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Abstract

Constructed wetlands (CWs) have been studied and developed for being a cost-
effective, efficient, sustainable, and low-maintenance wastewater treatment
system for decades. CWs use the natural processes of different nutrient cycles,
such as Carbon, Nitrogen, and Phosphorus to treat the effluents of small-density
populated areas. The effectiveness of CWs in treating the water lies in the design
that depends on the local necessities and characteristics of climate, effluent
characteristics, plant species, and number of inhabitants. Several studies have
investigated the removal efficiency (RE) of nutrients with the use of many
combinations of different hydraulic loading rates, the efficiency of different CW
designs, and Macrophytes. The symbiotic interaction Arbuscular mycorrhizal
fungi (AMF) has been found in 80% of land plant families and has been widely
reported to play an important role by providing many benefits to the host plants
such as uptake of nutrients, enhanced resistance to soil-borne pests and diseases,
improved resistance to drought, tolerance of heavy metals, and better soil structure.
Since the discovery of microplastics in the sediments on the coast of the United
Kingdom in 2004, microplastics have been presented as a threat to the health of
humans and nowadays 1s known that microplastics can be found in terrestrial and
aquatic ecosystems. In this study, we have merged the variables of AMF, and of
two types of microplastics in different loads, to analyze the impact on the removal
efficiency of CWs of Nitrogen, Carbon, and Phosphorus. The results conclude that
the effect of microplastics in general does not generate an impact on the
performance of the RE of TOC, TC, Phosphate, and Nitrates but it affects the RE
of TN. In the case of the presence of AMF, it generated a significant influence on

the RE of the Phosphate, TOC, TC, and TN.

Key Words: Nitrogen Cycle, Carbon Cycle, Phosphorus Cycle; wastewater

treatment; constructed wetlands; Arbuscular mycorrhizal fungi, Microplastics



Umeélé mokiady (CWs) jsou jiz po nekolik dekad studovany a vyvijeny jako
hospodarny, Gcinny, udrzitelny a na udrzbu nenaroc¢ny systém cisténi odpadnich
vod. Vyuzivaji piirozené procesy kolobéht riznych zivin, jakymi jsou uhlik, dusik
a fosfor, k &isténi odpadnich vod v oblastech s nizkou hustotou osidleni. Uginnost
potiebach a charakteristikach klimatu, vlastnostech odpadnich vod, druzich rostlin
a pottu obyvatel. Rada studii se zabyvala u¢innosti umélych mokiadd pii
odstratiovani zivin z vody prostfednictvim vyuzitim kombinace razného
hydraulického zatizeni, ruznych designi umeélych mokfadd a makrofyt.
Symbioticka interakce arbuskularnich mykorhiznich hub (AMF) byla nalezena u
80 % Celedi suchozemskych rostlin a je vSeobecné znamo, ze hraje dalezitou roli,
protoze poskytuje hostitelskym rostlinam mnoho vyhod, jako je piijem Zivin,
zvySena odolnost vici pudnim Skiadcim a chorobam, lepsi odolnost vici suchu,
tolerance vuci tézkym kovum a lep$i struktura pady. Od objevu mikroplasta v
sedimentech na pobiezi Spojeného kralovstvi v roce 2004 jsou mikroplasty
prezentovany jako hrozba pro lidské zdravi a dnes je jiz znamo, Ze se mikroplasty
vyskytuji v suchozemskych 1 vodnich ekosystémech. V této studii jsme sloucili
proménné AMF a dvou typu mikroplasti v ruznych zatézich s cilem analyzovat
jejich vliv na Gcinnost odstranovani dusiku, uhliku a fosforu umélymi mokiady.
Vysledky dospély k zavéru, ze ucinek mikroplasti obecné nema vliv na vykonnost
RE z TOC, TC, fosfata a dusi¢nanu, ale ovliviiuje RE TN. V pfipadé pfitomnosti
AMF generoval vyznamny vliv na RE fosfata, TOC, TC a TN.

Kli¢ova slova: kolobéh dusiku, kolobéh uhliku, kolobé&h fosforu; cisténi

odpadnich vod; umelé mokiady; arbuskularni mykorhizni houby, mikroplasty
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1. Chapter 1: Introduction
The present research focuses on constructed wetlands (CW), their importance as
an efficient solution for wastewater problems, the different processes involved in
the cleansing of water, their removal efficiency under various conditions,
arbuscular mycorrhizal fungi (AMF), and the influence that microplastics can

generate in their capacity of removal efficiency.

As it 1s widely known, constructed wetlands (CWs) have been studied for their
many benefits in comparison with traditional wastewater plant treatments, and
their high capability of adaptation to the requirements. The simulation of natural
processes 1s an important factor to take into consideration, due to its high capacity
to remove carbon, nitrogen, and phosphorus compounds. There are various types
of constructed wetland designs that can support various types of macrophytes and
wetland vegetation. CWs can provide different efficiency results based on their
design. Arbuscular mycorrhizal fungi (AMF) generate a symbiotic interaction
between the plants and the fungi, and it is present in 80% of the plant families.
This interaction generates many benefits in the plant host such as increasing the
root network extensions and establishing a connection between the plant and the

substrate (Zhu, 2022).

In this study, the removal efficiency of constructed wetlands was analyzed with
the idea of evaluating the performance under the presence of two types of

microplastic in different loads, and how AMF can influence it.



2. Chapter 2: Aim of diploma thesis

This research aims to determine the perspective of constructed wetlands as a sink
of microplastics from wastewater. it examined the effects of two different
microplastic types with two different loads on the efficiency of vertical flow
constructed wetlands in nutrient removal. It is to be determined how microplastics
change the nitrogen, carbon, and phosphorus cycle in the wetland, as well as its
effect on plant growth. It will also examine the influence of microplastics on

arbuscular mycorrhizal fungi in some constructed wetland reactors.



3. Chapter 3: Literature Review

3.1. Constructed wetlands

The use of wetlands or constructed wetlands for water treatment began around
1950, but the results were unpredictable. The use of natural ecosystems was
replaced by artificial ones, which improved the outcome. These artificial wetlands
had specific compositions in terms of substrates, vegetation types, flow patterns,
and their associated microbial assemblage, depending on the needs of pollutants

that they were focusing on removing. (Vymazal, 2022).

As far as 1s known, studies on wetlands have found that this type of ecosystem
provides many ecological benefits and ecosystem services, including improved
water quality, climate regulation, nutrient processing, carbon sequestration,
recreation, and habitat improvement (Eller, F et al. 2021). The European
Commission has defined Nature-based Solutions (NbS) as “actions inspired,
supported or reproduced by nature” (EC 2015), meaning that some ecosystems
have natural processes that can be replicated to solve problems of processes.
Therefore, NbS clearly emphasizes the link between biodiversity conservation and
the goals of sustainable development and climate adaptation (Balian et al. 2014;

Eggermont et al. 2015) and demonstrates innovation and feasibility.

In this sense, constructed wetlands are seen as replicating the natural processes
that take place in a wetland, but with the idea of using them for anthropocentric
problems. Vymazal (2022) states that constructed wetlands designed for
wastewater treatment are systems created to take advantage of natural wetland
processes involved in the conversion and removal of pollutants but under more
controlled conditions. Several processes are involved in the wastewater treatment
in a constructed wetland such as sedimentation, filtration, precipitation, plant
uptake, and microbial degradation (Kadlec et al., 2000). In conclusion, we can say
that constructed wetlands are a nature-based solution for anthropogenic activities,
like domestic wastewater but can also be used in other contexts as well, such as
the treatment of groundwater, industrial wastewater, and sludge dewatering.

(Haberl et al., 1994)



3.2.

Types of Constructed Wetlands

Every constructed wetland is built to solve a specific problem, meaning that the
designs of each CW are unique due to many factors that are involved in the
construction such as vegetation, sediments, hydraulic system, area, weather, etc.
However, it is important to note that there are three more relevant factors in
relation to the others, such as hydrology, macrophyte growth, and flow path in
sub-surface wetlands (Parde et al., 2021, Vymazal 2014)

After reviewing the literature, we can see that there are many types and subtypes
of CWs and different ways of classifying them, depending on the different authors'
perspectives on the field and how they want to approach it. For purposes of this
research, we use as a reference the approach that is described by Vymazal (2010).
In this Classification (Figure N°3.2.1) that is divided by the three consecutive main
factors, in first place is the relevance of the vegetation that is used in the CW. Four

types of plants are in this category which are:

a. Free Floating Plants
b. Floating leaved Plants
c. Emergent Plants

d. Submerged Plants

Vymazal (2010) also implies that this classification relies on the hydrology of the
system, using the water level in relation to the surface, which can be above or
below the surface (open water-surface flow and sub-surface flow). Additionally,
he classified the direction of the flow of the water, which can be horizontal or
vertical. Finally, some designs can be different types of constructed wetlands
combined with each other to utilize the specific advantages of the different systems
(Vymazal,2007). The combinations between all configurations should be defined
according to the characteristics of the pollutants to be removed as shown in the

samples in Figure N°3.2.2



Vegetation Submerged Emergent Free floating Floating leaved

I AN . v

Water level in relation Above Above Below Above Above

to the surface

Direction of flow H H H Vv H H
UP DOWN

Figure N°3.2.1 The major characteristics of various types of constructed wetlands for
wastewater treatment. H horizontal, V = vertical. (Vyzmal,2010)

Outflow

Figure N°3.2.2 -From Top to bottom - CW with free-floating plants (FFP), CW with free water surface
and emergent macrophytes (FWS), CW with the horizontal sub-surface flow (HSSF, HF), CW with the
vertical sub-surface flow (VSSF, VF). (Vymazal,2001)



In the Czech Republic, most of the CWS for wastewater treatment has been
designed with horizontal subsurface water flow. Since the 2010s the design has
changed into a combination of vertical and horizontal flow or a two-stage vertical
flow CW. Nowadays there are about 210 CWs in operation, designed for small

municipalities and a population estimated at 235 on average (Vymazal, 2023).

