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Abstract

Nowadays, the contamination of micropollutants (MPs) in surface water and wastewater
has been paid more and more attention because they are resistant to the environment and
cannot be removed completely by wastewater treatment plants. Constructed wetlands (CWs)
as an economic, landscape-valued and sustainable treatment method are widely used. The
natural structures of constructed wetlands including substrates, water and plants constitute
an advantageous environment for the removal of MPs by multiple interrelated mechanisms.
Several types of CWs with different characteristics, such as different water-saturated levels
and various kinds of substrates can be used to treat wastewater containing MPs. So far, the
effect of water-saturation level, especially the efficiency of partially-saturated systems, on
the removal of MPs in CWs has been scarcely discussed in the literature. In addition, side-
by-side comparison of the MPs removal efficiency in CWs with various saturation levels
is rare. Therefore, this study explored the removal of organic MPs in CWs on the lab or
mesocosm scale, investigating the influence of different water-saturated levels (unsaturated
partially-saturated and saturated) and different types of substrate amendments (woodchips,
iron chips and their mixture) on the degradation efficiency. The main objectives of this
study were to (1) investigate the effect of different water-saturation levels in CWs on MPs
removal from household wastewater; (2) evaluate the impact of the introduction of
woodchips and iron chips on the MPs removal; (3) explore the effect of various saturation
levels and the amendments on the removal of standard contaminants, in particular total
nitrogen. This doctoral research was divided into three experiments. The experiment 1
investigated the removal of bisphenol S (BPS), fipronil (FPN) and ketoprofen (KTP) under
various saturation conditions: unsaturated, partially-saturated and saturated, and mimicked
the conditions occurring in unsaturated, partially-saturated intermittent vertical-flow CWs
and in horizontal-flow CWs, respectively. The experimental CWs were operated BPS and
KTP exhibited contrasting behaviour against FPN in the CWs. Namely, BPS and KTP were
almost completely removed in the unsaturated CWs without a considerable eftect of plants,
but their removal in saturated CWs was only moderate (approx. 50%). The plants had only
a pronounced effect on the removal of BPS in saturated systems, in which they enhanced
the removal by 46%. The removal of FPN (approx. 90%) was the highest in the saturated
and partially-saturated CWs, with moderate removal (66.7%) in unsaturated systems.
Noteworthy, partially-saturated CWs provided high or very high removal of all three
studied substances despite their contrasting degradability under saturated and unsaturated
conditions. The removal of the micropollutants in partially- saturated CWs was comparable
or only slightly lower than in the best treatment option making it the performance all-
rounder for the compounds with contrasting biodegradability properties. The experiment 2
evaluated the removal efficiency of BPS, diclofenac (DCF), fluconazole (FCZ), ketoprofen
(KTP), sulfamethoxazole (SMX), sulfanilamide (SNM) and 5-amino-3-methylisoxazole
(ISX) under unsaturated CWs and saturated CWs separately in the first stage of this
experiment. In the second stage, the mechanism of SMX in anoxic biofilters supplemented
with iron chips and woodchips was explored. It was hypothesized that the presence of
reducing conditions (additionally imposed by woodchips) and Fe (II) (from iron chips)
would promote the reduction of SMX within its isoxazole cleavage. To better understand
the degradation mechanisms two analogues of the SMX subunits: SNM and ISX, were also
added to separate influents. The influent was a simulated household wastewater. The
experimental system consisted of up-flow columns filled with sand (negative control
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system), woodchips (10% v/v), iron chips (10% v/v), and mixed woodchips and iron chips
(10% v/v each). The presence of iron chips (also in a mixture with woodchips) improved
the removal of SMX by 68% (from 28% to 96%). The removal of SNM was negligible in
all the types of columns used and, on the other hand, the removal of ISX was almost
complete in all the types of treatments. Non-target LC-MS/MS analysis confirmed cleavage
of the isoxazole ring within the structure of SMX. The ecotoxicity tests showed the toxicity
of the influent and effluents containing SMX towards the plant Sinapis alba. The removal
of SMX was reflected in decreased toxicity reaching a stimulative effect. On the other hand,
the influent and effluents with ISX exhibited the inhibition of A/iivibrio fischeri. In contrast
to the effect of SMX, the removal of ISX only slightly decreased the toxic effect. The
experiment 3 evaluated the effect of partially-saturated and unsaturated planted constructed
wetlands on the removal of 26 MPs and standard contaminants. The presence of woodchips
improved the removal of 17 MPs due to sorption or providing organic carbon source for
the denitrification process involved in the degradation. The use of partially-saturated CWs
improved the removal of nine MPs, but the overall effect was low. The partially-saturated
CWs with woodchips, however, improved the removal of total nitrogen by 46%, which
qualifies these systems to be a favorable solution for the treatment of household wastewater
in terms of MPs removal and TN decrease.

