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Motivation and Inspiration

1. Bhagavad Gita on Knowledge and Discipline — The Inspiration

Sanskrit:

GTAT M JTH dcR: Taaf=: |
I dedT Wi nfaAfaRomfaTsfall

Hindi:
S GTaT 3R TIHT, ST 3f<dl W AIA0T T@d 2, AT W ad &, 31R M UTd deb d WY 2fifd
BT MY & UTd B B

English:
The faithful and disciplined, who control their senses, attain knowledge; through knowledge,
they reach supreme peace.

2. Arjuna and Krishna Dialogue — The Energy

Sanskrit (adapted):
3751 § PT, §d AH faudian 31fed |
PIT: B 3150, Td SIsafd, 318 ad Fifavd 37|

Hindi:

375{T: § P, Fa W fawlid 2|

P B 315}, Hd gRI, H gFER 1
English:

Arjun: Hey Krishna, everything is against me.

Krishna: Hey Arjun, everything will be won, I am with you.

3. Life as a Journey of Higher Truth — The Conclusion

Sanskrit (adapted):
Sited 3T 9 Uid 7, fobeg A cTd 3= Uid A 311 |

Hindi:
“STII 39T F T Y 3R a1, Ifeeh [ I A 3T I DY 3R B AT 217

English:
“Life is not a journey from untruth to truth, but from a lower truth to a higher truth.”

Dedicated to my parents and wife.

il



v



Acknowledgments

I wish to express my profound and sincere gratitude to my supervisor, Prof. Ewa Lobos
Moysa, whose exceptional guidance, unwavering support, and profound knowledge have been
invaluable throughout my doctoral journey. Her patience, encouragement, and insightful
mentorship have not only shaped the trajectory of my research but also enriched my personal and
professional growth. I am deeply appreciative of the time, wisdom, and dedication she has

generously invested in my development as a researcher.

I am indebted to my colleagues and collaborators, whose cooperation and intellectual
contributions have significantly enhanced the quality of my work. In particular, I would like to
acknowledge Nisarg Mehta, Ruchi Upadhyay, Anna Kuznik, Edyta Kudlek-Tymoszuk, Wioletta
Przystas, Marcelina Jureczko, Irena Korus, Advait Mehta, Rushikesh Joshi, Vicky Jain, and
Abdullah Magsood, Matgorzata Kwiatosz, and Aleksandra Bernaczek for their consistent
support, guidance, and encouragement. Your collaborative spirit, constructive feedback, and

mentoring have been a source of inspiration and motivation.

I extend my heartfelt appreciation to all those with whom I have had the privilege of
working over the years. Your knowledge, insights, and encouragement have played a pivotal role
in enriching my research experience and fostering my growth as a scholar. Above all, I owe an
immense debt of gratitude to my parents, and my family. Your unwavering love, care, and belief
in my abilities have been the foundation of my journey. The opportunities, guidance, and

encouragement you have provided have sustained me through every challenge and milestone.

Finally, my deepest and most heartfelt gratitude goes to my wife, Krutika. From the
moment she entered my life, she has been an unwavering source of strength, encouragement, and
solace. Her patience, steadfast support, and boundless love, especially during the most
challenging periods of my doctoral journey, have been a beacon of hope and resilience. Words
alone cannot capture the depth of my appreciation for her presence, understanding, and

unwavering faith in me.



vi



Abstract

The increasing presence of emerging contaminants (ECs) in aquatic environments poses a
persistent challenge to natural self-cleaning processes and conventional wastewater treatment
systems. In natural aquatic systems, self-cleaning processes operate passively and are strongly
constrained by environmental variability, whereas this research addresses self-cleaning as a
deliberately engineered and biologically intensified process. Compounds such as caffeine,
nicotine, methylparaben (MeP), and trichlorocarbanilide (TCC) exhibit diverse physicochemical
properties and are often incompletely attenuated in surface waters due to dilution, nutrient
limitation, ecological competition, and environmental variability. Although microbial self-
cleaning contributes to contaminant transformation, its efficiency under uncontrolled
environmental conditions remains limited. This doctoral research aimed to enhance biologically
driven self-cleaning processes through pollutant-specific microbial selection, wastewater-based
microbial adaptation, and integration of adapted fungal and bacterial systems within an

engineered constructed wetland framework.

The study was conducted at two sequential scales: lab-scale experiments and a pilot-scale
constructed wetland system. The originality of this research was the use of synthetic wastewater
formulated to resemble polluted surface and wastewater matrices, which served simultaneously
as a model contaminated water system and the sole nutrient source for microbial growth. By
imposing nutrient limitation, this approach forced direct coupling between microbial growth and
contaminant metabolism, thereby improving environmental relevance and scalability beyond
laboratory-optimized media. This strategy was intentionally designed to move beyond
laboratory-optimized media and to enhance pollutant degradation by forcing microorganisms to

utilize wastewater-derived nutrients while metabolizing target contaminants.

At the lab scale, the biodegradation potential of the white-rot fungus Trametes
versicolor toward caffeine and nicotine was evaluated under controlled, nutrient-limited
conditions. Experiments were conducted at an initial contaminant concentration of 100 mg L
using chemically extracted caffeine and nicotine from natural sources. The effects of temperature
(25 and 37 °C), pH (strongly acidic and moderately acidic), and medium composition (potato

dextrose broth, synthetic wastewater, and complex natural matrices) were systematically
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assessed. Due to prolonged fungal adaptation phases and slow biomass development,
biodegradation was evaluated using an endpoint-based approach after 45 days of incubation, as
fungal-mediated degradation is cumulative rather than kinetically rapid. Pollutant identity and
removal were confirmed using spectroscopic techniques such as FT-IR, 'H NMR, and '*C NMR

qualitatively and quantitatively.

Caffeine removal reached 97-98% under moderately acidic conditions and in synthetic
wastewater at 25 °C, coinciding with maximal fungal biomass formation. High removal
efficiencies were maintained in synthetic wastewater even at 37 °C, demonstrating
that wastewater-derived nutrients not only sustained fungal growth but also enhanced long-term
degradation performance under nutrient-limited conditions. Nicotine removal exceeded 98%
under optimal conditions (25 °C, pH ~5.20, synthetic wastewater), with reduced performance
observed only under combined thermal and acidic stress. Across all systems, a strong positive
relationship was observed between fungal biomass accumulation and cumulative contaminant
removal, confirming that adaptation to wastewater directly promoted microbial growth at scale

and enhanced biodegradation efficiency.

Continuing further, a lab-scale study investigated the biodegradation of MeP and TCC by
a defined bacterial consortium comprising Alcaligenes sp. and Rhodococcus sp. Experiments
were conducted at an initial concentration of 100 mg L™ over a 120-hour incubation period in
nutrient broth and synthetic wastewater. High-Performance Thin-Layer Chromatography
(HPTLC) was used to quantitatively monitor both pollutants. MeP degradation reached
approximately 89% in nutrient broth and 83% in synthetic wastewater, with enhanced mid-stage
degradation in synthetic wastewater following bacterial acclimation to the nutrient-limited
matrix. In contrast, TCC exhibited rapid degradation, exceeding 97% removal by 96 hours and
complete disappearance by 120 hours in both media. These results demonstrate that synthetic
wastewater supports efficient bacterial growth and enhances the degradation of both moderately

and highly recalcitrant pollutants without external nutrient supplementation.

Upscaling was performed using pilot-scale biomimetic constructed wetlands planted
with Phragmites australis. Wastewater-adapted fungal (7Trametes versicolor), bacterial
(Pseudomonas aeruginosa), and combined microbial systems were integrated into the wetland
matrix, operated and analysed for seven weeks under batch conditions using synthetic wastewater

containing mixed pollutants (caffeine, MeP, and TCC at 100 mg L™). Prior tolerance testing
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confirmed microbial survivability under mixed-pollutant stress. All biologically active wetlands
exhibited sustained plant growth, stable near-neutral pH, and persistent microbial activity,

confirming successful system accumulation and ecological stability.

Pollutant removal was evaluated at weeks 4 and 7 using 'H and '3C NMR spectroscopy,
where analytically feasible. Caffeine was completely removed by week 4 in bacterial and
consortium wetlands and by week 7 in the fungal wetland. MeP exhibited degradation in the
fungal wetland 89% at week 4, while complete removal was achieved in all wetlands by week 7.
The combined fungal-bacterial system did not universally outperform monocultures during the
initial adaptation phase but reduced adaptation time, achieved faster system stabilization, and
provided balanced degradation performance across chemically distinct pollutants, demonstrating
functional complementarity rather than additive synergy. It enhanced methylparaben removal
compared to bacteria alone, while showing similar performance to the bacterial system for
caffeine degradation. TCC could not be quantified by NMR due to solubility limitations;
however, stable wetland operation and high removal of other pollutants indicate favourable

conditions for biodegradation of selected pollutants.

