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Abstract: In recent decades, the pollution of water with micropollutants has become an increasing
environmental concern. Since 2019, increased stormwater pollution from chlorine-based disinfectants
has been recorded due to the COVID-19 pandemic. Runoff from disinfected areas and the residual
chlorine present in stormwater are transported to surface water bodies, posing a risk to aquatic
flora and fauna. The objectives of this study were (1) to evaluate the efficiency of different low-cost
and recyclable filter materials in removing residual chlorine, and (2) to test plants’ ability to reduce
residual chlorine concentrations through phytoremediation. Experiments were conducted in the
laboratory (column and batch) and in the field (raised garden bed) to assess the efficiency of various
filter materials (peat, wood chips, sawdust and the lightweight aggregates) in retaining residual
chlorine to be implemented in green infrastructure. The best retainers of chlorine were sawdust (96%)
and the LWA Leca (76%). No harmful effects of residual chlorine (changes in growth, color, leaf size,
etc.) on plants (Tagetes patula or Pisum savitum) were observed and the residual chlorine in the leachate
samples was below the equipment’s detection limit. Our research results will contribute to future
studies aiming to remove various micropollutants from stormwater using remediation technologies.

Keywords: micropollutants; residual chlorine; stormwater treatment; remediation technologies

1. Introduction

Untreated stormwater contains various pollutants and is one of the main sources of
urban water bodies’ contamination. At present, a growing environmental challenge is the
pollution of stormwater by micropollutants, which are, through runoff, transferred to rivers
and lakes. The European Commission is concerned that the yearly loads of micropollutants
are getting worse and more complicated, in addition to the long-term risk they pose to
aquatic ecosystems even at low concentrations [1]. Therefore, stormwater treatments
must meet the highest requirements to avoid a negative impact on ecosystems and the
deterioration of the water quality of rivers and lakes. Proper stormwater treatment requires
permanent monitoring and quality analyses [2,3]; it also contributes to the sustainable
management of water resources and the implementation of circular solutions, provides
water security and resiliency, saves water resources, and improves the quality of surface
waters [4,5]. The European Union’s water policy aims to encourage and facilitate water
reuse [6]. Following the recommendations of the Baltic Sea Environmental Protection
Commission, since June 2021, stormwater must be managed in a way that reduces the
amount of pollutants entering surface water bodies [7].

The European Commission highlights the potential use of green infrastructure (GI),
also referred to as nature-based solutions, to remove micropollutants from stormwater in
order to protect the water bodies [1]. GI complements grey infrastructure (pipes, ditches,
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swales, culverts and retention ponds) and also contributes to the cost reduction and eco-
nomic development of existing infrastructure [8,9]. However, despite urbanization, the
frequent natural disasters caused by climate change make grey infrastructure less effective
and call for cities to implement innovative green stormwater management solutions [10].
Cities are encouraged to apply nature-based solutions to mitigate the negative effects of cli-
mate change. The integration of green infrastructure into stormwater management systems
is an effective tool to retain and absorb pollutants [11,12] using the natural sorbents, as well
the abilities of vegetation and soil’s sorption to remove various harmful substances [13].
The major advantages of green infrastructure are not only increased environment protec-
tion, but also the creation of aesthetically attractive landscapes or additional recreational
spaces, thus improving residents’ quality of life [14,15].

This article focuses on a discussion of possible filter materials and remediation tech-
nologies that could reduce the concentrations of residual chlorine in stormwater. The
need to analyze chlorine and chlorine compounds’ impact on surface water increased
during the pandemic, when countries intensively disinfected public spaces. The number
of studies presenting the environmental pollution of chlorine-based substances due to
public outdoor disinfection increased several-fold. Outdoor surfaces (spa centers, nursing
homes, etc.) needed to use permanent disinfection to avoid the spread of infections and
viruses [16]. The resulting disinfected surfaces were washed, and their chlorine-containing
runoff and stormwater were stored in reservoirs. Increased amounts of residual chlorine
and disinfection by-products have been found in rivers and lakes as well [17,18]; studies
demonstrate that more than 0.4 mg/l of residual chlorine and about 8.8 µg/L of disinfection
by-products have been obtained from these water bodies [19,20]. Other studies show that
some countries use swimming pool water for the irrigation of green areas [21], which
contributes to the release of residual chlorine into the environment.

