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• Bark and biochar as matrix improve
micropollutant removal in a constructed
wetland.
• UVC pre-treatment of constructed
wetland influent enhances micro
pollutant removal.
• UVC pre-treatment reduces micro
pollutant accumulation in plants.
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The contamination of the aquatic environment by micropollutants (MPs) brings risks for the ecosystem and
human health. Constructed wetlands (CWs) were an eco-friendly technology to remove MPs from wastewater
treatment plant effluent. In this study, the removal of MPs was evaluated in seven vertical flow mesocosm CWs
with different configurations, including different support matrices (sand and a combination of bark-biochar),
light pre-treatments (UVC and sunlight) or bioaugmentation in support matrices (activated sludge). The CWs
with bark-biochar as support matrix significantly enhanced the removal of irbesartan and carbamazepine (>40
%), compared to the CW filled with the conventional support matrix sand. UVC irradiation as pre-treatment was
more efficient in removing MPs than sunlight irradiation. After UVC pre-treatment, less MPs accumulated in the
plants in the subsequent CW unit compared to the CW unit without any pre-treatment. Moreover, in the UVC
combined CW system, less sulfamethoxazole, furosemide, mecoprop and diclofenac were accumulated in the
plants (<0.5 μg) than other MPs (>3 μg). The addition of 0.5 % activated sludge combined with the aeration of
influent did not improve MP removal in the CW. Considering the application, a bark-biochar based CW combined
with UVC pre-treatment will result in more MP removal than a conventional sand CW.
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1. Introduction
The impact of MPs on safe water quality is getting more attention
over the years. Micropollutants (MPs) include various synthetic organic

chemicals, such as pharmaceuticals, personal care products, steroid
hormones, industrial chemicals and pesticides (Luo et al., 2014). MPs
are widely detected at trace concentrations ranging from ng/L to μg/L in
the aquatic environment, such as wastewater, surface water,
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Fig. 1. Set-up of the seven mesocosm CW systems (S1 – S7). S1 is a CW filled with sand. S2 – S7 are the bark-biochar based CWs: without any integration (S2),
combined with UVC or sunlight pre-treatment (S3 and S4), aerated influent and 0.5% activated sludge addition (completely mixing in S5 and a layer in the middle of
the CW unit in S6), and aerated influent (S7).

groundwater and drinking water (Luo et al., 2014). The presence of MPs
in the aquatic environment poses potential negative impacts on human
health and ecosystems after short-term/long-term exposure.
The presence of MPs in the surface water is mainly attributed to the
discharge of wastewater from conventional wastewater treatment plants
(WWTPs), as current WWTPs are not specifically designed to treat MPs
(Kasprzyk-Hordern et al., 2009; Luo et al., 2014). Additional treatments
are needed at WWTPs to reduce the emission of MPs, such as using a
constructed wetland (CW). CWs are engineered wetland systems, which
are able to remove contaminants present in wastewater using natural
processes in a well-controlled environment (Vymazal, 2011). CWs
consist of water, support matrix, plants, and microorganisms (Gorito
et al., 2017). Complex physical, chemical, and biological processes take
place in CWs, including volatilization, photodegradation, sedimenta
tion, sorption, biodegradation, plant uptake and phytovolatilization,
and affect the removal of organic chemicals (Imfeld et al., 2009; Susarla
et al., 2002).
CWs can remove MPs from WWTP influent and effluent (He et al.,
2018; Hijosa-Valsero et al., 2010; Verlicchi and Zambello, 2014; Vys
tavna et al., 2017; Zhang et al., 2014). However, the removal efficiency
of MPs in CWs differs due to various factors. For example, the
physical-chemical properties of MPs can influence their removal in a
CW. More than 79% (median removal) of caffeine, naproxen, metoprolol
and ibuprofen were removed in a horizontal subsurface flow CW,