3.3.  Hydrologic Regime of Constructed Wetlands
The retention time (RT) and wetland performance are directly related to water
velocity and flow rate, so for a better performance of the wetland is important the
time of interaction between the wastewater with the system (Kadlec and Knight
1996; Persson et al. 1999; Kadlec and Reddy 2001). As explained by Tanner
(2013), hydrological regimes affect nutrient wetland plant nutrient intake. Also, it
is considered that hydrology is a basic driver of mass and energy and that the water
inflow in constructed wetlands differs from natural wetlands due to the specificity

of the requirements of the systems (Jiang,2022).

The hydrology of wetlands also influences the sedimentation, aeration, biological
transformations, soil adsorption processes, retention time, and water velocity

(Kadlec and Knight 1996; Persson et al. 1999; Kadlec and Reddy 2001).

According to Jiang (2022), hydrological processes in CW are divided into three
(3) categories: 1) Precipitation and Evapotranspiration, 2) Surface Hydrological
processes, and 3) Subsurface flow. The importance of any of these processes varies
due to environmental factors, for example, the evapotranspiration relevance is
higher than the other processes in hot weather. If water balance calculations are
not accurate, this can affect the formation and persistence of plant communities in
wetlands, which means that the capacity for nutrient decomposition is also affected

(Lott, 2001).

To summarize, the hydrological regime is important for the design of CW. It affects
the whole system, the capacity of nutrient removal, plant communities, biomass
production, sedimentation of pollutants, and the nutrient cycles. To achieve this,

it's crucial that the environmental variables associated with the hydrology of the



system are accurately managed to maintain a stable water level throughout the

entire system.

3.4. Role of Plants in Constructed wetlands
Wetlands or Constructed wetlands are ecosystems that present a very specific type
of vegetation that needs to be adapted to environments that are saturated by water.
In the case of larger aquatic plants, are usually macrophytes, these plants are
classified according to their biotype and their interaction with the environment as
immersed, emergent, floating, submerged free, submerged rooted, submerged with

floating leaves, or amphiphytes. (Leticia & Kochi et al. 2020).

As part of the role of plants in constructed wetlands, it has been found that the role
of plants in wetlands are divided into the next seven following main roles 1)the
Physical Effects of Root Structures, 2)Root as Base for Microorganisms, 3)Plant
Uptake, 4)Evapotranspiration, S)Microclimatic Conditions, 6)Other Functions of
Plants in the CW and 7)Plant Production (Shelef et al.,2013).

In the case of the Physical Effects of Root Structure, we can see that the main
effects on the system are filtering, flow velocity reduction, improved
sedimentation, decreased resuspension, and even the distribution of water and
prevention of clogging (Stottmeister et al., 2003). For the role of “Root as Base for
Microorganisms”, we found that the Rhizosphere is important for facilitating the
right conditions for the microorganisms, which are key drivers in the treatment

processes of the wetlands. (Brix, 1996, Vymazal, 2011).

Plant Uptake is considered by Vyzamal (2011) relatively important, according to
the characteristics of the CW the uptake of nutrients may vary but in general, they
are able to collect N and P of the wastewater and store them as biomass. It is also
important to state that plants are able to gather heavy metals from the water and

store them.

In the case of water balance in the CW, plants have a critical role in determining
the dynamics of water loss, mainly by dictating the water loss through evaporation

and plant transpiration. (Zhang, 2023).



Smith (1997) and Karczmarczyk (2013) stated that the microclimatic conditions
provided by the physical structure of plants growing in the CW medium affect the
environment in different ways, from generating a shade that reduces algal growth,
reducing wind velocity by the upper parts of the plants to stabilize the sediment

surface, to isolation from radiation in spring or frost in winter.

It 1s important to mention that CW plants can be used for the production of
marketable goods depending on the species that is used in the CW, but we can find
examples as fibers for construction purposes, bioenergy crops, and ornamental
plants That can benefit the locals and generate an income to cover the actual costs
of the CW. (Belmont et al., 2003, Aronsoson Et Perttu, 2001, Zhang. et al., 2011).
Finally, Other functions of plants in the CW can include the improvement of
aesthetic appearance, and the elimination of pathogens, insects, and odors. (Wood,

1995).

Summarizing and as also described by Brix (1997), CW plants, as macrophytes,
provide the ecosystem with many assets that mainly contribute to the functioning
of wetlands with the role of purifying the water. For the author, the macrophytes
can also help to stabilize the surface of the beds, improve filtration, the prevention
of clogging the system, insulate the surface against frost during winter, and help
the microbial presence in the system. The interaction in wetlands between aquatic
microbial communities, plant roots, and supporting mineral matrix generates an
effective system for removing pollutants, such as suspended solids, dissolved and
particulate organic matter, nitrogen, phosphorus, metals, and pathogenic

organisms from effluent streams (Randerson, 2006)

The meta-analysis which included about 87 CWs from 21 countries, showed that
the four most commonly flowering ornamental vegetation genera differ according
to geographical location, Canna spp in Asia, Zantedeschia spp, North America,
Iris in Asia, Europe, North America and Heliconia genus in Asia and parts of

America (Sandoval L. et al., 2019)



As explained before, there are several authors with different approaches, in this
case, we can see that the division of the macrophytes that is most commonly in

constructed wetlands is the following.

a. Emergent aquatic macrophytes, are the most common type of plants in
wetlands and marshes, general speaking, they produce aerial stems and leaves
and an extensive root and rhizome system.

b. Floating-leaved aquatic macrophytes, include species that are rooted in the
substrate and species that are freely floating on the water surface.

c. Submerged aquatic macrophytes, are plants that grow entirely underwater,
rooted in the substrate of lakes, ponds, rivers, and other freshwater bodies

So according to the needs of CW the plant used can improve the process of

denitrification in subsurface constructed wetlands (Gu X. et al., 2021). In terms of

biomass, as explained by Xia Yu (2012) the correlation between the production
and the nutrient removal efficiency is positive, but the production of biomass is

mainly below the ground surface.

3.5.  Nutrient Cycle in Constructed wetlands
Constructed wetlands are a solution that uses less resources than conventional
treatment systems, especially useful for small communities or remote localities
due to their capacity to be adaptable to local requirements. For CWs, plants act to
enhance a variety of removal processes of nitrogen, phosphorous, and other
pollutants from the water. (Haiming W. et al. 2015). According to the system
configuration, the capacity of the uptake of nutrients from the water may vary due
to factors such as environmental conditions, loading rates, retention times, and
wastewater composition. (Saeed and Sun, 2012). As explained by Vyzamal (2007),
part of the removal of compounds like Nitrogen or Phosphorus is by replicating
their cycles on wetlands ecosystems, which involves the interaction of the

vegetation, soil, and their associated microbial assemblages.

3.5.1. Removal Mechanism

Constructed wetlands are engineered to mimic the natural activities in removing

pollutants of wetlands by biological, chemical, and physical processes and



mechanisms for removing pollutants. (Hassan et al.,2021). The main processes
involving wastewater treatment are sedimentation, filtration, volatilization,

chemical precipitation, and biological degradation. (Shukla A. et al., 2021).