Overall, this research demonstrates that targeted microbial adaptation to synthetic
wastewater enhances pollutant degradation by enabling microbial growth and metabolic activity
using wastewater-derived nutrients. By linking laboratory-scale optimization with pilot-scale
validation in constructed wetlands, the study establishes a scalable, sustainable strategy that
actively intensifies microbial self-cleaning beyond passive natural attenuation in contaminated
aquatic systems. Collectively, this work reframes surface-water self-cleaning from a passive
natural phenomenon into a deliberately engineered, biologically intensified process for

contaminant attenuation.

Keywords: emerging contaminants; synthetic wastewater; enhanced biodegradation;
microbial adaptation; constructed wetlands; fungal degradation; bacterial consortia; self-cleaning

systems
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Streszczenie

Rosngca obecno$¢ zanieczyszczen pojawiajacych si¢ (emerging contaminants, ECs) w
srodowiskach wodnych stanowi trwate wyzwanie dla naturalnych proceséw samooczyszczania
oraz konwencjonalnych systemow oczyszczania $ciekdw. W naturalnych ekosystemach
wodnych procesy samooczyszczania przebiegaja pasywnie i sg silnie ograniczone zmiennos$cia
srodowiskowa, podczas gdy niniejsze badania traktuja samooczyszczanie jako proces celowo
projektowany 1 biologicznie intensyfikowany. Zwiazki takie jak kofeina, nikotyna,
metyloparaben (MeP) oraz triklorokarbanilid (TCC) charakteryzuja si¢ zrdéznicowanymi
wlasciwos$ciami fizykochemicznymi 1 czgsto ulegaja niepelnej eliminacji w wodach
powierzchniowych na skutek rozcienczenia, ograniczen nutrientowych, konkurencji
ekologicznej oraz zmiennos$ci warunkow $rodowiskowych. Chociaz mikrobiologiczne procesy
samooczyszczania przyczyniaja si¢ do transformacji zanieczyszczen, ich efektywno$¢ w
warunkach niekontrolowanych pozostaje ograniczona. Celem niniejszej rozprawy doktorskiej
byto wzmocnienie biologicznie napedzanych procesOw samooczyszczania poprzez selekcje
mikroorganizmow specyficznych wzgledem zanieczyszczef, adaptacj¢ mikrobiologiczng do
$ciekow oraz integracje¢ zaadaptowanych uktadéow grzybowych i bakteryjnych w ramach

zaprojektowanego systemu mokradet sztucznych.

Badania przeprowadzono w dwoch nastepujacych po sobie skalach: laboratoryjnej oraz
pilotazowej, obejmujacej system mokradet sztucznych. Oryginalno$¢ pracy polegata na
zastosowaniu  syntetycznych  $Sciekdw  zaprojektowanych ~w  celu  odwzorowania
zanieczyszczonych wod powierzchniowych 1 $ciekdéw, ktore jednoczes$nie petnity funkcje
modelowego uktadu wodnego oraz jedynego zrodta sktadnikow odzywczych dla wzrostu
mikroorganizméw. Wprowadzenie ograniczen nutrientowych wymusito bezposrednie sprz¢zenie
wzrostu mikroorganizméw z metabolizmem zanieczyszczen, zwigkszajac tym samym
relewantno$¢ S$rodowiskowa oraz potencjal skalowania w poréwnaniu z mediami
laboratoryjnymi zoptymalizowanymi pod katem wzrostu. Strategia ta zostala celowo
zaprojektowana w celu odejscia od klasycznych pozywek laboratoryjnych oraz wzmocnienia
degradacji zanieczyszczen poprzez zmuszenie mikroorganizmow do wykorzystania sktadnikow
odzywczych pochodzacych ze $ciekow przy jednoczesnym metabolizowaniu docelowych

zwigzkow.
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Na etapie laboratoryjnym oceniono potencjat biodegradacyjny grzyba bialej
zgnilizny Trametes versicolor wobec kofeiny i1 nikotyny w kontrolowanych warunkach
ograniczenia nutrientowego. Eksperymenty prowadzono przy poczatkowym st¢zeniu
zanieczyszczen wynoszacym 100 mg L™, wykorzystujac chemicznie wyekstrahowang kofeing i
nikotyne¢ pochodzenia naturalnego. Systematycznie badano wplyw temperatury (25137 °C), pH
(silnie kwasne oraz umiarkowanie kwasne) oraz sktadu medium (bulion ziemniaczano-
glukozowy, syntetyczne §cieki oraz ztozone matryce naturalne). Ze wzgledu na dtugotrwate fazy
adaptacji grzybow oraz powolny przyrost biomasy, biodegradacje oceniano metoda punktu
koncowego po 45 dniach inkubacji, poniewaz degradacja grzybowa ma charakter kumulatywny,
a nie szybki kinetycznie. Tozsamo$¢ 1 stopien usunig¢cia zanieczyszczen potwierdzano
jakosciowo i ilo$ciowo przy uzyciu technik spektroskopowych, takich jak FT-IR, *1 H NMR oraz
A13C NMR.

Usuniecie kofeiny osiagneto poziom 97-98% w warunkach umiarkowanie kwasnych oraz
w syntetycznych §ciekach w temperaturze 25 °C, co korelowato z maksymalnym przyrostem
biomasy grzybowej. Wysoka skuteczno$¢ usuwania byla utrzymywana w syntetycznych
$ciekach rowniez w temperaturze 37 °C, co wskazuje, ze sktadniki odzywcze pochodzace ze
$ciekow nie tylko podtrzymywaly wzrost grzybow, lecz takze poprawiaty dlugoterminowg
efektywno$¢ degradacji w warunkach ograniczenia nutrientowego. Usuwanie nikotyny
przekraczato 98% w warunkach optymalnych (25 °C, pH ~5,20, syntetyczne $cieki), przy czym
spadek wydajnosci obserwowano jedynie przy jednoczesnym stresie termicznym i kwasnym. We
wszystkich badanych uktadach zaobserwowano silng dodatnig zalezno$¢ pomie¢dzy akumulacja
biomasy grzybowej a skumulowanym usuwaniem zanieczyszczen, co potwierdza, ze adaptacja
do $ciekéw bezposrednio wspiera wzrost mikroorganizméw w skali wigkszej oraz zwigksza

efektywnos¢ biodegradacji.

W kolejnym etapie przeprowadzono laboratoryjne badania biodegradacji MeP 1 TCC z
wykorzystaniem zdefiniowanego konsorcjum bakteryjnego obejmujacego Alcaligenes sp.
oraz Rhodococcus sp. Eksperymenty prowadzono przy poczatkowym st¢zeniu 100 mg L™! przez
okres 120 godzin w pozywce odzywczej oraz w syntetycznych $ciekach. Do ilo$ciowego
monitorowania  obu  zanieczyszczen zastosowano  wysokosprawng  chromatografi¢
cienkowarstwowa (HPTLC). Degradacja MeP osiagneta okoto 89% w pozywce odzywczej oraz

83% w syntetycznych S$ciekach, przy czym w syntetycznych $ciekach zaobserwowano
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intensyfikacje degradacji w srodkowej fazie procesu po adaptacji bakterii do matrycy ubogiej w
sktadniki odzywcze. W przeciwienstwie do MeP, TCC wykazywat bardzo szybka degradacje,
przekraczajac 97% usunigcia po 96 godzinach i ulegajac catkowitemu zanikowi po 120
godzinach w obu mediach. Wyniki te dowodza, ze syntetyczne S$cieki skutecznie wspieraja
wzrost bakterii oraz sprzyjaja degradacji zarowno umiarkowanie, jak i silnie recalcitrantnych

zanieczyszczen bez koniecznosci zewngtrznego suplementowania sktadnikéw odzywczych.

Etap skalowania przeprowadzono z wykorzystaniem laboratoryjnych biomimetycznych
mokradet sztucznych obsadzonych Phragmites australis. Do matrycy mokradel wprowadzono
uktady grzybowe (Trametes versicolor), bakteryjne (Pseudomonas aeruginosa) oraz uktad
taczony, ktore eksploatowano i analizowano przez siedem tygodni w warunkach okresowych
(batch), stosujac syntetyczne $cieki zawierajace mieszaning zanieczyszczen (kofeina, MeP 1 TCC
po 100 mg L™). Wczesniejsze testy tolerancji potwierdzily zdolno$¢ mikroorganizméw do
przetrwania w warunkach stresu wielozanieczyszczeniowego. Wszystkie biologicznie aktywne
mokradla wykazywaty stabilny wzrost roslin, utrzymanie pH w zakresie bliskim oboj¢tnemu oraz
trwalg aktywno$¢ mikrobiologiczng, co potwierdza skuteczng akumulacj¢ uktadu i stabilno$¢

ekologiczng.