Chlorine can be present in water as free residual chlorine or as combined chlorine.
Residual chlorine is the small amount of chlorine remaining in water for a certain period as
part of its contact time after its initial application. Studies show that the formation of free
residual chlorine depends on the initial dose of sodium hypochlorite [22,23]. Residual and
combined chlorine exist in the same water and together determine the total chlorine in that
water (Figure 1). Free residual chlorine is present as hypochlorous acid or a hypochlorite
ion. Combined chlorine exists as monochloramine, dichloramine, nitrogen trichloride, etc.
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Chlorine and chlorine compounds influence the formation of harmful secondary prod-
ucts (trihalomethanes, haloacetic acids, trihalophenols, etc.), which pose risks to aquatic
environments [24,25]. Studies have demonstrated that the impact of residual chlorine
on various water microorganisms lasts for up to 14 days and that even a low, continu-
ous concentration of chlorine can affect water ecosystems. An impact on aquatic fauna
was detected at low chlorine concentrations (0.1 mg/L) [26]. Outdoor disinfection using
sodium hypochlorite also causes surface corrosion due to the strong oxidizing features of
chlorine [27,28] and its reaction with metals [29]. These findings raise a concern about the
adverse effects of chlorine and its compounds on the environment due to the intensive disin-
fection of public spaces and surfaces [30]. The increased use of chlorine-based disinfectants
and residual chlorine toxicity in water bodies have increased our need to analyze residual
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chlorine’s impact on water environments and provide possible methods and materials for
its reduction. Previous studies have revealed that stormwater contaminated by chlorine
and chlorine compounds can be treated using natural sorbents [31]. The novelty of this
research is that it analyzes the efficiency of waste materials and phytoremediation in the
removal of residual chlorine from water. There is a lack of investigation on chlorine’s
impact on water environments and its retention processes from stormwater [16,32]. The
removal of residual chlorine depends on the following characteristics: the structure of
filter material and the material’s particle size, pore dimensions, pore volume and specific
surface area [31]. The key hypothesis of the present research is that low-cost adsorbents and
selected plants can be efficient in retaining residual chlorine and reducing its concentration
in stormwater. This research was conducted with the following specific objectives: (1) to
evaluate the efficiency of different low-cost and recyclable filter materials in removing
residual chlorine; (2) to test plants’ efficiency in reducing residual chlorine concentrations
through phytoremediation; and (3) to share our findings on the materials that could be
used in green infrastructure in order to reuse stormwater.

2. Materials and Methods

Experiments were conducted in the laboratory (column and batch) and in the field
(raised garden bed) to assess the efficiency of various natural, low-cost and recyclable filter
materials in retaining residual chlorine and preventing its release into the environment.
The column and batch tests were used to analyze different materials’ capacities to reduce
chlorine concentrations. The raised garden bed was used to assess plants’ phytoremediation
capacities, as well as the combined effect of plants and their substrate on chlorine pollution.
The research materials were chosen by considering their ability to remove pollutants from
stormwater, as well as by following the main principles of sustainability (cheap waste
materials that are accessible in the European Union market). The experiments were carried
out using the following materials (Figures 2 and 3):

- Peat (0.1–5 mm) is an inexpensive and effective sorbent suitable for removing various
environmental pollutants [33]. Peat has good adsorption properties and is often used
as an effective filter material for suspended and dissolved solid particles. Decomposed
peat has a relatively high porosity of about 95% [34].