3.5.2. Nitrogen Cycle

For living beings, the nitrogen cycle is considered the second most important
cycle, after the carbon cycle, because nitrogen 1s a compound that is important for
plant growth, photosynthesis, energy transfer, and fertilizer synthesis. (Zhou et al,.
2023). Meaning that, nitrogen is present in different forms in the most common
wastewater, such as the ones that come from urban drainage, sewage, industrial,
and agricultural activities. The different forms of Nitrogen are also known for the
impact that it has on aquatic ecosystems as the toxicity to fish or causing oxygen
depletion in water biota. (Lee et al., 2009). Li (2017), found that in common
wastewater around 70%-82% 1s ammonia nitrogen (NH4+-N) is the main nitrogen
form, of the TN concentration. Also, it can be found in the form of organic
nitrogen, nitrite nitrogen (NO2—-N), and nitrate nitrogen (NO3—N). Gaseous
nitrogen may exist as dinitrogen (N2), nitrous oxide (N20), nitric oxide (NO2 and
N204), and ammonia (NH3) (Vymazal, 2006). In the next figure, Vymazal (2007)

explains the process and transformation of Nitrogen on wetlands.
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Process Transformation

Volatilization ammonia-N (ag)—ammonia-N (g}
Ammonification organic-N—ammonia-N

Nitrification ammonia-N—nitrite-N—nitrate-N
Nitrate-ammonification nitrate-N—ammonia-N

Denitrification nitrate-N—nitrite-N—gaseous Nz, N:0
N, Fixation gascous Ny—ammonia-N (organic-N)
Plant/microbial uptake {assimilation) ammonia-, nitrite-, nitrate-N—organic-N

Ammonia adsorption
Organic nitrogen burial

ANAMMOX (anaerobic ammonia oxidaton) ammonia-N—gaseous Nz

Figure 3.5.1 Nitrogen cycle in wetlands (Vymazal, 2007)

=  Volatilization

As is explained by Vymazal (2007), ammonia volatilization is a physicochemical
process where ammonium-N is known to be in equilibrium between gaseous and

hydroxyl forms.
=  Ammonification

Reddy and Patrick (1984) explained that ammonification 1s defined as the
biological conversion of organic N to ammonium, N. Ammonia is converted from
organic form by different biochemical processes that release energy that is used by
the microbes for development and the ammonia is incorporated into microbial
biomass. (Vymazal, 2007). This process depends on many factors such as
temperature, pH, Carbon/Nitrogen ratio, available nutrients, and soil conditions
such as texture and structure. (Reddy and Patrick, 1984). Some important
conditions are a pH is between 6.5 to 8.5 and the temperature in the range of 40°C

to 60°C (Vymazal, 1995).

11



* Nitrification

Nitrification is defined as the biological oxidation of ammonium in two steps, first
to nitrite and finally to nitrate. Also, it is the process where the composition of
mineral N is regulated in soils. Biological Nitrification, which is done by nitrifiers
is the first part of the process, in which the bacteria gain energy for their
development and the production of nitrites. (Norton & Ouyang , 2023).

As explained by Vymazal (2007), Each transformation is performed by different
bacterial genera that are facultative in the use of ammonia or nitrites as a source of
energy, oxygen as an oxidizing agent, and carbon dioxide as a carbon source. In
the case of ammonia oxidation (1), the genus of bacteria used and found is
Nitrosomonas, and for the purpose of nitrite oxidation (2) is Nitrobacter. With the

following overall equation for each reaction.

NHy + 1.50: — NOY +H O+ 2H™ (1)

NO37 +0.50; — NO7 (2)

On Constructed wetlands, the dissolved oxygen in the system limits the
nitrification process, so artificial aeration is added to enhance the process (Ma et
al., 2021).

= Nitrate-ammonification.

In general, nitrate reduction is commonly referred to as denitrification, but nitrate
ammonification is another route for reducing the nitrates that differ from
denitrification on the product. In denitrification, the products are related to gaseous
end products such as N>O and N, and in nitrate ammonification, the product is
ammonium NH4". (Balk et al., 2015). It is important to state that, the number of
electrons used in the reduction of a molecule of nitrate, in the case of
Denitrification is 5, while it is 8 in Nitrate Ammonification. So, Nitrate-
Ammonifying bacteria can oxidize more organic matter per molecule of nitrate

than in the regular process of Denitrification (Laanbroek ,1990).
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=  Denitrification

Denitrification is the biochemical process where the Nitrate (NO5") is reduced to
Dinitrogen (N?) through a series of intermediates (NO,", NO, N,O) by denitrifying

bacteria in their respiration process. (Vymazal ,2007).

This denitrifying process can be carried out by heterotrophic and autotrophic
bacteria, the former is widely used in domestic wastewater treatment due to the
presence of organic matter that is the main source of carbon and electro acceptor,
meanwhile, the autotrophic presents better results in the treatment of groundwater
due to no organic matter is required and the bacteria utilize carbon from inorganic
compounds (e.g. carbonates) and, since the electron donor is inorganic such as

sulfides Ha, Iron species. (Vymazal. ,2007, Cecconet et al., 2018).

As already mentioned, heterotrophic denitrification only occurs under the
availability of organic matter and only under anaerobic or anoxic conditions.

Denitrification process is illustrated by the following Equation (Vymazal ,2007).
6 (CH;0)+4 NO3; =6 C0+2 N3+6 H,0

The rate of this process is influenced by several environmental factors, such as the
absence of 02, redox potential, soil moisture, temperature, pH value, presence of
denitrifiers, soil type, organic matter, nitrate concentration, and the presence of

overlying water.

In the results of Lin et al. (2002), he found that 89% to 96% of the nitrogen
removed in their research was due to denitrification, and due to biological uptake

4% to 11% of nitrogen was removed.
» Fixation

Nitrogen fixation is the process where the gaseous nitrogen (N2) is converted to
ammonia (NH4+) with the aim of nitrogen being converted to nitrogen-containing
organic compounds. In general, nitrogen fixation is realized via bacteria and
requires nitrogenase, an oxygen-sensitive iron-, sulfur- and molybdenum-

containing enzyme complex which also generate the reduction of other substrates
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containing triple covalent bonds (e.g., nitrous oxide, cyanides or acetylene) (Wang

& Yu, 2023).

In wetland soils, biological N2 fixation may occur in the floodwater, on the soil
surface, in aerobic and anaerobic flooded soils, in the root zone of plants, and on
the leaf and stem surfaces of plants. The ability of fixation is distributed among
aerobic, facultative, and strict anaerobic bacteria, but under anaerobic conditions,

the fixation of N2 is greater. (Buresh et al., 1980, Vyzamal, 2007)
= Plant uptake

In plants, nutrients are very much needed for development, according to each
species there are different preferences in the form of nitrogen absorbed. In the case
of macrophytes are fundamentally taken up by roots. Ammonia and nitrate-
nitrogen are the two forms of nitrogen generally used for assimilation due to
ammonia nitrogen is more reduced energetically than nitrate. It is also important
to consider that algae and other microorganisms benefit from the use of nitrogen

that 1s located in the sediments. (Vymazal, 2007)

In the case of emergent and rooted floating-leaved macrophytes, the nutrients can
be gathered from the sediments and in the case of free-floating macrophytes, it can

be obtained from the water. (Wetzel, 2001)

Finally, Vymazal (2007) explained that for the design of constructed wetlands,
some traits of the plants help to increase the capacity of nutrient uptake, these traits
are related to high tissue nutrient content, rapid growth, and the capability of a
high-standing crop. In the case of a constructed wetland treating municipal
wastewater, potential nutrient uptake of about 1.9% of the influent nitrogen and

phosphorus load can be expected.
= Ammonia adsorption

In the case of ionized ammonia, it can be adsorbed through a cation exchange
reaction with detritus, inorganic sediments, or soils. This adsorption is bound
loosely to the substrate and can be released easily when water chemistry conditions

change. The fixed ammonia will react differently according to the water chemistry
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conditions. When the ammonia concentration in the water column is reduced,
some ammonia will be desorbed to regain the equilibrium with the new
concentration. And, when the ammonia concentration in the water column is
increased, the adsorbed ammonia also will increase. The ammonium ion is
generally adsorbed as an exchangeable ion on clays and adsorbed by humic

substances. (Vymazal, 2007 & Lee et al., 2009)
* Organic nitrogen burial

For Vymazal (2007), organic nitrogen burial is when some fractions of the organic
nitrogen incorporated in detritus in a wetland may be eventually become
unavailable for additional nutrient cycling through the process of peat formation
and burial. The values of organic nitrogen burial have been reported for various
natural wetlands, however, in constructed wetlands there are practically no data

available.
= ANAMMOX

In wetlands and constructed wetlands ANAMMOX pathway is significant and 1s
responsible for the capability of removing nitrogen. (Negi et al, 2022). The
anaerobic ammonium oxidation (ANAMMOX) is when the NO2- and NH4+ to
N2 and is a process where autotrophic microorganisms obtain energy by oxidizing

inorganic compounds defined in the next formula. (Amils, 2011).

NH + NO3 = N, + H,0

This process is used to reduce nitrogen in ammonium-rich wastewater or the
remotion of ammonia from municipal and industrial wastewater. In this process,
the anoxic oxidation of ammonia with nitrite as a preferred electron acceptor
consumes 50% less oxygen and 100% less organic carbon. (Anjali and Sabumon,

2014)

3.5.3. Carbon Cycle

Wetland ecosystems are known for the capability of sequestration and long-term

storage of carbon dioxide (CO2) from the atmosphere (William et al.,2012).
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Wetlands are ecosystems that cover around 6-8% of the land surface but are
estimated to account for one-third of the world's organic soil carbon pool. (Bernal

& Mitsch, 2011).

