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Arbuscular mycorrhizal fungi (AMF) have been widely reported to play important roles in terrestrial plant
resistance to abiotic stresses (e.g., heavy metals, drought, emerging pollutants, and nutrients). However,
regarding the different nutrients (e.g., carbon (C), nitrogen (N), phosphorus (P) in wastewater), the effects
of nutrient concentrations on wastewater purification in AMF assistant CWs under submerged water
levels are poorly studied. Furthermore, it is unclear whether different nutrient ratios influence AMF
colonization in CWs. Therefore, the objective of this thesis is to evaluate how nutrient concentrations
affect wastewater purification in CWs, and whether AMF colonization can be affected by nutrient ratios in
CWs.

Methodology

This study will use eight vertical subsurface flow CWs at the Czech University of Life Sciences Prague. The
eight PVC pipes will be established to simulate the subsurface flow CWs with the dimensions of each system
being 15x 55 cm (diameter xHeight). Each CW will be filled with 15 cm gravel (4-5 cm), and 25 cm sand
will be used as substrates. For the AMF system, the substrates from the bottom to top are: 15 cm gravel,
10 cm sand, 10 cm sand mixed with 50 g AMF, then planted Iris pseudacorus, afterward add 5 cm sand.
AMF inoculum will be Rhizophagus irregularis. The influencing factors of this study are N concentrations
(low, high), P concentration (low, high) and AMF (with and without). Therefore, eight different treatments
will be set. Inlet water of CWs will be simulated as municipal sewage. In order to keep the CWs under the
submerged water condition, 3L of simulated municipal sewage with different pollutants concentrations will
be fed into each CW, and the hydraulic retention time is seven days. The CWs will be protected from rain
throughout the experiment.
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Abstract:

Arbuscular mycorrhizal fungi (AMF) have been widely reported to play an essential role
in enhancing resistance to abiotic stresses for terrestrial plants. However, it is unclear
whether different nutrient concentrations of carbon (C), nitrogen (N), and phosphorus (P)
in wastewater affect the purification process in constructed wetlands (CWs) under
submerged water levels. Moreover, the effect of AMF in CWs with different nutrient
concentrations is poorly studied. Therefore, this thesis investigates how different nutrient
concentrations affect wastewater purification in CWs, and whether the presence of AMF

influence wastewater purification in CWs under different nutrient concentrations.

The methodology consisted of vertical substrate flow CWs filled with a substrate and
planted with Iris Pseudacorus as wetland vegetation and Rhizophagus irregularis as AMF
inoculum. The influencing factors of this thesis are N concentrations (low, high), P
concentrations (low, high), and AMF (with, without). Furthermore, water samples were
taken for analysis which included the measurement of C (Total Organic Carbon, Total
Carbon (TC), Inorganic Carbon), N (Ammonia, Total Nitrogen (TN), Nitrates, Nitrites)
and P (Phosphates (PO4>-P)).

The results demonstrated that the application of different concentrations of N:P influenced
the pollutant removal efficiency, where TC removal was higher with low N and high P
concentrations at 80%, TN removal was higher when concentrations of N were initially
high at 96%, and PO4>-P removal rate was higher when N and P concentrations were both
low with 98%. Meanwhile, AMF enhanced removal efficiency for TN and PO4-P,
specifically by 2% and 5%. However, the removal of TC was more effective without AMF
presence, by 4%. Therefore, these results indicated that different nutrient concentration
ratios, as well as AMF presence, could influence pollutant removal effectiveness in CW
wastewater purification. This research could present useful information for potentially
applying AMF in CWs for removing pollutants, as well as monitoring different nutrient

concentrations for more successful future treatments.

Key Words: C: N:P ratios; wastewater treatment; arbuscular mycorrhizal fungi;

constructed wetlands



Abbreviations:

CWs — Constructed Wetlands

AMF — Arbuscular Mycorrhizal Fungi
ORP — Oxidation/Reduction Potential
TOC — Total Organic Carbon

TC — Total Carbon

IC — Inorganic Carbon

NH4 - N — Ammonia Nitrogen

TN — Total Nitrogen

NO: - N — Nitrite Nitrogen

NOs - N— Nitrate Nitrogen

PO4* - P — Phosphate Phosphorus
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1. Introduction

With the recent increase in population growth, industrial and agricultural developments,
climate change and global warming effects, wastewater treatment and management are an
essential global concern that needs to be properly addressed (Chauhan and Prajapati,
2022). Challenges such as increased resource consumption, changes in land use, and air,
water and soil pollution require the implementation of new sustainable strategies and
practices which would enable more resilience to different types of stressors for habitats
(Stefanakis et. 2019). Therefore, ecologically friendly technologies such as constructed
wetlands (CWs) are being increasingly used in wastewater treatment, especially in rural
areas (Saeed et al. 2019). Multiple studies have confirmed the positive effects on pollutant
removals and wastewater purification of CWs, especially subsurface flow CWs (Ennabili

and Radoux et. 2020; Kumar and Singh et. 2017; Hu et al. 2022; Tee et al. 2011).

Additionally, arbuscular mycorrhizal fungi (AMF) have repeatedly demonstrated having
an important role in enhancing plants’ resistance to abiotic stresses, promoting plant
growth and soil fertility (Jeffries et al. 2003), as well as supporting nutrient acquisition
(Hu et al. 2022). Moreover, AMF contribute to the maintenance of ionic homeostasis,
osmoregulation, photosynthesis efficiency, cell membrane protection and enhancing
salinity tolerance in plants (Evelin et al. 2019). As these mycorrhizal fungi are known to
occur naturally in saline wetland environments, they show equal importance to wetland

plant species as they do for terrestrial plant species (Ramirez-Viga et al. 2018).

However, different nutrient ratios of carbon (C), nitrogen (N) and phosphorus (P) in
wastewater purification under submerged water levels in CWs with the assistance of AMF
are poorly studied. Direct absorption of nutrients and removal of excessive concentrations
is an essential aspect of wetland vegetation in wastewater treatment processes (Ennabili
and Radoux, 2020). And so, the objective of this thesis is to research, experiment and
evaluate how different nutrient concentrations, specifically nitrogen and phosphorus
ratios, affect wastewater purification in CWs, as well as the effect of AMF on wastewater

purification, and the relationships it forms with the wetland vegetation.



2. Objectives

e Evaluating the effects of different N:P nutrient concentration ratios on wastewater
purification in constructed wetlands
e Assessing the effects of arbuscular mycorrhizal fungi on wastewater purification

in constructed wetlands under different N:P nutrient concentrations

3. Literature review

3.1 Constructed Wetlands

CWs are defined as engineered systems intended for utilizing natural processes which
contain the wetland vegetation, soil, and different microorganisms that contribute to
wastewater purification (Vymazal et. 2010). These wetlands play an essential role in
maintaining the climate and hydrological cycle globally, as well as protecting and
enhancing the ecosystem’s biodiversity (Saquib et al. 2022). They act as natural biofilters,
removing pollutants, absorbing nutrients and eliminating toxic chemicals (Saquib et al.

2022).

CWs have recently become a popular environmentally friendly approach for urban
wastewater treatment due to their affordability, reliability and simple design and
construction (Wu et al. 2014a). These artificial wetlands enhance the naturally occurring
functions in the purification of water by using natural resources such as aquatic vegetation,
microorganisms and the filter bed (substrate) which often consists of sand, gravel or soil

(Hota et al. 2022).

Furthermore, according to a cost-benefit analysis, CWs indicate advantages regarding the
system construction and the operational costs when compared to other frequently used
wastewater treatment plants (Zhang et al. 2012). Concepts which are taken into
consideration include land usage, investment and operating costs, energy efficiency, and
sustainability benefits, which are in favour of artificial CWs. However, a limiting factor
includes land usage requirements, especially in regions where the land resources are

limited, and the land is densely populated (Wu et al. 2014a). Additionally, the lifecycle
2



cost of CWs is reported to be increasing due to the technology needed to achieve higher

removal efficiency (Wu et al. 2014a).

Nevertheless, CWs remain a promising alternative to wastewater treatment, especially in
developing countries (Chen et al. 2011), where they’re frequently used in domestic and
municipal wastewater purification, as well as agricultural and industrial runoff, mine

drainages and more (Wu et al. 2014b).

3.1.1 Types of Constructed Wetlands

Several CW systems have been introduced in recent years in order to improve the removal
of various contaminants and pollutants from wastewater (Jiang et al. 2016). There are
different ways to categorize CWs according to an article by Mahmood et al. 2013, which
can be based on two factors: type of macrophytic growth and water flow regime.
Furthermore, according to Vymazal et. al 2010, considering the water flow regime, CWs
can be divided into surface and subsurface flow. Surface flow wetlands can be further
separated into free water surface and subsurface flow CWs. In addition, subsurface flow

CWs can be further divided into horizontal and vertical subsurface flow (See Figure 1).

On account of these different types of CWs, the performance and efficiency of pollutant
removal varies according to the different structures of each CW (Zhang et al. 2012) and
on the type of vegetation, the applied hydraulic load and the structure of the substrate
(Parde et al. 2020).

constructed Wetlands

Surface Flow Subsurface Flow
Free water surface / \ / Dowin-flow
Horizontal vertieal up-flow

Integrate flow

Hybrid systems

Figure 1: Types of constructed wetlands.

Source: Author



3.1.1.1 Free Water Surface Constructed Wetlands

Free water surface CWs is a natural type of wetland where the wastewater flows over the
surface (Parde et al. 2020), preventing flood damages and promoting shoreline erosion
control while improving the wastewater purification quality (Farooqi et al. 2008). These
types of wetlands have a similar appearance to natural marshes (Kadlec and Wallace,
2008) and are especially effective in the removal of organic material through microbial

degradation.

Additionally, suspended solids are efficiently removed by filtration from the applied dense
wetland vegetation (Vymazal et. 2010). N is removed mostly through the process of
nitrification, denitrification and ammonia volatilization, while the P retention is low due

to the limited connection between water and soil particles (Vymazal et. 2010).

These types of CWs are often used in North America (Kadlec and Wallace, 2008) and
Australia (Greenway et. 2005), and only recently became popular in parts of Europe, for

the purpose of nitrogen elimination from diffuse pollution (Vymazal et al. 2006).

Emergent vegetation

Inlet deep zone

Outlet deep zone
\ ————
1\
Influent => SHS. L:z\ngt{irl elﬁ\t'egntrol
Rooting media \

Impermeable liner

Figure 2: Basic structure of free water surface constructed wetland.

Source: (Kadlec and Wallace et. 2008) Treatment Wetlands: Second Edition



3.1.1.2 Horizontal Subsurface Flow Constructed Wetlands

Horizontal subsurface flow CWs, also known as reed bed systems (Parde et al. 2020), are
typically used in treating primary effluent before the water discharge and soil distribution
(Kadlec and Wallace, 2008). These CWs are typically implemented with a substrate
consisting of gravel or similar materials which are then sealed by a permeable layer and
wetland vegetation (Vymazal et. 2010), where wastewater is kept below the surface of this
substrate, while also horizontally flowing from the inlet to the outlet (Kadlec and Wallace,

2008).

Furthermore, the removal of N in the wastewater is primarily by the process of
denitrification, while P is removed by ligand exchange reactions (Vymazal et. 2010), but
horizontal flow CWs are often considered as having low removal of P, unless special
treatment is used (Vymazal et. 2006). Moreover, suspended solids are usually retained in
the process of filtration and sedimentation, and the removal efficiency is reportedly high
in these types of CWs (Vymazal and Kropfelova, 2008). Additionally, ammonia removal
is often limited due to the lack of oxygen availability in the substrate bed (Vymazal et.