Usuwanie zanieczyszczen oceniano w 4. 1 7. tygodniu przy uzyciu spektroskopii “1H i
A13C NMR, tam gdzie byto to analitycznie mozliwe. Kofeina zostata caltkowicie usunigta do 4.
tygodnia w mokradtach bakteryjnych i konsorcjalnych oraz do 7. tygodnia w mokradle
grzybowym. Metyloparaben ulegal degradacji w mokradle grzybowym na poziomie 89% w 4.
tygodniu, natomiast catkowite usuniecie we wszystkich mokradtach osiggnigto do 7. tygodnia.
Uktad taczony grzybowo-bakteryjny nie wykazywat jednoznacznej przewagi nad monokulturami
w poczatkowej fazie adaptacji, jednak skracat czas adaptacji, umozliwial szybsza stabilizacje
systemu oraz zapewniatl zrownowazong skuteczno$¢ degradacji wobec chemicznie odmiennych
zanieczyszczen, co wskazuje na komplementarno$¢ funkcjonalna, a nie addytywna synergie.
Uktad ten poprawiat usuwanie metyloparabenu w poréwnaniu z samym systemem bakteryjnym,
przy jednoczesnej poréwnywalnej skutecznosci wobec kofeiny. Ze wzgledu na ograniczenia
rozpuszczalno$ci TCC nie mégl by¢ ilosciowo oznaczony metoda NMR; jednak stabilna praca
mokradet oraz wysoka skuteczno$§¢ usuwania pozostalych zanieczyszczen wskazuja na

sprzyjajace warunki dla biodegradacji wybranych zwigzkow.
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Podsumowujac, niniejsze badania dowodza, ze celowana adaptacja mikroorganizmow do
syntetycznych $ciekdéw intensyfikuje degradacj¢ zanieczyszczen poprzez umozliwienie wzrostu
i aktywno$ci metabolicznej przy wykorzystaniu sktadnikéw odzywczych pochodzacych ze
sciekow. Laczac optymalizacj¢ laboratoryjng z walidacja w skali pilotazowej w systemach
mokradet sztucznych, praca ta ustanawia skalowalng i zrownowazong strategi¢ aktywnej
intensyfikacji mikrobiologicznego samooczyszczania, wykraczajaca poza pasywng naturalng
atenuacj¢ w zanieczyszczonych ekosystemach wodnych. Cato$ciowo badania te redefiniujg
samooczyszczanie wod powierzchniowych jako proces celowo projektowany i biologicznie

wzmacniany, a nie wylgcznie zjawisko naturalne.

Stlowa Kkluczowe: zanieczyszczenia pojawiajace si¢; syntetyczne Scieki; wzmocniona
biodegradacja; adaptacja mikrobiologiczna; mokradta sztuczne; degradacja grzybowa; konsorcja

bakteryjne; systemy samooczyszczania
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Chapter 1: Introduction

Water is a fundamental resource for ecological integrity, human health, and
socioeconomic  development. However, population growth, urbanization,
industrialization, and changes in consumption patterns have placed unprecedented
pressure on natural and engineered water systems. Among the most persistent challenges
facing aquatic environments is the continuous input of chemically diverse contaminants
that are not fully removed by natural attenuation processes or conventional treatment
infrastructure. These substances, commonly referred to as emerging contaminants (ECs),
include pharmaceuticals, personal care products, lifestyle-related compounds, and
industrial additives that occur at low concentrations but can exert disproportionate

ecological and toxicological impacts [1,2].

In contaminated water systems, ECs are continuously introduced through diffuse
and point sources such as domestic discharges, urban runoff, and industrial activities.
Their physicochemical diversity and biological activity enable persistence and
interaction with aquatic organisms, potentially disrupting ecological processes and food
webs. Conventional water management strategies have proven insufficient for
addressing this challenge, as many ECs resist complete mineralization and remain
detectable even after treatment [3]. These limitations have intensified interest in nature-
based solutions that harness biological processes for sustainable and low-energy water

quality improvement.

Microbial self-cleaning processes play a central role in the natural attenuation of
organic contaminants in aquatic environments; in this context, self-cleaning refers
specifically to biologically mediated transformation and degradation rather than physical
processes such as dilution or sorption [4]. However, the effectiveness of natural
microbial self-cleaning is inherently constrained by environmental variability, nutrient
limitation, and ecological competition. Although laboratory studies have demonstrated
that selected bacterial and fungal species possess enzymatic capabilities to degrade
specific contaminants under controlled conditions, such systems typically rely on

nutrient-rich growth media and simplified experimental conditions. Consequently,



translating microbial degradation strategies into environmentally relevant and cost-

effective applications remains limited [5].

Constructed wetlands offer a promising ecological platform by integrating
physical filtration, biological transformation, and system stability; however, in most
existing applications, contaminant removal relies primarily on passive attenuation and
naturally occurring microbial communities [6]. This reliance limits treatment efficiency,
reproducibility, and functional control. The present dissertation addresses this limitation
by developing an engineered microbial self-cleaning strategy that intensifies biologically
driven degradation through the deliberate use of specialist fungal and bacterial degraders
adapted to wastewater-based growth conditions. By employing the intrinsic nutrient
content of synthetic wastewater as the sole growth resource, this approach avoids
dependence on external culture media and enables microbial adaptation under controlled
yet environmentally relevant conditions. The adapted microbial systems are
subsequently integrated into constructed wetland platforms, allowing systematic
evaluation of pollutant degradation from laboratory scale to constructed wetland-scale
ecological systems. This work represents a shift from passive reliance on natural
attenuation toward the intentional design of biologically driven treatment systems for
enhanced and system-scale removal of emerging contaminants in contaminated water

matrices.



Chapter 2: Literature Review

2.1 Emerging Contaminants in Surface Water Systems: Occurrence and

Environmental Relevance

Water is fundamental to life, ecological stability, and socio-economic
development; however, increasing anthropogenic pressure has significantly
compromised its quality and availability. Global water consumption has doubled over
the past few decades due to population growth, urbanization, industrial expansion, and
agricultural intensification [7]. These pressures, exacerbated by climate change, have
altered hydrological regimes and transformed water from a renewable resource into an
increasingly constrained commodity [8]. As a consequence, maintaining water quality
has emerged as a central challenge for environmental sustainability, particularly in
surface water bodies that support drinking water supply, irrigation, and aquatic

ecosystems.

Among the most persistent threats to surface water quality is the widespread
occurrence of emerging contaminants (ECs), a heterogeneous group of biologically
active compounds that are not routinely monitored or fully regulated. ECs encompass
pharmaceuticals, personal care products, lifestyle compounds, and industrial chemicals
that enter aquatic environments through domestic, agricultural, and industrial activities
[1]. In contrast to many conventional pollutants, ECs are often designed for chemical
stability and biological activity, enabling persistence in aquatic systems even at trace
concentrations. Their continuous release, coupled with incomplete attenuation, has led

to their characterization as pseudo-persistent contaminants in water environments.

The scale of global chemical production underscores the magnitude of this
challenge. Between 1930 and 2000, annual chemical production increased from
approximately 1 million tons to over 400 million tons [9]. Currently, an estimated
80,000-100,000 chemical substances circulate in the global environment, with
approximately 1,500 new compounds introduced annually [10]. A substantial fraction of
these chemicals ultimately reaches rivers, lakes, reservoirs, groundwater, and coastal

waters, where they interact with natural biogeochemical cycles. Surface waters,



therefore, function as both recipients and conduits for EC transport across environmental

compartments [11,12].

Although ECs are typically detected at low concentrations (ng/L to pg/L), growing
evidence indicates that chronic exposure can pose significant risks to aquatic organisms
and ecosystem functioning. Numerous studies have reported the occurrence of ECs in
freshwater systems, urban streams, estuaries, groundwater, and marine environments,
where they can disrupt endocrine regulation, microbial community structure, and trophic
interactions [3,13—-15]. Continuous contaminant input can exceed the intrinsic
attenuation capacity of aquatic systems, thereby challenging the natural microbial self-

cleaning potential of surface waters (Figure 1).

Water circulation

" ) Contaminants
Water circulation

TRANSPORTATION

Figure 1. Contaminant exposure, transportation through water circulation

The environmental distribution and fate of ECs are governed by multiple
interacting factors, including consumption patterns, population density, land use,
hydrological conditions, and compound-specific physicochemical properties [11,12].
Following release, ECs are transported through the water cycle and may accumulate in
sediments, soils, vegetation, and biota, thereby prolonging their environmental residence
time. This circulation emphasizes the need for treatment approaches that promote true

contaminant degradation rather than simple phase transfer within aquatic systems.



In response to these concerns, international organizations and regulatory bodies
such as the European Union (EU), the United States Environmental Protection Agency
(USEPA), and the World Health Organization (WHO) have identified priority
contaminants and highlighted the urgent need for improved mitigation strategies.
However, regulatory control alone is insufficient to address the continuous introduction
of novel compounds and the complexity of aquatic environments. Consequently,
increasing attention has been directed toward nature-based, biologically driven solutions

that enhance microbial degradation.

Natural microbial communities play a central role in attenuating organic
contaminants, yet their effectiveness is frequently constrained by ecological competition,
the low abundance of specialist degraders, and fluctuating environmental conditions.
Strengthening intrinsic microbial self-cleaning mechanisms through targeted biological
processes and engineered ecological systems, therefore, represents a promising pathway
for protecting water quality. This conceptual framework underpins the present research,
which seeks to enhance microbial biodegradation of representative natural and
anthropogenic contaminants using controlled model water systems and constructed
wetlands as scalable representations of self-cleaning processes in contaminated aquatic

environments.