The capacity of the storage and emission of a wetlands are connected to the
hydrogeochemical characteristics of the ecosystem, which depend on the wetland
vegetation communities. (Bernal & Mitsch, 2011). Also, as explained by Whitting
and Chanton (2011) characteristics such as high productivity, high water table, and
low decomposition rate related to a wetland lead to carbon storage in the soil,
sediment, and detritus. In the next Figure, we have the representation of the inland

wetland carbon cycle.

co,

€O, +CH,

0, level Photosynthesis

co,

Oxidized
soil and
water
(aerobic)

Sequestration into soil

Reduced
soil and
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FIGURE 3.5.2. Representation of the inland wetland carbon cycle. Major pathways of carbon

sequestration include photosynthesis and organic carbon accumulation (Bernal and Mitsch,
2012)

In the case of constructed wetlands, carbon cycle contributes to the global
greenhouse gases balance through their carbon dioxide (CO2) and methane (CH4)
emissions. (Barbera et al. 2014). The sources of carbon in the system are the

inflowing wastewater, dead belowground plant biomass, and plant root exudates.
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(Picek T. et al., 2007). Is important to state that, the carbon source is a controlling
factor in the process of denitrification (Ragab et al., 1994).

In constructed wetlands, one of the main factors for nitrogen removal is the
presence of carbon sources represent a factor to consider. In the experiment done
by Ding et al., (2013) found that the DO and COD/N significantly affected the
removal of ammonia nitrogen (NH4+-N) in horizontal subsurface-flow

constructed wetlands.

3.5.4. Phosphate Cycle

Phosphorus in wetlands can be present as phosphate in organic and inorganic
compounds, such forms include precipitated forms that can physically adsorbed
onto mineral surfaces, biologically assimilated in cells, and in detritus (Di Luca G.
etal.,2017). Algae and macrophytes are only able to utilize phosphorus in the form
of free Orthophosphate, therefore represents a major link between organic and
inorganic phosphorus cycling in wetlands. (Vymazal ,2007). Organic Phosphorus
forms can be generally grouped into two categories 1) easily decomposable P
(nucleic acids, phospholipids or sugar phosphates) and 2) slowly decomposable
organic P (inositol phosphates or phytin) (Dunne and Reddy, 2005). In the next

figure we can see the phosphorus transformation (Reddy and Delaune, 2005)
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Figure N°3.5.3. Schematic showing phosphorus (P) cycle in wetlands. DIP = dissolved inorganic P; DOP
= dissolved organic P; PIP = particulate inorganic P; POP = particulate organic P (Reddy and Delaune,
2005)

There are several ways of phosphorus removal in constructed wetlands, such as
natural sedimentation, absorption and the assimilation of plants, excessive
absorption of phosphorus by denitrifying phosphate accumulating organisms
(DPAO), and the adsorption of phosphorus by substrate (Gao & Zhang , 2022),
and according with the literature, the phosphorus removal of traditional
constructed wetlands based on gravel is only approximately 15% (Gao & Zhang ,
2022). The efficiency of sorption and precipitation processes relates to the pH,
oxidation-reduction potential, presence of iron and aluminum ions, or the sorption

capacity of the soil (Jakubaszek 2021).

Phosphorus uptake by microbial activity is very fast, but generally speaking, the
amount it is very low, on the other hand is rapid because these organisms grow and
multiply at high rates (Richardson et al., 1997). In the case of plant uptake, the
phosphorus is taken up by plant roots, absorption through leaves and shoots is
restricted to submerged species but this amount is usually very low. Phosphorus
uptake by macrophytes is usually highest during the beginning of the growing
season (in most regions during the early spring) before the maximum growth rate

is attained (Vymazal ,2007).

3.6. Microbial Activity
Microbial communities in relation to constructed wetlands are divided into two
groups: autochthonous (indigenous), and allochthonous (foreign) microorganisms.
In the case of autochthonous microbes, this community exhibits adaptive features
that allows them to participate in the treatment processes such as they are able to
possess metabolic activity, survive, and grow in wetlands systems. On the other
hand, allochthonous microbes usually do not survive or have any functional
importance in the wetland environment (Truu M., et al., 2009). The following
figure shows the external and internal factors that may affect microbial community

structure and activity in constructed wetlands. (Truu M., et al., 2009).
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Figure N°3.6.1. External and internal factors which may affect microbial community structure and

activity in constructed wetlands. (Truu et al., 2009).

Wang et al (2022) stated that microorganisms in CWs, as an important component,
play a key role in processes such as pollutant degradation and nutrient
transformation, mineralization of organic compounds. Also they play a key role in
the nitrogen removal processes, specifically in the ammonification, nitrification,
denitrification and ammamox that are carried out by microorganisms in anaerobic
or aerobic conditions. (Meng et al., 2014), as well as physicochemical processes
such as the fixation of phosphate by iron and aluminum in the soil filter.

(Stottmeister, 2003).

Additionally, the microorganisms can help to remove heavy metal compounds,
through biosorption, bioaccumulation and speciation transformation (Si et al.,
2019) and can improve the tolerance and removal efficiency of CWs to pollutants

by enhancing phytoremediation (Syranidou et al., 2018; Vassallo et al., 2020).

3.7. Arbuscular Mycorrhizal Fungi (AMF)
Arbuscular Mycorrhiza is a mutualism between species in the fungal phylum
Glomeromycotan and higher plant roots (Willis A, Rodrigues F & Harris PJ.C,
2012). So, AMF are the soil microbes that colonize the majority of the plant root
and are able to make a connection between the plant and the substrate to enhance
the uptake. (Kumari P. et al.,, 2021). Also, are known to form a symbiotic

association with more than 80% of land plant families. (Newman and Reddell,
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1987). These symbiotic associations are widespread in the natural environment,
providing the host plant with many benefits such as improved nutrition, (Gosling

et al., 2006).

The AMF consists of an internal phase inside the root and an external phase, or
extraradical mycelium (ERM) phase, which can form an extensive network within
the soil, facilitating the plant host in the uptake of relatively immobile phosphate
ions, due to the ability of the fungal ERM to grow beyond the phosphate depletion
zone that quickly develops around the root, in exchange of carbon from the host

plant. (Gosling P. et al., 2000).

The presence and significance of AMF in wetland ecosystems have been
demonstrated in recent studies, finding the existence of the association in various
types of wetlands as mangroves, fen, marshlands, and urban wetlands. (Hu, B et

al.,2021).

As it has been explained, AMF promotes the biodegradation of pollutants that are
commonly found in domestic wastewater (Xu Z. et al., 2016). However, the
application of AMF in constructed wetlands for contaminants of emerging concern

or heavy metals in polluted wastewater is not vast. (Hu, B et al.,2021)

3.8.  Microplastics
Plastics are made from natural gas, petroleum, and coal, which are processed
resulting in the outcome of a long chain of polymers (Supid et al. 2018). Due to
the high demand for production and the physical characteristics of plastics, it has
brought a problem of pollution of plastic to different ecosystems due the improper
waste disposal and management, especially, for the very slow capacity of
biodegradation and chemical inertness, (Espinoza et al. 2016). For Merlin N Issac
(2020), the mechanical and photochemical processes, that occur in natural
environments, affect plastics, and cause a degradation of plastic into microplastics

(MP).
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Fig. 3.8.1. Potential sources and migration of MPs in the soil. (Wang F. et al,.2022)

Microplastics are fragments of any plastic less than 5 mm long with an
anthropogenic origin. According to the National Oceanic and Atmospheric
Administration (NOAA, 2023). Microplastics come from a variety of sources,
including from larger plastic debris that degrades into smaller and smaller pieces.
In addition, microbeads, a type of microplastic, are very tiny pieces of
manufactured polyethylene plastic that are added as exfoliants to health and beauty
products, such as some cleansers and toothpastes. These tiny particles easily pass
through water filtration systems and end up in the ocean and Great Lakes, posing

a potential threat to aquatic life”.

The migration of anthropogenic pollutants into water bodies has caused floating
microplastics to become the most widespread pollutant in the aquatic environment,
acting as a contaminant for all aquatic organisms due to their small size.
Microplastics are ingested by aquatic organisms, causing physiological problems

such as, the development of disorders and behavioral changes (Homin et al. 2023).
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Especially since it is known that 10% of plastic annual production ends up in
oceans, having as primary inputs as beaches and land-based sources such as rivers,

stormwater runoff, wastewater discharges, or transport of land litter by wind.

3.8.1. Problematic of Microplastics

The microplastics issue has been in the sight of the scientific community for not
for long, as Carlo Giacomo (2017) explains the first scientific report about the
presence of microplastics that was found in beach sediments in the United
Kingdom in 2004 (Thompson et al., 2004). In other words, since 20 years ago
started the concept of microplastic as emerging pollutant, and nowadays has
changed to as an emergent threat. Also, it is imperative to say that microplastics
are considered diverse and almost “omnipresent” contaminants, a global change
driver with the potential to modify any ecosystem properties and processes.

(Lehmann et al., 2021)

As previously mentioned, microplastics are present in both land and water
environments. For instance, they can swiftly enter the soil and alter its structure
and texture through external influences. In highly polluted soils, the impact that
microplastics can generate is in visual changes in soil structure and composition,
largely because commercial polymers tend to be less dense than common soil

particles. (Lehmann et al., 2021; Wang et al., 2021).