2006).

These CWs have been widely used for domestic and municipal wastewater treatment, as

well as industrial, agricultural, landfill leachate and water runoff nowadays (Vymazal et.

\/
N7
N\
Top of gravel bed 1 \/
\ / \/ Water level
b o,*
D

2010).

~—
Water level
control

3= Effluent

Coarse media

Main bed media Impermeable liner

Figure 3: Basic structure of horizontal flow constructed wetland.

Source: (Kadlec and Wallace et. 2008) Treatment Wetlands: Second Edition



3.1.1.3 Vertical Subsurface Flow Constructed Wetlands

Vertical flow CWs are a specific type of wetland consisting of substrate built from sand
or gravel planted with wetland vegetation, where wastewater is submerged at the top of
the CW and drained at the end, offering aerobic conditions that proceed to achieve high

nitrification, COD and BOD in the pollutant removal process (Parde et al. 2020).

Additionally, vertical flow CWs enhance the oxygen supply from the atmosphere to the
wastewater flow which further oxidizes ammonia (Abdelhay and Abunaser, 2020), in
comparison to horizontal flow CWs that are limited in oxygen transfer (Kadlec and

Wallace, 2008).

Therefore, these types of CWs are widely used in municipal and domestic wastewater
treatment due to their capacity to nitrify successfully (Burgoon et al. 1999). Moreover,
vertical flow CWs are efficient in the removal of organic and suspended solids, while the
removal of P appears to be low unless technology with high sorption capacity is used

(Vymazal et. 2010).

Solid pipe Feed dosed intermittently over whole surface

Perforated pipe
(~110 mm o.d.)

Key:
95 em : Sharp’ sand
6 mm washed

~8 cm [N pea-gravel

12 mm round,
washed gravel

S D

%

~15cm

77

~10 cm N 30-60 mm round,
T - \:\i o \‘ washed gravel
5.;\. O = e — _—— Free-draining
/ / 1% slope i outlet
LDPE liner Network of Large stones

agricultural
drainage pipes

Figure 4: Basic structure of vertical constructed wetland.

Source: (Kadlec and Wallace et. 2008) Treatment Wetlands: Second Edition



3.2 Wetland Vegetation and Arbuscular Mycorrhizal Fungi

Using vegetation restoration in CWs is an environmentally friendly, efficient and
economically viable method for wastewater purification techniques (Ma et al. 2021).
However, the growth and development of these wetland plants heavily depend on the
environmental conditions, and very frequently, abiotic factors such as salinity
concentration can exceed the plant’s tolerance threshold (Evelin et al. 2009). This causes

nutrient loss, growth problems and overall plant weakness (Evelin et al. 2009).

However, microorganisms have been shown to have a significantly positive effect on
improving plants’ performance and health in these extreme conditions (Evelin et al. 2009).
Therefore, having microbial assistance in CW environments joined with wetland
vegetation is an essential part of maintaining plant health and development in extreme

conditions, such as municipal wastewater purification in CWs.

3.2.1 Arbuscular Mycorrhizal Fungi in Constructed Wetlands

AMF are an essential group of soil microorganisms that form symbiotic relationships with
vascular plant species, where mutual exchange of nutrients and other beneficiary
substances occurs (Smith and Read, 2008). They have reportedly shown their importance
in establishing the health and stability of plant communities (Xu et al. 2016) while
enhancing the resistance to abiotic stresses such as heavy metal exposures (Chen et al.
2022), salinity (Silva et al. 2022) and water stress such as drought (Chitarra et al. 2016).
Additionally, AMF assist plants in nutrient uptake by occupying more space in the soil

around them (Johnson and Gehring, 2007).

These mycorrhizal fungi are present in a lot of natural environments, especially aquatic
habitats, and they play a significant role in promoting the biodegradation of pollutants in
wastewater (Xu et al. 2016), as well as enhancing the translocation of N and P through the

hyphae of the fungi successfully to the plant itself (Solaiman and Hirata, 1998).

Therefore, the presence of AMF in an ecologically based technology for wastewater
treatment such as CWs has received increased attention in the past three decades (Xu et

al. 2016).



3.3 Nutrients in Constructed Wetlands

CWs perform various essential biogeochemical functions in wetland ecosystems,
including the transformation of different types of nutrients, the removal and retention of
them as well as storage space. Therefore, the proper treatment and management of N and

P concentrations play an important role in the functioning of CWs.

Excessive concentrations of nutrients such as ammonia N and total P in CWs can lead to
a variety of problems related to the security of water sources (Zhu et al. 2022). This can
include a lack of water purification capacity, diseases and pests in plants, a decline in the
systems’ stability, leakage of the CW and even overgrowth of vegetation (Zhu et al. 2022).
This presents a challenge of maintaining the water quality and operating CWs efficiently

in order to ensure water supply security.

After operating for a long time, CWs are becoming increasingly saturated which results
in weakening the processes of adsorption, a transformation of pollutants and a decline in
purification quality (Qualls and Heyvaert, 2017). Sediments are an important component
of CWs where nutrients are stored, and under some circumstances, pollutants can be
accumulated and can cause negative effects on the water quality in these wetlands (Zhu et
al. 2022). In addition, the prediction and control of long-term effects on the accumulation
of pollutants can be difficult because of different construction methods and management,
the hydraulic systems, and the plant conditions of CWs (Zhu et al. 2022). Proper
management and finding suitable materials for the substrate in CWs are crucial in

enhancing the removal of pollutants in the process of water purification (Wu et al. 2022).

3.3.1 Nitrogen and Phosphorus Removal in Constructed Wetlands

The compounds of N include a variety of forms which are essential for all biological life;
the most important forms include inorganic compounds such as ammonium (NH4*), nitrite
(NO2") and nitrate (NO3") (Vymazal et al. 2006). These forms are constantly transforming
from inorganic to organic and back allowing for the N cycle to take place. While some

compounds need energy, others release it, which is then used by biological organisms for



growth and development, allowing for proper wetland ecosystem functioning (Vymazal

et al. 2006).

P occurs as inorganic or organic compounds of phosphates in CWs (Vymazal et al. 2006).
Orthophosphate has shown to be the only free organic form of P which is used directly by
wetland vegetation and algae, representing a significant cycle between organic and

inorganic P in wetland environments (Vymazal et al. 2006).

The transformation or removal of N and P depends on various conditions including
physical, chemical and biological processes, and different environmental factors

(Jakubaszek et. 2020).

The removal and retention of N during wastewater treatment purification in CWs include
processes such as nitrification, denitrification, NH3 volatilization, uptake by plants or
microorganisms, ammonification, etc. (Vymazal et. 2006). On the other hand, processes
that involve the removal of P include sorption, precipitation, plant uptake and soil
accretion, however, the removal rates of this nutrient are low unless high sorption capacity

is used in specific CW technologies (Vymazal et. 2006).

The removal and retention rates differ according to the type of CW: vertical flow CWs
contribute to successful ammonia removal, however, denitrification occurs less and
horizontal flow CWs increase the denitrification process, however, nitrification occurs in

limited amounts (Vymazal et. 2006).

4. Methodology

4.1 Experimental Setup

The experimental setup consists of eight vertical flow subsurface flow CWs at the Czech
University of Life Sciences, Prague. It comprises PVC pipes filled with a substrate
mixture containing the wetland vegetation and mycorrhizal inoculum which are then
connected to water outlets, enabling samples to be collected. Vertical subsurface flow

CWs were chosen to be used because this type of wetlands has achieved higher removal



efficiency than surface flow CWs, specifically 40% in contrast to 80% in subsurface

vertical flow CWs (Yi et al. 2017).

Moreover, the eight vertical subsurface flow CWs are each with a diameter of 15 cm and
height of 55 cm, filled with substrate consisting of 15 cm of gravel and 30 cm of sand (See
Figure 5). Additionally, Iris Pseudacorus is planted in the substrate as wetland vegetation
since this species can withstand very damp habitats where it tolerates extreme conditions
(Yousefi and Mohseni-Bandpei, 2010). 50 g of Rhizophagus irregularis was used as the

AMEF inoculum as it has reportedly been observed in wetland ecosystems (Xu et al. 2016).

Furthermore, in order to keep the CWs under submerged water conditions, 2.5 L. of
simulated wastewater with different pollutants is fed to each CW with 7 days being the
hydraulic retention time. The bottom of each CW has an airtight cap which allows for the
water samples to be collected every week, simultaneously the top of the CW is open in
order to allow for plant growth. Due to this exposure on the top, the CWs were protected
from rainfall and other potential influencing parameters by a rooftop situated in a

greenhouse throughout the experiment.

Since the main goal of this research experiment is to determine whether AMF influence
wastewater purification under different nutrient ratios, the influencing factors are as

follows: (See Figure 6)

1) N concentrations (low, high)
2) P concentrations (low, high)

3) the presence of AMF (with AMF, without AMF)

10



wetland vegetation

sand 10 e

sand + fungi 10 em

sand 10 eme

gravel 15 cm

Figure 5: Composition of vertical subsurface constructed wetland.

Source: Author

Low N/Low P | [Low N/High P| [High N/Low P| [High N/High P
AMF AMF AMF AMF

Low N/Low P High N/Low P
No AMF No AMF

Figure 6: Composition of experimental setup. 8 vertical flow constructed wetlands with different
N:P concentration ratios and AMF presence.

Source: Author
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4.2 Water Sample Analysis

After Iris Pseudacorus successfully started to grow and demonstrated signs of adaptation
to the constructed wetland environment, while forming a symbiotic relationship with
Rhizophagus irregularis, 2.5 L of pre-prepared simulated wastewater was fed into each

CW system (See Figure 7).

Subsequently, water samples were collected every week from each CW into 8 labelled 50
mL falcon tubes for further analysis (outflow measurements). At the same time, 4 samples

were collected from the simulated wastewater (inflow measurements).

Afterwards, these samples were taken to the laboratory where different water parameters
were analyzed. This includes:
o physicochemical parameters
o pH
o oxidation/reduction potential (ORP)
O wastewater parameters
o TOC (Total Organic Carbon)
o TC (Total Carbon)
o IC (Inorganic Carbon)
o NH4 (Ammonia)
o TN (Total Nitrogen)
o NO3 (Nitrites)
o NOs3 (Nitrates)
o PO4* (Phosphates)
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Reagents Low N/Low P Low N/High P | High N/Low P | High N/High P
(€9) (€9) (€9) (€9)
Urea 0.52 0.52 0.52 0.52
NH.4Cl 0.04 0.04 0.4 0.4
Ammonium Chloride
CH3COONa<3H,0 0.65 0.65 0.65 0.65
Sodium Acetate
Peptone 0.1 0.1 0.1 0.1
Yeast extract 0.66 0.66 0.66 0.66
Skim milk 0.295 0.295 0.295 0.295
NaHCO:s 0.125 0.125 0.125 0.125
Sodium Bicarbonate
MgCl*6H,O 0.17 0.17 0.17 1.17
Mineral bischofite
KH>PO4 0.1 0.41 0.1 0.41
Monopotassium
phosphate
Microelements Low N/Low P Low N/High P | High N/Low P | High N/High P
(mL) (mL) (mL) (mL)
CuSO45H,0 0.25 0.25 0.25 0.25
Copper (II) sulfate
FeSO4+7H,0 0.25 0.25 0.25 0.25
Iron (II) sulfate
H;BO; 0.25 0.25 0.25 0.25
Boric acid
Na:MoO42H>0 0.25 0.25 0.25 0.25
Sodium molybdate
KCr(S04)2:12H,0 0.25 0.25 0.25 0.25

Chromium (III) potassium
sulfate dodecahydrate

Figure 7: Composition of simulated wastewater (inflow).
Source: Author
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4.2.1 pH and Oxidation/Reduction Potential

Firstly, the pH and ORP were measured using the device Multi 3430 (WTW) on each
sample. After the device was calibrated, the probe was rinsed between each sample

measurement to reduce the risk of systematic errors. Results are recorded.

