 0.0 1.1 1.17 - 3.85 0.29
pH () 7.1 7.1 7.0 7.4 6.5-17.5 6.7

EC values in the inlet water at Spangen were measured between 661 and 1034 uS/cm and
were reported to be between 516 and 1064 uS/cm by Zuurbier and van Dooren [1]. Typical
EC values in stormwater runoff are expected to be <300 uS/cm [76, 77]. The reason for
these high EC values is leakage of phreatic groundwater (10 - 20 m?/d) into the buffer [1],
which can at the same time explain the high values for Fe and Mn [78] and low values for
Cu and Pb. The EC of the phreatic groundwater was last reported in October 2018 as 1385
uS/em [11.

DO values measured in this research were generally <0.1 mg/L, not only lower than was
measured in earlier research [1], but also lower than is typical for stormwater runoff [79,
80, 76]. During the research or Zuurbier and van Dooren [1], the event frequency had not
been set to once a week. Hence, events occurred more frequently during their research,
with less idle time in between, as was illustrated in Section 2.3. In the current research,
the time in between events was usually at least six days long, during which the inlet water
was stored in the retention buffer. The underground retention basin separates the water it
contains from the atmosphere, so that no oxygen can get into the water through diffusion
from the atmosphere or photosynthesis, the two main sources of dissolved oxygen [81]. The

33



only incoming source of oxygen is thus the collected stormwater. Microbes use this oxygen
for repspiration when a carbon source is present, resulting in suboxic or anoxic conditions
in the buffer [82] Due to unreliable TOC-analysis results, the concentrations of the carbon
source are not known, but Boogaard et al. [6] reported average Dutch BOD stormwater
values of 5.7 mg/L. BOD is generally expressed as oxygen consumption in five days at 20
°C. During the research period, the water usually stayed in the retention buffer for more
than five days in between events. Additionally the buffer was never emptied completely (see
Figure 9 and 10), so that part of the water remained in the buffer even longer, making mi-
crobial respiration a likely explanation for the observed oxygen depletion. Nitrification also
consumes oxygen and could contribute to high nitrate concentrations found in the stormwa-
ter. N HZ concentrations in the phreatic groundwater are high and leakage of this water
into the buffer could result in oxygen consumption and nitrate production.

The neutral pH of the inlet water is slightly higher than expected for rainwater in the
Netherlands [83], but is not atypical for stormwater runoff [76], suggesting that the pH was
buffered while running off. Another explanation could be that denitrification occurred in the
retention buffer under the suboxic conditions in the buffer, during which H* is consumed.
However, this is counterindicative of the relatively high NO; concentrations.

Not only NOg, but also POi' concentrations are a lot higher than typical Dutch stormwa-
ter concentrations and their concentrations reported earlier by Zuurbier & van Dooren [1].
Phosphate concentrations were measured on the IC match with the concentrations mea-
sured on the DA and the total P measured on the ICP-MS. The remarkably high concentra-
tions are thus not a result of an analysis error. The reason for this elevation remains unclear.
Phosphate concentrations in the phreatic groundwater are not as high as the concentrations
found in the stormwater. A difference in the sampling method may explain difference be-
tween concentrations found earlier on the same site [54] and concentrations found in this
research. During earlier research, the system was not always running, resulting in samples
containing water from the pipes instead of from the buffer. In the current research, this
was avoided by making sure the system was always running during sampling rounds. Addi-
tionally, part of the Spangen drainage area was not yet connected to the stormwater sewer
when the research by Zuurbier & van Dooren [1] was carried out. An expansion of the area
can impact the nutrient concentrations in the inlet water. However, these variations could
only explain deviations between the current research and earlier research on the same site.
It does not give an insight in why the measured nutrient concentrations are much higher
than those of typical Dutch stormwater runoff.

Nevertheless, stormwater quality can vary as a result of environmental factors such as
temperature and rainfall frequency and intensity. This also leads to seasonal variations in
nutrient concentrations: total-N and total-P concentrations are typically higher in spring
[84]. In the month preceding the sampling rounds, it hardly rained. Long dry periods
can lead to nutrient buildup [85]. These nutrients are consequently flushed into the buffer
with the next rain events. In the case of phosphate, the highest concentrations were seen
on the first sampling day and reduce with every following event, supporting this theory.
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The sampling rounds were carried out in spring and summer, so the seasonal effect may
contribute to higher concentrations. Additionally, abundant birds in this time of the year
could contribute to additional N and P through their faeces [86].

All in all, the high concentrations of nitrate and phosphate can be the result of many mech-
anisms and more research into the origins of these nutrients on this site is necessary to
provide a final conclusion. Even so, the high concentrations are important to note, as ni-
trate can play an important role in nitrification and denitrification reactions in the biofilter
[87], whereas phosphate can influence the (de)sorption of heavy metals on variable charge
minerals [88]. This will be further discussed in Section 4.3.4.

Particulate and Dissolved Metals

Metals occur in the water in dissolved and particulate form. This influences their mobility
and toxicity, but can also give more insight in the inlet water in Spangen and the effect of
storage in the retention buffer. Figure 21a shows the percentage of metals bound to particles
found in the inlet water in this study in a box-whisker plot. The values can be compared
to values commonly found in Dutch in two different studies in Figure 21b and 21c. Some
of the whiskers in the Spangen data lie below 0%, meaning that the dissolved fraction was
higher than the total fraction of the metal. This is not possible and is due to an inaccuracy
in the analysis. In reality this means that the dissolved and total concentrations lie very
close together, indicating that all of the metal present is in dissolved form.
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Figure 21: (a) Percentage of bounds metals in inlet water measured during events at Span-
gen. (b) Average percentage of bound metals in stormwater runoff from literature [6]. (c)
Average percentage bound metals in Dutch stormwater runoff from literature [7] .

Cu, Zn, Pb and Fe were found mainly in particulate form in the inlet water in Spangen. For
Pb and Fe this corresponds well to typical values. The bound fraction of Cu and Zn is on
the high end of the typical range. Both metals could be adsorbed to iron(III) precipitates,
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whereas Cu is also strongly associated with organic matter, and could be complexed to sus-
pended OM [36, 89]. Nevertheless, no strong correlation between iron oxides and heavy
metal concentrations was found, using suspended Fe concentrations as an approximation
for Fe(III) oxides (see Appendix E). If the redox potential is low enough, Cu?* could be
reduced to the insoluble Cu® [90], but the presence of nitrate suggests that this is not the
case.

Cr, Ni, As, on the other hand, show a lower bound fraction than was expected from literature.
Cr likely occurs mainly as Cr(III) in the suboxic conditions in the biofilter. Its aqueous con-
centration is mainly controlled by dissolution and precipitation reactions and its solubility
is low [91]. Because the concentration of Cr in the inlet water is very low, the concentrations
do not exceed the solubility, resulting in a large dissolved fraction. The relatively high EC
in the retention buffer, as a result of phreatic groundwater leakage, comes with a relatively
high concentrtion of C/~. An increase in C/™~ concentrations can increase the formation of
nickel chloride [92], a soluble nickel compound, that can contribute to the high fraction of
dissolved nickel in the inlet water. Arsenic may be present mainly in its reduced form as
arsenite in the suboxic conditions in the retention buffer. In this form it is more toxic and
bioavailable than arsenate [88], which would be expected in oxic stormwater runoff. Hence
this may explain the high dissolved fraction of As.

The neutral pH of the water in the retention buffer is comparable to pH generally found in
stormwater [93] and is not expected to contribute much to dissolved fractions of any metal
deviating from average stormwater values [94]

4.1.2 QOutlet Water Quality

Table 10 shows the pollutant concentrations that were found at the outlet, as well as the
concentrations found be Zuurbier & van Dooren [1]. The variations between minimum and
maximum concentration are larger than in the inlet water, because the water that flows
out of the biofilter is a combination of water from the buffer and of aquifer water from the
irrigation cycles as was discussed in Section 2.4. These mixing fractions will be explained
in more detail in Section 4.2. Most concentrations are in the same range as were found
by Zuurbier & van Dooren [1], but the concentrations of NO3 and POi_ are significantly
higher, as well as the EC.
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Table 10: Outlet Water Quality Spangen. n = 19

UWB Spangen - Current Study UWB Spangen [1]
mean median min  max

Heavy Metals (ug/L)
Cr 0.4 0.3 0.2 0.7 -
Ni 4.2 3.9 2.7 6.8 <5-11
Cu 1.5 1.3 1.0 2.4 <5
Zn 35.2 31.3 248 585 <20 - 84
Pb 0.4 0.3 0.1 0.8 <5
Cd 0.0 0.0 0.0 0.0 <1
As 3.7 3.8 2.9 4.6 <4-6.5
Fe 101 50.5 17.2 350 34-1500
Mn 237 78.0 6.9 1012 28-430
Co 0.5 0.5 0.2 1.1 <2
Nutrients (mg/L)
NO3 7.4 4.8 3.0 28.2 <0.22 -4.9
NO2 0.1 0.0 0.0 0.5 -
NH4 1.2 1.2 0.3 2.1 0.09-1.26
PO4 Z2 2.2 0.5 3.7 <0.15-0.46
SO4 12.4 12.3 7.7 20.3 <30 - 58
Physico-Chemical Parameters
EC (uS/cm) 1113 952 820 1863 103 - 1086
DO (mg/L) 1.0 0.5 0.0 3.7 1.25-6.89
pH (-) 7.2 7.2 6.9 7.4 6.6-7.5

The outlet concentrations are compared to the inlet concentrations in Table 11. In the case
of phosphate, the higher outlet concentrations are likely the result of higher phosphate
levels in the inlet water as was discussed in Section 4.1.1, whereas the nitrate values are
higher than in the inlet water. Elevated concentrations of several metals also occur. This is
the case for Ni, Cu, As and Co. Note that the concentrations at the outlet contain a mix of
stormwater from the buffer and initial water from the aquifer. A direct comparison with the
inlet concentrations is thus not possible. This problem will be addressed in the next section.
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Table 11: Mean values of inlet and outlet water quality during the period of research.

n =20 n=19
mean inlet mean outlet Target Value [2]
Heavy Metals (ug/L)
Cr 0.5 0.3 2.5%
Ni 2.2 3.9 20%*
Cu 1.2 1.3 1.3%
Zn 47 31.3 65%*
Pb 0.4 0.3 7.4%*
Cd 0.0 0.0 0.35%*
As 2.4 3.8 18.7+%*
Fe 778 50.5 10%**
Mn 840 78.0 -
Co 0.3 0.5 0.7%
Nutrients (mg/L)
NO3 2.9 4.8 50%**
NO2 0.1 0.0 -
NH4 1.7 1.2 3.2%
PO4 7.1 2.2 21.2%*
SO4 14 12.3 -
Physico-Chemical Parameters
EC (uS/cm) 770.3 1113 -
DO (mg/L) 0.13 1.0 -
pH (-) 7.14 7.18 -
*Wet Circulaire Bodemsanering voor diep grondwater (>10 m-mv) **Permit

***(Operational

Comparison to the target vales in Table 11 shows that none of the mean concentrations
exceed the target concentrations, with the exception of Fe, which concerns an operational
target value, rather than a legal limit. Nevertheless the maximum concentrations found
do in some cases (Cu, Co) exceed the target values. In other cases the concentrations re-
main below the target concentration. Nevertheless, pollutant concentrations are meant to
decrease, rather than increase in the biofilter. The possible causes for this release will be
discussed later in this chapter. The irrigation of the biofilter with aquifer water and the
water flow in the biofilter are in important factor to take into account, as the outlet water
consists partly of inlet water and partly of aquifer water.

4.2 Water Flow in the Biofilter

The irrigation of the biofilter with water from the aquifer was introduced in Section 2.4.
In case of a weekly feed event from the feed buffer, like in the research period, this means
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that the biofilter is filled with water from the aquifer before the feed event. This water has
different properties than the stormwater in the retention buffer, as can be seen for the EC
in Table 12. The transition from initial water to feed water and thus high to low EC during
the feed event is shown in Figure 22.