whereas less than 45% (median removal) diclofenac and carbamazepine
were removed in the same CW (He et al., 2018). Other factors that can
influence MP removal are the configuration of CWs, plants presence and
plant species, feeding mode (continuous/batch), type of support matrix,
hydraulic parameters (residence time and flow rate) and influent quality
(He et al., 2021; Zhang et al., 2014). Optimizing the design of CWs is
essential in improving MP removal.
When designing a CW for MP removal, various strategies to enhance
the removal pathways (e.g., adsorption, photodegradation and biodeg
radation) can be considered. We recently suggested a combination of
bark and biochar as a support matrix in a CW, due to its high MP
adsorption capacity compared to the conventional support matrix sand
(Lei et al., 2021). Furthermore, combining light-based treatments (e.g.,
natural and simulated sunlight) with a CW can further enhance MP
removal through photodegradation (Andreozzi et al., 2003; Dong et al.,
2015; Lam and Mabury, 2005; Mathon et al., 2021; Wang et al., 2017).
Alternatively, engineered ultraviolet C light (UVC) can also photo
degrade MPs (Canonica et al., 2008; Carlson et al., 2015; Lekkerker
ker-Teunissen et al., 2012; Moreira et al., 2016; Pereira et al., 2007;
Rivas et al., 2011). Increasing the development and activities of biomass
(i.e., microorganisms) may also improve MP degradation in CWs. For
example, a CW can be bioaugmented with activated sludge, which
contains bacteria and other microfauna and flora (Scholz, 2015). How
ever, it is unknown to which extent such strategies and their
2
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combinations can enhance MP removal in a CW, and how this affects the
functioning of plants and microorganisms.
This study aimed to investigate various designs of CWs for their ca
pacity to remove eleven selected MPs. Experiments were performed in
seven mesocosm CWs, varying in support matrices (sand and a combi
nation of bark and biochar), light pre-treatments (UVC and sunlight) and
bioaugmentation in support matrices (activated sludge).

wavelength from 300 to 800 nm was used, which is close to the wave
length of real solar irradiation 290–800 nm (Challis et al., 2014). The
distance between the Xenon lamps and the water surface was 55 cm. The
light intensity of Xenon lamps was measured with a light meter
(LI-250A) equipped with a quantum sensor (LI-COR, The Netherlands).
The influent was exposed to this artificial sunlight for 24 hours before
pumping it into the CW unit of S4.
In S5, 0.5 % activated sludge (v/v) was mixed through the 15 cm
bark and biochar layer. In S6, 0.5 % activated sludge (v/v) was added as
approx. 0.5 cm layer in the middle of the biochar and bark layer. Acti
vated sludge was collected from Bennekom WWTP (Wageningen, the
Netherlands, the composition in Appendix C), and centrifuged at 4500
rpm for 20 minutes. The pellet was used to bioaugment S5 and S6.
Influent of S5 – S7 was aerated with air for 1 h before pumping into the
downstream CW units. An air pump with four channels was used in this
process.

2. Materials and methods
2.1. Chemicals and reagents
Mecoprop (MCPP), sulfamethoxazole (SMZ), trimethoprim (TMP),
diclofenac (DFC), carbamazepine (CBZ), benzotriazole (BTA), furose
mide (FRS), caffeine (CAF), metoprolol (MET) and propranolol (PRO)
were purchased from Sigma (U.S). Irbesartan (IBT) was bought from
Tokyo Chemical Industry (Japan). Internal standards mecoprop-D6 and
caffeine-D9 were purchased from Toronto Research Chemicals (Toronto,
Canada), propranolol-D7 from MERCK (the Netherlands), and
sulfamethoxazole-D4, diclofenac-D4 and furosemide-D5 were purchased
from LGC (Germany). The physicochemical characteristics of these MPs
are shown in Appendix A. Methanol and formic acid were purchased
from Biosolve BV (The Netherlands). Acetonitrile and ultra-pure water
were purchased from Actu-ALL Chemicals (the Netherlands). A Milli-Q
system was used to provide Milli-Q water (Millipore, USA).