The effect of microplastics in plants is still under study, and every plant has
particular cases. In the next studies it was found by Taylor et al., (2020) that
microplastics and even nanoplastics tend to accumulate at the root surfaces but are
not able to get into the internal root system of Arabidopsis thaliana. Also, it has
been proven that, depending on the physical characteristics of the microplastic,
especially in the limit of the size that some authors can consider as nanoplastics or
the electric charge, it can be absorbed and bioaccumulated in the plant in
Arabidopsis thaliana (Sun X. et al., 2020). And lastly, it has been discovered that
Submicron (0.2 um) or even micron-sized (2.0 um) plastic particles were able to
penetrate the root surface of Triticum aestivum L., and Lactuca sativa (Li et al.,

2019, 2020d). These studies indicate that microplastics can be accumulated and

22



transported to different parts of the plants, emphasizing the last two cases where

the plants are used as crops on farmlands for human consumption.

4. Chapter 4: Methodology

4.1. Location

This experiment was placed in two (2) areas of the Czech University of Life
Sciences Prague (Ceska zemédélska univerzita v Praze — “CZU”) in the City of
Prague — Czech Republic, at the laboratories of applied ecology of the Faculty of
Environmental Sciences (Fakulta zZivotniho prostiedi) where the samples were
tested, and at the greenhouse of the university where the reactors that simulated

the constructed wetlands were located and where samples were gathered.

4.2.  Materials

4.2.1. Reactors
For this experiment, 15 reactors were prepared to simulate the vertical flow CWs,
dimensions of 15 x 55 cm each (diameter x height). Each reactor was filled with
15 cm of gravel with particles sized 4 - 5 cm and 25 cm of sand, representing the
substrate of the CW. The substrate from bottom to top was made in the following
order: 15 cm of gravel, 10 cm sand, 10 cm sand mixed with 300 g of arbuscular
mycorrhizal fungi (AMF), then the plant was planted, and lastly, 5 cm of sand was
added.

The AMF inoculum was Rhizophagus irregularis, the most studied AMF and easy
to propagate in pot culture with different plant hosts (Malbreil et al., 2014). They

are also pioneer AMF strains in the constructed wetlands (Fester T., 2013).

The reactors that simulated the constructed wetlands were divided into three (3)
groups of five (5) reactors per group. In the first group called “A AMF+”, we had
the presence of AMF, at the second group we had the presence of AMF called “B
AMF+” that worked as double, and the third group had the absence of AMF called
“A AMF-".
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The Plant used in this experiment was Iris pseudacorus, a common wetland plant
usually found at sites with permanently high soil-water content, but the soil doesn't
necessarily need to be submerged and the plant is also capable of growing in dry
sandy soil. However, it is mostly found on peats, as well as on permanently
submerged organic and inorganic soils on the edges of ponds, lakes and rivers
(Dykes, 1974). Iris pseudacorus is an erect perennial, 40 - 150 cm tall. Rhizome 1s
1 - 4 cm in diameter, with roots usually 10 - 20 cm long. Leaves are long (50 - 100
cm) with a diameter of 10 - 30 mm, with raised midrib coming to a fine point.
Flowers are 8 - 10 cm in diameter, yellow, varying from pale shade to almost

orange ( Sutherland, 1990)

4.2.2. Chemical Compounds

For this experiment, we needed to recreate the effluent, which simulated domestic
wastewater. So for that we used the synthetic municipal water (Nopens, Capalozza,
Vanrolleghem, 2001), that involves next lists of compounds that were divided by
Macronutrients and Micronutrients as is shown in the Tables N°4.1 and N°4.2, this

formula was.

Table N°4.1 — Macronutrients
Compound Name Chemical Composition (lel;;:;gmuon
Urea 0.52
Ammonium chloride NH4CL 0.08
Sodium Acetate Trihydrate CH3COONA*3H20 1.275
Peptone 0.1
Skim Milk 0.295
Yeast 0.66
Sodium Bicarbonate NaHCO3 0.125
Magnesium Chloride MgCI2*6H20 0.205
Monopotassium phosphate KH2PO4 0.205
Table N°4.2 — Microelements
Compound Name Chemical Composition Co?;?;;rf;ﬂon
Copper sulfate pentahydrate CuS04*5H20 0.25
Ferrous sulfate Heptahydrate FeSO4*7H20 0.25
Boric acid H3BO3 0.25
Sodium molybdate dihydrate Na2Mo0O4*2H20 0.25
Chromic potassium sulfate MnSO4*H20 0.25
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4.2.3. Microplastics

For this experiment, it was required to simulate the introduction of microplastics
to the systems of the CW in controlled concentrations. So, for that, it was used two
types of microplastics: Polyethylene (PE) and Polyester (PES) in different
concentrations according to the designated reactor in the following order: 1) Blank,

2) PE 0.25mg 3) PE.2.5mg, 4)PES 0.25, 5) PES 2.5

4.2.4. Laboratory Equipment

A few machines were utilized during this test to measure the concentration of

different parameters of the water samples that were taken from the reactors.

The first machine that was used after getting the samples was the HQD Field Case
(HACH) which 1s a portable meter with detachable probes. The probes are able to

measure the pH and oxidation-reduction potential (ORP) in the water samples.

The Cary 60 UV-VIS spectrophotometer (Agilent Technologies) was used to
calculate the concentration of ammonium in the sample. The spectrophotometer
measures the number of photons (the intensity of light) absorbed after it passes

through sample solution (chem.libretexts.org)

The FormacsSERIES TOC/TN analyzer (SKALAR) analysis of Total Nitrogen
(TN), Total Carbon (TC), Total Inorganic Carbon (TIC), and Total Organic Carbon
(TOC). The machine uses an injection to collect the sample and uses a high-

temperature catalytic combustion to analyze the sample (skalar.com).

The 883 Basic IC plus machine was used to find the nitrate (NO3-), nitrite (NO2-
), sulfate (SO42-) and phosphate (PO43-) in the samples.This machine is used to
separate and identify different chemical compounds by passing a gas or solution
through columns containing beads that can selectively retain or control the rate of

movement of different chemical species based on molecular size (Simon, 2012).

4.3. Sample Analysis
Once a week, we needed to simulate the wastewater that was going to be used for

the reactors, so for that, we used the macronutrients and microelements and mixed
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them to have uniformity in buckets of 5 liters, and to each reactor it was poured

2.5 liters.

After the first week, before pouring the water we needed to collect the outflow of
each reactor of approximately 50 ml for sampling. So, for each week, we had 15
samples of outflow, their doubles, and 8 samples for inflow. At the same time, we
were measuring the total volume of the outflow to be able to calculate the hydric

balance.

The 15 samples were taken to the laboratory and were first analyzed for pH,
temperature (C°), and oxidation-reduction potential (ORP) using the

multiparameter HQD Field Case (HACH).

Then the samples were prepared for the ammonium (NH4+) analysis by first
diluting 50 times the concentrations. So first in a beaker, we put 50 ml of water
and then 1 ml of sample and mixed it. After that, we took 1 mL of the dilution and
added 7.4 mL of distilled water, .8 mL of reagent A, and .8 mL of reagent B (color
additive). The samples were then placed in the dark for approximately 30 minutes
and were then analyzed using the Cary 60 UV-VIS spectrophotometer (Agilent

Technologies).

For the parameters of nitrate (NO3-), nitrite (NO2-), and phosphate (PO43-) we
use filters of 45 mm on 12ml of samples to clean them of any type of solid
suspended or algae that could be on the sample. The filtered samples were then
placed on the 883 Basic IC plus to determine their concentrations. The machine
would take approximately 15-20 minutes per sample and the results were

processed the next day.

In the case of the analysis of Total Nitrogen (TN), Total Carbon (TC), Total
Inorganic Carbon (TIC), and Total Organic Carbon (TOC) we took approximately
3 mL of the outflow sample and diluted with deionized 6 mL water. Once the
samples were diluted, they were placed on the FormacsSERIES TOC/TN analyzer
(SKALAR). The machine would take approximately 20-30 minutes per sample

and the results were taken the next day.
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4.4.

5.1

5.1.

Statistical Analysis

This experiment has two important statistical analyses to perform. In the first one
it was needed to analyzed the effect of the microplastic treatment over the reactors.
And in the second one, it was required to analyzed the effect of AMF on the 3
groups. For reaching both goals, it was required to measure the concentrations of
the compounds target and analyze the inflow versus the outflows, obtaining the

removal efficiency.

Once the removal efficiency was retrieved, we needed to run the statistical basic
analysis to be able to choose the proper statistical analysis. Afterwards, a statistical
analysis was done the RE values using a non-parametric test Kruskal-Wallis test

with Dunn’s multiple comparisons test as post analysis get their P-Value.

This statistical analysis is a statistical test that 1s used to compare the means of
more than two groups. It is often used in hypothesis testing to determine whether
a process or treatment actually has an effect on the subject of interest, or whether
more than two groups are different from one another in this case, the four treatment

of the microplastic and the control.