Overall, this study contributes to the insights into the removal efficiency of the selected
twenty-eight MPs and highlights the role of partially-saturated CWs and substrates in
optimizing treatment system performance.



Abstrakt

Kontaminaci mikropolutantd (MP) v povrchovych a odpadnich vodach je v dnesni dobé
vénovana stale vetsi pozornost, protoze jsou perzistentni v zivotnim prostfedi a Cistirny
odpadnich vod je nedokazi zcela odstranit. Umélé mokiady (UM) jako ekonomicka,
krajinné hodnotna a udrzitelna metoda CiSténi jsou Siroce pouzivany. Prirozené struktury
umélych mokfadd vcetné€ substrati, vody a rostlin predstavuji vyhodné prostiedi pro
odstranovani MP prostfednictvim mnoha vzajemné souvisejicich mechanismut. K cisténi
odpadnich vod obsahujicich MPs lze pouzit nékolik typti UM s raznymi charakteristikami,
jako jsou rizné urovné nasyceni vodou a rizné druhy substratd. Dosud byl v literatufe jen
vyjimecné diskutovan vliv arovné nasyceni vodou, zejména u¢innost ¢astecné nasycenych
systému, na odstrafiovani MP v UM. Tato studie proto zkoumala odstranéni organickych
MP v UM v laboratornim a poloprovoznim méfitku a zkoumala vliv riznych urovni
nasyceni filtratniho materialu vodou (nenasycené, Castené nasycené a nasycené) a
raznych typu uprav substratu (dievni Sté€pka, zelezné Spony a jejich smési) na ucinnost
degradace. Hlavnimi cili této studie bylo (1) prozkoumat vliv riznych urovni nasyceni
vodou v UM na odstranovani MP z domovnich odpadnich vod; (2) vyhodnotit dopad
pouziti dievni $t€pky a zeleznych Spon na odstranovani MP; 3) prozkoumat vliv raznych
urovni nasyceni na odstranovani standardnich kontaminanti, zejména celkového dusiku.
Tento vyzkum byl rozdélen do tii experimentd. Experiment 1 zkoumal odstranéni bisfenolu
S (BPS), fipronilu (FPN) a ketoprofenu (KTP) za riznych podminek nasyceni filtra¢niho
materidlu vodou: nenasyceny, casteCné nasyceny a nasyceny, a napodoboval podminky
vyskytujici se ve vertikalnich umélych moktfadech. BPS a KTP vykazovaly kontrastni
chovani proti FPN, nebot BPS a KTP byly téméf tiplné odstranény v nenasycenych UM
bez vyrazného vlivu rostlin, ale jejich odstranéni v nasycenych UM bylo jen mirné (cca
50 %). Rostliny mély pouze vyrazny vliv na odstraiiovani BPS v nasycenych systémech,
ve kterych zvySily odstratiovani o 46 %. Odstranéni FPN (cca 90 %) bylo nejvyssi u
nasycenych a ¢astecné nasycenych UM, se stfednim odstranénim (66,7 %) u nenasycenych
systému. Zajimave je, ze Castecné nasycené UM poskytovaly vysoké nebo velmi vysoké
odstranéni vSech tfi studovanych latek navzdory jejich rozdilné rozlozitelnosti za
nasycenych a nenasycenych podminek. Odstranéni mikropolutant v ¢astecn€ nasycenych
UM bylo srovnatelné nebo jen mirné niz§i nez u nejlepsi varianty, coz je vyhodné pro

slouCeniny s kontrastnimi vlastnostmi biologické rozlozitelnosti. Experiment 2 hodnotil