2.3. Operation and sampling strategies
The CW units were placed in a climate chamber (HPS, 1500, HER
AEUS VOTSCH GmbH, Germany) and the pre-treatment units were
installed outside of the climate chamber. The operation took place in
two phases with total 161 days. In phase 1, all CW units were fed with
100 % Hoagland medium dissolved in municipal WWTP effluent (Ben
nekom WWTP, Wageningen, the Netherlands) for 35 days to initiate
plant growth. The composition of the used effluent is similar to
described in Lei et al. (2021). In phase 2, the mesocosm CW systems
were fed with a mixture of the municipal WWTP effluent and MP solu
tion for 126 days. The concentration of MPs in the influent was 8 μg/L
(per compound), which was diluted from a 11 MP solution of 500 mg/L
(each compound) in methanol. The used concentration of MPs was close
to their concentrations detected in wastewater effluent of the Bennekom
WWTP (Appendix D).
After pre-treatment in S3 – S7, all CW units were operated in a batch
feeding mode and the retention time was 3 days. Each batch cycle
included influent feeding, resting and draining. Influent of 3.3 L was
vertically pumped into the CW unit with a 505U pump (WATSON
MARLOW, USA) at a flow rate of 100 ml/min. Then, the water remained
in the CW unit for 2.96 days (i.e., 71 hours). Thereafter, the effluent was
completely drained from the CW unit in 0.04 days (i.e., 1 hours). This
fed-batch cycle was repeated continuously in phase 2. Such a batch
feeding, combined with a retention time, has also been used in other
vertical flow CWs designed for MP removal (Dan et al., 2017; Marcelino
et al., 2020; Sochacki et al., 2018). During phase 2, liquid samples of 2
mL were collected at the sampling points (Fig. 1) every 3 days and
processed for chemical analysis. There was no sampling performed in
phase 1, as phase 1 was used to promote plant growth in the CWs and
MPs were not spiked into the influent. The weight of the collected CW
effluent was measured in each cycle by a scale (Sartorius, Germany) to
calculate the volume of the treated effluent.

2.2. Configurations of mesocosm CW systems
Seven mesocosm CW systems (S1 – S7) were built (Fig. 1), with the
CW unit made of glass (25 × 25 × 25 cm3). S1 and S2 consisted of only
the CW unit, while S3 – S7 consisted of a pre-treatment unit and a CW
unit.
The seven CW units were planted with Typha angustifolia (Wasserp
flanzengärtnerei, Eschede, Germany). Before transferring the plants to
CW units, the roots washed plants were cultivated in pots with clean
gravel (8–12 mm, GAMMA, the Netherlands) for nine weeks. All pots
were fed with WWTP effluent (Bennekom, the Netherlands), spiked with
100% Hoagland medium (Cui et al., 2015). These pots were placed in a
climate chamber (HPS, 1500, HERAEUS VOTSCH GmbH, Germany).
The settings of humidity, temperature, and light cycles were the same as
in the study of He et al. (2018), mimicking a moderate climate summer
day and night cycle. The average intensity of the light was 250
μmol/m2/s. After nine weeks, the plants with many green leaves were
selected, and two of them were randomly transferred to each CW unit.
The CW unit of S1 (a control) contained support matrix with four
layers (from bottom to top): 3 cm gravel (8–12 mm, GAMMA, the
Netherlands), 2 cm glass beads (8 mm, VWR, Czech Republic), 15 cm
sand (0.2 mm, GAMMA, the Netherlands) and 2 cm gravel. The CW units
of S2 – S7 had the same support matrix structure, with 15 cm of a
mixture of bark (made from Portuguese bark, 5–25 mm WELKOOP, the
Netherlands) and biochar (made from cow manure, 0.5–5 mm, MAVI
TEC, the Netherlands) with a wet volume ratio of 9:1. The use of bark
and biochar was based on Lei et al. (2021). All materials (gravel, glass
beads, sand, bark and biochar) were rinsed and dried before use as
described by before (Lei et al., 2021).
In S3, a UVC lamp with 254 nm wavelength (18 W, Van Remmen,
The Netherlands) was used as a light pre-treatment unit. The distance
between the UVC lamp and the water surface was 60 cm. The absolute
irradiation of UVC was measured with a spectroradiometer (USB2000+,
Ocean Insight). The used UVC lamp fully irradiated the influent (5 cm
water depth, Appendix B), taking into consideration that the trans
mittance of UVC decreased with water depth (Ignat et al., 2015). The
WWTP effluent that was used as influent of the CWs was exposed to UVC
light for 24 h before pumping into the CW unit.
In S4, four Xenon high-intensity discharge lamps (55 W, STATRON,
Germany) were used to mimic sunlight as a pre-treatment unit. A