Chapter 5: Results

We grouped the 15 reactors in groups of 5, with the purpose of analyzing the
change over time of the Removal Efficiency Percentage (RE) of the reactor under
the conditions that were set up in the methodology. Also, as it has been described
in the methodology, every week we needed to collect the samples of the outflow
and the inflow to run the laboratory analysis. In the case of the inflow, eight
samples were prepared with concentrations described in Tables N° and Table N°,

and for the outflow, 15 samples were collected from the reactors.

. Field Parameters

1. Water Volume Balance
Measuring the volume of the outflow was the first task of the experiment which
consisted in collecting the water from the reactors. In this part, it was needed to

measure the exact volume of water that was going out of the reactors to observe
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the water loss percentage due to evapotranspiration or linkage to any type of water

loss that could happen in the system.
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Figure 5.1.1. Water loss percentage in the first group of treatment
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Figure 5.1.2. Water loss percentage in the second group of treatment
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Figure 5.1.3 Water loss percentage in the third group of treatment

From the figures 5.1.1., 5.1.2., 5.1.3 that we have presented, we can observed that
the first group (A-AMF + ) had a mean of 41.5% water loss, in the second group
(B-AMF +) 1t 1s 38.5% water loss, and in the last group (A-AMF -) 32.5% water
loss, it 1s important to state that this experiment was carried out in the months of
summer, so the percentage of loss water is mostly related to the evapotranspiration
of the reactors. In the case of the outliners, happened due technical problems in the

reactors such as leakages.

512 pH
In the case of the potential of hydrogen (pH), it was needed to measure the 8

samples of inflow in addition to the outflows. For the first group (A-AMF+), the
min value is 6.93pH, the max pH is 8 and the mean is 7.58 pH, for the second
group (B-AMF+), the min value is 6.93pH, the max pH is 8.2 and the mean is 7.61
pH, for the third group (A-AMF-), the min value is 6.91pH, the max pH is 8.1 and
the mean 1s 7.69 pH, and finally for the inflow, the min value is 6.89 pH, the max
pH is 7.46 and the mean is 7.10.
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Figure 5.1.4. pH in the first group of treatment over time
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Figure 5.1.6. pH in the third group of treatment over time
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Figure 5.1.7. pH in the inflow group of treatment over time
5.1.3. ORP

The oxidation-reduction potential (ORP) or redox potential is used to describe a
system's overall reducing or oxidizing capacity. ORP can be divided into three
levels (Gui, 2007). An ORP > 200 mV represents a totally aerobic status; an ORP
in the 100 to 200 mV range is indicative of a mix of anaerobic and aerobic status;
and an ORP <-100 mV represents a totally anaerobic status. So this indicates that
in the reactors, at the very beginning there was a mixture of anaerobic and aerobic

conditions, but at the end of the experiment we could observe the transition to a

more anaerobic status.
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Figure 5.1.8. ORP in the first group of treatment over time
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Figure 5.1.9. ORP in the second group of treatment over time
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Figure 5.1.10. ORP in the third group of treatment over time

5.2.  Chemical Compounds

5.2.1. Ammonium
For the analysis of ammonium, the concentrations were diluted 50 times and then
analyzed in the spectrophotometer. In this case we could see that in the inflows
presented in the figure N°5.2.1. were lower than all the outflows, implying that in
the reactor a process of ammonification was occurring, so we cannot indicate a

process of removal efficiency.

The average inflow concentration in the initial group (A-AMF+) was 5.54 mg/L,
while the outflow had an average of 11.51 mg/L. Additionally, it was observed that
the levels of ammonia were gradually rising over the weeks. In group B-AMF+,
the average inflow concentration was 5.10 mg/L, while the outflow had an average
of 18.53 mg/L. Additionally, it was observed that the ammonia concentration was
gradually rising over the weeks. The average inflow concentration for the third

group (A-AMF-) was 5.07 mg/L, whereas the outflow had an average of 27.7
mg/L.
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Figure 5.2.2. Ammonium in the second group of treatment over time

34



NH4+

/\. /\. /\. /\. (.b' (b. (b. (b. (b. 9. %. %. q. ™ Q-
S s

A R A »

N A q) NY

e AMF 1B e AMF 2B AMF 3B AMF 4B e AMF 5B

Figure 5.2.3. Ammonium in the second group of treatment over time

NH4+

o AN A A AN

R P RS R S P N P M R LA S A
AT 0T TN A0 VT 9T 07 DT T 0 '{?9 ’99 ,».0 O \}.\,
e NOamf 1 esm==NOamf 2 NOamf 3 NOamf 4 emmm==NQOamf 5

Figure 5.2.4. Ammonium in the third group of treatment over time

5.2.2. Nitrate
In group A-AMF+, the average inflow concentration was 4.95 mg/L, while the

outflow had an average of 0.06 mg/L. Concurrently, there was a noticeable rise in
nitrate concentrations throughout the weeks. In the B-AMF+ group, the average
inflow concentration was 4.96 mg/L, while the outflow had an average of 0.07
mg/L. Additionally, it was observed that the nitrate concentration was gradually
rising over the weeks. The average inflow concentration for the third group (A-

AMF-) was 5.05 mg/L, whereas the outflow had an average of 0.07 mg/L.
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Figure 5.2.4 Nitrates in the inflow group over time
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Figure 5.2.7 Nitrates in the third treatment group over time

In the case of nitrates, the concentration that was going out it was lower than the

inflow, indicating a removal process of nitrates as part of denitrification. It can be

seen that the removal efficiency is high in all three groups.
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Figure 5.2.9 Variation of Nitrates Removal Effiency

All reactors displayed consistent findings, with each one achieving approximately
90% to 100% removal efficiency. The P-Values show that there is no significant
impact of the treatments on the nitrate removal efficiency when comparing their

effects within the group..
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Table 5.2.1 p-values between the effect of the different
treatments on the three groups
Group P-values
A - AMF + 0.0540
B - AMF + 0.6852
A — AMF - 0.0736

When considering the impact of AMF, it can be concluded that the presence of the

fungi does not impact the nitrate removal efficiency.

Table 5.2.2 p-values between the effect of the different
treatments on the three groups
Group P-value
Control 0.4279
PE0.25 0.2304
PE2.5 0.8605
PES 0.25 0.3444
PES 2.5 0.1048

5.2.3. Nitrites
In the first group (A-AMF+), the mean concentration of inflow was 0.12 mg/L,
while the outflow presented a mean of 0.49 mg/L. In the second group (B-AMF+),
the mean concentration of the inflow was 0.13 mg/L, while the outflow was
presenting a mean of 0.48 mg/L. For the third group (A-AMF-) the mean
concentration of the inflow was 0.11 mg/L, meanwhile the outflow was presenting

a mean of 0.49 mg/L.

The process of denitrification converts the ammonium in nitrites and then nitrates,
in this case the production of nitrites can be related to this process, especially when
we can also observe production of ammonium in the reactors as it was seen in the

results 5.2.1.
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Figure 5.2.10 Nitrites in the inflow group over time
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Figure 5.2.11 Nitrites in the inflow group over time
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Figure 5.2.12 Nitrites in the second group over time
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Figure 5.2.13 Nitrites in the third group over time

5.2.4. Phosphate
In the first group (A-AMF+), the mean concentration of the inflow was 10.14

mg/L, while the outflow was presenting a mean of 5.89 mg/L. In the second group
(B-AMF+), the mean concentration of the inflow was 10.04 mg/L, while the
outflow was presenting a mean of 7.16 mg/L. For the third group (A-AMF-) the

mean concentration of the inflow was 0.11 mg/L, while the outflow was presenting

a mean of 9.73 mg/L.
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Figure 5.2.14 Phosphates in the inflow group over time
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Figure 5.2.17 Phosphates in the third group over time

For the case of phosphates, the concentration that was going out was lower than
the inflow, so it can be stated that there is a process of removing phosphates from
the system as part of the microbial activity process and plant uptake mechanism.

In the three groups, it can be observed that removal efficiency is high.
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The reactors within the groups show consistent results, however there is observed
variation across the AMF groups. The 5SA AMF- has a minimum removal
efficiency of 41.55%, the reactor 4A AMF+ has a maximum removal efficiency of
68.80%, and the average removal efficiency is 55.66%. The P-Values indicate that

the various treatments do not have a significant effect on the efficiency of
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Figure 5.2.19 Variation of Phosphate Removal Efficiency

phosphate removal when comparing the groups
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5.3.

Table 5.2.3 p-values between the effect of the different
treatments on the three groups
Group P-values
A - AMF + 0.5363
B - AMF + 0.2937
A — AMF - 0.8061

In the case of the effect of the effect of the AMF it can be state that in the case of

the presence of the AMF fungi does affect the removal efficiency of the

phosphates.
Table 5.2.4 p-values between the effect of the AMF treatments
on the three groups
Group P-value
Control 0.0205
PE0.25 0.0026
PE2.5 0.0251
PES 0.25 <0.0001
PES 2.5 <0.0001
Total Nitrogen

For the analysis of Total Nitrogen, the concentrations were diluted 3 times and
then analyzed in the TOC. In this case we could see that inflows presented in the

figure N°5.3.1 were higher than all the outflows.