- Wood chips (20–50 mm) and sawdust (0.1–2 mm) are wood by-products, waste ma-
terials and low-cost sorbents applied mainly to the removal of organic compounds
from wastewater [35,36]. They are also used in green infrastructure to remove the
pollutants in stormwater before they enter the environment via runoff.
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- Lightweight aggregates (LWAs) are light expanded clay aggregates made of bloated
particles of burnt clay. LWAs have good physical properties (high porosity, low water
absorption) which enable them to be used as filter media [37]. Pollytag (fraction size:
8–11 mm) is a cheap adsorbent material and a type of LWA produced by granulating
and sintering fly ash at a temperature of 1000–1350 ◦C. Batch tests were carried out on
four lightweight aggregates: Polski, Leca, Pollytag and Ceski (Figure 3).
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Previous studies have shown that LWAs can retain pollutants in green infrastruc-
ture [38]. Pollytag is a commercial product manufactured from the fly ashes of a thermal
electric power station which, due to its efficient absorption characteristics, is used in green
infrastructure as a water retention layer. Its main compounds are SiO2 (58%), Al2O3 (22%),
CaO (2.2%) and MgO (1.4%). Leca is a light expanded clay aggregate containing small par-
ticles of burnt clay. It is used as a construction material for flooring and roofing, as well as
bio-filtration (wastewater treatment) and agriculture. Its main compounds are SiO2 (54%),
Fe2O3 (14%), Al2O3 (12%), MgO (2%) and CaO (0.6%). Polski is a natural processed mineral,
with good absorption properties, that is used for the removal of pollutants. Ceski is a light
expanded clay aggregate widely used in gardening, building and the construction industry.

Sodium hypochlorite (NaOCl) is a clear, yellow-colored solution with a pungent
smell. NaOCl is an effective disinfectant widely used for the decontamination of surfaces,
public spaces and pools. NaOCl is characterized by its strong high-energy-consumption
corrosive effect and is toxic to the aquatic environment. Its molar mass is 74.44 g/mol,
density is 1.11 g/cm3, melting point is 18 ◦C, and boiling point is 101 ◦C. The WHO
recommends using a 1000 ppm concentration for disinfection [39]. For the batch tests,
a sodium hypochlorite solution was prepared using distilled water. The stormwater
samples that fed the column experiment were collected at stormwater outlets in a territory
permanently disinfected using sodium hypochlorite. The stormwater quality indicators
were found to be within the following limits: pH 7.3–7.5, conductivity 254–273 µs/cm,
and turbidity 0.067–0.098 NTU. In the field-scale experiments, plants were watered with a
solution of stormwater and sodium hypochlorite (at a concentration of 1000 ppm, according
to WHO recommendations).

Test water and collected leachates (column and field experiments) were analyzed
for their residual chlorine using a Chlorine meter CL200 ExStik, which has a measuring
range from 0.01 ppm to 10 ppm, an accuracy (±10%) of ±0.01 ppm, a temperature range
−5 to +90 ◦C, automatic self-calibration and complies with ISO-9001. After a contact time
of 30 min (the optimal detention time for the main reactions investigated) in the batch
experiments, the concentration of total (residual) chlorine was measured using a Hach
DR/2400 Portable Spectrophotometer. This device is used for testing the residual and total
chlorine and chloramines in water, wastewater, storm water, estuary water, seawater, etc.
When using the Hach DR/2400, samples must be analyzed immediately and cannot be
preserved for later analysis. After adding the reagent (DPD total chlorine reagent powder
pillows, 10 mL), a pink color will develop if chlorine is present.

Batch test. Batch experiments were conducted to determine the capacities of different
types of drainage construction materials (LWAs) to absorb residual chlorine. For the
batch sorption test, glass jars (with a diameter of 7 cm) were filled with 5 cm of the tested
material—different types of LWAs—and this was tested using 450 mL of a solution prepared
by mixing distilled water with sodium hypochlorite following WHO recommendations (a
concentration of 1000 ppm). At the first stage, three glass jars (J1, J2, J3) were filled with
Polski (J1—159.93 g; J2—178.36 g; J3—155.34 g) and three glass jars (J4, J5, J6) were filled
with Leca (J4—65.16 g; J5—71.70 g; J6—72.43 g) (Figure 4). After a contact time of 30 min,
the concentration of residual chlorine in the solution was measured in mg/l.
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At the second stage, the batch experiments were repeated with different types of LWA;
three glass jars (J7, J8, J9) were filled with Pollytag (J7—172.51 g; J8—185.02 g; J9—159.75 g)
and three glass jars (J10, J11, J12) were filled with Ceski (J10—181.97 g.; J11—187.53 g;
J6—190.73 g). After a contact time of 30 min, the concentration of total (and residual)
chlorine in the solution was measured.