Table 12: Initial and feed water EC for the events that are shown

Event Date Initial EC (us/cm) Final EC (us/cm) Mean inlet EC (us/cm) Std Dev inlet EC (us/cm)

9/06/2020 1200 851 807 (n =12) 15.6
15/06/2020 1700 968 848 (n = 29) 55.8
6/07/2020 1860 829 808 (n = 37) 19.9
14/07/2020 1730 820 732 (n = 22) 17.1
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Figure 22: EC comparison for four different feed events

The initial EC value at the outlet is higher than that of the inlet, because the EC of the
aquifer water is higher than that of stormwater. Groundwater influences contribute to this
high EC in the aquifer, this will be discussed in section 4.5. Towards the end of the event,
the EC at the biofilter outlet approaches the lower EC value of the stormwater. The gradual
transition from a high to a lower EC suggests mixing of the two waters, rather than a plug
flow that was expected in the biofilter. This becomes clear when looking at figure 23 in which
ideal plug flow behaviour and completely mixed flow are plotted in the same graph as the
actual measured EC.
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Figure 23: Comparing measured EC (06-07-2020) to plug flow and completely mixed flow

The actual measurements show combined behaviour. The first few cubic metres follow the
plug flow trend, after which mixing of the two types of water starts. The curve is, however,
much steeper than a completely a mixed flow. This can be explained by preferential flow and
short-circuiting. The deposition of water on only small area of the biofilter likely contributes
to the development of preferential flow paths for the water to flow through. Another factor
is the location of the outlet close to one of the inlets, as was visible in Figure 18, providing
an easier flow-path. This implies that the majority of the feed water passes through only
a small volume of the biofilter, basically reducing its effective volume. The inflow of feed
water pauses regularly, as was explained in Section 2.3. While the inflow stops, the outflow
continues in order to lower the water level in the biofilter. These moments of paused inflow
allow the water that is not in the short-circuit pathways to flow towards the outlet. These
volumes still contain the initial water with a high EC, explaining the rise in measured EC
while the inflow was paused. Short-circuiting results in low retention times for most of the
treated water, because large volumes of water pass through a small biofilter volume, while
only small volumes of water pass through the larger volume.

4.2.1 Hydraulic Conductivity

Visual inspection and analysis of the electrical conductivity already revealed preferential
flow paths in the biofilter. Hydraulic conductivity tests were conducted to get a better insight
into the hydraulic functioning of the biofilter.

Constant Head Test
The biofilter in Spangen consists of three layers of quartz sand: the filter layer, the transi-
tion layer and the drainage layer. The porosity and hydraulic conductivity of these different
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sands were measured in the lab using a constant head test. Both the porosity and hydraulic
conductivity increase with increasing grain size (see Table 13). The table also includes the
standard deviation o and the relative standard deviation (RSD). The hydraulic conductivity
is about a tenfold higher than the hydraulic conductivity that is recommended for biofil-
ters, which is generally 100-300 mm/h, to ensure a large enough treatment capacity without
compromising on support for plant growth and surface area for adsorption [24].

Table 13: Hydraulic conductivity of the sands used in the filter, transition and drainage
layer of the investigated Spangen biofilter. n = 3

Grain Size
0.4 - 0.8 mm 0.8-1.25 mm 1.2 -2.0 mm

Biofilter application Filter Sand Transition Layer Drainage Layer
Layer thickess in biofilter (m) 0.6 0.2 0.3
Porosity (-) 0.38 0.39 0.41
Hydraulic Conductivity (mm/h) 3592 14745 15613
Hydraulic Conductivity o (mm/h) 46 1099 1036
Relative Standard Deviation (%) 1.3 7.5 6.6

In-situ Hydraulic Conductivity

The single-ring infiltration test was used to determine the hydraulic conductivity of the
filter layer in the field. It becomes clear that the hydraulic conductivity is heterogeneous
over the filter with the highest values in the middle, followed by the corner of the filter that
is not flooded during an event (see Table 14). The hydraulic conductivity on these locations
is larger than was indicated by the lab test. The corner near the inlet and outlet of the
system have a hydraulic conductivity that is lower than measured in the lab test, with the
value of the corner near the inlet, which is always flooded during events, being the lowest.

Table 14: In-situ saturated hydraulic conductivity at various points spatially distributed
over the biofilter. n=1

Sample Point Location Kfs (mm/h)
1 Middle of biofilter 9743
2 "Dry corner" not reached by inlet water during event 5513
3 Corner where inlet water flows onto biofilter 990
4 Corner near biofilter outlet 3038

Heterogeneity is to be expected in a field scale biofilter, because it is affected by many factors,
including compaction, clogging and vegetation. The differences that were found in the BB
in Spangen are very large. Although seemingly contradictory at first, the low hydraulic
conductivity near the inlet and outlet support the theory of short circuiting. As more feed
water follows the short-circuit flow paths, it brings in more suspended and dissolved solids.
Removal of these pollutants from the water results in clogging of the biofilter and thus a
lower hydraulic conductivity where most of the water passed through. Despite this, the
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hydraulic conductivity in these corners was still more than a threefold higher than the
recommended hydraulic conductivity for biofilters [24], so that the water was still able to
pass through the biofilter easily.

Metal Accumulation in the Biofilter

4.2.2 Mixing Fractions

Short-circuiting does not only result in short retention times, it also results in different
fractions of initial water and feed water at the outlet. These fractions make it challenging
to analyse the removal of heavy metals in the system. Hence, the EC could be used as
a conservative tracer to estimate the expected concentrations of metals and nutrients if
mixing was the only mechanism occurring in the biofilter. This method is explained in
Section 3.2 and is applied in Section 4.3. Figure 24 shows the measured inlet and outlet
EC and the fraction of inlet water based on this. Initially, all the water consists of aquifer
water, so there is no inlet water coming out at the outlet. After the system starts running,
the fraction of inlet water increases gradually, already before the water volume initially
present in the biofilter (28 m?) has flown out. The grey areas represent the times when the
inflow paused. During these pauses of inflow, initial water that was still present outside of
the preferential flow paths has the opportunity to flow to the outlet. Thereby decreasing the
fraction of inlet water at the outlet as can be seen from the increased EC. Back-calculating
the outlet EC based on an estimation of the inlet EC and the mixing fractions gives a perfect
fit with the measured EC, because that is what the estimation is based on. The same mixing
fractions can be used to predict the concentrations of contaminants if mixing is the only
mechanism taking place. If the measured data fit well with the estimated curve, then mixing
is the only process that has an effect on the concentration of the element. If the measured
data lies below the mixing curve, removal is likely, whereas measured data above the mixing
curve indicates release.
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Figure 24: The measured EC at the inlet and outlet plotted together with the estimated EC
based on the fraction of inlet water.

4.3 Water Quality Changes in the Biofilter
4.3.1 Background Ionic Composition

The main background ions in the water were measured during the five feed events. Their
concentrations are shown in Figure 25. The macro chemistry of the inlet water is relatively
stable throughout the run, with bicarbonate (HCOj) the most prominent anion, followed
by chloride (CI7). Calcium (Ca?*), sodium (Na*) and magnesium (Mg2*) are the cations
present in the highest concentrations. In the outlet water, the EC starts high as a result
of the irrigation cycles with aquifer water that contains elevated levels of C/~ and Na™,
and to a lesser extend Ca?t and Mg?*. The EC decreases during the event as the initial
water mixes with water from the inlet. The EC that was estimated from the equivalent
ions present in the water corresponds well to the measured EC for the inlet water, but a
little bit less well for the outlet water, especially when the cations were used to estimate
the EC. This can also be seen when looking at the Charge Balance Error (CBE). The error
is acceptable for all inlet samples (Table 15), but is too high for most of the outlet samples.
A reason for these deviations could be that high Na* concentrations can have an effect on
the accuracy of the ICP-MS, used to measure the cation concentrations. Concentrations of
prominent cations such as Na* or Ca?* may be overestimated.
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Table 15: Charge Balance Error (CBE) describes the accuracy of the macro-chemical analy-
sis of inlet water from feed event on 06-07-2020

Runtime (min) Sum Anions (meq/L) Sum Cations (meq/L) CBE (%) EC measured (uS/cm)

13 8.07 8.05 -0.12 799
36 8.54 8.80 1.51 851
93 7.74 7.80 0.36 786
121 7.94 8.08 0.88 808

Table 16: Charge Balance Error (CBE) describees the accuracy of macro-chemical analysis
of outlet water from feed event on 06-07-2020

Runtime (min) Sum Anions (meq/L) Sum Cations (meq/L) CBE (%) EC measured (uS/cm)

15 17.75 20.85 8.01 1863
35 13.20 15.08 6.63 1392
92 11.62 12.22 2.54 1124
121 8.75 10.88 10.83 901
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Figure 25: Macro chemistry of inlet and outlet water on 06-07-2020

4.3.2 Major ions

In order to analyse what is happening to the major ions in the biofilter, the measured values
at the inlet and outlet were plotted in one graph with the fraction of inlet water and the
estimated concentrations of the ion based on it. Na*, K, Mg?* and CI~ are assumed to be-
have conservatively, meaning that they are not (much) affected by changes in temperature,
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pH and pressure [95] and do not take part in chemical reactions. Figure 26 shows that the
measured concentrations for Na™, K™ and Cl~ follow the "mixing only" estimations quite
well, indicating that mixing is indeed the only process that has a major effect on them. In
contrast, the measured values for Ca®* and S Oi‘, their measured values lie lower than the
"mixing only" line, suggesting that another process contributes to the removal of these ions.
In the case of Mg on the other hand, the measured concentrations are slightly elevated. The
processes that may influence these observations for Ca?* and Mg2* will be discussed in this
section, while S Oz‘ will be discussed in Section 4.3.4.
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Figure 26: A selection of major ions from which conservative behaviour was expected. Their
measured concentrations at the inlet and outlet, on 06-07-2020, are plotted in the same
graph as their estimated concentrations based on mixing fractions.

Calcium

Section 4.2 explained that the salinity of the water in the biofilter decreases during an
event. A change in salinity can trigger cation exchange reactions to take place. During this
exchange, Na*, that was adsorbed to biofilter media can be replaced by Ca?* from the inlet
water following equation 20 in which X represents the filter media [61].
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Ca’* +2Na-X — Ca-Xs+2Na* (20)

In this case, an increase in Na™ would be expected, but it is not seen. Even so, Na* could
still be released in absolute concentrations that are to small to perceive. Alternatively, when
Na™ is present in the clay in relatively low concentrations, it is possible that Ca?* will ex-
change for M g2* instead [96], resulting in an increased M g2* concentration, which appears
to occur. Other possible processes that can influence Ca removal include surface complexa-
tion reactions and precipitation as calcite or gypsum. However, at these low concentrations
precipitation seems unlikely. This is confirmed by an SI calculation using PHREEQC. Cal-
cite is in equilibrium in both the initial and inlet water (SI = 0.16 and 0.02 respectively),
whereas the SI for gypsum is negative for both waters.

Lastly, the deviation between estimated values and measured values of Ca?* may be the re-
sult of lower accuracy in the analysis, as a result of high Na™* concentrations. The difference
between measured and estimated Ca?* concentration is small and Figure 27 shows that the
reduction in concentration is not seen during all events.
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Figure 27: Calcium concentrations compared for three different feed events. The measured
data points at the outlet coincide well with the estimated mixing only line.

Alkalinity

In most natural waters, the total alkalinity is also generally conservative [97]. Figure 28
shows that this is also the case in the biofilter. The measured data points at the outlet
coincide well with the estimated mixing only line, indicating that mixing is the only process

affecting this parameter. This confirms that strong precipitation or dissolution of calcite, is
unlikely [98].
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Figure 28: Total alkalinity (as HCOj) comparison for three different feed events. The mea-
sured data points at the outlet coincide well with the estimated mixing only line.