ucinnost odstranéni BPS, diklofenaku (DCF), flukonazolu (FCZ), ketoprofenu (KTP),
sulfamethoxazolu (SMX), sulfanilamidu (SNM) a S5-amino-3-methylisoxazolu (ISX) v
nenasycenych a nasycenych UM samostatné v prvni fazi tohoto experimentu. Ve druhé
etapé byl zkouman mechanismus odstraniovani SMX v anoxickych biofiltrech doplnénych
o zelezné Spony a drevni Stépku. Byla vyslovena hypotéza, ze ptitomnost redukcnich
podminek (dodatecné vyvolanych dfevni stépkou) a Fe (II) (ze Zeleznych Spon) by
podpoftila redukci SMX v ramci jeho isoxazolového S§tépeni. Pro lepsi pochopeni
degradaCnich mechanismi byly k samostatnym pfitokim piidany také dva analogy
podjednotek SMX: SNM a ISX. Pritokem byla simulovand domovni odpadni voda.
Experimentalni systém sestaval z kolon s protiproudem naplnénymi piskem (negativni
kontrolni systém), dievni §tépkou(10 % obj./obj.), Zeleznymi Sponami (10 % obj./obj.) a
smeési dievni Stépky a zeleznych Spon (kazdy 10 % obj./obj. ). Pfitomnost zeleznych §pon
(také ve smési s drevni Stépkou) zlepsila odstranéni SMX o 68 % (z 28 % na 96 %).
Odstranéni SNM bylo zanedbatelné u vSech typa pouzitych kolon a na druhé strané
odstranéni ISX bylo téméf uplné u vSech typu oSetieni. Necilova LC-MS/MS analyza
potvrdila Stépeni isoxazolového kruhu ve struktufe SMX. Testy ekotoxicity prokazaly
toxicitu pritoku a odpadnich vod obsahujicich SMX vuci sementim hoicice (Sinapis alba).
Odstranéni SMX se odrazilo ve snizené toxicité dosahujici stimula¢niho u¢inku. Na druhé
strané pritok a odpadni vody s ISX vykazovaly inhibici baktérie Aliivibrio fischeri. Na
rozdil od u€inku SMX, odstranéni ISX jen mirné€ snizilo toxicky uc¢inek. Experiment 3
hodnotil vliv ¢asteCné nasycenych a nenasycenych umélych mokiada na odstranéni 26 MPs
a standardnich kontaminantd. Pfitomnost dfevni §tépky zlepsila odstranéni 17 MP v
dusledku sorpce nebo poskytnuti zdroje organického uhliku pro proces denitrifikace, ktery
je soucasti degradace. Pouziti ¢astecné nasycenych UM zlepSilo odstranéni deviti MP, ale
celkovy efekt byl nizky. Casteéné nasycené UM se $tépkou viak zlepsily odstrafiovani
celkového dusiku o 46 %, coz kvalifikuje tyto systémy jako pfiznivé feSeni pro cisténi
odpadnich vod z domacnosti z hlediska odstraiovani MP a snizeni koncentrace TN.
Celkové tato studie pfispiva k pochopeni u€innosti odstrafiovani vybranych dvaceti osmi
MP a zduraziiuje roli Castecné nasycenych UM a substrata pii optimalizaci vykonu systému

cisteéni.
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1. Introduction

Numerous micropollutants were found in aquatic environment, like in surface water which is
usually a source of drinking water. Micropollutants include a wide range of different
compounds, as well as their metabolites and subproducts such as pharmaceuticals and personal
care Products, antifungal agents, endocrine disrupting compounds, pesticides, antibiotics, food
additives, surfactants, polycyclic aromatic hydrocarbons and flame retardants (Anand et al.,
2022; Daughton, 2010; Rimayi et al., 2019). These micropollutants, are from industries,
agriculture runoff, hospital outflow, livestock and domestic wastewater (Pal et al., 2014). As a
result, micropollutants are common in the surface water from wastewater of industrial and
domestic. In Europe, over 100,000 compounds find widespread application in domestic,
industrial, and agricultural applications (European Chemicals Agency, 2021). The diverse
origins of production, usage patterns, and disposal methods have resulted in the ubiquitous
presence of these compounds in aquatic environments (Hejna et al., 2022). While
micropollutants in the surface water are often present at low concentrations, ranging from
several pg'L™! to hundreds pg-L7!, this is sufficient to pose a significant threat to exposed
ecosystems or organisms, particularly given the persistence exhibited by some of these
substances (Luo et al., 2014; Wilkinson et al., 2022). There are concentrations of some selected

micropollutants in various water bodies in Table 1.