Column experiment. The column test involves glass columns (of 5 cm diameter)
filled with LWAs (Pollytag, fraction size: 8–11 mm) as a drainage layer (20 cm), as well
as different filter materials (peat, wood chips, sawdust, each layer 20 cm) (Figure 5) and
2000 mL of a solution made from a stormwater sample polluted with sodium hypochlo-
rite (following World Health Organization recommendations: 1000 ppm). Test samples
were collected at stormwater outlets in a territory permanently disinfected using sodium
hypochlorite. The samples were placed into hermetically sealed containers (10 L) and
transported to the laboratory. The first experiment was conducted using peat (0.1–5 mm)
as the filter material, the second experiment using wood chips (20–50 mm) and the third
using sawdust (0.1–2 mm). After a contact time of 30 min, the sample was measured for
its pH, conductivity, turbidity, color intensity and residual chlorine. Each experiment was
repeated three times. Test stormwater samples were measured for their pH, conductivity
and turbidity on site using portable devices. Their minimum, medium and maximum val-
ues were determined. The samples were measured for microelements, with an acceptance
criterion of ±10% of the known value and a deviation of less than 3%. Their statistical
values (maximum, minimum, median, standard deviation and coefficient of determination)
were calculated. The assessment of the stormwater’s initial indicators is important for the
further evaluation of residual chlorine’s impact on stormwater. The data were analyzed
using MathCad statistical software, with a type I error (a) of 0.05. Appropriate normal and
nonparametric statistics were also applied.
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Raised garden bed. The field test was carried out to analyze plants’ capacities to filter
stormwater and retain the residual chlorine that pollutes stormwater after the disinfection
of surfaces. A raised garden bed cross-section is presented in Figure 6.
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The raised garden bed includes a wooden bed frame (1 m long and 1 m wide), a
peat layer (15 cm), a water-filtering layer (Rockwool, 10 cm), a drainage layer (LWA Leca
5 cm) and a reservoir to collect stormwater runoff. The materials used for the test bed’s
construction were selected considering the construction layers used in green infrastructure;
studies demonstrate that the efficiency of the removal of pollutants depends on these
construction materials. The purpose of the water-filtering layer is stormwater filtration
as well as the protection of the drainage layer from the fine particles present in the soil
substrate. Rockwool was used as the water-filtering layer because it is a proper medium
for plant roots (provides conditions suitable for the uptake of oxygen) and has a good
absorption capacity. The drainage layer must be resistant to cold and mechanical impacts,
chemically neutral, harmless to plants and have the ability to drain excess water. LWAs
are resistant to chlorine, have a low density and do not affect the structure of soil. The
LWA Leca (with a fraction size of 0.25–4 mm evaluated by ISO standard) was used as the
drainage layer because its characteristics improve roots’ breathing, eliminate weeds and
provide porosity and rot-resistance.

For the first field test, Tagetes patula and Pisum sativum—annual plants that do not
require extensive care, with excellent flowering and foliage characteristics—were selected.
In order to achieve a large removal of pollutants, it is very important to choose the right
plants. Mainly, it is recommended to use native plants in green infrastructure [40]. The pol-
lutant removal efficiency depends on their oxygen and nutrient concentration, temperature,
pH and other abiotic factors [41,42]. Studies have demonstrated that the organic pollutants’
removal efficiency by phytoremediation is about 56% [43]. Tagetes patula and Pisum sativum
have been selected due to their excellent adsorption properties and their phytoremediation
capacities [44,45].

During the experiment, plants were planted at the beginning of June and continuously
watered with a solution of stormwater and sodium hypochlorite to determine how they
reacted to residual chlorine. In the middle of November, the plants were harvested and
transported to the laboratory for analysis. These samples were dried and analyzed using
an XRF analyzer to measure the presence of chlorine and other compounds.

3. Results and Discussion

This research was carried out to investigate how different filter materials with a low
environmental impact (e.g., recycled materials) remove the residual chlorine present in
stormwater after the disinfection of outdoor spaces. Previous studies have confirmed the
efficiency of natural filter materials (sorbents) in removing pollutants from stormwater [46].
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Our experiments revealed that all the materials used in the laboratory tests removed the
residual chlorine from stormwater, affecting its conductivity, pH, turbidity and color.