4.3.3 Physico-chemical Parameters

As nutrients and metals are generally not conservative, it is important to analyse the
physico-chemical parameters that affect them, before moving on to the analysis of the be-
haviour of nutrients and metals in the biofilter. The inlet water, outlet water and water
extracted from the aquifer were all analysed for pH, EC, DO, temperature, turbidity and
total alkalinity during the five feed events. The mixing of the aquifer water with the inlet
water was already discussed with regards to the EC and alkalinity in Section 4.2 and 4.3.2
respectively, but it is also visible for DO and temperature. The pH on the other hand is
relatively stable and the values in the inlet and outlet water are too close together to show a
clear effect of the mixing. Turbidity varies in the inlet water, but is constantly well removed,
so that also there the mixing effect is not noticeable. All these parameters are described in
more detail in this section. It is important to note that, although concentrations for these
physicochemical paramters were measured, the mechanisms that govern them were not.
This section aims to hypothesise the observed concentrations, but more research is neces-
sary to confirm these theories.

Temperature

Comparing the temperature during events on different days, a trend is visible: the temper-
ature at the outlet first drops slightly, before rising to the temperature of the inlet water
(see Figure 29). A temperature gradient in the biofilter is probably the cause of this. The
water near the top is influenced more by the temperature of the atmosphere, than water
deeper down. As measurements were taking place in the morning, a colder night tempera-
ture caused the water near the surface to be cooler than the water deeper down. When the
event starts, the temperature at the outlet will first drop slightly when the water from near
the surface arrives. After that, the temperature rises as a result of mixing with warmer wa-
ter from the retention buffer. The temperature of both inlet and outlet water have increased
with each following event as the air temperatures were getting warmer.

48



15-06-2020 06-07-2020 15-07-2020 18-08-2020

~ 20 R A
@)
19 .
et A
518 o 3 [0a.¥ X VR S
B 17 .
g '.‘-‘/--. s,
216
215
14

0 510152025303540 0 5 10152025303540 0 510152025303540 0 5 10152025303540

""" inlet outlet Cumulative outflow volume (m?3)

Figure 29: Temperature comparison for four different feed events

Dissolved Oxygen

The DO shows a similar trend as the temperature, but inverted, as can be seen in Figure 30.
The concentrations of dissolved oxygen in the inlet water are constantly very low, whereas
the dissolved oxygen concentrations at the outlet start higher and rise slightly, before drop-
ping to the values of the inlet water. This is likely caused by an oxygen gradient in the
biofilter. Near the water surface, oxygen can diffuse into the standing water [99] to be fur-
ther transported down into the saturated zone by advection [100]. It is possible that parts of
the filter remain oxic as a result of the preferential flow explained in Section 4.2. Vegetation
can aid aeration by providing micro-pathways for oxygen transport and diffusing oxygen
from their root system into the surrounding media [101]. Varying root oxygen release rates
have been reported for various macrophytes in different researches and conditions, ranging
between 0.02 g/m?/d and 38.4 g/m?/d [102]. Rates for the specific plants used in this biofilter
were not found. However it is known that wetland plants can release oxygen into the soil.
This aeration effect can influence soil chemistry and create an aerobic rhizosphere [103].

Oxygen concentrations near the surface are thus expected to be higher than deeper in the
biofilter, causing a slight peak in dissolved oxygen when the water from the surface reaches
the outlet. After that, the concentration of dissolved oxygen decreases as a result of mixing
with the anoxic water from the buffer. This means that during the start of the feed event,
oxygen-containing water is injected into the aquifer. The water that is extracted from well
1, still contains some oxygen as is can be see in Table 17. When this water is used to irri-
gate the biofilter, it already contains some oxygen, before oxygen from the atmosphere has
diffused into the water.

Figure 30 also shows that the peak concentration of dissolved oxygen in the outlet water
lowers for each following event. This could be related to the rising temperatures and salt
concentrations as were discussed earlier. Oxygen solubility decreases with increasing tem-
peratures [104, 105] and increasing salt concentrations [105]. Additionally, microbial activ-
ity generally increases with increasing temperatures [106]. The lower oxygen peaks on the
warmer days could be a result of increased microbial respiration.
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Table 17: Concentrations of initial DO before feed event, average DO of inlet water and DO
in water extracted from well 1.

Event Date Initial DO (mg/L) Mean feed water DO (mg/L) DO in extracted water from well 1 (mg/L)
9/06/2020

3.8 0.05 (n=12) 1.11

15/06/2020 3.1 0.70 (n = 29) 0.70

6/07/2020 1.8 0.16 (n = 37) 1.17

18/08/2020 0.8 0.01 (n=33) 1.56
Turbidity

The turbidity varied a lot, not only over the different feed events, but also within the sepa-
rate events (see Figure 31). However, on average the values were not that different for most
events. Except for the event that was measured on 18-08 and shows a much lower turbid-
ity in the inlet water, possibly because more antecedent rain had previously washed away
sediment. In all cases, the turbidity of the outlet water was low, showing that particulate
material is removed well, regardless of varying inlet concentrations. This is in accordance
with literature, where turbidity removals of over 95% have been reported [107].
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Figure 31: Turbidity comparison for four different feed events

As a higher turbidity indicates more suspended solids that heavy metals could potentially
sorb to, a relation between turbidity and heavy metal concentrations might be expected.
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Earlier research on stormwater in Australia found a correlation between Pb, Fe and Al and
T'SS [108]. No such correlation was found for any of the heavy metals in this research. The
linear regression plots can be found in Appendix E.

pH

Although the pH is relatively stable for all events, some differences can be observed in Fig-
ure 32. The pH at the outlet is sometimes higher (09-06, 06-07 and 14-07) than at the inlet,
while at other times the opposite is true (15-06 and 18-08). The sudden drop in pH at the
outlet on 18-08 is likely to be a measuring error. Although nitrification and denitrification
can affect the pH, other evidence that these reactions take place in the biofilter is lacking.
This will be shown in Section 4.3.4. Specific adsorption or desorption can also have an effect
on the pH [20], but clear factors indicating why the pH at the outlet was higher during some
events and lower during others were not observed. Although the outlet pH remains quite
steady throughout the run, the data seem to show a rise in pH during the start of the run,
this is especially visible on 15-06. As the initial water consists of water from the aquifer,
the low initial pH could indicate oxidation of sulphur compounds, ammonium, or iron in
the aquifer or in the biofilter when it is not running. The reaction equations of these pro-
cesses can be found in Appendix D, the production of H* reduces the pH. Oxidation in the
aquifer could be the result of water relatively rich in oxygen being injected into the aquifer
[83]. For all measurements, the pH of the systems remains between 5.5 - 7.5,which is the
desired range for biofilters in order to support plant growth [24]. The measured values are
on the high side of this range, which is an advantage for metal adsorption. A low pH favours
metal dissolution and heavy metals need to compete with H* ions for sorption sites. As pH
increases, more sorption sites become available [108].
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Figure 32: pH comparison for four different feed events

4.3.4 Nutrients

Using the mixing fractions again, the expected concentrations of nutrients in the case of
mixing only could be estimated. These were plotted together with the measured data at the
inlet and outlet. The results of 06-07-2020 are shown in Figure 33.
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Figure 33: The measured concentration of nutrients at the inlet and outlet on 06-07-2020,
plotted together with the estimation for mixing only. The difference between the "mixing
only" concentration and the measured concentration shows removal or release of the nutri-
ent.

Nitrogen Conversion in the Biofilter

Like the conservative ions in Section 4.3.2, the measurements at the outlet for NOj3 do not
deviate much from its expected concentrations based on mixing only, suggesting that no
other processes influence NO;. NO, does not appear to be present in both the inlet and
the outlet water, with the exception of one peak at the outlet. The concentration of NO,
was probably under the detection limit of the IC for most of the measurements, except that
peak. These very low concentrations are expected, because nitrite is an intermediate in
the nitrification and dentirification reactions and is only stable at very low concentrations
[72]. In contrast, the measured values of NHI and POZ‘ are lower than the concentra-
tions based on mixing, indicating that removal takes place in the biofilter. Under aerobic
circumstances the removal of NH, could indicate that nitrification occurs, converting NH
into NO, and consequently into NO;. However, concentrations of NO; are too low to be
detected, whereas NOj3 does not show clear removal or release. One could argue that the
slight peak in NO, that coincides with what appears to be a slight dip in NO; in Figure
33 could indicate that reduction of NOj is taking place. However, this same dip is also vis-
ible in the Cl™ concentration when looking back at Figure 26. As Cl~ is more conservative
than EC [63], this apparent deviation in NO; and CI™ is probably a slight deviation in EC
instead, as was mentioned in Section 3.2. There is thus no indication that nitrification or
denitrification occurs in the biofilter. Still NH I is removed. Because the concentration of
NH I is much lower than that of NOg, it is possible that nitrification occurs on such a small
scale that the increase in NOj is not clearly visible. Alternatively, NH, removal could be
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the result of another process. As the retention time in the biofilter is short and nitrification
is a slow process [87], it is not surprising that no indication of nitrification during an event
was found. Additionally, the low oxygen concentrations during part of the run do not favour
nitrification processes. Note that the initial NOj3 concentration is much higher than the in-
let concentrations, but is also higher than concentrations that were measured in the aquifer
that was used for irrigation, in which the NO3 concentrations are lower than in the inlet
water [1]. Possible causes of this are discussed in Section 4.5.

Other processes possibly responsible for the removal of NH are plant uptake or adsorption.
However, plant uptake is estimated at roughly 10% and plant requirements are thought
to be met for the most part by existing nitrogen pools, rather than incoming sources. Its
significance for nitrogen uptake is still debated [87]. Adsorption of NH, on the other hand,
can be significant through cation exchange with the filter medium[72, 109]. Additionally,
ammonia can form complexes with heavy metals. These complexes have been shown to be
adsorbed successfully by IOCS [110], resulting in simultaneous removal of NH; and heavy
metals.

The Fate of Phosphate

POi_ can also potentially be removed by different processes in the biofilter. Although bio-
logical processes such as plant uptake and microbial assimilation play a role in the removal,
earlier research has shown that the most significant processes are geochemical: adsorp-
tion, and precipitation as cation-P complexes [111]. The kinetics of precipitation reactions
are rather slow and a hydraulic retention time of several days is needed [112]. As this re-
tention time is not reached in the biofilter, adsorption is likely the primary mechanism to
explain the removal of POi_ during the event. The adsorption mechanism is rather complex
and consists of several steps, of which the first step is a electrostatic ion-exchange reaction
with outer-sphere hydroxyl complexes. This step occurs within minutes and is highly re-
versible. The POi" that is sorbed rapidly during events can be relocated to less reversible
inner-sphere complexes in between events, by a slower adsorption reaction [112], freeing
up rapid-reversible sites for the next event. The specific adsorption of POZ‘ may have a
negative effect on adsorption of metal cations also forming inner-sphere complexes and in-
hibiting the same sites as has been observed by others for Cd and Cu [113]. However, the
specific adsorption of POi_ also increases the surface negative charges, thereby possibly en-
hancing outer-sphere adsorption of heavy metals [88]. POi_ adsorbs well to IOCS [114] and
has a high affinity for ferric iron. Although plant uptake of POi_ is limited, the vegetation
may play an important role in P-retention, oxidising sorbed ferrous iron to ferric iron with
oxygen from their roots [112].