2.2 Classification of Target Pollutants in Aquatic Systems: Natural and

Anthropogenic Contaminants

Emerging contaminants (ECs) detected in aquatic environments originate from
diverse sources and can be broadly classified as natural or anthropogenic (synthetic)
compounds. This distinction is relevant for understanding differences in environmental
occurrence, physicochemical behaviour, and susceptibility to microbial degradation.
Compounds of differing origin often exhibit contrasting persistence, solubility, and
bioavailability, which in turn influence their attenuation and treatment behaviour in

aquatic systems.

From a biodegradation perspective, classifying ECs into natural and anthropogenic
groups provides a rational framework for evaluating microbial self-cleaning processes
and for designing targeted biological treatment strategies. Natural ECs, although derived

from biological or lifestyle-related sources, may still exhibit environmental persistence

5



due to continuous release and incomplete degradation. In contrast, anthropogenic

compounds are typically synthetic, structurally complex, and often more resistant to

microbial transformation. These distinctions are particularly relevant when assessing

microbial degradation under environmentally relevant and model water conditions.

Table 1. Physical and chemical properties of caffeine, nicotine, methylparaben,

and trichlorocarbanilide

Property | Caffeine Nicotine Methyl Trichlorocarbanilide
paraben (Triclocarban)
IUPAC 1,3,7- (S)-3-(1- Methyl 4- 3-(4-Chlorophenyl)-1-
Name Trimethylpuri | Methylpyrrolidin | hydroxybenzoate | (3,4-
ne-2,6-dione | -2-yl)pyridine dichlorophenyl)urea
Molecular | CSHION40O2 | C10H14N2 C8H803 C13H9CI3N20
Formula
Molar 194.19 g/mol | 162.23 g/mol 152.15 g/mol 315.59 g/mol
Mass
Physical | White Colourless to White crystalline | Fine white powder or
State (at | crystalline pale yellow oily | powder white plates
20°C) powder liquid (turns
(odourless, brown in air)
bitter)
Melting 235-238°C | -79°C 125-128 °C 255-257°C
Point
Boiling 178 °C 247 °C 270 - 280 °C ~344 °C (estimated)
Point (sublimes) (decomposes) (decomposes)
Solubility | Moderate Miscible (below | Low (2.5 g/L at Very Low (~0.11
(in (21.6 g/L at 60°C); soluble 25°C) mg/L at 20°C);
Water) 25°C); practically insoluble
increases
significantly
with heat




(Partition | (Hydrophilic)

Log Kow | -0.07 1.17 1.96 3.63 - 4.9 (Lipophilic)

Coeff.)
Chemical O / Ox O HoH
Structure | N N | > N \[or \O\
¢I\ | N/> N CH,4 Cl Cl
O~ N
|

OH

The selected target compounds—caffeine, nicotine, methylparaben, and
trichlorocarbanilide-span a broad range of molecular weights, solubilities, and
hydrophobicities (Table 1). These physicochemical differences are expected to influence
microbial accessibility, transport behaviour, and degradation kinetics, thereby providing
a representative basis for evaluating biodegradation performance across compounds of

varying origin and complexity.

2.2.1 Caffeine

Caffeine is one of the most widely consumed psychoactive substances worldwide
and is present in coffee, tea, cacao products, and numerous beverages and food items
[16]. Due to its widespread use and continuous release, caffeine has emerged as a
persistent environmental contaminant. It enters aquatic systems primarily through
domestic wastewater, urban runoff, and agricultural discharges, where it is often
incompletely removed by conventional treatment processes [17]. As a result, caffeine is
frequently used as an indicator compound to track pharmaceuticals and personal care

products (PhACs) in aquatic environments [18].

Consumption patterns directly influence environmental loading. Average daily
caffeine intake has been reported at 271.7 mg/day across European countries, with intake
exceeding 350 mg/day in certain regions, such as Austria [19-21]. Although dietary
consumption varies by age group and cultural habits, the environmental consequences
remain consistent: continuous input of caffeine into wastewater streams and into

receiving water bodies.



Numerous studies have documented caffeine across a wide range of aquatic
environments, confirming its persistence beyond point-source discharges. Reported
concentrations in river systems typically range from 0.007 to 49.60 pg/L, with elevated
levels observed downstream of urbanized catchments [22]. Comparable concentrations
have been measured in bay waters (0.01-1.60 pg/L) and estuarine systems (0.04-5.00
pg/L), indicating transport from inland waters to coastal environments [23-30].
Detection of caffeine in coastal seawater at concentrations of 0.045-0.33 pg/L further
demonstrates its environmental mobility [31,32]. In Europe, including Poland, caffeine
has been consistently reported in rivers and drinking water sources, reflecting regional

wastewater inputs and hydrological conditions [22,33] (Table 2).

The widespread occurrence of caffeine across freshwater, estuarine, and marine
systems highlights its resistance to complete natural attenuation and underscores its
suitability as a model compound for evaluating microbial degradation processes. Its
hydrophilic character, continuous loading, and partial biodegradability make caffeine
particularly relevant for assessing biologically driven degradation under controlled
model water conditions. Consequently, caffeine serves as an appropriate natural
contaminant for investigating the performance of engineered microbial systems designed

to enhance self-cleaning processes in contaminated aquatic environments.

Table 2. Reported caffeine concentrations in different aquatic matrices

Water Location Reported Primary Source Reference
System / Concentration Attribution
Matrix (ng/L)
River Rudawa River, | 14.0 - 852.0 Municipal wastewater | [34]
water Poland discharge
River Danube River, | Avg: 137; Max: Urban and industrial [35]
water Europe 1467 discharges
River Danube Avg: 406; Max: Diffuse and point- [35]
water tributaries, 6798 source inputs

Europe
River Lippe River, <10 - 420 Wastewater effluent [36]
water Germany and runoff




River Seine River, 3.2-186.9 Urban wastewater [37]
water France discharge
River Upper Iguassu | 1,200 - 124,350 Untreated domestic [38]
water River, Brazil wastewater
Estuarine | USA, Canada, |40 - 5,000 Upstream [23-25,27-29]
systems China, anthropogenic inputs

Portugal
Coastal Mediterranean | 45 - 330 Wastewater discharge, | [31,32]
seawater & Atlantic coastal runoff

coasts

(Europe)

2.2.2 Nicotine

Nicotine (3-(1-methyl-2-pyrrolidinyl) pyridine) is the dominant alkaloid in
tobacco, accounting for approximately 90% of total alkaloid content and occurring at
concentrations between 0.3% and 3% in tobacco leaves, depending on plant variety and
growth conditions [39-41]. It is a water-soluble, hygroscopic compound with high
environmental mobility, facilitating its rapid transfer from terrestrial sources into aquatic
systems [42,43]. Although nicotine is biosynthesized naturally in plant roots, its presence
in aquatic environments is predominantly driven by anthropogenic activities, including
tobacco cultivation, cigarette consumption, and improper disposal of tobacco-related

waste [44].

Nicotine enters aquatic environments primarily through urban runoff, agricultural
drainage, and wastewater discharge, where its high solubility promotes transport into
rivers, canals, lakes, and groundwater systems. Monitoring studies have reported
nicotine concentrations ranging from 12.6 to 947 ng/L in reclaimed water, up to 9,340
ng/L in surface waters, and approximately 164 ng/L in groundwater, confirming its
persistence across multiple aquatic compartments [45]. A comprehensive monitoring
campaign conducted in Berlin detected nicotine in all investigated surface water bodies,

including rivers, canals, lakes, and ponds, with concentrations ranging from 7 to 1,469



ng/L, highlighting the role of diffuse urban sources such as cigarette butt leaching and

stormwater runoff [46].

Environmental concentrations of nicotine are influenced by hydrological
conditions, seasonal variability, and local human activity patterns, as well as treatment-
related factors such as hydraulic retention time and microbial activity [45,47]. While
wastewater treatment plants can achieve partial nicotine removal, particularly during
secondary and tertiary treatment stages, complete degradation is rarely observed. As a
result, nicotine residues are frequently detected in treated effluents and receiving waters
[48-50]. This incomplete removal contributes to the continuous reintroduction of
nicotine into aquatic environments and limits the effectiveness of conventional treatment

approaches.

The widespread occurrence, high mobility, and partial biodegradability of nicotine
make it a relevant natural-origin contaminant for studies investigating biologically
driven degradation processes in contaminated water matrices. Compared to structurally
complex synthetic antimicrobials, nicotine exhibits relatively higher biodegradability,
making it a suitable benchmark compound for evaluating microbial adaptation and
degradation performance under nutrient-limited conditions. Consequently, nicotine
provides a useful contrast to more recalcitrant anthropogenic pollutants and supports
functional assessment of microbial self-cleaning processes in engineered aquatic

treatment systems (Table 3).