Conventional wastewater treatment plants were reported not to remove micropollutants
completely ideally (Tijani et al., 2013). There are three main kinds of methods of removing
micropollutants which are physical methods, biological methods and chemical methods.
Physical methods include adsorption by granular activated carbon and membrane separation
technologies. Biological methods include biodegradation, microbial transformation and
microbial/plant assimilation processes (Biswal and Balasubramanian, 2022). Regarding
chemical treatment methods, there are advanced chemical/oxidation technologies and plant
assimilation, hydrogen peroxide and chlorine (Gorito et al., 2017; Petrovic, 2003; Sudhakaran
et al., 2013). Hence, there is an urgent necessity to advance wastewater treatment technologies
for more effective prevention of the release of micropollutants into ecosystems. Constructed
wetlands represent a combined approach for the removal of micropollutants, employing a blend
of physical and chemical processes, characterized by their cost-effectiveness and landscape-

enhancing functions.



Table 1. The concentrations of the commonly detected industrial chemicals in various water bodies.

Category Micropollutants Water type Concentration Reference
range (ng/L)
Pharmaceuticals Acetaminophen Surface water 4.1-3422 (Jakimska et al., 2014)
Furosemide Raw wastewater Upto 3372.5 (Jakimska et al., 2014)
Metformin Raw wastewater Up to 16,7907 (Kot-Wasik et al., 2016)
Hydrochlorothiazide Raw wastewater Up to 5072.3 (Slésarczyk et al., 2021)
O-desmethyl venlafaxine Secondary Up to 1330 (Kosma et al., 2019)
wastewater
Metoprolol Secondary 745-5000 (Meyer et al., 2016)
wastewater
Gemfibrozil Ground water 12-574 (Postigo et al., 2010)
Ketoprofen Surface water 10-109 (Linetal., 2008)
Diclofenac Surface water 0.8-1043 (Stasinakis et al., 2009)
Ibuprofen Surface water 0.3-100 (Kasprzyk-Hordern et al.,
2009)
Sulfamethoxazole Surface water 0.2-284 (Spongberg et al., 2011)
Chloramphenicol Surface water Up to 226 (Nguyen et al., 2022)
Fluconazole Surface water 6-24 (Chifescu et al., 2021)
Ingredients of personal Triclosan Surface water 35-1023 (Peng et al., 2008)
care products
DEET Secondary 30-5710 (Alidina et al., 2014)
wastewater
Climbazole Surface water 2.78-278 (Chifescu et al., 2021)
Oxybenzone Secondary 30-380 (Alidina et al., 2014)
wastewater
Methylparaben Raw wastewater Up to 40,8986 (Styszko et al., 2021a)
Industrial and Bisphenol S Secondary Up to 109 (L.-H. Wuet al., 2018)
household chemicals wastewater
Benzotriazole Groundwater Up to 180 (Dragon etal., 2018)
5-methyl benzotriazole Secondary Upto21 (Alotaibi et al., 2015)
wastewater
Pesticides Fipronil Surface water Upto5.5 (Brennan et al., 2009a)
Artificial Sweeteners Sucralose Secondary 20-3,6000 (Brennan et al., 2009)
wastewater
Saccharin Surface water Up to 360 (Dragon etal., 2018)
Acesulfame Secondary 30-4270 (Alidina et al., 2014)
wastewater
Cyclamate Surface water Up to 4600 (Zirlewagen et al., 2016)
Stimulants Caffeine Surface water 1-1813 (Linetal., 2008)




2. Constructed wetlands

Constructed wetlands (CWs) have been used as wastewater treatment for over sixty years
(Stefanakis and Tsihrintzis, 2012; Vymazal, 2011, 2009). The complex processes of removing
micropollutants in CWs include sorption, adsorption, volatilization, filtration, plant uptake,
photodegradation and biodegradation, which may occur simultaneously for the degradation
(Garciaetal., 2010; Imfeld etal., 2009; Zhang et al., 2014). The mechanisms of micropollutants
removal are also related to the designs of CWs such as plant types, supporting matrices, the
directions of inflow (water-saturated levels) (“Constructed wetlands in Europe,” 1995;
Stefanakis and Tsihrintzis, 2012; Zhang et al., 2014). The performance of CWs depends on
different parameters. For example, photolytic degradation and volatilization are influenced by
temperature variation, light intensity variation by water turbidity and light absorption pattern
exhibited by the pharmaceutical compound (Buser et al., 1998; Klavarioti et al., 2009). The
processes of plant uptake and biodegradation are related to plant species. Micropollutants can
be transferred partially or completely to low-level toxic or no toxic compounds in plant issues.
Some of the micropollutants can even be mineralized eventually (Wild et al., 2005; Zhang et
al., 2014). Sorption, adsorption and filtration are closely related to solid matrices and hydraulic
retention time in CWs (Matamoros and Bayona, 2006). CWs are typically categorized into
three types: surface flow constructed wetlands (SF-CWs), subsurface flow constructed
wetlands (SSF-CWs) and hybrid systems according to the wetlands hydrology (Vymazal, 2011).
SF-CWs and SSF-CWs, where different plant growth forms are depicted in the case of SF-
CWs (Vymazal, 2011, 2007). Hybrid systems, combining various types of CWs, may also be
employed to enhance removal efficiencies (Zhang et al., 2014). The choice of configuration