In the first group (A-AMF+), the mean concentration of inflow was 67.55 mg/L,
meanwhile the outflow was presenting a mean of 18.42 mg/L. At the same time, it
can observed that over the weeks the concentration of Total Nitrogen was
increasing. In the second group (B-AMF+), the mean concentration of inflow was
60.36 mg/L, meanwhile the outflow was presenting a mean of 25.38 mg/L. At the
same time. Also, it can be witness that over the weeks the concentration of Total
Nitrogen was increasing. For the third group (A-AMF-) the mean concentration of
inflow was 62.72 mg/L, meanwhile the outflow was presenting a mean of

47.62mg/L.
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Figure 5.3.1. Total Nitrogen in the inflow group over time
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Figure 5.3.4. Total Nitrogen in the third treatment group over time
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Figure 5.3.6 Variation of Total Nitrogen Removal Efficiency

The reactors present consistent results within the groups but it can be observed
variation over the AMF groups. The minimum percentage of removal efficiency is
16.6% from the 4A AMF-, the maximum percentage of removal efficiency is
97.28% from the reactor 3A AMF+, and a mean percentage of removal efficiency
1s 67.89%. Comparing the effect of the different treatments in the groups, the P-
Values prove that might be a significant impact of the treatments in relation to the

Total Nitrogen removal efficiency in the third group (A- AMF -).
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Table 5.3.1 p-values between the effect of the different treatments on the three
groups
A - AMF + 0.5346
B —AMF + 0.9178
A — AMF - 0.0373

5.4.

In the case of the effect of the effect of the AMF it can be state that in the case of
the presence of the AMF fungi does affect the removal efficiency of the Total
Nitrogen.

Table 5.3.2 p-values between the effect of the AMF treatments on the
three groups
Group Pvalue
Control <0.0001
PE0.25 <0.0001
PE2.5 <0.0001
PES 0.25 <0.0001
PES 2.5 <0.0001

Total Carbon
For the analysis of Total Carbon, the concentrations were diluted 3 times and then
analyzed in the TOC. In this case we could see that inflows presented in the figure

N°5.4.1 were slightly higher than all the outflows.

In the first group (A-AMF+), the mean concentration of inflow was 144.05 mg/L,
meanwhile the outflow was presenting a mean of 106.31 mg/L. In the second
group (B-AMF+), the mean concentration of inflow was 140.34 mg/L, meanwhile
the outflow was presenting a mean of 139.28 mg/L. For the third group (A-AMF-
) the mean concentration of inflow was 140.34 mg/L, meanwhile the outflow was

presenting a mean of 109.37 mg/L.
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Figure 5.4.1. Total Carbon in the inflow group over time
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Figure 5.4.3. Total Carbon in the second treatment group over time
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Figure 5.4.6 Variation of Total Nitrogen Removal Efficiency

The reactors present consistent results disregarding the groups, but with some
reactors having outliners. The minimum percentage of removal efficiency is 8.91%
from the 4A AMF-, the maximum percentage of removal efficiency is 87.13%
from the reactor 3B AMF+, and a mean percentage of removal efficiency is
50.67%. Comparing the effect of the different treatments in the groups, the P-
Values prove that might be a significant impact of the treatments in relation to the

Total Carbon removal efficiency in the third group (A- AMF -).
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Table 5.4.1 p-values between the effect of the different treatments on the three

groups

A-AMF + 0.3474
B - AMF + 0.8891
A — AMF - 0.4814

In the case of the effect of the effect of the AMF it can be state that in the case of
the presence of the AMF fungi does affect the removal efficiency of the Total

Carbon when is related to the type of microplastic PES in both concentrations.

Table 5.4.2 p-values between the effect of the AMF treatments on the three groups
Group Pvalue
Control 0.9751
PE 0.25 0.2966
PE2.5 0.0701
PES 0.25 0.0106
PES 2.5 0.0461

5.5. Total Organic Carbon
For the analysis of Total Carbon, the concentrations were diluted 3 times and then
analyzed in the TOC. In this case we could see that inflows presented in the figure

N°5.5.1 were slightly higher than all the outflows.

In the first group (A-AMF+), the mean concentration of inflow was 105.61 mg/L,
meanwhile the outflow was presenting a mean of 20.74mg/L. In the second group
(B-AMF+), the mean concentration of inflow was 94.16 mg/L, meanwhile the
outflow was presenting a mean of 21.85 mg/L. For the third group (A-AMF-) the
mean concentration of inflow was 100.4mg/L, meanwhile the outflow was

presenting a mean of 25.90 mg/L.

53



TOC

250

(=]
(=]
8]

150
100

/3w

50

100-0T
1°0-€0
dag-gg
dag-6T
dag-zT
dag-Go
8ny-6g
8ny-zg
8ny-g1
8ny-g0
8ny-10
1n1-g¢

(-1

INf-TT

170

unr-£g

IN8

IN7

IN6

INS

IN4

IN3

IN2

IN1

Figure 5.5.1. Total Organic Carbon in the inflow group over time
TOC

80
70
60

o 40

Lu

30
20
10

190-0T
190-€0
dag-9g
dag-gT
dag-z1
dag-Go
Bny-6¢
8ny-gg
any-g1
8ny-g0
Bny-T0
1n7-62

(-1

-7

1N7-%0

unr-£g

e AMF 1A s AMF 2/ o AMF 3A o AMF 44 o AMF 5A

Figure 5.5.2. Total Organic Carbon in the first treatment group over time
54



TOC

70

0
c = = = = o0 o0 1] ] oo o =R [=1 =8 + =
= = = = 8] (%]
=1 =1 3 3 =1 3 [}] [] 1h] }]
23 4 3 8 T T2 2 X 9 v o 0 Q9 Q
S~ a8 - — o W 1] ™ i) o M w ] o
™ o © = & & o 0+ = & o -

o MF 1B~ sm=AMF 2B em—AMF 35 sm— AMF 4B
Figure 5.5.3. Total Organic Carbon in the second treatment group over time
ToC

70
60
50
— 40

mg/

30
20

10

) 5 K \)Qa \)Qa Q
A AN P A A q;vv r{jfv Q«;’c’%

L ¥
R R R S
NN -

o Oamf ] e NOamf2 ee——hOamf3 —e—hOamfd e—nNOamf5

Figure 5.5.4. Total Organic Carbon in the third treatment group over time

55



Effiency Removal

The reactors present consistent results disregarding the groups, but with some
reactors having outliners. The minimum percentage of removal efficiency is
39.79% from the 4A AMF-, the maximum percentage of removal efficiency is
96.29% from the reactor 4A AMF+, and a mean percentage of removal efficiency
is 84.52%. Comparing the effect of the different treatments in the groups, the P-

Values prove that there is not a significant impact of the treatments in relation to
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Table 5.5.1 p-values between the effect of the different treatments on the three
groups

A -AMF + 0.1399
B - AMF + 0.7943
A - AMF - 0.4163

In the case of the effect of the effect of the AMF it can be state that in the case of
the presence of the AMF fungi does affect the removal efficiency of the Total
Carbon when is related to the type of microplastic PE 2.5, and PES in both

concentrations.

Table 5.4.2 p-values between the effect of the AMF treatments on the three
groups
Group Pvalue
Control 0.9155
PE0.25 0.0869
PE2.5 0.0253
PES 0.25 0.0058
PES 2.5 0.0014

Physical Observations
The descriptions below are for the physical observations that exalted from the

reactors and were place during the experiment.

The reactor 1A no AMF was presenting problems and needed to be replanted the
25.07.

The reactor 4A no AMF and 5 no AMF started to present signs of algae in the top
of the reactors from the week of 26.07 and started a process of stress.

The reactor 5B AMF+ started to present signs of white fungus from the week of
12.09 and started a process of stress.

The reactor 4B AMF+ started to present signs of white fungus from the week of

19.09 and started a process of stress.
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6. Discussion
The use of constructed wetlands has been proven effective in the treatment of
wastewater; we could see that from the results, the removal efficiency from some
components were as expected but others not. In this chapter, is going to be discuss
the results and try to give an explanation to them. It is important to state that in the
first analysis we wanted to have the approach of the effect of microplastics in the
reactors, and in the second step of this research the analysis was focus on the effect

of the AMF Rhizophagus irregularis in relation to the treatments.

6.1. Ammonium (NH4+), Nitrite (NO2-), and Nitrate (NO3-)
As we can see in Figures N°5.2.1 , N°5.2.2 , N°5.2.3 and N°5.2.4 , we can
appreciate that the inflow concentration of ammonium were lower than the
outflows in all the treatments, so we cannot analyze the removal efficiency of
ammonium in the system, instead, there is evidence of ammonium production. The
production of ammonium is related to the process of ammonification and is a
process that proceeds more rapidly than nitrification, and the rates depend on
temperature, pH, C/N ratio, availability of nutrients, and soil conditions (Kadlec
and Knight, 1996; Reddy and Patrick, 1984), also this can be related to the process
of nitrate ammonification that transform the nitrates into ammonium. According
to Vymazal (1995), the conditions of the reactors in terms of pH (6.5 — 8.5), as is

visible in the results 5.12 pH, and Temperature (40° - 60°)were close to optimal.