Table 3. Nicotine concentrations in different aquatic matrices

Water System / Location/ | Reported Primary Reference
Matrix Region Concentration | Source
(ng/L) Attribution
Lakes, ponds, Berlin, 7-1,469 Cigarette butt [46]
rivers, canals, Germany leaching, urban
brooks (surface runoff
waters)
Reclaimed water Europe 12.6 - 947 Treated [51,52]
(various municipal
locations)

10



wastewater
reuse
Surface water Europe Up to 9,340 Agricultural [47]
(rivers) (multiple runoff,
river wastewater
systems) discharge
Wastewater effluent | Europe ng/L - pg/L Incomplete [50]
range WWTP
removal
Wastewater UK, Europe | Variable Domestic [48.,49]
influent/effluent (treatment sewage,
dependent) tobacco
product waste

In contrast to natural emerging contaminants, anthropogenic pollutants are
synthetic chemicals designed for specific functional purposes and often exhibit enhanced
chemical stability and antimicrobial properties. These characteristics, while beneficial in
consumer and industrial applications, significantly hinder biodegradation in aquatic
environments. Among such compounds, methylparaben (MeP) and trichlorocarbanilide
(TCC) are particularly relevant due to their widespread use, environmental persistence,

and potential toxicity.

2.2.3 Methylparaben (MeP)

Parabens are a group of synthetic alkyl esters of p-hydroxybenzoic acid widely
used as antimicrobial preservatives in personal care products, pharmaceuticals, food, and
industrial formulations due to their chemical stability, low cost, and broad-spectrum
antimicrobial activity [53-55]. Among this group, methylparaben (MeP) is the most
frequently used compound, owing to its comparatively high water solubility, regulatory
acceptance, and lower acute toxicity relative to longer-chain parabens [56].
Nevertheless, increasing evidence indicates that MeP exhibits estrogenic activity, raising
concerns regarding endocrine disruption in aquatic organisms and potential long-term

human health effects [57-59].
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Unlike pollutants restricted to point source wastewater discharges, MeP is now
recognized as a ubiquitous contaminant in aquatic environments. Monitoring studies
have reported its occurrence in rivers, lakes, coastal waters, and urban runoff, confirming
its environmental mobility and persistence. In freshwater systems, MeP concentrations
commonly range between 3.4 and 920 ng/L [60-63]. Even higher concentrations have
been reported in urban stormwater, reaching up to 13.78 pg/L, highlighting the
importance of diffuse nonpoint sources such as surface runoff and urban drainage
systems [64]. Comparable levels detected in marine environments, ranging from 4.87 to
104 ng/L, demonstrate the transfer of MeP from inland waters to receiving coastal

systems [65—67].

The extensive environmental presence of MeP reflects its widespread use in
consumer products, including cosmetics, food packaging materials, sanitary products,
and pharmaceutical formulations [68]. Product-level investigations have reported MeP
concentrations of 2,840 ng/g in bactericidal creams in the United States [69] and 3,280
pg/g in labelled personal care products in Vietnam [12], illustrating the potential for
continuous environmental release through domestic use and disposal. Consequently,
MeP enters aquatic systems via household wastewater, urban runoff, landfill leachates,
and stormwater discharge, extending its presence beyond wastewater treatment plant

(WWTP) boundaries.

Although MeP is widely detected in surface and coastal waters, wastewater
systems remain a major pathway for its environmental loading and regional variability.
A comprehensive review of pharmaceuticals and personal care products in Polish water
bodies by [70] reported exceptionally high MeP concentrations in raw wastewater
influents, with a maximum value of 40,898.6 ng/L, among the highest documented in
Europe. In contrast, a multi-city European study analyzing wastewater from Antwerp
and Brussels (Belgium), Girona (Spain), and Zagreb (Croatia) reported substantially
lower concentrations, indicating pronounced regional differences in MeP occurrence
[71]. These findings confirm that while WWTPs act as important conduits for MeP
transport, environmental loading is strongly influenced by local consumption patterns

and treatment performance (Table 4).

The persistence of MeP in aquatic environments, its continuous release from

diffuse sources, and its incomplete removal during conventional treatment processes
12



highlight the limitations of existing water management strategies. Given its documented
estrogenic activity, widespread occurrence, and mobility across aquatic compartments,
MeP represents a relevant anthropogenic target compound for evaluating biologically
driven treatment approaches under environmentally relevant conditions. Its
physicochemical properties and environmental behaviour make it particularly suitable
for assessing engineered natural treatment systems, such as constructed wetlands, as

model platforms for enhanced contaminant attenuation.

Table 4. Reported concentrations of methylparaben (MeP) in aquatic systems

Water System | Location Reported Primary Source | Reference
/ Matrix Concentration Attribution
(ng/L)
River water Europe 3.4-920 Urban runoff, [60,61]
(multi-site) wastewater inputs
River water Japan 4 -380 Domestic [62]
wastewater
discharge
River water China 6-910 Urban runoff and | [63]
effluent mixing
Urban USA up to 13,780 Diffuse urban [72]
stormwater sources
Coastal Taiwan 4.87 - 104 Land-sea [65—67]
seawater transport
Wastewater Poland up to 40,898.6 High PCP [70]
influent consumption

2.2.4 Trichlorocarbanilide (TCC)

Triclocarban (3,4,4'-trichlorocarbanilide, TCC) is a chlorinated antimicrobial
compound extensively used in personal care products, particularly antibacterial soaps
and hygiene formulations. Owing to its high chemical stability, hydrophobicity, and
resistance to biodegradation, TCC has emerged as a persistent contaminant in aquatic

environments, raising concerns about its ecological and human health impacts [73]. Its
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physicochemical properties promote partitioning between the aqueous phase, suspended
solids, sediments, and biota, thereby facilitating long-term environmental persistence

and transport.

Field investigations have confirmed the widespread occurrence of TCC in aquatic
environments, particularly downstream of urbanized catchments and wastewater-
impacted systems. In Fountain Creek (Colorado, USA), a wastewater-dominated stream,
TCC concentrations in surface waters ranged from 4.5 to 47.3 ng/L under both high- and
low-flow conditions, demonstrating persistence across variable hydrological regimes
[74]. In this system, TCC transport occurred predominantly in the dissolved phase (64-
99%), enabling downstream migration and contributing substantially to the TCC load in
the receiving Arkansas River. These findings indicate that TCC is not confined to
discharge zones but can persist within connected aquatic networks, underscoring its

environmental relevance.

In addition to its presence in the water column, TCC exhibits a strong affinity for
suspended solids and sediments, where concentrations have been shown to correlate with
organic carbon content, indicating potential for long-term storage and delayed release
[74]. Previous studies have reported the presence of partial transformation products,
including dichlorocarbanilide (DCC), monochlorocarbanilide (MCC), and non-
chlorinated carbanilide (NCC), in environmental matrices, suggesting incomplete
natural attenuation under environmental conditions rather than complete mineralization

[75,76].

Wastewater treatment plants act as important pathways for TCC transport rather
than effective sinks. Approximately 79% of influent TCC has been reported to partition
into sludge, while only limited fractions undergo transformation during treatment,
allowing continued release into receiving waters [77-79]. Influent concentrations
ranging from 0.320 to 45.261 pg/L have been documented, with measurable residues
persisting in treated effluents and associated aquatic environments [80,81]. These
observations highlight the limited capacity of conventional wastewater treatment

processes to prevent environmental dissemination of TCC.

The ecological relevance of TCC is further underscored by its documented toxicity

to aquatic organisms and its tendency to bioaccumulate, leading to reproductive
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disruption and endocrine interference in fish, algae, invertebrates, and aquatic plants
[82,83]. In humans, chronic exposure has been associated with alterations in gut
microbiota and interference with steroid hormone signalling [84]. Together, these
effects, combined with environmental persistence, position TCC among the more

problematic antimicrobial contaminants detected in aquatic environments.

The environmental behaviour of TCC, -characterized by persistence,
hydrophobicity, sediment interactions, and incomplete removal during conventional
treatment, makes it a stringent model compound for evaluating biologically driven
remediation strategies under environmentally relevant conditions. Its recalcitrant nature
provides a robust benchmark for assessing the performance of engineered natural
treatment systems, such as constructed wetlands, designed to enhance contaminant

attenuation through integrated biological and physicochemical processes.

Table 5. Reported concentrations of trichlorocarbanilide (TCC) in aquatic

systems
Water Location | Reported Environmental Reference
System / Concentration Relevance
Matrix
Surface USA 4.5-47.3 ng/L Persistent in flowing | [85]
water waters under variable
(stream) hydrological
conditions
Surface Arkansas | Up to 76% of Demonstrates long- [74,86]
water River, downstream load | range transport in
USA from tributary surface-water
networks
Suspended Fountain | 0.7 - 57.3 ng/g Strong association [74,86]
sediments Creek, with organic matter,
USA storage potential
Bed Fountain | 4.09 + 5.26 ng/g Long-term [74]
sediments Creek, accumulation and
USA delayed release
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Wastewater | China up to 1,188 ng/g High retention and [81,87—
sludge secondary 89]

environmental release

Understanding the physicochemical properties of selected contaminants is
fundamental to predicting their environmental fate, transport behaviour, and
susceptibility to biological removal. The key properties of caffeine, nicotine,

methylparaben (MeP), and trichlorocarbanilide (TCC) are summarized in (Table 5).