should align with the characteristics of the contaminants targeted for removal.



2.1. Types of constructed wetlands

2.1.1. Constructed wetlands with surface flow

CWs with the surface flow are CWs with free water surface. Open water and floating,
submerged, and emergent plants are important combined elements (Vymazal, 2011). Surface
Flow Constructed Wetlands (SF-CWs) closely mimic natural wetlands, featuring a shallow
flow of wastewater over substrates. The hydraulic retention time (HRT) is a key parameter
frequently used to evaluate the treatment efficiency of SF-CWs. It plays a significant role in
determining the pollutant removal efficiency (Kadlec, 1994). The flow moves slowly along the
bottom due to resistance, detours around thick plant clumps, and encounters other obstacles
(Werner and Kadlec, 2000). Notably, the shortest residence time occurs in the surface layer of
the micro-channels, where there is a higher degree of preferential flow. Conversely, the longest
residence time is associated with water movement near drag-inducing surfaces at the wetland
bottom (Werner and Kadlec, 2000). The complexity of HRT is further heightened in SF-CWs
due to vertical stratification and the presence of microenvironments surrounding plant roots
(Reddy and D’angelo, 1994). SF-CWs have been employed for several decades and have
demonstrated success in treating agricultural drainage water because of their effective oxygen
enrichment capacity (Jia et al., 2014). The primary physicochemical processes responsible for
nitrogen retention in SF-CWs encompass sedimentation, ammonia adsorption, and ammonia
volatilization. Additionally, key biological processes contribute significantly to nitrogen
retention, including nitrogen assimilation in plant and microbial biomass, as well as
biodegradation facilitated by ammonification, nitrification, denitrification, and anaerobic
ammonia oxidation (ANAMMOX) (Lee et al., 2009). These combined processes make SF-
CWs a robust and efficient means of retaining nitrogen in wastewater treatment and
environmental conservation contexts (Johnston, 1991). Its use helps provide oxygen
enrichment, mitigating the risk of hypoxia resulting from the direct discharge of municipal
wastewater. Hypoxia poses a threat to native water organisms and contributes to habitat
destruction. Therefore, the application of SF-CWs in this context serves as a valuable strategy

to enhance the treatment process and protect aquatic ecosystems (Jenkins and Greenway, 2005).



2.1.2. Constructed wetlands with subsurface flow

In Subsurface Flow (SSF) systems, wastewater permeates through the substrates, and
depending on the flow direction, SSF-CWs can be categorized into horizontal flow constructed
wetlands (HF-CWs) and vertical flow constructed wetlands (VF-CWs). In HF-CWs,
wastewater horizontally traverses the substrates beneath the surface of the bed planted with
macrophytes. The absence of oxygen in HF-CWs promotes bacterial decomposition of organics
under anaerobic conditions and facilitates the denitrification process ((Brix, 1990; Vymazal and
Kropfelova, 2009). The nitrification process was limited because of the decreasing oxidation
of ammonia (Vymazal, 2011). On the other hand, in VF-CWs, wastewater flows longitudinally
from the surface to the bottom of the bed planted with macrophytes. Intermittent bed draining
allows air to replenish the bed. This feeding approach facilitates efficient oxygen transfer
within the substrate, leading to excellent treatment performance, particularly for organic matter
and nitrogen (Brix and Arias, 2005; Hazra and Durso, 2022). The adoption of VF-CWs gained
significant popularity in Europe during the 1990s. This surge in popularity was attributed to
the implementation of stringent nitrogen disposal limits, which favoured the use of VF-CWs
over horizontal systems due to their superior capability to oxidize ammonia nitrogen (Vymazal,
2011). In VF-CWs systems, wastewater periodically fills the wetland matrix and then drains
completely under the influence of gravity. Additionally, this periodic filling and draining help
prevent substrate clogging. However, the removal efficiency of phosphorus removal is
relatively lower than other types of CWs (Gikas et al., 2011). Based on the remarkable
functions mentioned above, VF-CWs have been used in treating landfill leachates and food
processing effluents with high-concentration ammonia wastewater (Wood et al., 2007). While
denitrification is relatively limited in VF-CWs. To achieve higher contaminant removal
efficiency, especially for total nitrogen and phosphate, hybrid systems combining various CWs

types may be applied.