4.2.2 Ammonia Measurement

Secondly, the NH4 was measured by performing the indophenol method using the Agilent
Technologies Cary 60 UV-Vis spectrophotometer with a wavelength of 655 nm, which
required preparation of an alkaline solution and a dyeing solution. The alkaline solution
consists of 16 g of sodium hydroxide (NaOH) dissolved in 250 mL of deionised water and
Ig of sodium dichloroisocyanurate dihydrate (C3N3O3;Cl2Na;H20O) which afterwards
followed a period of incubation until this solution reached room temperature. The dyeing
solution contains 32.5g of sodium salicylate (C7HsO3Na) and 32.5g of sodium citrate
dihydrate (Na;C¢HsO72H20) added to 250 ml of deionised water. After the dissolution,
0.238g of sodium nitroprusside dihydrate (Naz[Fe(CN)SNO]*2H>0) was added to the

solution allowing complete dissolving.

The measurement of NHy includes the preparation of a blank solution and the sample
solutions (containing the inflow and outflow measurements). The blank solution is
prepared by pipetting 8.4 ml of ultra-pure water, 0.8 ml of the alkaline solution and 0.8
ml of the dyeing solution. Furthermore, the sample solutions for inflow measurements are
8x diluted meaning they are prepared with pipetting 7.4 ml of ultra-pure water, 1 ml of
the sample and 0.8 ml of each alkaline and dyeing solution. On the other hand, the sample
solutions for the outflow measurements are prepared by pipetting 8 ml of ultra-pure water,
0.4 ml of the sample itself and 0.8 ml of each alkaline and dyeing solution. This results in

having 10 ml solutions into each test tube.

After all test tubes are prepared, they are closed with a cap and allowed to stand for 60
minutes. Subsequently, each test tube was measured in the before-mentioned

spectrophotometer using a 1 cm cuvette. Results are recorded.
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4.2.3 Total Organic Carbon, Total Carbon, Inorganic Carbon and Total Nitrogen

Thirdly, TOC, TC, IC and TN were all measured using the primacy SERIES TOC
analyzed (Skylar, Dutch). This machine provides accurate results and analysis due to its
large autosampler, which exposes the samples to high-temperature catalyst combustion.
The TN is converted into Nitric Oxide (NO) and TOC is measured by subtracting the IC
from the TC. This process catches the particles, which are then transferred into a detector

that uses infrared light to detect the measurements.

When the machine is turned on, 10 mL of H3POs3 solution needs to be added to the pipes
using a syringe. Afterwards, the programme is turned on and the analyzer needs to warm
up, then the samples are ready to be measured. Firstly, a test tube containing tap water is
added, secondly, 50 mg/L of IC standard solution, thirdly 50 mg/L of TC standard solution
and after that 5 mg\L of TN standard solution is added, and tap water is placed at the end.
After this, the water samples are placed in a numbering order. The machine starts

analyzing the samples and the results are recorded.

4.2.4 Phosphates, Nitrates and Nitrites

Lastly, the phosphates, nitrates and nitrites were measured using the 883 Basic IC plus
(Metrohm, Switzerland). The process starts by preparing the two mobile phases: the
phosphoric acid and sodium bicarbonate solution. Phosphoric acid is prepared using 6.78
ml of H3PO4 to 1 L of ultra-pure water and the sodium bicarbonate solution consists of 25

mL of NaHCOs solution to 0.5 L of ultra-pure water.

The machine is turned on and needs 30 minutes for the conductivity to stabilize, so in the
meantime, the water samples are prepared. Each sample is filtered using a 0.22 um filter.
There should be tap water, 5 mg/L standard solution and 25 mg/L standard solution placed
before the water sample test tubes. Additionally, there should be a test tube filled with
ultra-pure water at the end of the measurements. After the conductivity stabilizes, the

machine starts analyzing the samples and results are recorded.
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5. Results

5.1 Water Sample Analysis Results

The results from the water sample analysis include information on pH, ORP, TOC, TC,
IC, NH4, TN, NO;, NO;™ and PO4*" for the inflow and outflow measurements. The results
from the raw data for NH4, NO>™ and NO3™ were converted into NH4-N, NO» -N, and

NOs -N using the following formulas where NHs-N is given as an example:

a) Conversion Factor

Ar(N)

Mr(NHq) = Ar(N)+4AT(H)

Where:
Mr = molar mass

Ar = atomic mass

(NH4+-N)=conc.(NH4) X Mr(NH4)

Where:

conc.(NH4) = values from raw data

The same calculations were done on the raw data for PO4>" where it was converted into

PO4* -P.

Moreover, removal efficiency was calculated for all water sample analysis results using

the following formula:
b) Removal Efficiency

(Cin XVin) — (Cout XVour)
Cin XVin

Removal ef ficiency = X100
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Where:
Cin = concentration of inflow
Vin = volume of inflow
Cout = concentration of outflow

Vout = volume of outflow

Afterwards, graphs in the style of lines and columns were created in order to show the
visual representation of the results. All figures shown in the results section of this thesis

are made by the author.

5.1.1 pH and Oxidation/Reduction Potential

pH Measurements
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20.04.22 27.04.22 04.05.22 11.06.22 18.05.22 25.05.22 01.06.22 08.06.22 15.06.22 22.08.22 29.06.22
== |ow N low P = low N high P high N low P = high N high P
——IlowN low P (AMF) ~ ——high Nlow P(AMF)  =——nhigh N high P (AMF) low N low P (no AMF)

low N high P (no AMF) ====high N low P (no AMF) ====high N high P (no AMF)

low N high P (AMF)

Figure 8: pH measurements for inflow (low N low P, low N high P, high N low P, high N high

P) and outflow (AMF and no AMF) measurements throughout the experiment.

pH is referred to the process of measuring hydrogen ions concentration in the wastewater.

This measurement has a significant impact on wastewater treatment processes, which is
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usually treated at pH levels from 6.5 to 8.5. Some of the issues related to wastewater

purification are high alkalinity levels and accumulation of pollutants.

The results from the pH measurements in Figure 8 demonstrate a range of values, where
the inflow measurements indicate lower pH levels specifically from 6.88 in high N high
P concentration, to 8.58 in low N low P concentration. Additionally, outflow
measurements show higher values than inflow measurements ranging from 7.27 in low N

low P without mycorrhizal fungi to 10.69 in high N high P containing mycorrhiza.

Moreover, all outflow measurements containing mycorrhizal fungi demonstrated a
decrease in pH levels over time. Similarly, the measurements not containing mycorrhiza
decreased over time, for example, reactor with low N low P concentrations started at 9.96
pH and decreased to a value of 7.62 pH toward the end of the experiment. Furthermore,
there is a significant drop in pH levels on the 08.06 for low N low P measurements
regardless of the mycorrhizal presence. In contrast, when the reactor with high N low P
concentration ratios containing mycorrhizal fungi dropped in pH levels, the same
concentration ratio reactor, however not containing AMF, increased to a significant 10.51

value.

Average pH values comparison between outflow measurements (AMF and no AMF)

pH Values

low N low P (AMF) low N low P (no AMF) low N high P (AMF)  low N high P (no AMF)  high Nlow P(AMF)  high N low P (no AMF)  high N high P (AMF)  high N high P (no AMF)
Outflow Measurements

Figure 9: Average pH values comparison between outflow measurements (AMF or no AMF).

Same colors represent same N:P concentration ratios.
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Figure 9 emphasizes the difference in the average of pH values between reactors with the
same N:P concentration ratios, however different AMF presence. The reactor with ratios
low N low P as well as low N high P demonstrated higher pH values where there was a
presence of mycorrhizal fungi. On the other hand, the reactors with concentrations high N
low P and high N high P indicate lower pH values where there is a presence of mycorrhiza.
The graph highlights that the higher concentration of N where there is also a presence of

mycorrhizal fungi, lowers the pH level in the reactors.

Oxidation Reduction Potential (mV)
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low N high P (no AMF) e==high N low P (no AMF) == high N high P (no AMF)
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Figure 10: ORP results for inflow (low N low P, low N high P, high N low P, high N high P) and
outflow (AMF and no AMF) measurements.

Oxidation-reduction potential (ORP) acts as a measurement of sanitizing effectiveness of
water. The measuring of ORP is commonly used in wastewater treatment in order to
monitor the occurrence of different chemical processes and reactions. Some important
reactions in wastewater purification include nutrients such as C, N, P, S which change
oxidations states such as nitrate and sulphate and reduced states such as ammonia and

sulfides (Gerardi, 2008).
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The inflow measurements for the ORP level shown in Figure 10 demonstrated high values
throughout the experiment, ranging from 137.5 mV to 275.1 mV. Additionally, outflow
measurements show a similar pattern in ORP levels, starting at lower values, increasing
during the middle of the experiment and gradually stabilizing at lower values toward the

end of the experiment.

Generally, outflow measurements indicated high values, meaning processes such as
nitrification, c¢cBOD degradation and biological phosphorus removal occurred.
Nitrification is one of the most important processes in wastewater treatment, and values
above 100 mV demonstrate high oxidation of ammonia into nitrates (Higgins, 2013). The
ORP results indicate increasing values from 20.04 to 25.05 and then stabilizing values for

the rest of the experiment length.

Average ORP values comparison between outflow measurements (AMF and no AMF)
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ow N low P (AMF] low N low P (no AMF) ow N high P (AMF)  low N high P (no AMF)  high N low P (AMF)  high N low P (no AMF) high N high P (AMF) high N high P (no AMF)
Outflow Measurements

Figure 11: Average ORP values comparison between outflow measurements (AMF or no AMF).

Same colors represent same N:P concentration ratios.

When comparing values from the outflow measurements with and without the presence
of mycorrhizal fungi, Figure 11 demonstrates similar results between the reactors.
However, there is a significant difference in the reactors with high N low P, where the
presence of mycorrhizal fungi indicates higher ORP values, specifically 169.35 mV, than
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the reactor not containing AMF with 133.87 mV. Furthermore, the reactors with high N
high P concentrations show similar values in oxidation-reduction potential regardless of

the mycorrhizal fungi presence.

5.1.2 Carbon

5.1.2.1 Total Organic Carbon (TOC)

Concentration TOC (mg/L)
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Figure 12: Concentration of TOC (mg/L) for inflow (low N low P, low N high P, high N low P,
high N high P) and outflow (AMF and no AMF) measurements.

Total Organic Carbon (TOC) represents the concentration number of organic compounds
in the water sample, and it is used in wastewater treatment for ensuring the wetland plants

comply with the TOC amount and regulations.

Figure 12 represents the results for the ongoing concentration values for TOC throughout
the experiment for inflow and outflow measurements. The inflow values demonstrate
higher concentration values than the outflow due to loss and removal of organic carbon

through the process of wastewater treatment in the CWs.
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Moreover, the concentration of TOC for outflow measurements containing mycorrhizal
fungi indicates significantly larger values than the outflow measurements without
mycorrhizal fungi. In addition, the reactors not containing AMF demonstrate more
constant values ranging from 10.45 mg/L to 32.94 mg/L than the reactors containing

AMF, which range from 23.77 mg/L to 76.54 mg/L. Furthermore, the values for outflow

exponential growth over time throughout the experiment.

measurements, especially reactors not containing mycorrhizal fungi, indicate an
Removal Efficiency TOC (%)
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Figure 13: Removal Efficiency of TOC (%) for outflow (AMF and no AMF) measurements.
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Average TOC removal efficiency values comparison between outflow measurements
(AMF and no AMF)

Removal Efficiency (%)

low N low P (AMF) low N low P (no AMF)  low N high P (AMF)  low N high P (no AMF)  high N low P (AMF)  high N low P (no AMF)  high N high P (AMF)  high N high P (nc AMF)
Outflow Measurements

Figure 14: Average TOC removal efficiency for outflow measurements (AMF or no AMF). Same

colors represent same N:P concentration ratios.