The selection of caffeine, nicotine, MeP, and TCC therefore represents a strategic
spectrum of contaminants encompassing both natural and synthetic origins, a wide range
of physicochemical characteristics, and varying degrees of biodegradability. This
classification provides a functional basis for evaluating differences in microbial
degradation performance and treatment behaviour under environmentally relevant
conditions. By addressing both natural and anthropogenic contaminants, the present
research aims to develop a broadly applicable framework for biologically driven self-
cleaning processes using controlled model water systems that reflect the complexity of

contaminated aquatic environments.

2.3 Limitations of Natural Attenuation and Uncontrolled Microbial

Degradation in Aquatic Systems

Aquatic systems possess an inherent capacity for self-cleaning through a
combination of natural attenuation processes, including dilution, photodegradation,
sorption to sediments, plant uptake, and microbial biodegradation. Together, these
processes influence the environmental fate of organic contaminants in rivers, lakes, and
reservoirs; however, their effectiveness depends strongly on pollutant loading,
hydrological conditions, and microbial community structure [90,91]. With the increasing
and continuous input of emerging contaminants (ECs), natural attenuation capacities are
frequently exceeded, leading to the persistence and accumulation of biologically active

compounds in aquatic environments [92-94].

Among attenuation mechanisms, microbial biodegradation represents the primary
biological process capable of transforming organic contaminants and, under favourable

conditions, achieving extensive mineralization. In natural aquatic environments,
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however, microbial degradation processes are largely uncontrolled and constrained by
ecological competition, nutrient availability, and environmental variability. Indigenous
microbial communities are typically adapted to utilize readily degradable organic
carbon, whereas specialist degraders capable of transforming structurally complex or
xenobiotic compounds often occur at low abundance [91,95,96]. As a result, many ECs
undergo incomplete transformation in natural systems, leading to the formation of
transformation products that may persist and retain biological activity, as reported in

previous studies [97-100].

A major limitation to microbial self-cleaning in open aquatic systems is dilution.
In surface waters, contaminants are rapidly dispersed to concentrations below those
required to sustain microbial growth on the target compound as a primary carbon or
energy source. Under such conditions, biodegradation often proceeds through co-
metabolic pathways, which are inherently slow, inefficient, and dependent on the
presence of alternative substrates [91,95]. This phenomenon provides a mechanistic
explanation for the persistence of compounds such as caffeine and nicotine in surface
waters despite their inherent biodegradability when continuously introduced at low

concentrations [34,101].

Environmental variability further constrains the efficiency of microbial
degradation. Parameters such as temperature, oxygen availability, redox conditions, pH,
and seasonal hydrological fluctuations exert strong control over microbial metabolism
and enzymatic activity [102,103]. Sudden changes in flow regime, pollutant loading, or
nutrient availability can disrupt microbial community function and suppress degradation
processes, resulting in pronounced spatial and temporal variability in contaminant

removal.

Microbial competition represents an additional ecological constraint on the
effectiveness of self-cleaning. In natural aquatic environments, fast-growing generalist
microorganisms often outcompete specialist degraders for nutrients and space, limiting
the establishment and persistence of pollutant-degrading populations [104,105]. This
effect is particularly relevant for slow-growing fungi and actinomycetes, whose
enzymatic systems can degrade complex organic compounds but typically require stable

environmental conditions to function efficiently.
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Collectively, these limitations indicate that while natural attenuation plays an
essential role in maintaining water quality, it is insufficient to address the growing
burden of persistent, biologically active contaminants under current environmental
pressures. Enhancing microbial degradation, therefore, requires controlled environments
that reduce dilution, stabilize physicochemical conditions, and support the activity of
selected degradative microorganisms [106—108]. Engineered ecological treatment
systems, such as constructed wetlands, have been proposed as promising platforms for
intensifying biologically driven self-cleaning processes under environmentally relevant,
controlled conditions, providing the conceptual basis for the approach adopted in this

thesis.

2.4 Microbial Self-Cleaning Mechanisms for Pollutant Degradation

Microbial activity represents the dominant biological driver of self-cleaning
processes in aquatic environments, enabling the transformation of organic contaminants
that cannot be effectively removed by physical or chemical processes alone. Bacteria and
fungi represent two distinct but complementary biological systems for the degradation
of emerging contaminants (ECs), differing in metabolic strategies, enzyme localization,
substrate accessibility, and ecological roles. Understanding these differences at the
functional level is essential for developing engineered treatment systems capable of

enhanced, reliable pollutant removal.

2.4.1 Bacterial Degradation Mechanisms

Bacteria play a central role in the biodegradation of low-molecular-weight and
water-soluble organic contaminants and are widely reported as key degraders of many
synthetic pollutants. Their metabolic versatility is associated with a diverse range of
intracellular enzymes that catalyse oxidative, reductive, and hydrolytic reactions,
enabling pollutant transformation either as growth-linked substrates or through co-
metabolic processes. Enzyme systems such as monooxygenases, dioxygenases,
dehydrogenases, and hydrolases are commonly implicated in bacterial biodegradation of

xenobiotic compounds (Figure 2).

For anthropogenic pollutants, including parabens and trichlorocarbanilide (TCC),

bacterial degradation has been reported to involve initial transformation steps such as
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hydrolysis or dechlorination, which can increase compound polarity and microbial
accessibility. Members of the genera Pseudomonas, Rhodococcus, Alcaligenes,
and Sphingomonas have been associated with the transformation of phenolic
preservatives, antimicrobial agents, and structurally related compounds under laboratory
and environmental conditions [96,105]. However, many synthetic compounds exhibit
resistance to complete biodegradation due to halogenation, steric hindrance, or limited

enzyme affinity, resulting in slow degradation kinetics and incomplete removal.

2.4.2 Fungal Degradation Mechanisms

In contrast to bacteria, fungi, particularly white-rot fungi, utilize extracellular,
largely non-specific oxidative enzyme systems that facilitate the transformation of
structurally complex, hydrophobic organic compounds. Enzymes such as laccases,
manganese peroxidases (MnP), lignin peroxidases (LiP), and versatile peroxidases
enable fungi to oxidize a wide range of pollutants without the need for direct cellular
uptake [109—111]. These enzyme systems generate reactive intermediates capable of

inducing structural modification of organic contaminants (Figure 2).

Fungal systems have been reported to effectively transform natural alkaloids,
aromatic compounds, and high-molecular-weight micropollutants with low aqueous
solubility under controlled conditions. Compounds such as caffeine and nicotine have
been shown in previous studies to be susceptible to fungal-mediated transformation,
highlighting the potential role of fungi in degrading biologically derived contaminants.
The ability of fungi to act on compounds associated with solid substrates or complex
matrices further distinguishes them from bacterial systems and supports their relevance

in engineered treatment environments.

2.4.3 Complementarity and Synergistic Interactions Among Microbial

Systems

Although bacterial and fungal systems differ in their degradation strategies, these
differences create opportunities for functional complementarity. Fungal-mediated
transformation of complex or recalcitrant compounds can increase the availability of
smaller or more polar products that are more readily transformed by bacterial

communities. Conversely, bacterial activity can reduce the accumulation of low-
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molecular-weight byproducts that may inhibit fungal enzyme production, contributing
to overall process stability. Such complementary interactions form the conceptual basis
for dual-microbial systems reported to achieve enhanced pollutant removal compared to

single-organism approaches [107,108].

In engineered treatment environments such as constructed wetlands, bacteria and
fungi can occupy different ecological niches associated with substrates, plant roots, and
aqueous phases. This niche differentiation is proposed to reduce direct competition and
support parallel or sequential contaminant transformation processes, thereby enhancing
system robustness under variable environmental conditions. Importantly, these
interactions reflect functional concepts derived from natural systems rather than

explicitly engineered microbial community structures.

2.4.4 Context-Dependent Limitations of Single-Microbial Degradation

Systems

Single-species microbial systems can exhibit high degradation efficiency for
specific classes of contaminants under controlled laboratory conditions. However, their
performance is strongly dependent on environmental stability, pollutant composition,
and system scale. In complex aquatic treatment systems, where contaminant mixtures
coexist and physicochemical conditions fluctuate, single-organism approaches often lack

robustness and adaptability.

Fungal systems, while effective for structurally complex or hydrophobic
compounds, may exhibit slower degradation kinetics and sensitivity to environmental
conditions such as temperature, oxygen availability, and nutrient supply. Conversely,
bacterial systems may efficiently transform small, polar compounds but exhibit limited
activity toward bulky or halogenated molecules. These complementary limitations
become increasingly apparent during scale-up, where hydraulic variability, substrate
heterogeneity, and microbial competition influence overall system performance

[112,113].