3.1. Batch Test

The adsorption process was tested using a static method for determining the capacities
of natural outdoor covers to retain chlorine. Different types of LWA were used for the batch
test to evaluate the adsorption efficiency of these construction materials. Glass jars with a
volume of 500 mL were filled with a 5 cm high layer of LWA and with 450 mL of a solution
with a total chlorine concentration of 1000 ppm. Studies show that some countries used
higher concentrations than is recommended by the WHO for outdoor disinfection [47].
After 30 min of contact time, the total chlorine concentration was measured. The first
stage of the experiment tested the LWAs Polski (J1, J2, J3) and Leca (J4, J5, J6) (Table 1).
The experimental runs are related to the periods during which stormwater with sodium
hypochlorite was flowing to the experimental devices.

Table 1. Batch test results (experimental runs I, II, III and IV according to the residual chlorine
concentration).

LWA Mass, g * I
ppm

II
ppm

III
ppm

IV
ppm

Control stormwater sample 3.52 ± 0.35 4.02 ± 0.40 3.97 ± 0.40 4.11 ± 0.41
LWA Polski J1 159.93 2.00 ± 0.20 3.36 ± 0.34 3.84 ± 0.38 3.80 ± 0.38
LWA Polski J2 178.36 2.03 ± 0.20 2.18 ± 0.22 3.38 ± 0.38 3.83 ± 0.38
LWA Polski J3 151.34 2.03 ± 0.20 3.52 ± 0.35 3.54 ± 0.35 3.89 ± 0.39
LWA Leca J4 65.16 1.54 ± 0.15 1.08 ± 0.12 1.25 ± 0.12 0.89 ± 0.10
LWA Leca J5 71.70 0.87 ± 0.09 0.72 ± 0.07 0.81 ± 0.08 1.97 ± 0.19
LWA Leca J6 72.43 1.17 ± 0.12 1.03 ± 0.10 1.63 ± 0.16 1.07 ± 0.11

* Kern ABT analytical balances Z757284, measuring range: resolution 0.1 mg.

Table 1 presents the capacities of Polski (J1, J2, J3) and Leca (J4, J5, J6) to retain total
chlorine. The results indicate that Polski (151.34–178.36 g.) retained total chlorine in
the range of 2.00–3.89 ppm. The total chlorine retention of Leca (65.16–72.43 g.) was
0.81–1.97 mg/L. The total chlorine concentration of the stormwater after contact with
Polski decreased about 1.1–1.7 times, and Polski’s removal efficiency of chlorine reached
approximately 43%, while that of Leca was about 76%. This can be explained by the LWAs’
size, porous structure and overall structure; a higher fraction size increases the porosity
and water immersion of the LWA. The second stage of batch test experiments followed
the same method but with following LWAs: Pollytag (J7, J8, J9) and Ceski (J10, J11, J12)
(Table 2).

Table 2. Batch test results (experimental runs I, II, III and IV according to the residual chlorine
concentration).

LWA Mass, g I
ppm

II
ppm

III
ppm

IV
ppm

Control stormwater sample 2.26 ± 0.23 4.06 ± 0.41 3.56 ± 0.36 2.08 ± 0.21
LWA Pollytag J7 172.51 1.88 ± 0.19 3.78 ± 0.38 3.48 ± 0.35 2.04 ± 0.20
LWA Pollytag J8 185.02 1.58 ± 0.16 3.72 ± 0.37 3.46 ± 0.35 1.84 ± 0.18
LWA Pollytag J9 159.75 2.23 ± 0.22 4.02 ± 0.40 3.40 ± 0.34 1.80 ± 0.18
LWA Ceski J10 181.97 1.92 ± 0.19 3.86 ± 0.39 3.32 ± 0.33 1.82 ± 0.18
LWA Ceski J11 187.53 1.98 ± 0.19 3.24 ± 0.32 2.76 ± 0.27 2.00 ± 0.20
LWA Ceski J12 190.74 1.64 ± 0.64 3.66 ± 0.37 3.18 ± 0.32 1.88 ± 0.19