Figure 13 emphasizes the removal efficiency of TOC throughout the experiment in all
outflow measurements. The reactors without a presence of mycorrhizal fungi demonstrate
higher removal efficiency than the reactors containing mycorrhiza. Additionally, the rate

of removal efficiency has been shown to be increasing over time during the experiment.

The graph under Figure 14 more clearly demonstrates the differences in TOC removal
efficiency between the outflow measurements with different N:P concentrations and AMF
presence. The reactors where there is no presence of mycorrhizal fungi show a larger

removal efficiency rate than the reactors containing mycorrhiza.

Additionally, the highest removal efficiency rate is shown by the reactor with low N high
P and without a presence of AMF with 94.2%. In contrast, the lowest removal efficiency

rate is demonstrated by reactor high N low P with a presence of mycorrhiza with a value

of 76.2%.
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5.1.2.2 Total Carbon (TC) Results

Concentration TC (mg/L)
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Figure 15: Concentration of TC (mg/L) for inflow (low N low P, low N high P, high N low P,
high N high P) and outflow (AMF and no AMF) measurements.

Total Carbon (TC) in wastewater includes both inorganic and organic carbon, which
consists of carbon found in ores and minerals as inorganic and carbon found in nature and

living organisms as organic.

The results shown in Figure 15 demonstrate a range of values describing the TC
concentration for inflow and outflow measurements over time. Similarly, as previously
shown in the TOC concentration graph, the inflow concentrations indicate larger values
throughout the experiment than outflow concentrations, meaning removal of TC occurred

in the wastewater treatment process as well.

However, there are points where the outflow measurements surpassed or approximated
the inflow concentration values, specifically on the 15.06 where values for high N high P
concentrations increased up to 152.76 mg/L for the reactor with presence of mycorrhizal

fungi, and 136 mg/L for the reactor without mycorrhiza.
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Similarly, the reactor with concentrations low N low P containing mycorrhizal fungi

increased to a value of 161.72 mg/L, reaching the highest value of TC concentrations for

outflow measurements throughout the experiment.
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Figure 16: Removal Efficiency of TC (%) for outflow (AMF and no AMF) measurements.
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Figure 17: Average TOC removal efficiency for outflow measurements (AMF or no AMF). Same

colors represent same N:P concentration ratios.
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The highest removal efficiency for TC is represented in Figure 16 from the 1% of June
until the end of the experiment in reactor high N low P without a presence of mycorrhizal
fungi. On the other hand, the lowest removal efficiency is shown in reactor with high N
low P concentrations with a presence of mycorrhiza, where this reactor reached the lowest

removal efficiency of 52.3%.

Moreover, there is a clear increasing trend in removal efficiency throughout the
experiment as the weather became warmer, especially in reactor high N low P without

AMF, where it has reached a value of 99.7% removal efficiency on the 15" of June.

Additionally, Figure 17 demonstrates similar values of average TC removal efficiency
for reactors containing and not containing mycorrhizal fungi. The most significant
difference is emphasized in reactor with high N low P concentrations, where no presence
of mycorrhiza indicated higher values of removal efficiency than the reactor with AMF.
Subsequently, reactor with low N high P also demonstrated higher removal efficiency
where AMF was not present. In contrast, in reactors low N low P and high N high P,

higher removal efficiency was reached by reactors with a presence of mycorrhiza.

5.1.2.3 Inorganic Carbon (IC) Results
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Figure 18: Concentration of IC (mg/L) for inflow (low N low P, low N high P, high N low P,
high N high P) and outflow (AMF and no AMF) measurements.
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Inorganic carbon (IC) summarizes all simple carbon compounds such as carbon dioxide,

carbonate, bicarbonate and carbonic acid.

The inflow values shown in Figure 18 demonstrate values ranging from 12.27 mg/L to
45.58 mg/L of IC concentration. Additionally, the outflow measurements containing
mycorrhizal fungi show significantly higher concentration values than the measurements

without a presence of AMF.

The lowest concentration of IC is demonstrated by the reactor with high N high P
concentrations containing mycorrhiza, with 9.69 mg/L. In contrast, the highest
concentration is shown in reactor low N low P without a presence of mycorrhiza with a

value of 78.52 mg/L.

120.00
100.00

80.00

Removal Efficiency IC (%)
60.00

40.00
0.00 I I II II

20.04.22 7 0 22 04.06.22 ‘ “‘ 18.05.22 250522 01 08 22 08.06.22 15.08 2 220622 29.06.22

-20.00
-40.00

-60.00

mow N low P (AMF) mow N high P (AMF) high Nlow P (AMF)  mhigh N high P (AMF)
mlow N low P (no AMF) mlow N high P (no AMF) mhigh N high P (no AMF) mhigh N low P (no AMF)

Figure 19: Removal Efficiency of IC (%) for outflow (AMF and no AMF) measurements.
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Average IC removal efficiency values comparison between outflow measurements (AMF
and no AMF)
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Figure 20: Average IC removal efficiency for outflow measurements (AMF or no AMF). Same

colors represent same N:P concentration ratios.

Furthermore, removal efficiency for IC presented in Figure 19 demonstrates an increase
in values over time for the reactor with low N low P concentrations containing mycorrhizal
fungi. Similarly, reactor with high N low P without mycorrhiza and reactor high N high P

with mycorrhiza shows an exponential increase throughout the experiment.

Additionally, removal efficiency for reactors low N high P and high N low P with AMF
have negative values in the first four weeks of the experiment which represent a gain in
IC rather than removal efficiency. At the same time, all reactors not containing
mycorrhizal fungi had negative values mostly in the first four weeks of the experiment,

and reactor low N high P without AMF indicates a gain in IC on the 15" of June.

Moreover, when comparing values for IC removal efficiency in reactors with and without
mycorrhizal fungi in Figure 20, reactor low N low P demonstrates higher removal
efficiency on average where mycorrhiza was present. In addition, similar results are
presented in reactor with concentrations low N high P and reactor high N high P, where
mycorrhizal fungi increased the removal efficiency for IC.

In contrast, reactor with concentrations high N low P has higher removal efficiency where

there was not a presence of AMF.
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5.1.3 Nitrogen

5.1.3.1 Ammonia (NH4+)

Concentration N-NH, (mg/L)
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Figure 21: Concentration of N-NH4(mg/L) for inflow (low N low P, low N high P, high N low P,
high N high P) and outflow (AMF and no AMF) measurements.

Ammonia Nitrogen is a critical nutrient in biological processes during wastewater
treatment, where nitrification is an essential process in which ammonia gets converted

into nitrates.

From the results shown in Figure 21 demonstrating the concentration of NHs-N
throughout the experiment, values show more constant trends. The measurements for
inflow, specifically where N concentrations are high, demonstrate a significantly higher
concentration of NH4-N with values ranging from 11.02 mg/L to 14.78 mg/L respectfully.
On the other hand, measurements for inflow where N concentrations are low indicate

values ranging from 0.67 mg/L to 3.70 mg/L.
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Outflow measurements show a range of values below the inflow values, meaning the
concentration of NH4-N during wastewater treatment in the reactors decreased as the
experiment progressed. Additionally, the graph demonstrates an increase in outflow
measurement concentrations in time. Values for high N high P containing mycorrhizal

fungi started at 0.19 mg/L and progressed to a value of 2.07 mg/L over time. Similarly,

values for high N high P without AMF started at 0.19 mg/L at the beginning of the
experiment and increased to 1.33 mg/L towards the end of it.
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Figure 22: Removal Efficiency of N-NH4 (%) for outflow (AMF and no AMF) measurements

Furthermore, Figure 22 demonstrates results for outflow measurements containing all
removal efficiency for NH4-N throughout the experiment. The reactor with the highest
removal efficiency is high N low P without mycorrhizal fungi and the lowest removal
efficiency is low N high P without mycorrhizal fungi. The measurements indicate a
constant trend of values over time for each reactor with different N:P concentrations and

mycorrhiza presence.
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Average N-NH4 removal efficiency values comparison between outflow measurements
(AMF and no AMF)

Removal Efficiency (%)

low N low P (AMF) ow N low P (noAMF)  low N high P (AMF)  low N high P (no AMF)  high N low P (AMF}  high N low P (no AMF)  high N high P (AMF) high N high P (no AMF)
Outflow Measurements

Figure 23: Average N-NH, removal efficiency for outflow measurements (AMF or no AMF).

Same colors represent same N:P concentration ratios.

Additionally, Figure 23 shows the difference in efficiency removal for NH4-N for reactors
considering the presence of AMF. The highest removal efficiency is shown in reactors
where N concentrations are high, for example 99.1% in high N low P without AMF and
high N high P containing mycorrhizal fungi with 98%.

In contrast, the least removal efficiency is demonstrated in reactors where N
concentrations are low, specifically where there is not a presence of AMF. The reactor
low N low P and low N high P without mycorrhizal fungi have values of 88.5% and 87.6%
removal efficiency on average, and the same reactors however containing mycorrhizal
fungi showed values of 89.1% and 93.2% removal efficiency on average, demonstrating
a relationship where higher removal efficiency is achieved with the presence of

mycorrhizal fungi in the CWs.
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5.1.3.2 Total Nitrogen (TN) Results
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Figure 24: Concentration of TN (mg/L) for inflow (low N low P, low N high P, high N low P,
high N high P) and outflow (AMF and no AMF) measurements.

Total Nitrogen in wastewater treatment processes can be present by having total organic

nitrogen and ammonia which is added with municipal wastewater discharge.

Figure 24 demonstrated high values throughout the experiment for inflow measurements,
where the average for the reactor with low N low P is 56.51 mg/L of TN, low N high P
has an average of 57.37 mg/L, high N low P has 61.27 mg/L and high N high P has an
average of 61.45 mg/L.

Additionally, outflow measurements demonstrated lower values of TN concentration than
inflow values, meaning removal of TN occurred during the wastewater purification
process. Moreover, outflow measurements indicated a gradual increase in TN
concentration over time, especially in reactors without a presence of mycorrhizal fungi.
For example, reactor with concentrations low N high P without mycorrhiza started off

with a value of 3.53 mg/L and towards the end of the experiment reached a value of 34.9

32



mg/L of TN concentration. In contrast, reactor with concentrations high N low P however

containing mycorrhiza kept more constant values throughout the experiment with 3.53
mg/L at the beginning of the experiment and 8.32 mg/L at the end of it.
Removal Efficiency TN (%)
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Figure 25: Removal Efficiency of TN (%) for outflow (AMF and no AMF) measurements.

Average TN removal efficiency values comparison between outflow measurements (AMF
and no AMF)

a7

@
@

Removal Efficiency (%)
8 8 2 8

8

87
low N low P (AMF)  low N low P (o AMF)  low N high P (AMF)  low N high P (no AMF)  high Nlow P (AMF)  high N low P (no AMF)  high N high P (AMF)  high N high P (no AMF)

Outflow Measurements

Figure 26: Average TN removal efficiency for outflow measurements (AMF or no AMF). Same

colors represent same N:P concentration ratios.
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Furthermore, Figure 25 demonstrates all removal efficiency values from TN for outflow
measurements throughout the experiment, where reactors with a presence of AMF
indicated constant or increasing values over time, and reactors without mycorrhiza
revealed a gradual decrease of removal efficiency over time. For example, reactor with
high N high P concentrations with AMF presence has an initial value of 97.8 % and at the
end of the experiment has 96.1 % and the reactor with the same concentrations but without
AMF starts with values 99.5 % and towards the end of the experiment has a value of 84.2

% of removal efficiency respectfully.