Accordingly, integration of bacterial and fungal processes within controlled
ecological platforms has been proposed as a strategy to improve stability and treatment

efficiency. This concept provides the rationale for investigating dual-microbial systems
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within engineered environments, such as constructed wetlands, where functional

complementarity can be exploited to enhance biologically driven self-cleaning processes

under environmentally relevant conditions.
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2.5 Constructed Wetlands as Engineered Self-Cleaning Systems Driven by

Microbial Remediation

While natural surface waters possess an intrinsic capacity for self-cleaning, the
uncontrolled conditions of open aquatic ecosystems limit the efficiency and consistency
of microbial degradation of emerging contaminants (ECs). Constructed wetlands (CW5s)
represent an engineered extension of these natural processes, designed to provide
controlled ecological conditions that enhance biological, physical, and chemical
attenuation mechanisms. By mimicking key structural and functional characteristics of
natural wetlands, CWs offer a controlled platform for intensifying biologically driven

self-cleaning processes in aquatic treatment systems [114,115].

Unlike conventional treatment technologies that rely primarily on physical
separation or chemical transformation, CWs function as ecological reactors in which
microorganisms play a dominant role in contaminant transformation. The porous
substrates, plant root systems, and biofilm-covered surfaces within CWs create
heterogeneous environments that support diverse microbial populations and promote
sustained biodegradation activity [116,117]. These features facilitate increased microbial
biomass, prolonged contact between contaminants and degradative microorganisms, and

stabilization of physicochemical conditions required for microbial metabolic activity.

A defining characteristic of CWs is the development of redox gradients and
ecological niches within the same treatment unit. Aerobic, anoxic, and anaerobic zones
can coexist at micro- and macro-scales, supporting a range of biologically mediated
transformation processes. This spatial heterogeneity enables complementary microbial
functions to occur in parallel, which is particularly relevant for the attenuation of

complex contaminant mixtures that cannot be addressed by a single biological process

[118].

Vegetation plays a supporting but critical role in microbial self-cleaning within
CWs. Macrophytes provide extensive surface area for microbial colonization, contribute
to oxygen transport into the rhizosphere, and release organic exudates that stimulate
microbial activity [116,119]. The root-microbe interface thus represents an active zone

for microbial transformation, where pollutant bioavailability and metabolic activity can
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be enhanced. For most micropollutants, direct plant uptake is a minor removal pathway;

instead, vegetation primarily structures microbial habitats and promotes system stability.

Substrate composition further influences microbial performance in CWs by
controlling hydraulic behaviour, surface area availability, and adsorption capacity.
Porous media such as gravel, sand, and biochar support biofilm development and
facilitate extended interaction between contaminants and microbial communities
[120,121]. By concentrating pollutants within the wetland matrix, substrates can mitigate
dilution effects typical of open surface waters and create conditions more favourable for

microbial transformation processes.

From a research perspective, CWs provide an important link between laboratory-
scale experiments and environmentally relevant treatment systems. Compared with
batch reactors or simplified laboratory setups, CWs enable investigation of biologically
driven contaminant attenuation under structured ecological conditions while retaining
experimental control [122,123]. However, conventional CWs typically rely on naturally
colonized, undefined microbial communities that are often poorly adapted to the targeted
degradation of specific micropollutants. This limitation contributes to variable

performance and incomplete removal of persistent contaminants [124,125].

Addressing these limitations requires the intentional integration of selected
microbial degraders into wetland systems to enhance functional biodegradation capacity
under controlled conditions. This concept underpins the present study, which
investigates the incorporation of fungal and bacterial degraders into constructed wetland
platforms to improve the biologically driven attenuation of representative natural and

anthropogenic contaminants.

2.6 Challenges in Scaling Microbial Biodegradation from Laboratory to
Field-Scale Systems

Although laboratory-scale studies have demonstrated the potential of microbial
systems for degrading a wide range of organic micropollutants, translating these findings
into stable, efficient engineered treatment systems remains a significant scientific and
technical challenge. Most biodegradation experiments are conducted under controlled

lab-scale conditions, where temperature, pH, nutrient availability, and microbial
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populations are optimized to favour pollutant removal. Such conditions do not
adequately represent the complexity of natural or engineered aquatic environments,
where physical, chemical, and biological factors interact dynamically. As a result,
degradation efficiencies achieved under laboratory conditions often decline when

processes are transferred to larger-scale or open systems [93,97,126].

A major limitation in scaling microbial biodegradation processes is the instability
of microbial activity over time. In open or semi-open treatment systems, microbial
populations are exposed to washout, ecological competition, predation, and inhibitory
effects of transformation products, all of which can reduce sustained degradation
performance. Single-microbial systems, while effective under controlled conditions, are
particularly susceptible to such disturbances. Consequently, increasing attention has
been directed toward microbial consortia, where functional redundancy and
complementary metabolic capabilities can enhance system resilience and maintain
degradation performance under variable environmental conditions [127,128]. The
combined use of bacterial and fungal systems has therefore been proposed as a promising

strategy to improve robustness in engineered biodegradation systems.

Another key challenge arises from the variability of environmental conditions and
pollutant matrices encountered beyond laboratory settings. Natural and engineered water
systems contain complex mixtures of contaminants, natural organic matter, and
inorganic constituents that can influence pollutant bioavailability and microbial activity
[129]. In addition, fluctuations in pH, oxygen availability, redox conditions, and nutrient
levels can substantially affect biodegradation performance [130]. These factors are
difficult to reproduce fully at laboratory scale but critically influence the effectiveness

of biological treatment systems under environmentally relevant conditions.

From an engineering perspective, integrating microbial degradation processes into
scalable treatment systems must also account for hydraulic behaviour, mass transfer
limitations, and spatial heterogeneity. Constructed wetlands have been proposed as
biomimetic systems capable of integrating physical, chemical, and biological processes
to enhance contaminant attenuation [114,131]. However, despite their demonstrated
potential, relatively few studies have systematically evaluated the performance of
fungal-bacterial systems within constructed wetlands, particularly for mixed natural and

anthropogenic micropollutants under variable operational conditions [132,133].
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Accordingly, a clear knowledge gap exists between laboratory-scale microbial
degradation studies and their application in engineered ecological treatment systems.
Addressing this gap requires experimental frameworks that allow microbial adaptation,
degradation performance, and system stability to be evaluated across increasing levels

of complexity under controlled, yet environmentally relevant, conditions.

2.7 Research Gap and Justification of the Present Study

The literature reviewed in the preceding sections demonstrates that emerging
contaminants (ECs) such as caffeine, nicotine, methylparaben (MeP), and
trichlorocarbanilide (TCC) are widely detected in aquatic environments and exhibit
diverse physicochemical properties, environmental behaviours, and ecological risks.
While natural attenuation processes and microbial self-cleaning contribute to regulating
contaminant fate, these mechanisms are insufficient to address the increasing load and
complexity of pollutants introduced into aquatic systems. Persistent dilution effects,
ecological competition, and environmental variability limit the efficiency of natural
microbial degradation, resulting in incomplete removal and long-term persistence of

biologically active compounds.

Existing research has largely focused on either isolated microbial degradation
under laboratory conditions or on the application of constructed wetlands as passive
treatment systems that rely on undefined microbial communities. Laboratory studies
provide valuable insight into pollutant biodegradation potential but often lack ecological
relevance and scalability, whereas wetland-based studies frequently emphasize bulk
water quality parameters rather than targeted biodegradation of specific micropollutants.
Consequently, a critical disconnect remains between laboratory-scale biodegradation

research and its practical application within engineered ecological treatment systems.

Moreover, most studies focus on single classes of contaminants or individual
microbial groups, overlooking the functional complementarity between fungi and
bacteria. Bacterial systems are typically effective for low-molecular-weight and polar
compounds, while fungi, particularly white-rot species, can transform structurally
complex and biologically derived contaminants through extracellular oxidative
processes. Despite this complementarity, the intentional integration of fungal and

bacterial degraders into engineered ecological platforms has received limited systematic
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investigation, particularly for mixed contaminant scenarios representative of

environmentally relevant pollution.

An additional gap lies in the absence of controlled upscaling frameworks that
facilitate the transfer of microbial degradation strategies from laboratory conditions to
systems that retain ecological complexity while allowing experimental control. Open
surface waters are inherently variable and unsuitable for controlled evaluation, whereas
conventional treatment technologies introduce confounding physical and chemical
processes that obscure microbial contributions. Constructed wetlands offer an
intermediate platform that preserves key ecological processes while enabling structured
investigation, yet their potential as intentionally designed microbial self-cleaning

systems remains underexplored.

In this context, the present study addresses these gaps by developing and
evaluating a dual-microbial biodegradation strategy across multiple experimental scales.
Selected fungal and bacterial degraders were first investigated under controlled
laboratory conditions using synthetic wastewater as a reproducible model of
contaminated water matrices. The adapted microbial systems were subsequently
incorporated into a laboratory-scale constructed wetland platform, enabling assessment
of microbial performance, functional complementarity, and system stability under
increasingly complex and environmentally relevant conditions. Through this integrated
approach, the study aims to contribute to the development of biologically driven self-
cleaning strategies that bridge the gap between laboratory biodegradation research and

engineered ecological treatment systems.