The Fate of Sulphate

Sulphate was already briefly discussed and shown to be removed in the biofilter in Section
4.3.2. This paragraph will go deeper into processes that can affect sulphate. Removal was
seen in all events and could be the result of biological reduction or sorption processes. Sur-
face complexation of the SOi_ anion is strongest at low pH and decreases towards neutral
pH such as in the biofilter. Additionally, S Oi_ competes with POi_ for the same adsorption
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sites [115, 116], making adsorption an unlikely mechanism for S Oi_ removal.

Under aerobic conditions, oxygen is used as an electron acceptor, but when anoxic conditions
occur, this role will be taken over by other elements. Electron acceptors with a higher redox
potential will be reduced first, sequentally: Oz, NO3, M n*t Fe3* S OZ‘ and methanogene-
sis [61]. This means that nitrate and ferric iron will be reduced, before reduction of sulphate
occurs. In this research, sulphate removal was observed in the presence of nitrate, making
sulphate reduction an unlikely explanation for this removal too. Moreover, earlier in this
section it was shown that a strong reduction of nitrate does not occur. A DNA analysis by
Vita Marquenie [117] tested two cores of the Spangen biofilter for microbial presence and
found a very limited presence of sulphate reducing bacteria, The deepest sample core was
taken from a depth of 50 cm, so a strongly reducing zone in the deepest layer of the filter
or elsewhere in the filter is not ruled out. Because some parts of the filter are by-passed by
most of the water, sulfate reduction under anoxic condition may take place in parts of the fil-
ter. However, the actual removal mechanism behind sulphate removal remains unclear and
more research is needed to investigate the process behind sulphate removal in the biofilter.

4.3.5 Metals

Many of the main ions and nutrients either showed mixing only behaviour or removal from
the biofilter. Some slight release of Mg was seen, possibly as the result of ion-exchange, but
the relative release was only small. In case of heavy metals, this is different. In Section 4.1.2
it was already seen that the average total concentration of Ni, Cu, As and Co was higher
at the outlet than at the inlet. The high outflow values are partly the result of mixing
with higher initial concentrations in the biofilter as a result of irrigation with aquifer water.
Mixing fractions were used on the dissolved concentrations of these metals to see if this was
the only process affecting the outlet concentrations. The focus was on dissolved metals for
various reasons. First of all, the EC that was used as a tracer is based on dissolved ions, and
hence the method can only be used to estimate the concentration of other ions in solution.
Secondly, the particulate metals are expected to be removed quite well by filtration in the
top layer on the biofilter [87, 35]. This is supported by the great decrease in turbidity that
was found in this research (Section 4.3.3) and the fraction of particle-bound and dissolved
metals that is shown in Figure 34. The inlet values are the same as were shown in Figure
21a, but are compared to the outlet values in this section. The dissolved fraction of most
metals is higher in the outlet water than in the inlet water. This suggests that a lot of
the particle-bound metals are either removed or desorbed in the biofilter. Lastly, dissolved
metals are generally more mobile, more bioavailable and more toxic to the environment
than their particulate counterparts [35], making their removal more pressing.
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Figure 34: Comparing the percentage of metals bound to particles at the inlet and outlet of
the Spangen biofilter

Metal Release in the Biofilter

Figure 35 shows that Ni, Cu, Zn, As, & Co measured concentrations are higher than the
concentrations expected based on mixing only. This suggests that these metals are released
in the biofilter. Note that for all of these metals, the initial concentration is higher than the
inlet concentration. Upon inflow of water with lower concentrations, the initially retained
metals could be released into the solution to find a new equilibrium, leading to a net des-
orption. This effect could be enhanced by the presence of other ions in the inlet water, that
compete for the same adsorption sites. Phosphate has been shown to suppress the adsorp-
tion of certain metals, such as Cu and Cd, by occupying the same inner-sphere sites [88]. Zn
ions can be easily exchanged when competing with other metals [118].
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Figure 35: The measured concentrations, on 06-07-2020, of metals that are released in the
biofilter, plotted together with their estimated concentration based on mixing only.

Although pH is one of the most important parameters influencing metal adsorption [119],
the slight changes in pH during the event do not seem to have a great impact on the metal
retardation. The trend for each metal is similar during each event, regardless of the slightly
different pH situation in the different events. The oxygen-containing water in the biofilter
is replaced with suboxic water from the buffer. This leads to a lower redox potential and
reduction of iron oxides in the biofilter could be expected, thereby releasing adsorbed heavy
metals [94]. On a first thought, this would work well with the observation that the release
of the metals seems to start only after several cubic metres of water have passed. This
coincides with the anoxic conditions in the biofilter. However, in that case a release of
Fe would also be expected. The next paragraph will show that Fe gets removed, rather
than released, showing that desorption as a result of iron oxide reduction does not occur.
Desorption as a result of a change in water composition and competition with other ions is
therefore more likely. That some metals start to be released later than others depends on
their affinity for the filter material, and concentrations of the metal and other competing
ions involved.

56



Heavy Metal Removal in the Biofilter

Figure 36 shows that the measured Fe, Mn and Cr concentrations lie below their estimated
concentrations based on mixing fractions. This indicates that these metals are removed in
the biofilter. As opposed to the metals that were released in the biofilter, the inlet concentra-
tions of these three metals were higher than the initial concentrations, causing net sorption.
It is clear that Fe is strongly removed, thus ruling confirming that iron oxide reduction as a
result of the change in redox conditions is not likely.
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Figure 36: The measured concentrations, on 06-07-2020, of metals that are removed in the
biofilter, plotted together with their estimated concentration based on mixing only.

The removal of Fe and Cr remains steady throughout the full run. Dissolved Fe is assumed
to be Fe?*, which can adsorb to the filter media [114] by means of surface complexation.
The same is true for Cr, whether as Cr3* or Cr®*. Mn is well removed at the start of the
event, but removal gets less efficient over time. The concentration of dissolved Mn is much
higher than the concentration of the other two metals. The high concentrations saturate the
easily accesible sorption sites during the time the first cubic metres of water flowed through
the biofilter, leading to slower adsorption rates. Alternatively, Buamah et al [120] suggests
that a locally lower pH change may result in a lower adsorption capacity. This pH change
in the pores of the IOCS could be caused by the adsorption of Mn, in which H™* is released.
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Lead

The results of Pb varied per event as can be seen from Figure 37. On 15-06-2020, removal
seemed to occur. However, on 06-07-2020 and 14-07-2020, no clear release or removal is
seen. Because the concentrations of Pb were a lot below 1 ug/L, the accuracy of the ICP-MS
may impact the measured data. Based on the surface complexation constant for Pb [69] and
selectivity sequences [119], show that Pb has a high affinity for HFO.

06-07-2020 14-07-2020

15-06-2020 061

0.6 T

g
=}

g
o

0.6

051 TN 0.5 0.5

o
©
o
©

fraction inlet water (-)

0.4 0.4 0.4

o
=)
o
=)

0.3 0.3 0.3

©
=
o
IS

0.2 0.21 | 0.2

o
N
o
N

0.1 0.1

fraction inlet water (-)
fraction inlet water (-)

0.1 g R

0.0+

0.0 0.0 P
15 20 25 30 35 40 0 5 10 15 20 25 30

0 0.0

0.
20 25 30 35 40

-= mixing only ~e- outlet measured —e— inlet measured mmm inflow stopped ---- fraction inlet water

Figure 37: The measured concentrations of Pb at the inlet and outlet of various events,
plotted together with its estimated concentration based on mixing only

4.4 PRHEEQC Conceptual Model

An equilibrium model in PHREEQC can give an insight into whether sorption or desorption
is expected, when the water composition in the biofilter changes from initial water to inlet
water. In order to do this, the initial water was simulated in PHREEQC, in equilibrium with
the filter media and the same was done for the inlet water. The difference in the sorbed frac-
tion for each ion in the two different water types, can give an indication of whether sorption
or desorption is expected. As ion exchange and surface complexation reactions are gener-
ally very rapid [121], an equilibrium model can give a decent approximation. The model
is explained in more detail in Section 3.4. Because the CEC used was a rough estimate,
mole fractions are used to indicate relative removal or release, rather than estimating the
absolute amount of moles that was sorbed. This gives an indication of whether sorption or
desorption is expected, without quantifying to what extent. The relative differences show
by how much the sorbed fraction of each ion increased or decreased. Because it concerns
fractions, rather than absolute amounts, this is independent of the CEC.

Cation Exchange

Table 18 shows the mole fraction of several ions that were adsorbed to the filter media by
means of ion exchange. The composition of the exchangeable ions on the media depends
on their concentrations in the solution and their affinity for the medium [122]. The cations
that take up the largest fraction of ion exchange sites are the main ions Ca?*, Mg?*, Na*
& K™ in both the initial water and the inlet water. However, the fraction of Ca?* that
is adsorbed to the exchanger increases in contact with inlet water, whereas the fractions
of Mg?* and Na* decrease and K+ stays more or less the same. This corresponds to the
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observations in Section 4.3.2, except that a release of Na* was not observed. The fraction
of NH that is adsorbed by ion exchange is a lot smaller than that of the main ions, but
so is its concentration in solution. The relative increase of the sorbed fraction when in
equilibrium with the inlet water is significant and confirms that cation exchange contributes
to the removal of NH in the biofilter that was observed in Section 4.3.2. Several heavy
metals show removal or release as a result of ion exchange. Removal is observed in the
case of Fe and Mn, whereas Zn & Cu show release. Also in the case of heavy metals do the
results correspond to the results that were found in Section 4.3.5. However, even though
ion exchange can contribute to removal of heavy metals from solution, most sorption is the
result of surface complexation [72].

Table 18: Mole fraction of ions adsorbed to media by ion exchange and expected (de)sorption
based on cation exchange in a PHREEQC equilibrium model

Cation Exchange
Initital Water Inlet Water Relative Difference
mole fraction mole fraction

CaX2 6.78E-01 8.04E-01 18.7%
MgX2 1.63E-01 1.14E-01 -29.9%
NaX 1.30E-01 4.23E-02 -67.4%
KX 2.60E-02 2.69E-02 3.67%
SrX2 1.92E-03 1.97E-03 2.73%
NH4X 1.26E-03 7.09E-03 463%
BaX2 1.26E-04 2.20E-04 74.3%
MnX2 7.00E-05 2.55E-03 3.54E+03%
ZnX2 5.94E-05 1.46E-06 -97.5%
LiX 1.59E-05 1.29E-05 -18.7%
HX 1.14E-05 1.69E-05 47.8%
FeX2 4.58E-07 1.89E-04 4.11E+04%
CuX2 1.47E-07 4.45E-08 -69.8%
PbX2 8.71E-09 3.68E-09 -57.8%
AlIX3 1.87E-09 2.35E-08 1.15E+03%
Sorption Desorption

Surface Complexation

Just like for cation exchange, Table 19 shows whether sorption or desorption can be expected
when the water composition changes from initial water to inlet water, resulting in a shift
in equilibrium. Some ions that were mentioned with respect to cation exchange occur again
in Table 19, because both processes play a role in their removal or release. From the main
cations, Mg2* and Ca?" are also influenced by surface complexation. In the case of Mg?*
both processes result in release into the solution, but Ca?* removal as a result of ion ex-
change is counteracted by a release as a result of surface complexation. This could explain
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why removal of Ca®* was not observed in all events in Section 4.3.2.