2.4. MP extraction from plant tissues
The extraction of MPs from plant tissues was based on a modified
method from He et al. (2017). Fresh plant tissues of 3 g were used for this
extraction. Solid-phase extraction (SPE) with Oasis HLB SPE cartridges
(500 mg, 6 mL, Waters, USA) was used to clean up and concentrate the
extracts before chemical analysis. First of all, the cartridges were
pre-conditioned with 5 mL methanol, followed by 5 mL equilibrating
water (5 mL deionized water: 50 μL pH 10 buffer). After that, the
extracted samples of 2 mL were loaded onto the cartridges. Then the
cartridges were washed with 5 mL of equilibrating water. Finally, the
MPs were eluted from the cartridges with 10 mL 2 % NH4OH in meth
anol. The extracts were evaporated until dryness under a gentle N2 flow,
and re-dissolved in 500 μL of 3.3 % methanol in ultrapure water. The
extracts were stored at - 20 ◦ C before chemical analysis. The validation
3
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Table 1
Average removal of 11 MPs (in %) by S1 - S7 in phase 2. Data are mean value ± standard deviation (n = 3)
from day 102, 111 and 126 (S1, S2, S3 and S7) or day 66, 75 and 126 (S4, S5 and S6). S1 is a CW filled with
sand. S2 - S7 are the bark-biochar based CWs: without any integration (S2), combined with UVC or sunlight
pre-treatment (S3 and S4), aerated influent and 0.5 % activated sludge addition (completely mixing in S5 and
a layer in the middle of the CW unit in S6), and aerated influent (S7).

Fig. 2. Removal of 11 MPs by the sand CW (S1) and the bark-biochar CW (S2).

of the MP extraction method is shown in Appendix E.

calibration standards showed a good linearity (R2 > 0.99) (results not
shown).

2.5. Chemical analysis

3. Results and discussion

2.5.1. Water quality parameters
Dissolved oxygen, pH, and conductivity in the liquid samples were
measured with a HQ40d multi-meter (Hach, USA).

3.1. CW with bark-biochar
After start-up, the studied mesocosm CW systems (S1 - S7) showed an
overall high removal (> 80 %) for most MPs in phase 2 (Table 1). The
bark-biochar based CW systems (S2 - S7) significantly improved the
removal of IBT and CBZ with more than 30 % compared to only sand
(S1). To date, this study is the first to report IBT removal in sand-based
vertical subsurface flow CW with 45 %. The poor removal of CBZ in the
sand CW S1 (34 %) is similar to results with other sand/gravel-based
vertical flow subsurface flow CWs that showed a removal efficiency of
less than 30 % (Matamoros et al., 2007; Nivala et al., 2019; Rühmland
et al., 2015).
The presence of bark-biochar as a matrix showed a positive effect on
the removal of MPs in a CW during the operation (126 days). In the startup of phase 2 (from day 0 to day 27), the bark-biochar based CW (S2)
showed a higher removal of CBZ, SMZ, IBT and MCPP than the sand CW
(S1) (Fig. 2). The sand CW even showed no removal of IBT and MCPP
from day 24 to day 27. After this start-up, the CW with bark-biochar
continued to show a higher removal of IBT and CBZ (>80 %) than the