2.1.3. Hybrid constructed wetlands

Combining various types of CWs can be an effective strategy to achieve higher removal
efficiency, particularly for nitrogen (Vymazal, 2011). The VF-CWs are designed to achieve the
removal of organics and suspended solids, along with providing nitrification. On the other hand,

the HF-CWs focus on denitrification, along with additional removal of organics and suspended

solids. These wetland configurations complement each other in their specific functions,



contributing to a comprehensive treatment approach for wastewater by addressing various
contaminants through different processes (Vymazal, 2011). By integrating the capabilities of
different wetland types, VF-HF-CWs or HF-VF-CWs are both used for different enhanced aims
for different types of wastewater, such as municipal wastewater (Vymazal, 2007) and hospital
wastewater (“Two-stage constructed wetland for treating hospital wastewater in Nepal,” 1999).
Besides VF-HF and HF—-VF CWs, HF-SF CWs and SF-HF CWs were also reported to treat
industrial wastewater in China (Wang et al., 1994), winery wastewater in Italy (Masi et al.,
2002), sewage in Kenya (“Combination of a well-functioning constructed wetland with a
pleasing landscape design in Nairobi, Kenya,” 1999) and landfill leachate in Norway (Mahlum
et al., 2018). Hybrid CWs with more than two stages, such as VF-HF-SF-CWs and HF-HF-
VF-HF-CWs were also used to treat municipal sewage in Italy and Poland (Vymazal, 2013).



2.2. Removal of micropollutants in constructed wetlands

Recently, CWs have gained increasing attention due to their cost-effectiveness and impressive
efficacy in micropollutants (MPs) removal (Reyes Contreras et al., 2019). Traditional
wastewater treatment plants are often reported as being unable to eliminate MPs. Therefore,
the consideration of alternative methods for wastewater treatment becomes imperative. CWs,
as a nature-based method of wastewater treatment, characterized by low cost, landscape value,
and a higher potential for MPs removal, have received increasing attention (Matamoros et al.,
2008; Venditti et al., 2022). Due to the different designs of CWs, like different types of
substrates, different hydraulic retention times and the presence of plants, there are various
removal efficacies in the MPs. The oxygen transfer capacity is a crucial factor in MPs removal,
significantly affecting the biodegradation process by cultivating diverse microorganism
community structures (Avila et al., 2014). Unsaturated vertical CWs facilitate aerobic bacteria-
mediated degradation, whereas saturated horizontal CWs are conducive to reactions requiring
anoxic conditions (Li et al., 2014). In this context, it is crucial to explore partially-saturated
CWs, which combine aspects of both unsaturated and saturated CWs which can improve
wastewater treatment alternating oxic and anoxic conditions (Grandclément et al., 2017).

Notably, research on the removal of MPs from partially-saturated CWs is currently limited.

MPs primarily originate from sewage, encompassing household, medical, and various other
wastewater types generated by human activities. These micropollutants often exhibit resistance
to removal during wastewater treatment processes (Liu and Wong, 2013). Pharmaceutical and
personal care products (PPCPs), pesticides, insecticides, and antibiotics are all detected in
wastewater (Vidal et al., 2007). Global consumption of PPCPs surpasses 10,000 tons annually
(Wilkinson et al., 2017). PPCPs are acknowledged as pseudo-persistent organic pollutants,
garnering significant attention for their removal from the environment (Hu et al., 2021). For
example, antibiotics have been extensively employed in livestock farms for both therapy and
as growth promoters (Choi et al, 2016). Substantial quantities of non-steroidal anti-
inflammatory drugs (NSAIDs) are gradually being used on a daily basis. This trend is attributed
to the growing global population and the continuous development of new drugs with enhanced
therapeutic efficacy (Mlunguza et al., 2019). Pesticides and insecticides are used in agriculture
widely all over the world (Singh and Walker, 2006). The extensive application of pesticides in
agricultural and urban areas can lead to the introduction of pesticides into the body through