Table 19: Mole fraction of ions adsorbed to media by surface complexation and expected
(de)sorption based on surface complexation in a PHREEQC equilibrium model

Surface Complexation
Initial Water Inlet Water Relative difference
mole fraction mole fraction

COs3 7.02E-01 5.40E-01 -23.0%
OH 2.11E-01 2.48E-01 17.6%
PO4 5.67E-02 1.94E-01 243%
Mg 1.86E-02 9.46E-03 -49.2%
Ca 2.75E-03 2.34E-03 -14.7%
Cu 2.66E-03 5.92E-04 -77.8%
As 2.42E-03 1.37E-04 -94.3%
Zn 1.74E-03 3.14E-05 -98.2%
o 1.38E-03 3.90E-04 -71.8%
Mn 1.21E-04 3.22E-03 2.56E+03%
S04 8.61E-05 1.85E-05 -78.5%
F 7.50E-05 4.67E-05 -37.7%
Se 6.05E-05 1.04E-05 -82.8%
Pb 2.80E-05 8.67E-06 -69.1%
Ni 1.36E-05 5.21E-06 -61.7%
B 6.81E-06 2.50E-06 -63.3%
Co 3.88E-06 1.87E-06 -51.8%
Fe 3.27E-06 5.61E-04 1.71E+04%
Sr 1.12E-06 8.30E-07 -26.19%
Ba 1.77E-08 2.22E-08 25.3%
Cr 4.10E-11 8.48E-11 107%
Sorption Desorption

Note that POi_ occupies a large fraction of the available sorption sites and that this frac-
tion increases significantly when initial water is replaced with inlet water. This confirms
the hypothesis that specific adsorption plays a large role in the removal of POi_ in the
biofilter. Moreover, most heavy metals desorb as a result of surface complexation. Cu and
Zn, that showed desorption as a result of cation exchange, also show desorption as a result
of surface complexation, along with As, Ni & Co. Desorption was also seen in the measured
concentrations described in section 4.3.5. In that same section, Fe, Mn and Cr were shown
to be removed from solution, corresponding to the expected sorption based on the conceptual
model.

Sulphate is expected to desorb, based on the conceptual model, but sulphate removal was
seen based on the measurements. This model can thus not be used to predict sulphate
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behaviour and processes other than adsorption may play a role in its removal.

The redox conditions were challenging to simulate, because the exact pe is unknown and
the system was not in equilibrium. As was explained in Section 3.4, the pe resulting from
the N-couple was 6.62 in the initial water and 6.44 at the inlet. However, the lack of oxygen
and the smell of sulphur could indicate that the redox conditions in the inlet were lower
in reality. The model was also run with a negative pe (-3.11) for the inlet water, while the
pe for the initial water remained at 6.71. Even though the fractions shifted a bit, the ex-
pected (de)sorption remained the same for all elements, except Cr. However the PHREEQC
database, based on data from Dzombak & Morel, and Ball & Nordstrom [123], only contains
surface complexation constants for Cr8*, whereas most Cr is expected to be present as Cr3*.
As adsorption onto Fe and Mn oxides is also expected for Cr3* [20, 124], more literature or
experimental research is needed to improve the conceptual model for Cr.

The pH in the system is relatively stable, and changes in redox conditions do not have a large
effect on the model. This means that previously sorbed metals mainly show desorption as a
result of competition for sorption sites. Changes in water composition and high phosphate
concentrations in the inlet water play a large role in this.

Based on this conceptual model the inverse would be expected to happen when the filter
medium is in equilibrium with the inlet water, and water from the aquifer is fed to the filter.
This means that during the first irrigation round after the stormwater event, PO3~, Mn, Fe
and Cr would be expected to leach, whereas Cu, As, Zn, Ni, Pb & Co would be expected to
be retained by adsorption. Additional measurements during the first irrigation round are
needed to support this hypothesis.

4.5 The Influence of Groundwater and Processes in the Aquifer

The effect of mixing of two types of water could be estimated by mixing fractions as was
done in the previous sections. However, this does not yet explain the initial concentration
of various ions in the biofilter. Some of these may not be explained by processes that occur
in the biofilter, but are a result of processes in the aquifer or contribution from external
sources. The high initial salinity and NO; concentration that were mentioned in Section 4.2
and 4.3.4 will be discussed in this section, as well as a possible source of high concentrations
for certain heavy metals in the aquifer.

4.5.1 Salinisation

As the biofilter is irrigated with water from well 1, the initial conditions in the biofilter are
expected to represent the water in the aquifer after treatment in the biofilter. The water
around the well should mainly consist of infiltrated stormwater, but as a result of the long
dry period and irrigation with aquifer water, the extracted water is mixed with groundwater.
This is visible by looking at the EC in Figure 38 where peaks and increasing salinities from
the end of April indicate salinisation of the wells and the infiltrated water as a result of
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irrigation with the high salinity water. The water at well 1 has a lower salinity than at
well 2, because freshwater has a lower density than brackish water, causing a gradient from
freshwater at the top of the aquifer to water with a high salinity in the deeper layers. Well
1 is shallower than well 2, explaining the lower salinity at well 1. For this reason, water is
meant to be infiltrated in well 2 and extracted in well 1. Nevertheless, it seemed that during
the research period, water was extracted from the deeper well 2 and used for irrigation,
based on observations and reports from the operator. This can cause high salinities in the
water that is used to irrigate the biofilter. The salinity in the water that is infiltrated into
the aquifer is at times even higher than the water extracted at well 2, possibly as a result of
evaporation. The fluctuations in EC are caused by alternating inflows of stormwater with a
lower EC and aquifer water with a higher EC. High salinities have been shown to negatively
impact metal removal in biofiltraton systems by increasing metal solubility. Sodium ions
can compete with heavy metals for sorption sites, whereas chloride ions may bind to heavy
metal ions and prevent them from sorbing to the filter media [38].
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Figure 38: Salinisation at the wells and infiltration water

This salinisation shows the influence of groundwater on the extracted water that is used
for irrigation. Other parameters in the aquifer are thus also influenced by the groundwater
quality. Table 20 shows the concentrations that were measured at the outlet at the begin-
ning of the run on 06-07-2020, as well as the stormwater values on the same day, and the
concentrations in the groundwater that were measured at the monitoring wells by Zuurbier
& van Dooren [1] a year earlier. This is the latest information available on the groundwater
quality. The concentrations of the main ions Ca?", K*, Mg?*, Na™ and Cl~, measured in
outlet initially give a representation of the water in the aquifer. The concentrations of the
main ions found in this water are clearly elevated compared to stormwater values and are
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instead within the range of the groundwater concentrations. This shows that the ground-
water has a large influence on the water quality in the aquifer and thus on the water that
is extracted from it. Pollutants from the groundwater are added to the biofilter during the
irrigation rounds, as becomes visible from the initial concentrations at the outlet.

Table 20: Initial biofilter concentrations compared to stormwater and groundwater concen-
trations. "m-GL" stands for metres below ground level.

Current Research (06-07-2020) Zuurbier en van Dooren (01-07-2019) [1]
Initial Concentration Outlet Average Stormwater (n=6) 17-19 m-GL 20-21 m- GL. 23-24 m-GL  26-27 m-GL

EC (us/cm) 1860 808 (n = 37) 1002 1035 2090 5630
Ca (mg/L) 135 84.5 81 77 80 250
Fe (mg/L) 0.017 0.091 1.9 15 1.3 11
K (mg/L) 16 12.1 5.3 8.2 7.8 14
Mg (mg/L) 31 115 15 14 32 78
Mn (ug/L) 51 1025 270 390 470 680
Na (mg/L) 235 56.1 99 110 180 840
NH4 (mg/L N) 0.35 1.4 1.0 2.7 5.0 18

PO4 (mg/L P) 0.29 2.46 <0.05 0.14 0.44 <0.05

NO3 (mg/L N) 4.01 0.7 <0.05 <0.05 <0.05 <0.05
HCO3 (mg/L) 421 353.5 300 290 260 720

Cl (mg/L) 359 67.1 140 150 180 1400
S04 (mg/L) 18.56 13.5 10 12 17 <1
DO (mg/L) 1.81 0.02 (n = 37) 1.11 0.76 0.43 0.34

4.5.2 Initial Nitrogen Concentrations

More interesting are the concentrations of NO; and NH; as shown in Figure 39. The
concentration of NOj initially present in the biofilter is much higher than the concentration
in stormwater or in groundwater. This means that the high nitrate concentration that is
seen in every event must be the result of another process or is added to the system from an
external source. An external source that could contribute to high NOj is the faeces of birds
and pets that may end up in the filter [86] or orgaganic N from plants that is converted to
inorganic N. However, what is striking is that the initial NH, concentration is very low;
much lower than that of the stormwater or the groundwater. Although adsorption may
have contributed partly to this removal, the very low N HI concentrations and high NOj
concentrations seem to suggest that NH,; was converted to NO3. This nitrification could
occur in the biofilter during periods when the system is not fed with water. Alternatively
the process could take place in the aquifer, when water that contains oxygen is infiltrated
into the suboxic groundwater. The first few cubic metres of water that are infiltrated into
the groundwater are relatively rich in oxygen and during irrigation rounds, the system does
not run as long as during an event, meaning that only the relatively oxygen-rich water
is infiltrated into the aquifer. Nitrate concentrations in the groundwater are very low, so
most of the nitrate present at the outlet initially would be a result of nitrification processes.
This means that approximately 0.29 mmol/LL N is converted from NHs— N to NO3 - N.
This corresponds with ammonium concentrations found in the groundwater and the low
ammonium concentrations that were measured in the initial outlet water (see Table 20).
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Figure 39: Comparison of nitrogen concentrations at the inlet and outlet during events on
two different days
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4.5.3 Pyrite Oxidation

Infiltrating relatively oxygen- water into a relatively oxygen-poor environment could oxidise
not only ammonium to nitrate, but can also oxidise other compounds, such as iron sulphides
[83]. Iron sulphides like pyrite can occur in sedimentary aquifer material and often contain
heavy metals, Ni and Co in particular [125]. When pyrite is oxidised by oxygen or nitrate,
these metals are released into solution and sulphate is produced. The initial concentration
of sulphate in the water seems to be slightly elevated compared to both stormwater and
groundwater in the area, as can be seen in Table 20. The measured heavy metal concen-
trations in the groundwater of Spangen were not published, but initial heavy metal concen-
trations are compared to stormwater in Spangen and average groundwater concentrations
in the Netherlands in Table 21. Ni is one of the metals that has an initial concentration
that is much higher than the average stormwater concentration and average background
concentration in Dutch groundwater.

Table 21: Initial biofilter heavy metal concentrations compared to stormwater concentra-
tions in Spangen and average background groundwater concentrations in groundwater (>10
m) in the Netherlands

Current Research (06-07-2020) Ministerie van Infrastructuur en Milieu [126]
Initial Measured Average Stormwater (n = 6) Netherlands background

As (ug/L) 3.37 2.1 7

Ba ug/L) 67.63 61.5 200
Cd (ug/L) 0 0.0 0.06
Cr pg/L) 0.27 0.4 2.4
Co (ug/L) 0.57 0.16 0.6
Cu pg/L) 0.97 0.17 1.3
Pb (ug/L) 0.16 0.04 1.6
Ni ug/L) 5.66 1.8 2.1
Zn (ug/L) 34.18 4.35 24

These observations show that oxidation of nitrate and pyrite in the aquifer is a possible ex-
planation for concentrations of nitrate and several heavy metals that exceed both stormwa-
ter and expected groundwater concentrations. Further research is necessary to confirm this
theory.