Pollytag (159.75–185.02 g) retained total chlorine within the range of 1.58–3.78 ppm,
and Ceski (181.97–190.74 g) did so within 1.64–3.86 ppm. These results indicate that the
LWA Pollytag has a chlorine retention efficiency of about 16%, while Ceski’s retention
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efficiency is 18%. These results show that outdoor covers partially retain residual chlorine.
The LWA Leca reached a 76% retention efficiency and could be recommended for use in
green infrastructure as a drainage layer; fraction size was evaluated through the mesh
diameter of the sieve in mm. The results are presented in Figure 7.
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3.2. Column Experiment

A column experiment was conducted using peat with a fraction size of 0.1–5 mm,
wood chips with a fraction size of 20–50 mm and sawdust with a fraction size of 0.1–2 mm,
as well stormwater test samples contaminated with sodium hypochlorite with a concen-
tration following the WHO recommendations (1000 ppm). First, the experiment was
carried out using a 20 cm peat layer as the filter material. A control test was conducted
using the initial stormwater test samples to evaluate the tested water’s indicators (pH,
conductivity, turbidity).

Table 3 presents the indicator values of the initial stormwater before and after filtration.
The experiments revealed that an amount of residual chlorine is washed away and enters
the environment through runoff. The control test determined that the filtration of the
stormwater samples using peat increased the values of the water’s indicators.

Table 3. Stormwater indicators for control and after filtration.

Value pH Conductivity, µs/cm Turbidity, NTU

Initial Stormwater/
after Filtration

Initial Stormwater/
after Filtration

Initial Stormwater/
after Filtration

Minimum 6.66/7.05 86.5/118.5 0.10/0.15
Medium 6.92/7.46 92.6/189.4 0.15/0.21

Maximum 7.74/8.07 100.6/429.0 0.19/0.38

Table 3 shows that the medium pH before filtration was 6.92; meanwhile, the medium
pH obtained after filtration was 7.46. The medium conductivity of the water before filtration
was 92.6 µs/cm; after filtration it was 189.4 µs/cm. The water medium turbidity before
filtration was 0.15 NTU; after filtration it was 0.21 NTU. It is assumed that these changes
in the stormwater indicators might be influenced by the contact between the tested water
sample and the filter material as well as the type of filter material used.

The next stage of the column test was used to investigate peat’s capacity to retain
residual chlorine and conducted using stormwater synthetically polluted with sodium
hypochlorite (1000 ppm, as per WHO recommendations). The measured stormwater
indicators (pH, conductivity, turbidity, color) and the concentration of residual chlorine are
presented in Table 4.
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Table 4. Residual chlorine removed via peat filtration (experimental runs I, II, III, IV, V and VI).

Initial Stormwater I II III IV V VI

pH 7.9 5.5 6.6 5.8 6.5 5.9 6.8
Conductivity,

µS/cm 2.9 649 601 569 741 524 492

Turbidity, NTU 0.173 0.041 0.003 1.543 0.180 0.005 0.007
Color, AV 1.193 0.169 0.008 0.072 0.012 0.005 0.031
Residual

chlorine, ppm <0.01 0.02 0.60 0.46 0.08 0.01 <0.01

This experiment obtained pHs that varied between 5.5 and 6.8; compared with the
initial stormwater pH, this alkaline water became acidic. The conductivity varied between
492 and 501 µS/cm and the color varied between 0.003 and 0.169 AV after the peat filtra-
tion of the tested water. After filtration, the water’s turbidity varied between 0.003 and
0.180 NTU. The results demonstrate that turbidity-causing substances and colored sub-
stances were removed in a similar manner. The residual chlorine concentration was reduced
from 0.6 ppm to below the detection limit after the stormwater sample was filtered through
peat. The peat’s filtration efficiency depends on the properties of the peat and the test water.
Later experiments were carried out by changing the filter material. Further column experi-
ments were conducted using pine wood chips and pine sawdust instead of peat. Table 5
presents the results obtained when using wood chips with a fraction size of 20–50 mm to
filter synthetic stormwater samples contaminated with sodium hypochlorite.