Additionally, Figure 26 more visually represents the difference of TN removal efficiency
in reactors with and without mycorrhizal fungi. The highest average removal efficiency is
demonstrated by reactor high N low P without AMF with 96%, and the lowest removal
efficiency is shown by reactor high N high P without AMF with 90%.

Moreover, reactor low N low P indicates higher removal efficiency where mycorrhizal
fungi is present, as well as reactor with high N high P concentrations. In contrast, reactor
with concentrations high N low P and low N high P demonstrates higher removal
efficiency where mycorrhiza was not present.

Overall, the lowest removal efficiency was shown in reactor with concentrations low N
high P, where the average TN removal efficiency for the reactor containing AMF is 91%

and the reactor without AMF presence with a value of 92%.
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5.1.3.3 Nitrates (NO3) and Nitrites (NO») Results

Removal Efficiency N-NO; (%)
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Figure 27: Removal Efficiency of N-NO3 (%) for outflow (AMF and no AMF) measurements.

Nitrates are an essential source of N for plants which is absorbed through their roots and
assists in their growth and metabolism processes, such as creating amino acids and then
proteins. Nitrates are commonly found in agricultural fertilizers where they appear as NHa.
Ammonification, nitrification and denitrification are processes which contribute to
nitrogen transformation and removal in wastewater purification, where NH4 is converted

into nitrates by nitrifying bacteria.

Concentration values for NOj3 are not shown because there is limited data due to
systematic error concerning the machine measurements. However, Figure 27
demonstrates a variety of values for the removal efficiency of N-NOs in outflow
wastewater measurements throughout the experiment. The highest removal efficiency is
shown to be in reactor with low N high P concentrations containing mycorrhiza with an
average of 98.4%. On the other hand, the lowest removal efficiency is indicated by reactor

low N low P without AMF with an average removal rate of 86.7%.
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Overall, higher removal efficiency of NHs-Nis demonstrated by reactors with a presence
of mycorrhizal fungi, and in contrast, lower removal efficiency is shown by reactors

without mycorrhiza.

Average N-NO, removal efficiency values comparison between outflow
measurements (AMF and no AMF)
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Figure 28: Average Removal Efficiency of N-NO- (%) for outflow (AMF and no AMF)

measurements.

In the process of nitrification, ammonium is converted into nitrites and later can be
reduced to ammonia during the N ammonification process and converted into N gas in the

process of denitrification.

Figure 28 shows a variety of positive and negative values for average removal efficiency
of each outflow measurement. Reactors with concentrations low N low P indicate negative
values during the experiment, meaning more NH4-N was created rather than removed
during the wastewater purification process. Similar results occurred in reactor low N high

P with mycorrhiza and high N high P without AMF.

In contrast, reactors with concentrations low N high P without mycorrhiza and high N low
P with and without mycorrhiza demonstrate positive removal efficiency reaching 60.5%

in high N low P with AMF.
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5.1.4 Phosphorus

5.1.4.1 Phosphates (PO4>") Results
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Figure 29: Concentration of P-POy" (mg/L) for inflow (low N low P, low N high P, high N low
P, high N high P) and outflow (AMF and no AMF) measurements.

Phosphorus, which most often appears in wastewater as phosphates derives from human
and animal waste as well as agricultural runoff and industrial and household chemicals. P
1s essential for plant’s growth and development, however, when large quantities of P enter
water bodies, they could cause algae species to overgrow and cause eutrophication. This
is why this nutrient should be removed from wastewater inflow, in this case, by biological

processes in CWs.

Figure 29 presents concentration of PO4>-P for inflow and outflow measurements over
time, where some results are missing due to systematic error concerning the machine
measurements. However, from the given values, it’s clear that inflow measurements for

concentration of PO4*-P are higher than outflow measurements throughout the
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experiment, especially inflow with concentrations low N high P, where the average is

12.57 mg/L and high N high P with an average concentration value of 12.53 mg/L.

Moreover, values for reactors where P is low, regardless of AMF presence have low
concentrations, where low N low P with mycorrhiza averages at 0.29 mg/L and low N low

P without mycorrhizal fungi averages at 0.20 mg/L.

In contrast, reactors where P concentrations were initially high such as low N high P and
high N high P gradually increase over time. For example, the reactor with concentrations

low N high P without the presence of AMF increased from a value of 1.79 mg/L to a

concentration of 7.36 mg/L on the 25" of May, and then decreased to 2.92 mg/L at the
end of the experiment.

Removal Efficiency P-PO,* (%)
100.00

90.00
80.00
70.00
60.00
50.00

20.04.22 27.04.22 04.05.22 11.05.22 18.05.22 25.05.22 01.06.22 08.06.22 16.06.22 22.06.22 29.06.22

mlow N low P (AMF) mlow N high P (AMF) high N low P (AMF) mhigh N high P (AMF)
mlow N low P (no AMF) mlow N high P (no AMF) mhigh N high P (no AMF)mhigh N low P (no AMF)

Figure 30: Removal Efficiency of P-POys> (%) for outflow (AMF and no AMF) measurements.

The removal efficiency of PO4*-P in Figure 30 demonstrates high values for all reactors
where mycorrhiza is present. Additionally, removal efficiency is high where P
concentrations in all reactors are low, for example low N low P reactor has a constant

removal efficiency throughout the experiment.

38



In contrast, reactors where P concentrations are high, the removal efficiency is lower,
especially where there is no mycorrhizal fungi present, for example in low N high P and

high N high P reactors.
Average P-PO,* removal efficiency values comparison between outflow

measurements (AMF and no AMF)
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Figure 31: Average P-POs" removal efficiency for outflow measurements (AMF or no AMF).

Same colors represent same N:P concentration ratios.

When comparing PO4*-P average removal efficiency for reactors with and without
mycorrhizal fungi, Figure 31 demonstrates the highest removal in reactor low N high P
containing mycorrhiza with an average of 98.6%, and the lowest in high N high P without
mycorrhiza with 87.5%. Moreover, in these reactors, it’s clear to see that removal

efficiency is higher where mycorrhizal fungi are present.

Additionally, reactor with concentrations high N low P shows higher removal efficiency
where mycorrhiza is present as well, specifically with 97.5%, and 96.4% in the reactor

without mycorrhiza.

In contrast, reactor low N low P without mycorrhiza demonstrates slightly higher average

removal efficiency with 98.6%, and 97.7% where mycorrhiza is present.
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6. Discussion

6.1 Carbon Removal

Constructed wetlands (CWs) can be a source or a sink for Carbon (C), depending on the
type of CW, its age and operational capacity (Zemanova et al. 2010), environmental
surroundings like climate conditions (Scholz et. 2011), and vegetation diversity (Sun et
al. 2019). There are two important processes that contribute to C removal from wastewater
in CWs which are microbial uptake and transformation by microorganisms in different

carbon compounds (Barbera et al. 2014).

This thesis demonstrates the highest removal efficiency of a C compound which is Total
Organic Carbon (TOC) with a removal rate of 87%. According to an article by Sgroi et al.
2017, where the TOC removal efficiency in vertical flow CWs indicated 72%, the high
removal rate could be achieved by relatively high oxidation/reduction potential (ORP) and
the availability for oxygen to pass through the vertical substrate surface. This is further
supported by the high ORP levels throughout this experiment, meaning reactions where
molecules are reduced by an oxidizing agent occurred in the wastewater purification

process.

Furthermore, the removal efficiency for Total Carbon (TC) demonstrated an overall
removal rate of 79% throughout this experiment. This includes all forms of carbon
including organic, inorganic, dissolved, and suspended. These high levels of TC removal
could have occurred because of uptake by wetland vegetation during the wastewater
purification process (Barbera et al 2014). Additionally, the plant uptake could be
influenced by weather changes throughout the experiment (Yang et al. 2020), for example
sunny weather provides photosynthesis conditions and therefore more C is absorbed.
Moreover, according to an article by Hu et al. 2023, mycorrhizal fungi as part of the

wetlands’ substrate could enhance the removal efficiency of TC.

Inorganic Carbon (IC) is an essential component which is extracted from the soil and
minerals in CWs and plays a significant role in the C cycle (Nanzyo and Kanno, 2018).

This experiment reported an overall average removal efficiency of 47%, however, the IC
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removal rate fluctuated throughout the experiment depending on the different nutrient
ratios. Specifically, during the springtime, the IC removal efficiency demonstrated
negative values, meaning more IC was created rather than removed. This could be
enhanced by the microbial impact on the wetland vegetation in the CW, assisting its
photosynthesis production. Additionally, according to a study by Liu et al. 2022, the
degree of IC content in the soil depended on the depth, where the topsoil indicates smaller

amounts than the ground soil.

6.2 Nitrogen Removal

Nitrogen (N) compounds occur in most types of wastewaters, such as agricultural runoff,
industrial and urban drainage, and landfill leachate, which can cause various negative
impacts in water habitats, such as wetlands. N can appear in many forms such as inorganic
compounds like NO3, NO2, NH3 or NH4*, which have the biggest impact on aquatic life
due to their availability to be absorbed by microorganisms (Holmes et al. 2018). Various
compounds of N can be removed with biological treatment processes like nitrification,

denitrification, ammonification, and a combination of them (Holmes et al. 2018).

In this thesis experiment, the average inflow concentration of Total Nitrogen (TN) showed
59 mg/L and the average outflow concentration indicated 12 mg/L, which results in an
average removal efficiency of 93%. Moreover, the average removal efficiency of
ammonia-N (NH4-N) in the wastewater was 93%, as well as for nitrates-N (NOs3-N), which
TN comprises of. According to a research article by Vymazal et al. 2020, the NH4-N in
the simulated wastewater that is being deposited in the CWs becomes available for the
wetland vegetation to use which promotes growth and development and takes an important
role in photosynthesis. Additionally, the NH4 which is not available for plant uptake is
being nitrified by nitrifying bacteria into NO3-N, which then proceeds to leach into the
soil and drainage systems (Goswami et al. 2009). Reasoning for the high TN removal
efficiency in this experiment could be due to denitrification processes that might have
taken place during the wastewater purification process (Vymazal et al. 2020), which is

supported by the similar pattern of removal rate of NO3-N and NH4-N.
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6.3 Phosphorus Removal

Phosphorus (P) is an essential macronutrient that takes part in many biological and
geological processes to enhance the plants’ ability to grow and develop (Chen and
Graedel, 2016). P can exist in many organic as well as inorganic compounds which
provide various benefits and functions that are crucial for plants and microorganisms,
which is why this nutrient is an important component in the production of fertilizers
(Gubernat et al. 2023). However, the increased usage of these fertilizers for agricultural
purposes and the unmonitored regulation can lead to surface runoff which could result in
eutrophication, for which the main cause is uncontrolled amounts of P and N in
wastewater. Therefore, CWs stand as a viable option to use biogeochemical processes in

order to treat phosphorus removal in wastewater.