4.6 PHREEQC Transport Model

The PHREEQC transport model could was used to predict the concentration of several met-
als at the outlet of the biofilter, throughout its lifetime. The average water quality at the
inlet was used to describe the water that flows into the biofilter over time, simulating 2000
bed volumes. Irrigation cycles were not simulated and the pH was fixed at 7.2. Dissolved
concentrations of pollutants were used, rather than total concentrations as was done by Ver-
steeg (2020) [50]. Additionally, the effect of preferential flow was incorporated in this model,
by modelling the biofilter as three columns. Two of these had a surface area of 10% of the
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total surface area each, through each of which 40% of the inlet water was flowing. The third
column had a surface area of 80% of the total surface area, through which 20% of the water
was flowing. The columns with a small surface area were used to simulate the wet corners,
and the column with a large surface area was used to simulate the relatively dry part in the
middle of the biofilter. The breakthrough curves in Figure 40 describe plug flow (left) and
preferential flow (right) in the biofilter in Spangen. For both cases, Ni & Co show complete
breakthrough in a very early stage. Although complete breakthrough is slightly delayed in
the preferential flow model, the 0.8 fraction broke through even sooner. This behaviour can
be explained, because the corners A1 and A2 were saturated sooner, whereas the middle part
A3 had to treat less water and thus less contaminants, resulting in slower breakthrough.
As the water of the three parts is mixed in the effluent, the complete breakthrough is de-
layed, until this occurs in the middle part. Nevertheless, this means that the majority of
the water by-passes treatment, way before complete breakthrough occurs. Breakthrough of
a 0.8 fraction of the inlet concentration of Zn occurred after 1085 bed volumes (BV) in a plug
flow situation, but after only 395 BV when preferential flow occurred. Cu and Pb also start
to break through after approximately 200 BV in the latter situation. This shows the effect
of the current design and operation on the lifetime of the biofilter with regards to metal re-
tention. On 06-07-2020, the day on which the longest continuous event was measured, 330
BV had passed. The model was run including and excluding ion exchange, but the effect of
this change was not noticeable.
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Figure 40: A breakthrough curve of the metals in the biofilter under plug flow conditions
(left) and under short-circuiting conditions, assuming 80% of the inlet water flows through
20% of the biofilter. The last 20% flows through the other 80% (right)
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Sensitivity Analysis

In order to see how sensitive the model is with regards to several parameters, a sensitivity
analysis was carried out. Figure 41 shows the results of these variations on the break-
through curve for zinc. A variation in the concentration of Zn itself hardly influences the
moment when breakthrough occurs. Variations in pH, POi_ and alkalinity however, influ-
ence the breakthrough curve to a rather large extend. It is known from literature that pH is
one of the most important parameters influencing metal adsorption [119]. Figure 41 shows
that breakthrough occurs much faster at lower pH, as is expected for positively charged
metals such as Zn. The influence of alkalinity is also expected, as at higher alkalinity, more
COg can occupy inner-sphere sorption sites. Less expected, but also of large influence on
the breakthrough of Zn, is the concentration of POi_. In contrast with experimental obser-
vations, lower POi_ concentrations correspond with faster breakthrough in the model. As
POi_ and most HMs have opposite charges, their interaction can be complex. Phosphate
can decrease the adsorption of HMs by occupying inner-sphere sorption sites and by for-
mation of complexes in solution, that can also lower the free ion activity of the metal ion.
Nevertheless, phosphate could also increase HM sorption by forming complexes that have
a higher affinity to the filter material than the HM itself. In addition to this, adsorption of
POi_ can increase surface negative charges [88]. Not all of these effects may be incorpo-
rated in the PHREEQC database and more research is needed to investigate exactly how
phosphate influences the surface charge and interacts with heavy metals.
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Figure 41: Breakthrough curves of Zn under varying concentrations of Zn, pH, PO4 and
alkalinity
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4.7 Design & Operational Implications and Optimisation
4.7.1 Implications

Hydraulic Conductivity & Short Circuiting

During this research it was found that the hydraulic conductivity at Spangen was very
high, resulting in low hydraulic retention times in the system. In addition to this, the
construction of the outlet in very close proximity to the inlet results in short-circuiting and
preferential flow, reducing the hydraulic retention time even further. Although both surface
complexation and ion exchange are rapid processes that occur at microsecond timescale
[121], longer contact times with the medium are needed for metals to be able to diffuse into
the pores of lesser accessible adsorption sites [127]. In addition to this, metals accumulate
more in the preferential paths [45], resulting in earlier breakthrough. Preferential flow and
short-circuiting is even further promoted by heterogeneous distribution of water onto the
filter and the lack of a ponding zone.

Irrigation with Aquifer Water

From the system analysis, it was concluded that water from the aquifer is used to irrigate
the biofilter three times a day, replacing the stormwater initially present in the submerged
zone. This has a large effect on metal retention and accumulation.

First of all, recirculating water from the aquifer also recirculates metals, adding more met-
als to the biofilter, leading to faster accumulation and breakthrough and thus a shorter
biofilter lifetime. Secondly, the water in the aquifer has a different quality then stormwater.
When the water initially present in the aquifer is replaced with stormwater, which contains
lower concentrations of certain metals, desorption is facilitated by a decrease in the free
metal activity in solution [88, 128, 129]. Lastly, the irrigation water from the aquifer does
not only bring additional metals, but also salts, leading to salinisation in the biofilter. High
salt concentrations may lead to higher dissolved fractions for several metals, resulting in
poorer removal [35, 38]. Although observations were limited to what happens when aquifer
water is replaced by stormwater, the reverse is expected when stormwater is replaced by
aquifer water. That means that the heavy metals that desorbed during stormwater events,
will sorb during irrigation rounds, whereas metals that sorbed during a stormwater event
are expected to desorb during irrigation. This prediction corresponds with the conceptual
PHREEQC model.

PH and Dissolved Oxygen

The pH in both the buffer and the biofilter is relatively constant around neutral for all
events. Although pH is one of the most important parameters influencing metal adsorption
[119], the small fluctuations are not expected to have a large influence on the results of this
research.

Suboxic conditions prevailed in the buffer tank, whereas dissolved oxygen concentrations in
the biofilter varied. The highest measured concentrations in the biofilter ranged between 2
and 5 mg/L in the events, but the oxygen concentrations reduced to 0 mg/L once the water
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in the aquifer was replaced by water from the buffer. No clear effect as the result of this has
been observed, but it is expected that previously sorbed metals will remobilise if reducing
conditions in the biofilter persist long enough to reduce iron oxides [94, 20]. On the contrary,
high initial values of NO3 and Ni could indicate that oxidation of NH, and metal sulphides
in the aquifer contributes to release of these pollutants in the aquifer.

4.7.2 System Optimisation

In order to address some problems that were mentioned in the previous section, improve-
ments in both design and operation are suggested.

Hydraulic Conductivity

The current filter media consist of medium-coarse sand with grain size between 0.4 - 0.8
mm. A well-graded sand with an appropriate particle size distribution is recommended for
biofiltration systems. The medium should be sand-based, but should contain all particle
size ranges from 0.05 mm to 3.4 mm, in different fractions [24]. Lowering the hydraulic
conductivity in the filter can be done by incorporating smaller soil particles. The addition
of clay and silt particles has the additional benefit of creating a larger specific surface area
for adsorption of dissolved pollutants [24]. Alternatively, the flow could be regulated like
in sand filters, for example by regulating the pressure with a pressure compensated flow
control valve or an adjustable raised outlet.

Preferential Flow and Short-Circuiting

Maximising the distance between inlet and outlet is going to contribute reduce short-circuiting
and improve hydraulic efficiency [24, 130, 131]. Additionally, designing the inlet to dis-
tribute water more evenly over the biofilter surface will also help to prevent short-circuiting,
while ensuring that the full volume of the biofilter is used. This can be achieved by allowing
the water to pond on the biofilter surface, simultaneously enabling more contact between the
inlet water and IOCS, which will also have a positive effect on metal removal [55, 132, 133].

Other ways to improve homogeneous distribution of inlet water is to introduce evenly spaced
perforated pipes or trenches [134], or using rotary or fixed nozzle distribution systems such
as is one in trickling filters [135, 129]

Recirculation of Aquifer Water

Irrigating the biofilter with aquifer water is not recommended. In order to overcome a foul
smell, water standing in the biofilter for too long, or the biofilter drying out, the biofilter
could be irrigated more frequently, with small water volumes from the buffer. Doing this
will also contribute to shorter retention times in the buffer and may have an effect on the
oxygen conditions in the buffer.

Monitoring Water Quality and Treatment Performance

Evaluation of the water quality and treatment performance of the biofilter needs to be im-
proved. Outlet samples taken at the start of the run can give insight into the treatment
performance when the system is not running. To compare inlet water quality to outlet qual-
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ity during a run, the system should be running. An inlet sample can be taken at the start
of the run, but all initial standing water needs to be allowed to flush out before sampling at
the outlet.

4.7.3 Limitations

During the study, some limitations were encountered. These limitations and their effects
are discussed in this chapter.

To begin with, the system hydraulics and operation were not as expected, making it difficult
to test the actual removal performance. Water from different sources was added to the
filter. In combination with preferential flow and short-circuit paths in the filter, this resulted
in mixed water samples at the outlet. This was overcome by predicting the mixing only
concentrations using EC as a tracer. Nevertheless, these estimations have an impact on
the accuracy of the results. Estimations based on CI™ would be more accurate, but a lack
of datapoints made EC a more useful tracer. An important note is that the composition
of water in the aquifer was unknown. Although pH and dissolved oxygen were monitored
in this research, their effect on metal removal in this system remained unclear and may
have been overshadowed by the effect of unexpected hydraulic conditions and recirculation
of aquifer water.

In addition to this, the DOC analysis failed unfortunately (see Section 3.1.3 for details), so
that the effect of this parameter could not be analysed.

Furthermore, the in-situ hydraulic conductivity measurement should ideally have been car-
ried out one month after the start of operation and again two years after operation, in order
to see how the hydraulic conductivity is affected by pollutant retention. This was not pos-
sible, as the system had already been in operation for almost two years when the research
started. Repeating the experiment in the future may still give an insight in the changes
over time. Additional limitations of the test are the possibility of soil compaction when the
ring was driven into the ground, or preferential flow along the sides of the ring [136]. In
addition to this, the high hydraulic conductivity of the filter in combination with manual
timing and pouring of the water impacted the accuracy of the measurement. The measure-
ment was only carried out once for each measuring point, because of time constraints. A
ring infiltration test only measures the hydraulic conductivity in the top layer of the filter.
A deep ring test needs to be carried out to get more insight into the hydraulic conductivity
in deeper layers of the filter.

Moreover, collected data belong to five events in spring and summer. The collected data is
thus limited in terms of quantity and effects of certain environmental conditions that can
change with the season.

Environmental factors, but also the operations of this biofilter make the results site-specific.
Nevertheless, the effect of large changes in inlet water quality on metal retention and the
effect of short-circuiting on metal breakthrough are also applicable to other biofiltration
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systems.

Lastly, the PHREEQC model was simplified by using a fixed pH and homogeneous redox
conditions. In reality, these conditions are more complex, so the model can only predict
breakthrough to a certain extent.
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5 Conclusions & Recommendations

5.1 Conclusions

This research aimed to investigate the performance of the Blueblogs biofilter in Spangen
with a main focus on heavy metal removal.

The first research question evaluated the removal of heavy metals in the biofilter. Analy-
sis of the chemical water quality and treatment performance has shown that mean heavy
metal and nutrient concentrations in the outlet of the biofilter do not exceed infiltration
regulations. In case of Cu and Co, maximum concentrations do exceed infiltration regula-
tions. Fe continuously exceeds the operational limit, with the risk of well clogging. Although
infitration regulations are generally met, this does not mean that the biofilter performs opti-
mally. Moreover, mean heavy metal and nutrient concentrations in the stormwater already
complied with regulations before treatment, with the exception of S 02' and POi'.

For Ni, Cu, As, & Co total and dissolved concentrations were higher after treatment than
before. In case of Zn, the total concentration decreased after treatment, but the dissolved
concentration increased. The increased concentrations are partially explained by irrigation
of the biofilter with water from the aquifer. This water contained higher concentrations of
these metals, that were directly added to the system, resulting in mixed outlet samples con-
sisting of stormwater and aquifer water. Using mixing fractions to account for the effect of
mixing, showed that for all metals mentioned in this paragraph, desorption occured. The re-
mobilisation of these heavy metals is likely a result of a decrease in the metal concentration
in the solution phase when stormwater from the buffer was introduced. This leads to lower
free metal activity and desorption of surface-bound material. Additionally, high PO3~, Fe
& Mn concentrations were found in the stormwater. These pollutants were removed well
and are expected to inhibit sorption sites available for heavy metals. Additionally, the high
salinity of the aquifer water may contribute to a higher dissolved metal fraction. The ob-
served desorption of Ni, Cu, As, Co & Zn and adsorption of Fe, Mn & POZ‘ are confirmed
by a conceptual model in PHREEQC. Based on these results it can be concluded that the
extent to which heavy metals are removed in the biofilter is not sufficient.