Table 5. Residual chlorine removed via wood chip filtration (experimental runs I, II, III, IV, V and VI).

Initial Stormwater I II III IV V VI

pH 7.5 8.9 9.8 9.9 10.1 10.1 10.8
Conductivity,

µS/cm 20.9 481 553 604 581 615 522

Turbidity, NTU 1.248 1.396 1.345 1.312 1.244 1.217 1.266
Color, AV 0.128 0.224 0.192 0.163 0.130 0.119 0.142
Residual

chlorine, ppm <0.01 0.35 0.29 0.22 0.23 0.39 0.15

The results show that the pH value changed from 8.9 to 10.8; the stormwater test
sample was made more alkaline. This can be explained by the mutual reactions between
the disinfectant and the natural fiber present, as the sample’s conductivity ranged from
481 to 615 µS/cm. The presence of soluble substances in the filter medium impacted the
sample’s conductivity. Functional groups on the surface of the filter medium participate in
the reactions occurring between the solid surface and liquid. The water’s turbidity varied
slightly, between 1.217 and 1.396 NDV, and its color improved approximately two-fold,
from 0.119 to 0.224 AV. This shows that the substances that caused the turbidity were
removed faster than the substances that caused intense color. After filtering with wood
chips, the concentration of residual chlorine in the water sample was determined to be from
0.15 to 0.39 ppm. The wood chip’s chlorine removal efficiency was about 84–92%. Table 6
presents the measurements obtained when the test water was filtered through pine sawdust
(with a fraction size of 0–2 mm). Studies have demonstrated that small-sized sawdust is an
effective and low-cost waste material that can be used for the removal of various pollutants
from stormwater [35,48].
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Table 6. Residual chlorine removal via sawdust filtration (experimental runs I, II, III, IV, V and VI).

Initial Stormwater I II III IV V VI

pH 8.3 9.8 8.3 8.1 7.6 8.3 8.6
Conductivity,

µS/cm 40.6 643 600 764 671 643 639

Turbidity, NTU 1.151 1.249 1.370 1.205 1.265 1.160 1.131
Color, AV 0.084 0.104 0.118 0.089 0.131 0.080 0.067
Residual

chlorine, ppm <0.01 0.48 0.28 0.17 0.09 0.09 0.08

The tested water’s pH varied between 7.6 and 9.8 (making it an acidic medium), its
conductivity changed from 124 to 764 µS/cm, its turbidity from 1.131 to 1.249 NTU, and its
color from 0.067 to 0.131 AV. Compared with the initial stormwater indicators, the water’s
turbidity and color changed slightly after this filtration. The concentration of residual
chlorine in the water after filtration was established to be in the range of 0.08–0.48 ppm. It
is assumed that the intensity of the tested water’s turbidity is influenced by its contact with
the filter material. Conductivity is an important property of water; a higher conductivity
leads to higher concentrations of dissolved electrolyte ions in the water. An increase
in conductivity indicates that the filter material effectively adsorbs disinfectants. This
experiment determined that the efficiency of sawdust in removing residual chlorine varied
from 80 to 96%.

3.3. Raised Garden Bed

The field experiments in the raised garden bed aimed to analyze different plants’
abilities to retain residual chlorine, and the results are presented in Table 7. The samples
were analyzed using X-ray fluorescence spectrometry (XRF) with a detection limit of
approximately 10 µg/g and a standard deviation of 0.00012–0.04.

Table 7. Results of plants’ phytoremediation of residual chlorine.

Sample Cl
ppm

K
ppm Ca ppm Cr

ppm
Fe

ppm
Cu

ppm
Zn

ppm

Test sample TP1 * <LOD 2670.73 56,467.4 <LOD 932.56 13.77 82.27
Test sample TP2 * <LOD 12,050.57 51,332 <LOD 682.25 <LOD 19.33
Test sample TP3 * <LOD 12,104.38 52,326.03 <LOD 1505.58 16.23 7.75
Test sample PS1 ** <LOD 2821.07 62,694.84 <LOD 985.75 34.03 9.08
Test sample PS2 ** <LOD 65,893.4 27,297.06 37.64 156.91 18.89 71.79