2.5.2. MP concentrations
Samples from the CWs were centrifuged for 10 min at 15,000 rpm,
and the supernatants were stored at − 20 ◦ C before analysis. The con
centrations of 11 MPs in the samples were measured by Triple quad
5500+ QTRAP Ready liquid chromatography-mass spectrometry (LCMS) (SCIEX, the Netherlands). The column used was Kinetex® 1.7 μm
Phenyl-Hexyl 100 A (Phenomenex, USA). The temperature of the col
umn compartment was 35 ◦ C. A sample of 25 μl of was injected per
analysis. Two eluents were used in the analysis: ultra-pure water with
0.1 % fumaric acid (eluent A), and acetonitrile with 0.1 % fumaric acid
(eluent B). The flow rate of the eluent was 0.4 ml/min. A sample was
analyzed in 12.4 min: 95 % eluent A and 5 % eluent B were used in the
first 3.5 minutes; from 3.5 minutes to 6.5 minutes, eluent A gradually
decreased to 20 % and eluent B increased to 80 %; in the last minutes,
eluent A gradually increased to 95 % and eluent B reduced to 5 %. The
detection range of MPs on the used LC-MS was 50–900 ng/L. The
4
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Fig. 3. Amount of 11 MPs in plants of the sand CW (S1) and the bark-biochar CW (S2) after 126 days. Data are mean value of plant tissue duplicates ± standard
deviation (n = 2).

CW filled with sand (30 %–60 %). This means that the bark-biochar
based CW was able to show a constant and better removal of MPs dur
ing the operation than the sand CW. This attributes to the high sorption
capacity of bark and biochar, as previously demonstrated by Lei et al.
(2021). In the bark-biochar based CW, the removal of MCPP and IBT
showed initially a slight decrease, and increased to more than 80 % after
the start-up. This presents the potential of the bark-biochar based CW to
adapt for the removal of MCPP and IBT.
The CW filled with bark-biochar (S2) and sand (S1) showed a similar
removal (>80 %) for TMP, MET, BTA, CAF, PRO, FRS and DFC. This
means no significant added value of using the bark-biochar over the sand
to improve the removal efficiency of these MPs. In abiotic column

experiments, these 7 MPs showed a better removal with bark-biochar
than with sand, showing the better MP sorption with bark-biochar (Lei
et al., 2021). Therefore, the similar removal found in the two bioactive
CWs in our current study shows that other MP removal processes, such
as biological processes (e.g., biodegradation and plant uptake), play an
important role.
All 11 studied MPs were detected in the plants of the bark-biochar
and the sand CWs (Fig. 3 and Appendix F), showing that the plants in
our CWs contributed to the observed removals (Table 1). More MPs
accumulated in roots and rhizomes than leaves (Appendix F). This shows
that the plants took up MPs from the influent via their roots and rhi
zomes, followed by transport of the MPs to the leaves.

Fig. 4. Average removal of 11 MPs in the bark-biochar CW coupled to UVC pre-treatment (S3) or sunlight pre-treatment (S4) in phase 2. Data are mean value ±
standard deviation (n = 3) from day 102, 111 and 126 (S3) or day 66, 75 and 126 (S4).
5
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Fig. 5. Amount of 11 MPs in plants of the bark-biochar CW alone (S2) and the bark-biochar CW coupled with UVC pre-treatment (S3) after 126 days operation. Data
are mean value ± standard deviation (n = 2).

The presence of bark-biochar leads to less accumulation of BTA, IBT,
CBZ, CAF, PRO and SMZ in the plants, but a higher accumulation of
TMP, MET, FRS, MCPP and DFC, as can be seen by comparing the results
from the CW unit of S2 and S1 after 126 days (Fig. 3). This means that
the presence of bark-biochar changed the removal processes of the
studied MPs in the CW. Since the overall removal efficiencies of most
MPs were similar in the two CWs (Table 1), the bark-biochar matrix
altered the sorption and/or biodegradation process(es) of MPs in the
system, thus resulting in a higher/lower uptake in plants, depending on
the MP.