The second research question aimed to identify factors in the design and operation of the
system that negatively impact heavy metal removal. The biofilter at Spangen was found
to be designed and operated in a way that lead to preferential flows and short hydraulic
retention times. Factors that contributed to this were the construction of the outlet near
the inlet, the high hydraulic conductivity of the filter and the heterogeneous distribution
of water over the filter surface. As a result of this, only a small volume of the filter is
effectively used to treat the majority of the water. More accumulation of metal takes place
in these preferential paths, leading to faster breakthrough. This is supported by a hydraulic
conductivity that is a factor ten higher in the inlet corner, compared to the middle of the
biofilter.

The third research question explored how the system could be optimised. To answer this
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question, solutions for the factors mentioned above were evaluated. A design that max-
imises the space between inlet and outlet of the system is recommended. In addition, the
inlet should be designed in such a way that water is distributed evenly over the entire filter.
Ideally water is left to pond on the filter, before infiltrating into the filter media, but other
solutions can include evenly spaced perforated pipes or trenches or a rotary distribution
system. A lower hydraullic conductivity can be achieved by incorporating smaller particles
in the filter media or regulating the pressure with an adjustable raised outlet or a pressure
compensated flow control valve. Finally irrigation with aquifer water is advised against.

5.2 Recommendations

The sensitivity analysis of the breakthrough curve shows a positive effect of phosphate on
zinc retention. This does not agree with experimental data suggesting a negative impact
of phosphate on heavy metal removal. This may be related to the way surface charge is
calculated in PHREEQC. Future research could investigate this using a batch experiment
and a model.

Furthermore, the removal process for sulphate remained unclear. Further research to in-
vestigate the presence of sulphate-related microbes and the spatial distribution of oxygen
in the biofilter is needed to draw conclusions about the removal of sulphate in the biofilter.

Another parameter that would be interesting to measure in order to build on the conclusions
from this research is the concentration of total and dissolved organic matter. Metal-OM

complexes can have an effect on the retention and possible leaching of metals, especially for
Cu[137]

Hatt et all (2011) recommended adding materials with a high CEC to delay breakthrough of
metals [47]. This effect was not seen in the PHREEQC model, but would be good to confirm
with experimental data.

Previous studies suggested that accumulation of metals in the filter media may exceed
health and environmental guidelines, before breakthrough of metals occurs [45, 47]. A risk
assessment of this accumulation to public health and surrounding ecosystems is thus rec-
ommended.

Several lab and column studies [38, 44, 138] suggested that lower temperatures and snowmelt
can have a negative effect on performance of biofilters. Monitoring the system not only in
spring and summer, but year round, can give more information on field-scale.
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Appendices

A Regulations

Regulations 22-12-2009

Table 22: Dutch Infiltration Regulations [9]

Substance unit

MACRO PARAM-

ETERS

pH -
Suspended Solids mg/l
calcium (Ca ++) mg/l
chloride (CI-) mg/1
bicarobonate mg/l
(HCO3-)

sodium (Na+) mg/l
ammonium mg/1-N
(NH4+)

nitrate (NO3-) mg/1-N
total-phosphate mg/1-P

(PO42-tot)

sulphate (SO42-) mg/l
fluoride (F-) mg/l
cyanides total pg/l
(CN (tot))

HEAVY METALS
arsenic (As) ng/l
barium (Ba) ng/l
cadmium (Cd) ng/l
cobalt (Co) ng/l
chrome (Cr) ng/l
copper (Cu) ng/l
mercury (Hg) ng/l
nickel (N1) ng/l
lead (Pb) ng/l
zinc (Zn) ng/l
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threshold
(dissolved)!

2

0,53
2

20023

12023

5 62,3
0,4

1502

10

10

2003

0,4
20

15
0,05
15
15
65



1) The threshold for suspended solids concerns the non-dissolved material.

2) Area of concern for issuing permits related to the local situation.

3) During a period of 70 days per year, these values may exceed the aforementioned values,
as long as they do not exceed the following limits: suspended solids 2 mg/l; CI~ 300 mg/l;
Na* 180 mg/l; NO3 2-11,2 mgN/l; Ba 300 pg/l.

B Water Quality

B.1 physico-chemical parameters
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Figure 42: Physico-chemical parameters measured at Blueblogs biofilter Spartaplein on 09-
06-2020
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Figure 43: Physico-chemical parameters measured at Bluebloqgs biofilter Spartaplein on 15-
06-2020
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Electical Conductivity Dissolved Oxygen
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Figure 44: Physico-chemical parameters measured at Blueblogs biofilter Spartaplein on 06-
07-2020
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Figure 45: Physico-chemical parameters measured at Bluebloqgs biofilter Spartaplein on 14-

07-2020
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Figure 46: Physico-chemical parameters measured at Bluebloqgs biofilter Spartaplein on 18-

08-2020
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B.2 Main Ions

B.2.1 Mixing Fractions
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Figure 47: Measured alkalinity and concentrations of Na, Cl, Mg, and K, on 15-06-2020,
plotted together with their estimated concentration based on mixing only.
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Figure 48: Measured alkalinity and concentrations of Na, Cl, Mg, and K, on 06-07-2020,
plotted together with their estimated concentration based on mixing only.
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Figure 49: Measured alkalinity and concentrations of Na, Cl, Mg, and K, on 14-07-2020,
plotted together with their estimated concentration based on mixing only.
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Figure 50: Measured alkalinity and concentrations of Na, Cl, Mg, and K, on 18-08-2020,
plotted together with their estimated concentration based on mixing only.
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B.3 Nutrients
B.3.1 Mixing Fractions
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Figure 51: Measured nutrient concentrations on 15-06-2020, plotted together with their
estimated concentration based on mixing only.
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Figure 52: Measured nutrient concentrations on 06-07-2020, plotted together with their
estimated concentration based on mixing only.
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Figure 53: Measured nutrient concentrations on 14-07-2020, plotted together with their

estimated concentration based on mixing only.
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Figure 54: Measured nutrient concentrations on 18-08-2020, plotted together with their
estimated concentration based on mixing only.
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B.3.2

nitrogen conversions
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Figure 55: Comparsion of N-concentrations at inlet and outlet on 09-06-2020
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Figure 56: Comparsion of N-concentrations at inlet and outlet on 15-06-2020
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Figure 57: Comparsion of N-concentrations at inlet and outlet on 06-07-2020
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Figure 58: Comparsion of N-concentrations at inlet and outlet on 14-07-2020
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18-08-2020
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Figure 59: Comparsion of N-concentrations at inlet and outlet on 18-08-2020
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Figure 60: Measured dissolved concentrations, on 15-06-2020, of Cu, As, Ni, Co & Zn, plotted
together with their estimated concentration based on mixing only.
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Figure 61: Measured dissolved concentrations, on 06-07-2020, of Cu, As, Ni, Co & Zn, plotted
together with their estimated concentration based on mixing only.
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Figure 62: Measured dissolved concentrations, on 06-07-2020, of Cu, As, Ni, Co & Zn, plotted
together with their estimated concentration based on mixing only.
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Figure 63: Measured dissolved concentrations, on 18-08-2020, of Cu, As, Ni, Co, Zn, Fe, Mn,
Pb & Cr, plotted together with their estimated concentration based on mixing only.
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Figure 64: Measured dissolved concentrations, on 15-06-2020, of Fe, Mn, Cr & Pb, plotted
together with their estimated concentration based on mixing only.

100



concentration (ug/l)

---- mixing only o

Figure 65: Measured dissolved concentrations, on 06-07-2020, of Fe, Mn, Cr & Pb, plotted
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Figure 66: Measured dissolved concentrations, on 14-07-2020, of Fe, Mn, Cr & Pb, plotted
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Figure 67: Measured dissolved concentrations, on 18-08-2020,
together with their estimated concentration based on mixing only.
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Figure 68: Measured suspended concentrations, on 15-06-2020, of Cu, As, Ni, Co & Zn,
plotted together with their estimated concentration based on mixing only.
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Figure 69: Measured suspended concentrations, on 06-07-2020, of Cu, As, Ni, Co & Zn,
plotted together with their estimated concentration based on mixing only.

Figure 70: Measured suspended concentrations, on 06-07-2020, of Cu, As, Ni, Co & Zn,
plotted together with their estimated concentration based on mixing only.
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Figure 71: Measured suspended concentrations, on 18-08-2020, of Cu, As, Ni, Co, Zn, Fe,
Mn, Pb & Cr, plotted together with their estimated concentration based on mixing only.
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Figure 72: Measured suspended concentrations, on 15-06-2020, of Fe, Mn, Cr & Pb, plotted
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Figure 73: Measured suspended concentrations, on 06-07-2020, of Fe, Mn, Cr & Pb, plotted
together with their estimated concentration based on mixing only.
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Figure 74: Measured suspended concentrations, on 14-07-2020, of Fe, Mn, Cr & Pb, plotted
together with their estimated concentration based on mixing only.
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Figure 75: Measured suspended concentrations, on 18-08-2020, of Fe, Mn, Cr & Pb, plotted
together with their estimated concentration based on mixing only.

C Stormwater runoff quality from Literature

Table 23: Metal and nutrient concentrations in stormwater runoff in the Netherlands

Cr
Ni
Cu
Zn
Pb

2.0 [6] -
3.4 1.9
34 22
95 23
324 40

Cd 0.29 0.16

As 0.85 [6] -

Fe - -

NOjg - -
Total-P

2.0 [6], 6.2 [140]
41,56
21,19
144, 102
21,18

0.18, 0.27

Metals (ug/L)
1.1 [140] - -
2.1,3.6 12 1.3
12,11 6.7 22
75, 60 594 65
8,6 68 4.2
0.10, 0.15 1.4 0.05

1.32 [6] - - -

1.

1.5
0.30

8 [6] 1.1[6] = -
Nutrients (mg/L) [139]

0.93
0.20

0.59
0.18

0.66
0.52

D Reaction Equations

Nitrification

2NH, +303 — 2NOy+4H" + 2H50
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2NO; +0y — 2NO;

NH; +203 — 2H" + H,0 + NO3

Denitrification
2NO; +10e” +12H" — Ny +6H30

Oxidation of pyrite (iron(Il) disulfide)

2FeS3+6NO03 +4H50 — 3Ny +4S05 +2Fe(OH)3 +2H"

4FeSy +14H0 + 1503 — 880%™ + 4Fe(OH)3 + 16H"

Oxidation of iron

AFe®" + 09+ 2H50 — 4Fe3* + 40H"
4Fe®" +4A0H™ +8H90 — 4Fe(OH)5 +8H*

AFe®" + 09+ 10H50 — 4Fe(OH)3 + 8H™
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Figure 76: Correlation between turbidity and the bound fraction of Fe, As, Mn and Co, using
linear regression.
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Figure 77: Correlation between turbidity and the total concentration of Fe, As, Mn and Co,
using linear regression.
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Figure 78: Correlation between turbidity and the bound fraction of Pb, Ni, Zn and Cu, using
linear regression.
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Figure 79: Correlation between turbidity and the total concentration of Pb, Ni, Zn and Cu,
using linear regression.
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Figure 80: Correlation between turbidity and the total concentration of NOs, NHy, POy
and SOy using linear regression.