In this experiment, the average inflow concentration of phosphate-P (PO4*-P) amounted
to 9.25 mg/L whereas the average outflow concentration resulted in 1.23 mg/L. Therefore,
the removal efficiency of POs*-P demonstrated an average of 95% throughout the
experiment. According to a research article by Krzeminska et al. 2023, the removal
efficiency of P could be affected by the different seasons, where the highest removal rate
was shown to be in the springtime, and the lowest rate was indicated in the summer, which
is further supported by the decreased removal efficiency rates over time throughout the
experiment which was conducted during spring and summer. Additionally, despite the
concentration of PO4*-P fluctuating during the course of the experiment, the removal

efficiency rate remained consistently high.

Furthermore, wetland vegetation could have an essential effect on the removal efficiency
of PO4*-P, which significantly increases the retention time and promotes sedimentation
(Kill et al. 2022). Moreover, the research paper by Kill et al. 2022, suggests that the
presence of dense wetland vegetation can increase the P removal efficiency as well as
promote greater resilience to extreme conditions. Additionally, according to a research
article by Hu et al. 2023, the presence of mycorrhizal fungi could directly affect the
removal efficiency of P along with other nutrients, which would lead to an increased

positive bio filter performance in CWs.
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6.4 Effect of N:P Ratios in Constructed Wetlands on Pollutant Removal

The results from this thesis experiment demonstrated a difference in removal efficiencies
of pollutants according to the different nutrient N:P ratios. The removal of Total Carbon
(TC) indicated the highest removal rate in reactors with low Nitrogen (N) and high
Phosphorus (P) with an efficiency of 80%. In contrast, the lowest removal rate was shown
as 75% in reactors with high N and low P, which would suggest that high concentrations
of P could cause greater removal efficiency of TC, and low concentrations of N decrease
the removal rate of TC. Moreover, CWs support C removal through the usage of wetland
vegetation and microorganisms, in this case, mycorrhizal fungi. Macrophytes minimize C
being released into the atmosphere by reusing the carbon dioxide which is released by the

mycorrhiza during the process of photosynthesis (Mthembu et al. 2013).

Furthermore, the highest removal rate of Total N (TN) was found in reactors with high N
and low P concentrations with a removal efficiency of 96%, and the lowest was in reactors
with high concentrations of N and P with an efficiency of 93%. These results could
indicate that higher concentrations of N correspond to higher removal efficiency of N.
Moreover, a research article by Zheng et al. 2016 suggests that warmer seasons such as
spring or summer during which this thesis experiment was conducted can indicate higher
production of nitrates and higher removal of N compared to cooler seasons such as winter
or even during nighttime. Therefore, the changes in removal efficiency for N throughout
the experiment could be due to seasonal changes and increased temperature. Additionally,
more concentration of N would suggest more processes such as nitrification and
denitrification take place, which further continues the recycling rate of the N cycle,

allowing higher N removal efficiency to occur (McCarty et. 2018).

On the other hand, the removal of phosphate phosphorus (PO4*-P) has demonstrated the
highest removal rate in reactors with low concentrations of N and P with an efficiency of
98%. In contrast, the lowest removal rate of 92% was shown in reactors with high
concentrations of N and P. These results indicate that lower concentrations of N and P
lead to higher removal efficiency of PO4*-P, and in contrast high concentrations of N and

P demonstrate a lower removal rate of PO4>-P. Some of the processes that could have
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taken place in the P removal process include natural sedimentation, plant absorption, and
most often, absorption by the substrate in the CWs (Gao and Zhang, 2022). Furthermore,
according to a research article by Ji et al. 2021, most of the P removal processes take place
in the substrates, where specifically 50-70% of the P is removed by abiotic processes

rather than biotic ones.

6.5 Effect of Arbuscular Mycorrhizal Fungi in Constructed Wetlands on Pollutant
Removal

The evidence from this thesis experiment distinguishes pollutant removal efficiencies
between reactors with arbuscular mycorrhizal fungi (AMF) and without. The highest
average removal rate for TC is shown in reactors without the presence of AMF at 80%,
while reactors containing AMF indicated a lower average removal rate of 76%. This
suggests that reactors without AMF presented a more effective method for removing TC
in CWs, specifically by 4%. This contradicts the previously stated idea of AMF having
the capacity to increase the removal rate of TC in CWs when present. Mycorrhizal
functions could also be affected by the wetlands’ substrate structure, which could
influence AMF development and symbiosis with plants (Hu et al. 2023). This could
further modify or reduce the pollutant removal capacity in CWs, which could be a reason
why TC removal was lower with the presence of AMF during wastewater purification.
Additionally, during the aqueous phase of the microbial degradation process, as well as
uptake by plants during a short retention time, pollutants are not removed very easily and

quickly (Jia et al. 2010).

On the other hand, the presence of AMF in reactors in terms of TN removal suggests
higher removal efficiencies than in reactors without AMF. Reactors with AMF
demonstrated a removal efficiency of 94% and reactors without AMF showed a 92%
removal rate, meaning the presence of mycorrhizal fungi increased the TN removal
efficiency by 2%. According to a research article by Hu et al 2023, AMF inoculation can
significantly enhance TN removal, where the results indicated a 10% increased removal
efficiency of TN when mycorrhiza was present. This enhancement of pollutant removal is

most likely due to AMF being able to promote plant growth and resilience (Hu et al. 2021)
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while also providing nutrient uptake which further supports N removal during wastewater

purification.

Similarly, the removal rate for P was increased with the presence of mycorrhiza, where
reactors with AMF indicated 98% removal efficiency, while reactors without AMF
demonstrated a 93% removal rate, meaning the presence of mycorrhiza in the reactors was
5% more effective in the process of P removal. When comparing these results to a recent
research article by Hu et al. 2023, where the PO4*-P removal rates demonstrated a 0.2-
5.0% increase, it is clear that mycorrhizal fungi enhance PO4>-P removal. Moreover,
previous studies have suggested that mycorrhizal symbiosis may form extra radical
hyphae that can lead to a clearer path to acquiring nutrients such as N and P, which results

in higher removal and absorption of P in wetland plants (Mader et al. 2000).

6. Conclusion

This experimental thesis aimed to evaluate the effects of different nutrient concentrations
in wastewater purification processes in subsurface flow constructed wetlands (CWs), as
well as the influence of arbuscular mycorrhizal fungi (AMF) on pollutant removal. Based
on the wastewater sample analysis results and their further evaluation, it can be concluded
that different concentrations of nitrogen (N) and phosphorus (P) can affect removal
efficiency of carbon (C), N and P respectively. The results indicate a correlation between
total carbon (TC) and total nitrogen (TN) removal and high N concentrations, as well as
phosphate phosphorus (PO4*-P) removal and low concentrations of N and P. Additionally,
the presence of AMF enhanced TN and PO4*-P removal, however C removal was shown
to have higher removal efficiency without mycorrhizal presence. This research clearly
illustrates a better understanding of the relationship between different nutrient
concentrations and AMF presence in CWs for wastewater purification, however it also
raises questions regarding the composition and colonization of microbial communities in
these nutrient conditions. This thesis opens a wider understanding in the field of CWs
assisted with AMF that are used for wastewater purification, where the effects of different

nutrient concentrations are considered.

45



7. Bibliography

Abdelhay, Arwa, and Suhaib G. Abunaser. “Modeling and Economic Analysis of
Greywater Treatment in Rural Areas in Jordan Using a Novel Vertical-Flow Constructed
Wetland - Environmental Management.” SpringerLink, Springer US, 27 Aug. 2020,
https://link.springer.com/article/10.1007/s00267-020-01349-7.

Barbera, Antonio C., et al. “Carbon Dioxide Emissions from Horizontal Sub-Surface
Constructed Wetlands in the Mediterranean Basin.” ScienceDirect, Elsevier, 19 Jan.
2014,
https://www.sciencedirect.com/science/article/pii/S0925857413005326?casa_token=dFp
D-QY1T7gAAAAA%3AsWMoikN9H_RIU2sH6bjzIfLrdHPqS9G1j-
d3eXtyAhyV7KCADJISSX28UIOFRpr7r1 7WkgwY cw#bib0095.

Burgoon, Peter S., et al. “Treatment of Potato Processing Wastewater with Engineered
Natural Systems.” ScienceDirect, Elsevier, 22 Nov. 1999,
https://www.sciencedirect.com/science/article/abs/pii/S0273122399004126.

Chauhan, Akanksha, and Sanjeev Kumar Prajapati. “Algae Coupled Constructed
Wetland System for Wastewater Treatment.” ScienceDirect, Elsevier, 15 Apr. 2022,
https://www.sciencedirect.com/science/article/pii/B978032391180100003X.

Chen, Minpeng, and T. E. Graedel. “A Half-Century of Global Phosphorus Flows,
Stocks, Production, Consumption, Recycling, and Environmental Impacts.”
ScienceDirect, Elsevier, 14 Jan. 2016,
https://www.sciencedirect.com/science/article/pii/S0959378015300765?casa_token=7gv
BT6NO13gAAAAA%3AVdiMmy9lxDddALaRR2bHoJIpBv42SiuRP7qyo8jU7axETet
XVSgilJVSGv-IgOjbBVxibT5SNQA.

Chen, Y1, et al. “Effects of Dissolved Oxygen on Extracellular Enzymes Activities and
Transformation of Carbon Sources from Plant Biomass: Implications for Denitrification
in Constructed Wetlands.” ScienceDirect, Elsevier, 30 Oct. 2010,
https://www.sciencedirect.com/science/article/pii/S09608524100177857casa_token=4gl

46


https://link.springer.com/article/10.1007/s00267-020-01349-7
https://www.sciencedirect.com/science/article/pii/S09258574
https://www.sciencedirect.com/science/article/abs/pii/S0273122399004126
https://www.sciencedirect.com/science/article/pii/B978032391180100003X
https://www.sciencedirect.com/science/article/pii/S09593780
https://www.sciencedirect.com/science/article/pii/S096085

2QKjmOISAAAAA%3APTCHrRrzhVBhsowM9KXi5aibQblkgIQCJIWOwiAonD_1G6
gxBoxrsaoj7PJ62urE6fiVqQRLoiA.

Chen, Zhongbing, et al. “Immobilization of Chromium Enhanced by Arbuscular
Mycorrhizal Fungi in Semi-Aquatic Habitats with Biochar Addition.” ScienceDirect,
Elsevier, 8 July 2022,
https://www.sciencedirect.com/science/article/pii/S0304389422013553.

Chitarra, Walter, et al. “Insights on the Impact of Arbuscular Mycorrhizal Symbiosis on
Tomato Tolerance to Water Stress.” Oxford Academic, Plant Psychology, 19 Apr. 2016,
https://academic.oup.com/plphys/article/171/2/1009/6114935.

Ennabili, Abdeslam, and Michel Radoux. “Nitrogen and Phosphorus Uptake and
Biomass Production in Four Riparian Plants Grown in Subsurface Flow Constructed
Wetlands for Urban Wastewater Treatment.” ScienceDirect, Elsevier, 23 Dec. 2020,
https://www.sciencedirect.com/science/article/pii/S030147972031731X.

Evelin, Heikham, et al. “Arbuscular Mycorrhizal Fungi in Alleviation of Salt Stress: A
Review.” Oxford Academic, Oxford University Press, 8 Oct. 2009,
https://academic.oup.com/aob/article/104/7/1263/165667.

Evelin, Heikham, et al. “Mitigation of Salinity Stress in Plants by Arbuscular
Mycorrhizal Symbiosis: Current Understanding and New Challenges.” Frontiers,
Frontiers in Plant Science, 28 Mar. 2019,
https://www.frontiersin.org/articles/10.3389/fpls.2019.00470/full.

Farooqi, I. H,, et al. “Constructed Wetland System (CWS) for Wastewater Treatment .”
ResearchGate, 2008, https://www.researchgate.net/profile/Farrukh-
Basheer/publication/225027740_Constructed_Wetland_System_for_Wastewater_Treat
ment/links/09e4150fe0bb4d 1bec000000/Constructed-Wetland-System-for-Wastewater-
Treatment.pdf.