few studies reported UVC removal mechanisms towards FRS in waste
water. Only one study reported that UV treatment for disinfection
removed 40 % of FRS in wastewater (Park et al., 2017). This is in line
with the findings of the present study showing that FRS is photo
degraded by UVC irradiation.
UVC irradiation showed a poor photodegradation (<40 %) towards
TMP, MET, CBZ and CAF. This means UVC irradiation is not an efficient
way to remove these chemicals from water, i.e. other removal processes
are needed. For example, TMP was removed appr. 25 % by UVC irra
diation (Appendix G). Previous studies also showed such a low removal
efficiency of TMP in WWTP effluent after UVC exposure, such as De la
Cruz et al. (2012) with only 7 % after 10 minutes and Moreira et al.
(2016) with 39 % after 180 minutes. The resistance of TMP towards UVC
irradiation attributes to its photochemical properties. The molar
extinction coefficient and quantum yield are important photochemical
parameters to determine the photodegradability of an organic com
pound (Yuan et al., 2009). TMP has a high molar extinction coefficient
(i.e., 3.86 ± 0.07 × 103 M− 1 cm− 1), but small quantum yield (i.e., 1.50
±0.03 × 10− 3 mol E− 1) at 254 nm wavelength, therefore resulting in a
low photodegradability under UVC irradiation (Zhou et al., 2020).
After UVC irradiation, the residual MPs in treated wastewater were
further removed by the bark-biochar CW unit. The presence of UVC pretreatment significantly reduced the amount of most MPs in the plants of
the CW unit (S3) with more than 2.5 μg compared with the CW alone
(S2) (Fig. 5). Moreover, plants in the CW unit of S3 accumulated much
less SMZ, FRS, MCPP and DFC (<0.5 μg) than other MPs (>3 μg). This
explains that most of the MPs were already removed from the CW
influent by the UVC pre-treatment (Fig. 4). MPs are able to induce
phytotoxicity in plants, which is influenced by many factors, such as
specific compounds, concentrations and plant species (Carvalho et al.,
2014). Less MP accumulation can reduce phytotoxic effects on plants,
and are therefore conducive to the performance of CWs, and the reuse
and/or disposal of harvested plant tissues.

3.2. CW with light pre-treatment
Light-sensitive pollutants can be photodegraded in surface flow CWs
in which the water is directly exposed to light, while photodegradation
cannot occur in subsurface flow CWs (Dordio and Carvalho, 2013). In
this study, UVC and sunlight were tested as a light pre-treatment to
improve the photodegradation of MPs in subsurface flow CWs. In the
pre-treatment unit, the studied sunlight irradiation removed
light-sensitive MPs from WWTP effluent after exposure, such as FRS (35
%) and SMZ (23 %) (Fig. 4). FRS is easily photodegraded in WWTP
effluent under solar irradiation and was transformed with 45 % into a
dimer after 36 hours of exposure (Della Greca et al., 2004). SMZ is
susceptible to sunlight photodegradation in WWTP effluent, with a short
half-live of 3.8 hours reported by Wang et al. (2017). The rapid photo
degradation of SMZ in WWTP effluent attributes to both direct and in
direct photolysis reactions, including 48 % by direct photolysis, 36 % by
reaction with hydroxyl radicals and 16 % through reaction with triplet
excited effluent organic matter (Ryan et al., 2011). In general, UVC
irradiation showed a higher removal for all MPs than sunlight irradia
tion (Appendix G), thus contributing more to the total removal effi
ciencies (Fig. 4). This means that UVC irradiation is more efficient in
removing MPs from wastewater than a mild sunlight irradiation.
UVC irradiation efficiently removed four MPs (SMZ, DFC, FRS and
MCPP) with appr. 100 % (Fig. 4), indicating these MPs to be more
susceptible to UVC light than the other tested MPs. Efficient UVC driven
photodegradation of DFC and MCPP was also reported by De la Cruz
et al. (2012) and Giannakis et al. (2015). They found that DFC and MCPP
are readily photodegradable (close to 100 %) in WWTP effluent exposed
to UVC irradiation for a very short time (10 minutes). SMZ was removed
close to 100 % by UVC irradiation in the present study, a factor of two
higher than found by De la Cruz et al. (2012) after UVC exposure for 10
minutes. This means that UVC irradiation is a possible solution to
remove SMZ, but its removal efficiency is influenced by many factors,
such as the nature of the wastewater and/or the exposure time. To date,