both diffuse and point sources. However, the primary processes for these introductions are often



diffuse pathways such as surface runoff, erosion, spray-drift, and leaching (Reichenberger et
al., 2007). The concentration of MPs was reported in ugL."! and ng L™! levels all over the world
(Boyd et al., 2004; Carballa et al., 2004; Lindqvist et al., 2005; Nakada et al., 2006). MPs
removal is an urgent issue long-term needs to be solved due to the potential threat to aquatic
organisms and human health (Ren et al., 2023; Sossalla et al., 2021). Currently, discharge limits
for MPs are not restricted by any legal. However, there are certain related regulations,
exemplified by the European Decision 2015/495/EU dated 20 March 2015 (amending previous
legislation), like PPCPs, antibiotics, and pesticides (Hartl et al., 2021). An increasing number
of European countries have initiated preparations for forthcoming decisions by implementing
national and local requirements because EU member states monitor emerging contaminants
(Brunhoferova et al., 2021). For instance, Germany has made strides in upgrading 30
wastewater treatment plants (WWTPs) for the elimination of microplastics (MPs), with North
Rhine-Westphalia and Baden-Wuerttemberg leading the way. The Swiss government has
identified 100 out of the 700 WWTPs to receive support for an additional treatment step, aiming
to achieve an average removal rate of 80% for selected MPs (Kadlec and Wallace, 2008). Plants
in CWs were reported to uptake MPs well in CWs such as Iris pseudacorus (Stevens and
Peterson, 2007). Iris pseudacorus was planted in all columns in this study to enhance MPs

removal efficiency.

There is a different content of oxygen depending on CWs types. Hence, various nitrogen
removal processes occur in saturated CWs and unsaturated CWs. Saturated CWs have a good
function of nitrification but limited denitrification while unsaturated CWs exhibit a contrasting
characteristic (Vymazal, 2007). Unsaturated CWs can offer the ideal space for nitrogen because
abundant oxygen and saturated CWs are beneficial for denitrification under an anoxic situation
(Platzer, 1999; Vymazal, 2007). The remaining difficulty of nitrogen removal is the reverse
condition between nitrification and denitrification. Dissolved oxygen is demanded in the
nitrification process but it would consume organic carbon which is essential for denitrification.
The influence of pH can be crucial for the nitrification process (Brenzinger et al., 2015).
Ammonia oxidizers can be the electron donor in the denitrification process with hydrogen or
organic matter under oxygen-limited conditions (Bock et al., 1995; Goreau et al., 1980; Kuai
and Verstraete, 1998). However, the competition of chemical oxygen demand (COD) for
electron acceptors, along with the inadequate availability of electron acceptors during the
nitrification process and the absence of a carbon source in the denitrification zone, emerges as

the primary constraint on denitrification (Yuan et al., 2020). To solve this issue, the addition of



an external carbon source as supplementary was considered to provide more COD for

nitrification and electron donors which can be supportive in the denitrification process.

Nevertheless, there are limited studies on nitrogen removal and micropollutant removal in
unsaturated and partially-saturated CWs (Saeed and Sun, 2017). Partially-saturated columns
can improve denitrification without affecting nitrification very much but denitrification cannot
be enhanced well because of the limited carbon source. The incorporation of a partially-
saturated bed within a single CW unit aimed to facilitate a sequential nitrification-
denitrification process. In this case, woodchips as the carbon source were added to some of the
columns to supply this kind of shortage. (Ren et al., 2023) reported an optimal removal of
specific organic micropollutants, including bisphenol S (BPS), fipronil (FPN), and ketoprofen
(KTP), using partially-saturated CWs. The effect of woodchips as external carbon sources and
different saturated levels on nitrogen removal and micropollutants removal were evaluated in
this study. Woodchips were also an improvement for partially-saturated CWs systems

according to our previous study (Ren et al., 2023).

There is abundant literature regarding the degradation of organic micropollutants in CWs used
for the treatment of household or municipal wastewater (Vymazal et al., 2017)(Hijosa-Valsero
et al., 2016; Matamoros et al., 2007a; Thomas et al., 2017; Y. Wang et al., 2019a). It is widely
known that household wastewater is regarded as a significant pollution source of organic
micropollutants and that on-site treatment such as CWs could r