Gao, Pan, and Chao Zhang. “Study on Phosphorus Removal Pathway in Constructed
Wetlands with Thermally Modified Sepiolite.” MDPI, Multidisciplinary Digital

47


https://www.sciencedirect.com/science/article/pii/S0304389422013553
https://academic.oup.eom/plphys/article/171/2/1009/6114935
https://www.sciencedirect.com/science/article/pii/S030147972031731X
https://www.frontiersin.org/articles/10.3389/fpls.2019.00470/full
https://www.researchgate.net/profile/Farrukh-

Publishing Institute, 1 Oct. 2022, https://www.mdpi.com/2071-
1050/14/19/12535/html#:~:text=The%20main %20mechanisms%200f%20phosphorus %
20removal%?20in%?20constructed,of %20phosphorus%20by %20the%?20substrate %20%5
B%2011%20%5D.

Gerardi, Michael H. “ORP Management in Wastewater as an Indicator of Process
Efficiency.” YSI Environmental, NEIWPCC, 2008,
https://www.ysi.com/file%20library/documents/application%20notes/a567-orp-

management-in-wastewater-as-an-indicator-of-process-efficiency.pdf.

Greenway, Margaret. “The Role of Constructed Wetlands in Secondary Effluent
Treatment and Water Reuse in Subtropical and Arid Australia.” ScienceDirect, Elsevier,
10 Oct. 2005,
https://www.sciencedirect.com/science/article/pii/S0925857405001564 ?casa_token=W's
USYj8KpIIAAAAA%3AghZs5sgIm7DIbJTdX1E-

23£fSP9_81uFedvpkFIQdW ArFRQkDrbkEuCfOLEjBjtnuGOqvzlmeRQ.

Gubernat, Sylwia, et al. “Efficiency of Phosphorus Removal and Recovery from
Wastewater Using Marl and Travertine and Their Thermally Treated Forms.”
ScienceDirect, Elsevier, 16 Mar. 2023,
https://www.sciencedirect.com/science/article/pii/S2214714423001599#bb0025.

Goswami, D, et al. “Nitrate-N Loadings through Subsurface Environment to
Agricultural Drainage Ditches in Two Flat Midwestern (USA) Watersheds.”
ScienceDirect, Elsevier, 12 Mar. 2009,
https://www.sciencedirect.com/science/article/pii/S0378377409000304 ?casa_token=3m
pO6NhbgTmUAAAAA%3AQR_HLODZho6zShcs49th7-dbCY_-OANQe-

Y AwNkvWcSprxxDOXGFtf YRFMJQSy9rluFOQN_aAQ.

Higgins, Patrick. “ORP Management in Wastewater as an Indicator of Process
Efficiency.” YSI, 22 Aug. 2013, https://www.ysi.com/ysi-blog/water-blogged-

blog/2013/08/orp-management-in-wastewater-as-an-indicator-of-process-efficiency.

48


https://www.mdpi.com/2071-
https://www.ysi.com/file%201ibrary/documents/application%20notes/a567-orp-
https://www.sciencedirect.com/science/article/pii/S0925857405001564?casa_token=Ws
https://www.sciencedirect.eom/science/article/pii/S2214714423001599%23bb0025
https://www.sciencedirect.com/science/article/pii/S0378377409000304?casa_token=3m
https://www.ysi.com/ysi-blog/water-blogged-

Holmes, Dawn E., et al. “Nitrogen Cycling during Wastewater Treatment.”
ScienceDirect, Elsevier, 10 Dec. 2018,
https://www.sciencedirect.com/science/article/abs/pii/S0065216418300534.

Hota, Amrutashree, et al. “Constructed Wetland Challenges for the Treatment of
Industrial Wastewater in Smart Cities: A Sensitive Solution.” ScienceDirect, Elsevier,

24 Dec. 2022, https://www.sciencedirect.com/science/article/pii/S2213138822010153.

Hu, Bo, et al. “Do Mycorrhizal Symbiosis Affect Wastewater Purification in
Constructed Wetlands with Different Substrates?” ScienceDirect, Elsevier, 17 Jan. 2023,
https://www.sciencedirect.com/science/article/pii/S2214714423000156.

Hu, Bo, et al. “Application of Arbuscular Mycorrhizal Fungi for Pharmaceuticals and
Personal Care Productions Removal in Constructed Wetlands with Different Substrate.”
ScienceDirect, Elsevier, 31 Jan. 2022,
https://www.sciencedirect.com/science/article/pii/S0959652622003997.

Hu, Bo, et al. “Arbuscular Mycorrhizal Symbiosis in Constructed Wetlands with
Different Substrates: Effects on the Phytoremediation of Ibuprofen and Diclofenac.”
ScienceDirect, Elsevier, 9 July 2021,
https://www.sciencedirect.com/science/article/pii/S0301479721012792?casa_token=22z
Hql4DOSS8AAAAA%3AUNN_3dTgQVGTYfs65-
8yTTADNwWHMG_AA36Rj9VVO90enlnscPSzoeCaAzZKMS5926fKze Yrs60w.

Jakubaszek, Anita. “Nitrogen and Phosphorus Content in Constructed Wetlands.” Civil

and Environmental Engineering Reports, 1 June 2020, https://doi.org/10.2478/ceer-
2020-0030.

Jeffries, Peter, et al. “The Contribution of Arbuscular Mycorrhizal Fungi in Sustainable
Maintenance of Plant Health and Soil Fertility - Biology and Fertility of Soils.”
SpringerLink, Springer-Verlag, Jan. 2003,
https://link.springer.com/article/10.1007/s00374-002-0546-5.

49


https://www.sciencedirect.com/science/article/abs/pii/S0065216418300534
https://www.sciencedirect.com/science/article/pii/S2213138822010153
https://www.sciencedirect.com/science/article/pii/S2214714423000156
https://www.sciencedirect.com/science/article/pii/S0959652622003997
https://www.sciencedirect.com/science/article/pii/S03014797210
https://doi.org/10.2478/ceer-
https://link.springer.com/article/10.1007/s00374-002-0546-5

Ji, Zehua, et al. “Constructed Wetland Substrates: A Review on Development, Function
Mechanisms, and Application in Contaminants Removal.” ScienceDirect, Elsevier, 19

July 2021, https://www.sciencedirect.com/science/article/pii/S0045653521020361.

Jia, Wenlin, et al. “Effect of Intermittent Operation on Contaminant Removal and Plant
Growth in Vertical Flow Constructed Wetlands: A Microcosm Experiment.”
ScienceDirect, Elsevier, 8 July 2010,
https://www.sciencedirect.com/science/article/pii/S0011916410004042?casa_token=0g
RBccziglLgAAAAA%3AulZHXONsCPLc3-L1Tt_Zo2RrtlUDjW8uPaNn-
WnxtmZ6VoSkJOKwx1WrxmbY VaquKWGkfno-Jg.

Jiang, Y1, et al. “Wetlands for Wastewater Treatment.” Water Environment Research,

vol. 88, no. 10, 2016, pp. 1160-91. JSTOR, https://www.jstor.org/stable/26662409.

Johnson, Nancy C., and Catherine A. Gehring. “Chapter 4: Mycorrhizas: Symbiotic
Mediators of Rhizosphere and Ecosystem Processes.” The Rhizosphere, ScienceDirect,

2007, pp. 73-100.

Kadlec, R.H., and Wallace, S. (2008). Treatment Wetlands (2nd ed.). CRC Press.
https://doi.org/10.1201/9781420012514

Kill, Keit, et al. “Phosphorus Removal Efficiency by in-Stream Constructed Wetlands
Treating Agricultural Runoff: Influence of Vegetation and Design.” ScienceDirect,
Elsevier, 25 Apr. 2022,
https://www.sciencedirect.com/science/article/pii/S0925857422001252.

Krzeminska, Dominika, et al. “The Effectiveness of Sediment and Phosphorus Removal
by a Small Constructed Wetland in Norway: 18 Years of Monitoring and Perspectives
for the Future.” ScienceDirect, Elsevier, 27 Jan. 2023,
https://www.sciencedirect.com/science/article/pii/S034181622300053X.

Kumar, Mahoj, and Rajesh Singh. “Performance Evaluation of Semi Continuous

Vertical Flow Constructed Wetlands (SC-VF-CWS) for Municipal Wastewater

50


https://www.sciencedirect.com/science/article/pii/S0045653521020361
https://www.sciencedirect.com/science/article/pii/S001
https://www.jstor.org/stable/26662409
https://doi.org/10.1201/9781420012514
https://www.sciencedirect.com/science/article/pii/S0925857422001252
https://www.sciencedirect.com/science/article/pii/S034181622300053X

Treatment.” ScienceDirect, Elsevier, 10 Feb. 2017,
https://www.sciencedirect.com/science/article/pii/S0960852417301335.

Liu, Xinyu, et al. “Distribution and Storage of Soil Organic and Inorganic Carbon in
Steppe Riparian Wetlands under Human Activity Pressure.” ScienceDirect, Elsevier, 10

May 2022, https://www.sciencedirect.com/science/article/pii/S1470160X22004162.

Ma, Pengkun, et al. “Effects of Arbuscular Mycorrhizal Fungi on Growth and Na+
Accumulation of Suaeda Glauca (Bunge) Grown in Salinized Wetland Soils.”
ScienceDirect, Elsevier, 18 May 2021,
https://www.sciencedirect.com/science/article/pii/S0929139321001864#bb0060.

Mider, P., et al. “Transport of 15N from a Soil Compartment Separated by a
Polytetrafluoroethylene Membrane to Plant Roots via the Hyphae of Arbuscular
Mycorrhizal Fungi: The New Phytologist.” Cambridge Core, Cambridge University
Press, 1 Apr. 2000, https://www.cambridge.org/core/journals/new-
phytologist/article/abs/transport-of-15n-from-a-soil-compartment-separated-by-a-
polytetrafluoroethylene-membrane-to-plant-roots-via-the-hyphae-of-arbuscular-

mycorrhizal-fungi/0C2B1E70EADO4EDB8E7D395725139040.

Mahmood, Qaisar, et al. “Natural Treatment Systems as Sustainable Ecotechnologies for
the Developing Countries.” ReseachGate, U.S. National Library of Medicine, June
2013, https://pubmed.ncbi.nlm.nih.gov/23878819/.

McCarty, Perry L. “What Is the Best Biological Process for Nitrogen Removal: When
and Why?” ACS Publications, American Chemical Society, 6 Mar. 2018,
https://pubs.acs.org/doi/10.1021/acs.est.7b05832.

Mthembu, Mathews Simon, et al. “Constructed Wetlands: A Future Alternative
Wastewater Treatment Technology.” ResearchGate, July 2013,
https://www.researchgate.net/publication/290152323_Constructed_wetlands_A_future_

alternative_wastewater_treatment_technology.

51


https://www.sciencedirect.com/science/article/pii/S0960852417301335
https://www.sciencedirect.com/science/article/pii/S1470160X22004162
https://www.sciencedirect.eom/science/article/pii/S0929139321001864%23bb0060
https://www.cambridge.org/core/journals/new-
https://pubmed.ncbi.nlm.nih.gov/23
https://pubs.acs.org/doi/10.1021/acs.est.7b05832
https://www.researchgate.net/publication/290152323_Constructed_wetlands_A_future_

Nanzyo, Masami, and Hitoshi Kanno. “Inorganic Constituents in Soil.” SpringerLink,
Springer Nature Singapore, 2018, https://link.springer.com/book/10.1007/978-981-13-
1214-4.