In the case of nitrates, the figures N°5.2.4, N°5.2.5, N°5.2.6, and N°5.2.7
demonstrated that the concentrations of nitrates in the inflow were higher than the
concentration of nitrates in the outflow. In this case, it can be stated that there is a
process of nitrate removal from the system and the percentage removal efficiency
is close to 100% in all the treatments, as is show in the figure N°5.2.8. This is
particularly happening through the nitrogen removal process in wetlands as

nitrate-ammonification and denitrification (Vymazal, 2007).

In the case of nitrites, the figures N°5.2.10, N°5.2.11, N°5.2.12, and N°5.12.13,
put in evidence the production or the accumulation of nitrites in the system. The

concentrations of nitrites in the inflows that were used for the wastewater
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simulation were lower than the concentrations of the outflows, and this can be
explained by the process of nitrification and denitrification, where the ammonium
1s oxidized first in nitrites and then to nitrates, and in the case of denitrification,
the processes involved the initial NO3 —N reduction to NO2 —-N (Norton J. &
Ouyang B., 2023, Xiong et al. 2011), specially due the high presence of
ammonium on the systems. In the results shown by Zhang et al.(2011), in the
process of nitrogen removal, there is an accumulation of nitrites in the system,
especially in the spring and summer seasons, the time that this experiment was

done.

For the Total Nitrogen Removal, it is important to state that the concentrations of
TN in the reactors tended to increase over the experiment period in the groups A
AMF+ and B AMF+, but not in the A AMF-, as is shown in the figures N°5.3.2,
N°5.3.3 and N°5.3.4. This can be explained as the maturity of the plants of the
reactor AMF+ reached earlier than AMF- which was corroborated by the size of
the plant. Additionally the presence of the carbon sources can help for the process
of denitrification enabling and enhancing the nitrogen removal process (Mateus &

Pinho, 2020).

In the first analysis, the results of the P values demonstrated that the concentration
of microplastics or either the type does not affect the capacity of nitrogen removal
in the reactors, but this does not follow some literature indicating that
microplastics can affect the removal mechanism because microplastics tend to
affect the Plant nitrogen uptake, microbial growth community composition, and
nitrogen-related enzyme (Zhang et al.,2024). But also depends on the load of
microplastics, the size of the microplastic, the type of constructed wetland, and the
type of sediment that has been use in the conformation of the wetland (Zhang et

al.,2024).

6.2.  Total Organic Carbon (TOC) and Total Carbon (TC)
As it has been stated before, the presence of carbon is important for the functioning
of the constructed wetlands, especially in relation of the process that the Carbon is

involve as the electron donor (Mateus & Pinho, 2020). In addition, Total carbon
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plays a multifaceted role in constructed wetlands, influencing processes such as
organic matter decomposition, nutrient cycling, redox conditions, pH buffering,

and carbon sequestration

Based on the results of Total Organic Carbon and Total Carbon, the amount of
carbon change over time, but in different ratios. It could be observed that in the
case of TC, the concentration of carbon in the outflow were much higher than the
concentration of TOC, disregarding the treatments of microplastic or the treatment
of AMF. This means that the constructed wetlands could process the organic
carbon and using it as in the other process such as denitrification , as expected
(Vymazal, 2007 & Ragab et al., 1994). and also in the process carbon dioxide or
methane are produced, increasing the amount of inorganic carbon in the system
that it can liberate in the form of gases. The figures of the section 5.4 and 5.5,
showed that concentration levels of TC were much higher over the whole period
and the RE percentage was around the 50%, meanwhile in TOC it was observed

that the RE was around 84%.

6.3. Phosphates
In the case of the phosphates, it can be seen that inflows in the figure 5.2.14 were
higher than the outflows Figures 5.2.15, 5.2.16, 5.2.17 in that sense there is a
phosphorus removal process in which and according to the results presented in the
figure 5.2.18 the mean of the removal efficiency is 54%. These results match the
some bibliographic information where vertical constructed wetlands have a similar
percentage of phosphorus removal 59% mostly through the mechanism of

adsorption (Vymazal, 2007).

6.4. Microplastic
As it was explained before, the analysis that was divided into one control group
(no microplastic), two types of microplastic and different loads. So, in this section
we will analyze the results that showed removal efficiency as nitrates, TN, TOC,

TC and phosphate.

e Nitrates
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In this case we did the analysis of the removal efficiency of nitrates in the 15
reactors, where we could observed in the graphics, and after with the statistical
analysis that the influence of microplastic PE and in the loads of 0.25 and 2.5 mg

did not affect the capacity of the reactors on the removal process.
e Total Nitrogen

In the Total Nitrogen analysis, it was important to acknowledge that the groups A
AMF+ and B-AMF+, they represented the same conditions. In this two groups, the
removal efficiency performance didn’t show any significant variability in the sense
of the microplastic treatment. This can be supported by the fact that the presence
of AMF was enhancing the performance of system and the ability to remove this
compound from it. But in the case of the group A AMF- the statistical analysis
shown in the Table 5.3.1, demonstrate that there are significant variations in the

performance of removal efficiency in the relation to the type of microplastic and

the load.
e Total Carbon and Total Organic Carbon

Total Carbon and Total Organic Carbon analysis showed us that the performance
of the removal efficiency due the concentration of microplastic and type of
microplastic didn’t have any significant effect. Meaning that the process that are
related to removal process are not connected to these types of treatment or has
insignificant impact in the concentration. The literature indicate that this also can
be related to low concentration of microplastics that it was added over the period
of time, because the microplastic indeed can affect the capacity of removal of the
constructed wetland due the capacity of microplastics can serve as surfaces for the
adsorption of dissolved organic carbon (DOC) and other carbon-containing

compounds. (Muifioz et al., 2021).
e Phosphates

In the analysis of the phosphates of the outflows, we could observe that neither the
loads nor the type of microplastic have a significant impact on the removal process

of the phosphates in the three groups. The literature indicates that mostly the
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effects of microplastic over the phosphorus removal process are related to
adsorption and transport, where the microplastic sequesters the phosphate ions and
then transports them into the effluents. In our case, the vertical systems mostly

retain the microplastics in the sediment that was used in the reactor.

6.5. AMF
During this experiment, it was noted the differences between the groups that had
the presence of AMF and the group that had the absence of AMF, especially when
it was related to the concentrations of ammonium and the concentration and

removal efficiency of Total Nitrogen.
e Ammonium

Due to the incapacity of analyzing ammonium removal efficiency, this analysis
will be focused only on the difference in concentrations of ammonium in the
three groups. In this case particular case, we can observe in Figures 5.2.2,
5.2.3, and 5.2.4 where the concentrations of ammonium in the systems are
shown. We can state that in the groups that had the presence of AMF (A-AMF+
and B-AMF+), the concentration of ammonium was considerably less than the
one that didn’t have AMF (A-AMF-). This can explained as part of the
processes that are related to ammonium removal being connected to the ability
of the AMF to enhance the capacity of the plant to uptake nutrients, increase
root exudates, and indirect effects of microbial communities. In the experiment
carry by Zheng et al. (2023), the results in ammonium removal had the same

outcome regarding the presence and absence of AMF.
e Total Nitrogen

In the analysis of removal efficiency done in Total Nitrogen, we could observe
differences between the three groups, but between the groups of AMF + and
AMF- the differences were statistically significant as was reflected in the P
values of the treatments in Table 5.3.2, this can be explained in the way that
the effect that has the AMF in influencing the capacity of the whole system is

significant, AMF does not give a direct benefit but is known to extend the root
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networks of plant and this also beneficial to the uptake of NH4 +-N, as well as

for the assimilation activities of plants and microorganisms (Xiong etal, 2011).

7. Conclusion
Constructed wetlands are a sustainable, efficient, and low-cost systems that can
solve the problem of wastewater treatment in low-density communities, with the
ability to regulate nutrients from the wastewater by including the cycles of carbon,
nitrogen, and phosphorus to clean the effluents. Nowadays the abundance of
microplastic in almost all ecosystems presents a potential hazard to the well-being
of humans and all ecosystems. In this research, we studied the effect of
microplastic in constructed wetlands to evaluate their capacity and resilience under
this threat and how it could affect their capacity for water treatment. Also, it was

important to investigate the influence of the AMF over the microplastic treatment.

After several analyses, this experiment concluded that the impact of the
microplastic treatments on TOC, TC, nitrate, and phosphate does not influence the
nutrient removal capacity of the constructed wetlands. In the particular case of TN,
we can conclude that the removal efficiency can be affected when the condition of
no presence of AMF is presented so for that generating possible health problem.
The literature indicates that microplastics can affect all the nutrient cycles in
constructed wetlands that were analyzed in this research. The results of our
experiments could establish a baseline to analyze the loads and time to demonstrate

the impact of microplastic in this particular type of constructed wetlands.

In the analysis realized to determine the influence of AMF in the microplastic
treatments, it could be concluded that for the Phosphate, TOC, TC and TN the

removal efficiency is significantly influenced by the presence of the AMF.
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