Test sample PSAW *** <LOD 75,360.3 15,043.22 <LOD <LOD <LOD 25.00
Sample TPAW **** <LOD 3072.12 48,768.43 75.59 885.89 <LOD 36.3
Sample PSAW *** <LOD 3465.48 48,259.56 71.6 986.89 21.58 36.14

Test sample TPAW **** after watering <LOD 22,829.43 62,847.73 <LOD <LOD <LOD 32.52
Test sample LWA TP (693 g) <LOD 35,446.31 36,728.77 67.73 54,119.77 49.07 2291.68
Test sample LWA PS (459 g) <LOD 36,193.05 38,863.56 68.5 58,878.71 59.47 2569.19

Test sample 1TPS ***** (121 g) <LOD 3570.53 62,603.3 <LOD 1502.04 16.5 12.00
Test sample 1PSS ***** (100 g) <LOD 4314.92 58,666.03 <LOD 1264.57 20.77 11.12

*—Test sample of Tagetes patula before watering; **—Test sample of Pisum savitum before watering; ***—Samples
of Pisum savitum after watering; ****—Samples of Tagletes patula after watering; *****—Samples of substrate;
LOD—lower limit of detection.

Table 7 presents the results obtained from the testing of plants (Tagetes patula or Pisum
savitum) watered with a sodium hypochlorite solution by analyzing the GI layers applied
in the raised bed’s construction (filtering layer, drainage layer). The experiment revealed
that the residual chlorine in the test samples was below the equipment’s detection limit. It
is assumed that the experiment’s results were caused by the plants’ ability to transpirate
chlorine through their vegetation system, results that are explained by the plants’ ability to
survive in stressful conditions due to their ability to limit the entry of toxic ions into their
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cells [49]. During the experiment, no harmful effects of residual chlorine (changes in plant
growth, plant color, leaf size, etc.) were detected in the selected plants. This has shown that
residual chlorine has worked as a useful microelement for plant nutrition. Studies have
highlighted that, in some cases, low concentrations of pollutants might have a positive
impact on plants, but that higher doses have a harmful effect [50]. The raised bed test was a
preliminary experiment used to analyze the phytoremediation capacities of plants towards
residual chlorine. This field experiment needs to be continued in order to verify the obtained
results and to evaluate the plants’ ability to reduce chlorine concentrations. The important
implications and limitations of this study are the determination of the properties of waste
materials that render them useful for chlorine removal and the additional involvement of
phytoremediation for some commonly used and chlorine-resistant plants.

4. Conclusions

In order to achieve sustainable stormwater management, as well as the Green Deal and
circular economy goals, the use of low-cost, recyclable materials and plants is recommended
in the treatment of stormwater polluted with chlorine-based disinfectants. Our research
revealed that the efficiency of a stormwater treatment depends on the type of filter material,
the LWA and plants species used.

These experiments determined the impact of residual chlorine on stormwater’s quality
indicators (pH, conductivity, turbidity, color). Its medium pH before filtration was 6.92;
meanwhile, after filtration it was 7.46. Its medium conductivity before filtration was
92.6 µs/cm, while after filtration it was 189.4 µs/cm. Its medium turbidity before filtration
was 0.15 NTU, while after filtration it was 0.21 NTU. These changes in the stormwater’s
quality indicators might be influenced by the contact between the test water samples and
the filter materials, as well as the type of filter material used.

Our experiments show that filtration efficiency depends on various factors: the type
of filter material used, the concentration of chlorine-based disinfectants used, the solution’s
acidity and the contact time between the filter material and the polluted stormwater. Our
column and batch tests demonstrated the efficiency of wood chips, sawdust and LWAs at
retaining chlorine; the sawdust’s efficiency reached approximately 96%, while the LWA
Leca’s efficiency was approximately 76%.

The difference in these findings could be caused by climatic conditions, the contact
time between the filter material and polluted stormwater, etc. Therefore, it is necessary to
continue this experimental research under field conditions.

The use of phytoremediation systems and lightweight aggregates is well established
in the removal of chlorine. These green solutions can be used to remove chlorine from
stormwater and partially regenerate raised plant beds.
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