Parde, Divyesh, et al. “A Review of Constructed Wetland on Type, Treatment and
Technology of Wastewater.” ScienceDirect, Elsevier, 21 Nov. 2020,
https://www.sciencedirect.com/science/article/pii/S2352186420315613#b35.

Qualls, Robert G., and Alan C. Heyvaert. “Accretion of Nutrients and Sediment by a
Constructed Stormwater Treatment Wetland in the Lake Tahoe Basin.” Wiley Online
Library, JAWRA, 30 Oct. 2017, https://onlinelibrary.wiley.com/doi/abs/10.1111/1752-
1688.12595.

Ramirez-Viga, Thai Khan, et al. “Wetland Plant Species Improve Performance When
Inoculated with Arbuscular Mycorrhizal Fungi: A Meta-Analysis of Experimental Pot
Studies - Mycorrhiza.” SpringerLink, Springer Berlin Heidelberg, 4 June 2018,
https://link.springer.com/article/10.1007/s00572-018-0839-7.

Saeed, Tanveer, et al. “Pollutant Removal Employing Tidal Flow Constructed Wetlands:
Media and Feeding Strategies.” ScienceDirect, Elsevier, 18 Sept. 2019,
https://www.sciencedirect.com/science/article/pii/S1385894719322843?casa_token=Vq
27gqxinRcAAAAA%3ATpLG4u7nmEhY1JFWbOZvIsHwQGzvkY W5uMilL48tVbmPi
dDEjYCJRvvMIvNhkVhnwnOlJC_MIleg.

Saquib, Syed, et al. “Emerging Water Crisis: Impact of Urbanization on Water
Resources and Constructed Wetlands as a Nature-Based Solution (NBS).”
ScienceDirect, Elsevier, 19 July 2022,
https://www.sciencedirect.com/science/article/pii/B978032391838100021X.

Scholz, Miklas. “Carbon Storage and Fluxes within Wetland Systems.” SpringerLink,
Springer London, 2011, https://link.springer.com/chapter/10.1007/978-1-84996-459-
3.3.

52


https://link.springer.com/book/10.1007/978-981-13-
https://www.sciencedirect.eom/science/article/pii/S2352186420315613%23b35
https://onlinelibrary.wiley.com/doi/abs/10.llll/1752-
https://link.springer.com/article/10.1007/s00572-018-0839-7
https://www.sciencedirect.com/science/article/pii/S
https://www.sciencedirect.com/science/article/pii/B978032391838100021X
https://link.springer.com/chapter/10.1007/978-l-84996-459-

Sgroi, Massimiliano, et al. “Removal of Organic Carbon, Nitrogen, Emerging
Contaminants and Fluorescing Organic Matter in Different Constructed Wetland
Configurations.” ScienceDirect, Elsevier, 22 Sept. 2017,
https://www.sciencedirect.com/science/article/pii/S1385894717316212.

Silva, Hellen Fernanda Oliveira da, et al. “Arbuscular Mycorrhizal Fungi and Humic
Substances Increased the Salinity Tolerance of Rice Plants.” ScienceDirect, Elsevier, 27

Aug. 2022, https://www.sciencedirect.com/science/article/pii/S1878818122001992.

Smith, Sally E., and David J. Read. “Mycorrhizal Symbiosis.” Google Books, Elsevier,
2008,

https://books.google.cz/books?hl=en&lr=&id=qL.ciOJaGOC4C&oi=fnd&pg=PP1 &ots=z
ryTkVQCqQ&sig=NYsUtGZk-
3hFluh_uX2Z81Vx6ek&redir_esc=y#v=onepage&q&f=false.

Sun, Hongying, et al. “Effects of Plant Diversity on Carbon Dioxide Emissions and
Carbon Removal in Laboratory-Scale Constructed Wetland.” SpringerLink, Springer
Berlin Heidelberg, 3 Jan. 2019, https://link.springer.com/article/10.1007/s11356-018-
3988-5.

Solaiman, M. Z., and H. Hirata. “Glomus-Wetland Rice Mycorrhizas Influenced by
Nursery Inoculation Techniques under High Fertility Soil Conditions.” SpringerLink,
Biology and Fertility of Soils, May 1998,
https://link.springer.com/article/10.1007/s003740050405.

Stefanakis, Alexandros I. “The Role of Constructed Wetlands as Green Infrastructure for
Sustainable Urban Water Management.” MDPI, Multidisciplinary Digital Publishing
Institute, 6 Dec. 2019, https://www.mdpi.com/2071-1050/11/24/6981.

Tee, Heng-Chong, et al. “Newly Developed Baffled Subsurface-Flow Constructed
Wetland for the Enhancement of Nitrogen Removal.” ScienceDirect, Elsevier, 15 Nov.
2011,
https://www.sciencedirect.com/science/article/pii/S09608524110164397casa_token=dLt

53


http://www.sciencedirect.com/
https://www.sciencedirect.com/science/article/pii/S1878818122001992
https://books.google.cz/books?hl=en&lr=&id=qLciOJaG0C4C&oi=fnd&pg=PPl&ots=z
https://link.springer.com/article/10.1007/sll356-018-
https://link.springer.com/article/10.1007/s003740050405
https://www.mdpi.com/2071-1050/ll/24/6981
https://www.sciencedirect.com/science/article/pii/S096085241

3kIZGQdoAAAAA%3AbAT3FSIAJRSCVsyXPrDUGECIVW2JVNwsmRwdDVoQkXC
piINRAIIFIGtXXQGhVYI8j1w0a8F30cQ.

Vymazal, Jan, et al. “Constructed Wetlands with Subsurface Flow for Nitrogen Removal
from Tile Drainage.” ScienceDirect, Elsevier, 25 June 2020,

https://www.sciencedirect.com/science/article/pii/S0925857420302317#bb0070.

Vymazal, Jan, and Lenka Kropfelova. Springer. Springer Science + Business Media

B.V, 2008.

Vymazal, Jan, et al. “Constructed Wetlands for Wastewater Treatment.” SpringerLink,
Springer Berlin Heidelberg, 2006, https://link.springer.com/chapter/10.1007/978-3-540-
33187-2_5.

Vymazal, Jan. “Constructed Wetlands for Wastewater Treatment.” MDPI, Molecular
Diversity Preservation International, 27 Aug. 2010, https://www.mdpi.com/2073-
4441/2/3/530.

Vymazal, Jan. “Removal of Nutrients in Various Types of Constructed Wetlands.”
ScienceDirect, Elsevier, 31 Oct. 20006,
https://www.sciencedirect.com/science/article/pii/S0048969706007212?casa_token=Rs
Bwx90uvFwAAAAA%3AkyN-0Y]J-
ZazE9y67fxWhpluxsuHOtjS9KjdaFoNz0Dk6z688y6Z5-j1aenHj Y 1xXNMRalRr7DEg.

Wu, Bin, et al. “Wetland Plant-Derived Biochar Enhances the Diclofenac Treatment
Performance in Vertical Subsurface Flow Constructed Wetlands.” ScienceDirect,
Elsevier, 14 Sept. 2022,
https://www.sciencedirect.com/science/article/pii/S001393512201653X#bib55.

Wu, Haiming, et al. “A Review on the Sustainability of Constructed Wetlands for
Wastewater Treatment: Design and Operation.” ScienceDirect, Elsevier, 25 Oct. 2014a,
https://www.sciencedirect.com/science/article/pii/S0960852414014904?casa_token=yp
KIWykY3ucAAAAA%3Ap_LvlbDoif6ayRBVXM_S5wN_sRoP2v4veAYokXJBM2_jX
N6b1RKOSmVNngAo6uExQMmBg-FDesg.

54


https://www.sciencedirect.eom/science/article/pii/S0925857420302317%23bb0070
https://link.springer.com/chapter/10.1007/978-3-540-
https://www.mdpi.com/2073-
https://www.sciencedirect.com/science/article/pii/S00489697060072
https://www.sciencedirect.eom/science/article/pii/S001393512201653X%23bib55
https://www.sciencedirect.com/science/article/pii/S09608524140

Wu, Shubiao, et al. “Development of Constructed Wetlands in Performance
Intensifications for Wastewater Treatment: A Nitrogen and Organic Matter Targeted
Review.” ScienceDirect, Elsevier, 19 Mar. 2014b,
https://www.sciencedirect.com/science/article/pii/S0043135414002103?casa_token=DL
kIbs8qOAIAAAAA%3AK7VbYphYaCkSe-
X9VGZzNu8hBGKuPBTIQnSheQ6cqtHZwBemMiCzm0OAYOSHYGIsHx0ej90q2Vtc.

Xu, Zhouying, et al. “Arbuscular Mycorrhizal Fungi in Wetland Habitats and Their
Application in Constructed Wetland: A Review.” ScienceDirect, Elsevier, 3 Aug. 2016,
https://www.sciencedirect.com/science/article/pii/S1002016015600674.

Yang, Hualei, et al. “Enhanced Carbon Uptake and Reduced Methane Emissions in a
Newly Restored Wetland.” AGU, Wiley Online Library, 4 Jan. 2020,
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2019JG005222.

Y1, Xinzhu, et al. “Removal of Selected Ppcps, Edcs, and Antibiotic Resistance Genes in
Landfill Leachate by a Full-Scale Constructed Wetlands System.” ScienceDirect,
Elsevier, 8 May 2017,
https://www.sciencedirect.com/science/article/pii/S0043135417303640?casa_token=c56
2q6kMTo0AAAAA%3AIWPLeQz3731aUWBFpfthW5SUv7pTgC2wmkoblDbRpzfGh
RHVrKeu_cJQUF4MIE3pV_1IwATe3w.

Yousefi, Z., and A. Mohseni-Bandpei. “Nitrogen and Phosphorus Removal from
Wastewater by Subsurface Wetlands Planted with Iris Pseudacorus.” ScienceDirect,
Elsevier, 30 Mar. 2010,
https://www.sciencedirect.com/science/article/pii/S0925857410000546?via%3Dihub.

Zemanova, K., et al. “Carbon, Nitrogen and Phosphorus Tranformations Are Related to
Age of a Constructe Wetland.” SpringerLink, Springer Netherlands, 5 July 2009,
https://link.springer.com/article/10.1007/s11270-009-0117-6.

Zhang, Ting, et al. “Application of Constructed Wetland for Water Pollution Control in
China during 1990-2010.” ScienceDirect, Elsevier, 21 July 2012,
https://www.sciencedirect.com/science/article/pii/S0925857412002212#bib0255.

55


https://www.sciencedirect.com/science/article/pii/S0043
https://www.sciencedirect.com/science/article/pii/S1002016015600674
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2019JG005222
https://www.sciencedirect.com/science/article/pii/S0043
https://www.sciencedirect.com/science/article/pii/S09258574100005467via%3Dihub
https://link.springer.com/article/10.1007/sl
http://www.sciencedirect.com/

Zheng, Lizhi, et al. “Temperature Effects on Nitrogen Cycling and Nitrate Removal-
Production Efficiency in Bed Form-Induced Hyporheic Zones.” Online Library Wiley,
JGR Biogeosciences, 27 Mar. 2016,
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2022SW003327.

Zhu, Liqin, et al. “Long-Term Variation Characteristics of Nutrients in the Water and
Sediments of a Surface Flow Constructed Wetland with Micro-Polluted Water Sources.”
ScienceDirect, Elsevier, 18 Nov. 2022,
https://www.sciencedirect.com/science/article/pii/S0925857422003093#bb0100.

56


https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2022SW003327
https://www.sciencedirect.eom/science/article/pii/S0925857422003093%23bb0100