3.3. CW with activated sludge addition coupled with aeration
Activated sludge was used as a biological additive applied to the
bark-biochar CW unit of S5 and S6. Together with the use of activated
sludge, aeration was applied to the influent of CW S5 – S7, in order to
provide sufficient dissolved oxygen to maintain aerobic activity (Ozturk
et al., 2016). After aeration, the concentration of dissolved oxygen in the
influent increased from 7.9 ± 0.9 mg/L to 10.2 ± 0.5 mg/L. This
increased oxygen concentration in the influent resulted in a higher ox
ygen consumption in the CW with aeration (79 % ± 0.04 in S7) than in a
CW without aeration (62 % ± 0.1 in S2). This means that aerating the
6
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Fig. 6. Removal of 11 MPs by the bark-biochar based CWs with 0.5 % activated sludge (i.e., completely mixing in S5 and a layer in the middle of the CW unit in S6),
and without activated sludge addition (i.e., S7). Aeration was applied to the influent of S5 – S7.

influent increased the activity of aerobic microorganisms, as we saw a
higher oxygen consumption in the CW. However, it did not result in an
increased overall MP removal (S2 in Fig. 2 and S7 in Fig. 6). This shows
that the oxygen concentration was not a limiting factor for MP removal
in the bark-biochar CW. Hence, aeration of CW influent is not a proper
strategy to improve MP removal in a bark-biochar CW.
Activated sludge of 0.5 %, as well as its two addition ways (i.e.,
complete mixing in S5 and a layer in the middle of bark-biochar matrix
in S6), had no significant effect on improving MP removal compared to
the CW without activated sludge (S7) (Fig. 6). The quantity, quality and/
or activity of the studied activated sludge also did not impact the plant
growth in any of the CWs tested.

dose, and a sustainable and environmental-friendly light source etc.
4. Conclusions
The removal of MPs was studied in CWs with various configurations.
The presence of bark and biochar as support matrix increased the
removal of MPs in a CW than the conventional support matrix sand. UVC
irradiation was more efficient in removing MPs from WWTP effluent
than sunlight irradiation as pre-treatment of a CW. Moreover, UVC pretreatment also reduced MP accumulation in the plants of a CW. The
addition of 0.5 % activated sludge and aeration of influent did not
significantly improve MP removal in a CW.
To conclude, combining UV pre-treatment with a bark and biochar
CW is a promising way to improve MP removal. Future studies can
elucidate the feasibility and application of this new CW system, taking
also cost and/or energy-efficiency into account.

3.4. Implications and limitations
This study investigated various configurations of CWs to enhance the
removal of MPs from municipal WWTP effluent. Our results show that a
bark-biochar based CW coupled with a UVC pre-treatment has good
potential to improve MP removal in practice. The bark-biochar CW was
able to efficiently remove MPs (>80 %) from water of various sources,
including the original WWTP effluent, and the WWTP effluent pretreated by UVC irradiation, sunlight irradiation or aeration. Bark is a
natural material and biochar is made from cow manure, and their use as
a support matrix is of interest in a CW; they are low-cost and
environmental-friendly materials, and can provide extra nutrients for
plants and microorganisms in a CW.
UVC pre-treatment is an efficient way to remove MPs, especially
light-sensitive MPs, and results in a reduction of MP accumulation in the
plants of a CW. This implies that combining UVC pre-treatment with a
CW can improve MP removal, and extend the lifetime of the CW, due to
less adsorption of MPs in the support matrix and reducing the phyto
toxicity of MPs towards plants. Moreover, due to the efficient removal
performance of this system, it will also reduce the land use of CWs in
practice.
Nevertheless, there are certain limitations associated with the pre
sent application. For example, even though our study proved the posi
tive effect of using bark and biochar on improving MP removal, the
optimal ratio of bark and biochar needs to be explored further, consid
ering a cost-efficient application. This research was conducted in an
indoor climate chamber with real wastewater to study the optimal
removal performance of the bark-biochar CWs. Experiments with out
door CWs are needed to further assess the CWs’ performance in real
environments and outdoor conditions. The studied UVC irradiation
shows a good ability to remove MPs. However, taking into account
energy-efficiency in a long-term operation, it is of interest to explore an
optimal manner to use UVC when combining with a CW. More research
is required to better determine e.g., the optimal exposure time and UVC
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