Pb
¥z 0. 000065x+(0 791112) 1.02 X_O 000058x9+(0 927212)
c 0.95 score: c 1.00 score e .
50.90( . 8 0.98 '/‘/-'
& 0.85 . | £o096{
- 2 094l — .
3 0.80 . . 3 .
m . m .
0.75 . 0.92
0.90
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Total Fe (ug/L) Total Fe (ug/L)
0.9 ¥z o 000262x+ (0.516546) 0.40 e o 000177x+(0 276619)
score: 0.35 ° score:
S 0.8 //‘9 S '
=1 = 0,30
go?y . & 0.25
[ o e
g 0.61 - ° 50201 e
@ 0.4 © 0.10 ¢
03"

0.05
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Total Fe (ug/L) Total Fe (ug/L)

Figure 81: Correlation between total Fe and the bound fractions of Pb, Ni, Zn and Cu using
linear regression.
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Figure 82: Correlation between total Fe and the total concentrations of Pb, Ni, Zn and Cu
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Figure 83: Correlation between suspended Fe and the total concentrations of Pb, Ni, Zn and
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Table 24: Samples taken at inlet and outlet and time since the system started running.

9/06/2020 |

15/06/2020 |

6/07/2020

14/07/2020 |

18/08/2020

Sample | Before | After | Before | After | Before

‘ After ‘ Before ‘ After ‘ Before ‘ After

112

|
|
| 1| | 040 | 027 | 0:28 | 0:18 | 0:20 | | 0:49 | 0:20 | 0:17 |
| 2 0:54| 052 0:48 | 0:42 | 0:33 | 0:35| 1:02 | 1:04 | 0:48 | 0:38 |
| 3| 116| 1:19| 0:58 | 0:56 | 0:55 | 0:48 | 1:14 | 1:16 | 1:00 | 0:55 |
| 4  145| 143 | 112 1:10 | 1:06 | 1:01 | 1:31| 1:28| 1:11 | 1:09 |
| 5| | 213 | 1:31| 1:27 | 1:16 | 1:14 | 1:43 | 1:45 | | 1:24 |
| 6| | 231 2:02| 1:41 | 1:29 | 1:27 | | 157 | 1:41 | 1:39 |
| 7| | 2:45 | | 2:00 | 1:45 | 1:43 | 2:18| 2:12| 1:55 | 1:54 |
| 8 | | 3:00 | | 2:12 | | 1:58 | 2:29 | 2:28 | | 2:09 |
| 9 | | | 2:30 | 2:28 | | 2:14| 2149 | 2:44| 2:28 | 2:24 |
| 10 | | | 242 | 2:41 | 2:32 | 2:30 | 3:00 | 2:58 | 2:43 | 2:40 |
| 11 | | | | 2:58 | 2:47 | 2:45| 3:24| 3:13 | | 2:57 |
| 12 | | | | | 3:00 | 3:00 | | | 3:13 | 3:11 |
w1 1 | selss| | | |
w1 I I ss|ss| | | | |
T ] |
‘ Win ‘ Win ‘ Win ‘ Win ‘ Win ‘
Only Dissolved Total and dissolved Total only (analysis error on dissolved)



F Analysis Frequency
G PHREEQC Scripts

G.1 Conceptual Model

G.1.1 Inlet Water

DATABASE D:\ Users\Kirsten\Documents\Kirsten\TU_Delft\MasterThesis\Urban Water Bu:
INCLUDE$ Metal_sorption_Solution_Master_Species.phr

INCLUDE$ Metal_sorption_Solution_Species.phr

INCLUDE$ Metal_sorption_Surface_Species.phr

INCLUDE$ Metal_sorption_Phases.phr

SOLUTION 1 #Inlet Water

—units mg/1

Temp 17.8

pH 7.06

pe 6.44 #N-couple
#pe —3.11 #S—couple
Alkalinity 289.7 as CaCO3
As 2.08 ug/L

Cd 0 ug/L

Cr 0.37 ug/L

Cu 0.17 ug/L

Co 0.19 ug/L
Fe(2) 90.75 ug/L

Mn 1025.70 ug/L

Ni 1.78 ug/L

Pb 0.04 ug/L

Zn 0.47 ug/L

Ba 61.48 ug/L

Ca 84.5

K 12.1

Mg 11.5

Na 56.1

Li 6.15 ug/L

B 113.84 wug/L

Al 16.39 ug/L

Se 1.82 ug/L

Sr 350.46 ug/L

F 0.28

Cl 67.14
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N(3) 0 #NO2-N

N(5) 0.67 #NO3-N

N(—3) 1.44 #NH4-N

P 2.46 as PO4 #PO4-P

Br 0.01

S(6) 13.47 #S04

#S(—2) 0.001

0(0) 0.015

Si 4.9

#END

EXCHANGE 1

X 0.06# X is the exchanger, value is cation exchange capacity (CEC) in eq/L — 60
—equilibrate 1 # equilibrate with solution number 1

SURFACE 1 #QUARTZ (A) OR IOCS (B)

Hfo wOH 0.207 600 93.3 #Quartz: 0.207 600 93.3 — IOCS: 2.01 600
Hfo sOH 0 #

—equilibrate 1

# PRINT

# —reset false
# —totals true
#

—exchange true
END #

G.1.2 Initial concentrations in outlet water

DATABASE D:\ Users\Kirsten\Documents\Kirsten\TU_Delft\MasterThesis\Urban Water Bu:
INCLUDE$ Metal_sorption_Solution_Master_Species.phr

INCLUDE$ Metal_sorption_Solution_Species.phr

INCLUDE$ Metal_sorption_Surface_Species.phr

INCLUDE$ Metal_sorption_Phases.phr

SOLUTION 2 #Initial water in biofilter

—units mg/1

Temp 16.6

pH 7.11

pe 6.62 #N-couple
#pe —3.098 #S-couple
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Alkalinity 344 as CaCO3

As 3.37 ug/L

Cd 0 ug/L

Cr 0.27 ug/L

Co 0.57 ug/L

Cu 0.97 ug/L

Fe 17.4 ug/L

Mn 51.6 ug/L

Ni 5.76 ug/L

Pb 0.16 ug/L

Zn 34.18 ug/L

Ba 67.63 ug/L

Ca 135.4

K 16.02

Mg 31.00

Na 235

Li 10.32 ug/L

B 203.9 ug/L

Al 3.28 ug/L

Se 2.95 ug/L

Sr 648.3 ug/L

F 0.25

Cl 358.84

N(3) 0 #NO2-N
N(5) 4.0 #NO3-N
N(—3) 0.35 #NH4-N
P 0.285 as PO4 #PO4P
Br 1.83

S(6) 18.56 #S04
#S(—2) 0.001

0(0) 1.64

Si 6.7

EXCHANGE 1

X 0.06 # X is the exchanger, value is cation exchange capacity (CEC) in
—equilibrate 2 # equilibrate with solution number 2

SURFACE 1 QUARTZ (A) OR IOCS (B) Pim Transport Values
Hfo_ wOH 0.207 600 93.3 #Quartz: 0.207 600 93.3 — IOCS: 2.01 600
Hfo sOH 0 #
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—equilibrate 2

# PRINT
# —reset false
# —totals true

# —exchange true
END

# END

G.2 Transport Model

G.3 Multi-pathway

DATABASE WATEQF'. dat

TITLE . —Metal Sorption by various media in biofilter
INCLUDE$ Metal_sorption_Solution_Master_Species.phr
INCLUDE$ Metal_sorption_Solution_Species.phr
INCLUDE$ Metal_sorption_Surface_Species.phr

INCLUDE$ Metal_sorption_Phases.phr

SURFACE_SPECIES

Hfo wOH + Cd+2 = Hfo_wOCd+ + H+
log_k —20 #2091

END

PHASES
fix_pH #fixed pH
H+ = H+
log_k 0

END

SOLUTION 0 STORMWATER RUNOFF (SPANGEN) — Dissolved

—units mg/1

Temp 17.8

pH 7.2

pe 6.52 #N-couple
#pe —3.11 #S—couple
Alkalinity 289.74 as CaCO3
As 2.08 ug/L

Cd 0 ug/L
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Cr 0.37 ug/L

Cu 0.17 ug/L

Co 0.19 ug/L

Fe(2) 90.75 ug/L

Mn 1025.70 ug/L

Ni 1.78 ug/L

Pb 0.04 ug/L

Zn 0.47 ug/L

Ba 61.48 ug/L

Ca 84.5

K 12.1

Mg 11.5

Na 56.1

Li 6.15 ug/L

B 113.84 ug/L

Al 16.39 ug/L

Se 1.82 ug/L

Sr 350.46 ug/L

F 0.28

Cl 67.14 charge

#N(3) 0 #NO2-N
#N(5) 2.96 #NO3
#N(5) 0.67 #NO3-N
#N(—3) 1.44 #NH4-N
P 2.46 as PO4 #PO4-P
Br 0.01

S(6) 13.47 #S04
#S(—2) 0.001

#0(0) 0.015

Si 4.9

END

SOLUTION 1-5 Initial solution for column

—units mg/1

Temp 16.6

pH 7.2

pe 6.71 02(g) —0.68 #N-couple, O in equilibrium with atmosphere
Alkalinity 121 as HCO3

Ca 49

Cl 51 charge

K 4.4
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Mg 8.8
Na 31

END

EXCHANGE 1-5

X 0.06# X is the exchanger, value is cation exchange capacity (CEC) — 60 meq/L

—equilibrate 1

SURFACE 1 QUARTZ (A) OR IOCS (B)

Hfo_wOH 0.207 600 93.3
#Hfo_wOH 2.01 600 892
Hfo_sOH 0

—equilibrate 1

END

SURFACE 25 QUARTZ

Hfo_wOH 0.207 600 93.3
#Hfo wOH 2.01 600 892
Hfo sOH 0

—equilibrate 1

END

EQUILIBRIUM_PHASES 1-5
fix_pH —7.2 HCI 10

END

TRANSPORT
—cells 5
—lengths 0.12
—shifts 25641

Fast_Corner: 102564 Slow_Middle:6410

—time_step 2356

Fast_Corner: 589 Slow_Middle: 9423

#timestep * shifts = total time

—flow_direction forward

—boundary_conditions flux

—diffec 0.0e—9
—dispersivities 0
—correct_disp true
—print 5

—print_frequency 10
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#Quartz
#I0CS

#

#

#Quartz
#I0CS

flux

# equilibrate with solution number 1

H*

#fix_pH fix_pH —7.2 NaOH 10

# 5 cells
# 5% 0.12
#Plug: 25

#Plug: 23



—punch_cells 5
—punch_frequency 5

SELECTED OUTPUT

—file Biofilter_Sorption_Quartz_Spangen.csv
—reset false
—step
—pH true
—totals Pb Cu Ni Zn Co #P
USER PUNCH

—headings total_residence_time bed_volume bed_volume2

—start

10 PUNCH (TOTAL_TIME + time_step /2)
11 PUNCH ((STEP_.NO + .5) /5)%0.39

# Pore volume = (STEP NO + .5) /cells
12 PUNCH TOTAL TIME/(3.27%3600)%0.39

USER GRAPH 1

—headings time Zn pH Ni Cu
—axis_titles Bed_Volumes ug/L pH
—initial _solutions false
—chart_title "Try 1"
—plot_concentration_vs t
#—plot_tsv_file data_P.txt

—axis_scale y_axis 0 1.5 0.1
—axis_scale sy_axis 6 10 0.2
—axis_scale x_axis 0 1000 10
—start

10 graph_x total_time/(3.27%3600)%0.39
20 graph_y (tot("Zn")x1e6) / 7.19e—03
30 graph_sy —la("H+")

40 graph_y (tot("Ni")%x1e6)/3.03e—02
50 graph_y (tot("Cu")*1e6)/2.68e—03
—end

END
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#Bed volume = Pore Volume #* poros

#Bed Volume Total Time/(Time pe

# plot data from tab delimited text file
# a b ¢ from a to b with steps of ¢

# pH
# bed volumes

# BV
#normalised