26



Chapter 3: Research Aim, Objectives, and
Scope of the Study

3.1 Scientific Motivation and Rationale

Emerging contaminants (ECs), including pharmaceuticals, personal care products,
and lifestyle-related compounds, are increasingly detected in surface water systems
worldwide and represent a persistent environmental challenge. Compounds such as
caffeine, nicotine, methylparaben (MeP), and trichlorocarbanilide (TCC) enter aquatic
environments continuously through domestic, industrial, and diffuse sources, and their
diverse physicochemical properties result in variable environmental persistence and
incomplete natural attenuation. Although microbial self-cleaning processes operate in
surface waters, their efficiency is often insufficient to prevent long-term accumulation
of these contaminants due to dilution, nutrient limitation, ecological competition, and
fluctuating environmental conditions. In this study, self-cleaning is understood as the
biologically mediated transformation and removal of organic contaminants by
indigenous or introduced microorganisms, excluding purely physical processes such as
dilution, volatilization, or sediment sorption. While such natural self-cleaning processes
contribute to contaminant attenuation, they remain largely passive, poorly controllable,

and highly variable under environmental conditions.

Conventional wastewater treatment technologies are not specifically designed to
remove such micropollutants, and their removal efficiency is often inconsistent. While
advanced physicochemical treatment methods can enhance removal, they are associated
with high operational costs, energy demand, and potential formation of toxic byproducts.
In this context, microbial biodegradation emerges as an environmentally sustainable
alternative, offering the potential for low-energy, in situ transformation of organic
contaminants; however, its effective application beyond nutrient-rich laboratory media
remains constrained by limited microbial adaptation, nutrient availability, and
environmental complexity. As a result, translating laboratory-scale biodegradation

performance to environmentally relevant water matrices remains challenging.

However, the effective application of microbial processes beyond laboratory
conditions remains a key scientific and technological challenge, particularly for
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achieving sustained and reliable contaminant degradation in nutrient-limited,

dynamically changing aquatic environments.

3.2 Aim of the Study

The primary objective of this doctoral dissertation is to develop and experimentally
validate a microbial self-purification strategy designed to enhance the biodegradation of
emerging anthropogenic contaminants in surface water environments. Targeted
enhancement of microbial communities involved in surface water self-purification,
achieved through the selection, adaptation, and integration of contaminant caffeine,
nicotine, methylparaben, and triclocarban. -specific fungal and bacterial degraders will
significantly increase the biodegradation of emerging anthropogenic contaminants

beyond natural attenuation.

This aim is pursued through the integration of adapted microbial degraders into a
constructed wetland platform and the systematic evaluation of degradation performance
across experimental scales, ranging from laboratory-based studies to a pilot-scale,

ecologically relevant treatment system.

This adaptation enables pollutant degradation using the intrinsic nutrient content
of wastewater as the sole growth resource, eliminating the need for external nutrient
supplementation and supporting the development of low-input, biologically driven

treatment strategies.

3.3 Specific Research Objectives

To achieve the stated aim, the following specific objectives are pursued:

1. Selection and functional evaluation of microbial degraders
To evaluate the biodegradation potential and growth performance of selected
fungal and bacterial species toward representative natural and anthropogenic

emerging contaminants under controlled laboratory conditions.
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2. Investigation of microbial adaptation to wastewater-based growth
conditions
To investigate the adaptation, growth, and degradation performance of selected
fungal and bacterial degraders during transition from nutrient-rich laboratory
media to synthetic wastewater, enabling pollutant biodegradation using the

intrinsic nutrient content of wastewater as the sole growth resource.

3. Kinetic and process-level evaluation of biodegradation
To quantify biodegradation kinetics and verify biologically driven contaminant

removal using validated analytical techniques.

4. Design and operation of an engineered constructed wetland system
To integrate adapted microbial systems into a constructed wetland platform and
evaluate pollutant removal under controlled and ecologically relevant operating

conditions.

5. Assessment of microbial synergy and system-level performance
To determine the role of microbial complementarity and system stability in
enhancing degradation efficiency and operational robustness under mixed-

contaminant conditions.

6. Validation of system-scale performance and reproducibility
To demonstrate that microbial degradation performance achieved at laboratory
scale can be translated to constructed wetland-scale operation using synthetic
wastewater as a model polluted water matrix, establishing a reproducible

framework for biologically driven self-cleaning of contaminated water systems.

3.4 Thesis Statement

This dissertation is based on the hypothesis that the natural microbial self-cleaning
capacity of contaminated surface water systems is generally insufficient to remove
emerging contaminants effectively under real environmental conditions, especially when

nutrients are limited. It is proposed that this limitation can be addressed by introducing
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pollutant-specific microbial degraders that are well adapted to wastewater conditions and

can use wastewater-derived nutrients as their sole growth source.

A central assumption of this work is that proper adaptation of fungal and bacterial
degraders to wastewater is essential for sustained microbial growth. Once adapted, these
microorganisms are expected to grow at a larger scale within the treatment system,
maintain stable metabolic activity, and achieve higher and more consistent contaminant
degradation than non-adapted cultures. In contrast, microorganisms not adapted to
wastewater conditions are likely to exhibit limited growth and reduced degradation

performance due to nutrient stress and environmental constraints.

This thesis further proposes that integrating such wastewater-adapted specialist
degraders into constructed wetland systems can actively strengthen natural self-cleaning
processes. By supporting microbial growth at scale, these engineered systems are
expected to increase degradation efficiency and improve treatment stability, particularly
under mixed-contaminant conditions where microbial cooperation between fungal and

bacterial degraders becomes important.

Overall, this dissertation asserts that engineered microbial self-cleaning systems
based on properly adapted degraders can enable efficient, low-input, and system-scale
removal of emerging contaminants in surface water treatment. This approach reduces
reliance on external nutrient addition and energy-intensive technologies while remaining

suitable for ecologically relevant treatment environments.

3.5 Scope and Limitations of the Study

This study focuses on four representative emerging contaminants: caffeine,
nicotine, methylparaben, and trichlorocarbanilide, selected to represent both natural and
anthropogenic pollutant classes of environmental relevance. The research is limited to
laboratory-scale and constructed wetland-scale investigations using synthetic
wastewater as a model polluted water matrix. Field-scale implementation, long-term
seasonal variability, and full-scale wetland validation are beyond the scope of this

dissertation.

The study does not include microbial isolation, taxonomic profiling, or molecular

identification, as the emphasis is placed on functional biodegradation performance and
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system-level outcomes rather than microbial characterization. Analytical detection and
qualification of contaminants and their degradation were performed using NMR and

HPTLC techniques.

The experimental program was implemented in a staged manner to reflect
increasing system complexity and the availability of representative microbial systems,
as determined through collaborative research. Natural contaminants (caffeine and
nicotine) were initially evaluated using fungal systems at laboratory scale, while
anthropogenic  contaminants (methylparaben and trichlorocarbanilide) were
subsequently investigated using bacterial consortia. For constructed wetland-scale
experiments, three representative contaminants, caffeine, methylparaben, and
trichlorocarbanilide, were selected to assess microbial synergy and system-level

performance under mixed-contaminant conditions.
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Chapter 4: Research Methodology

4.1 Preparation and Characterization of Target Pollutants

The research methodology was designed and implemented using a staged
experimental framework corresponding to increasing levels of system complexity,
progressing from laboratory-scale biodegradation experiments to an pilot scale
biomimetic constructed wetland system. At the initial stage, fungal degradation
experiments were conducted using naturally derived contaminants to evaluate microbial
adaptation and degradation behaviour under controlled conditions while retaining
environmental matrix complexity. Due to funding constraints during the early phase of
the study, caffeine and nicotine were extracted from their natural sources, allowing
investigation of pollutant degradation in a form representative of real environmental

inputs.

In contrast, anthropogenic contaminants, namely methylparaben (MeP) and
trichlorocarbanilide (TCC), were introduced as analytical-grade standards to ensure
reproducibility and analytical reliability in bacterial degradation experiments. Based on
the outcomes of laboratory-scale studies, a subset of representative pollutants was
subsequently selected for integration into the constructed wetland system. This design
enabled systematic evaluation of microbial adaptation, synergistic degradation
mechanisms, and system-scale performance under mixed-contaminant conditions,

consistent with the objectives of intensifying natural microbial self-cleaning processes.
4.1.1 Extraction of Natural Pollutants (Caffeine and Nicotine)

Caffeine and nicotine were extracted from natural sources to reflect their
environmental origin and associated matrix complexity, whereas anthropogenic
contaminants were used as analytical-grade standards to ensure controlled degradation
studies. A liquid-liquid extraction approach was employed to isolate both alkaloids from
coffee and tobacco, respectively, following alkaloid extraction principles reported in the

literature [134,135].
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4.1.1.1 Caffeine Extraction

Ground coffee powder was obtained from locally purchased coffee. For extraction,
1 g of coffee powder was mixed with 20 mL of distilled hot water and stirred on a hot
plate at 80 °C for 15 min. To maintain caffeine in its free-base form, the pH of the
mixture was adjusted to above 12 using a sodium hydroxide (NaOH) solution. The
alkaline extract was transferred to a separating funnel and subjected to liquid-liquid
extraction using 15 mL of chloroform. The organic phase containing caffeine was
collected and evaporated in a water bath at 60 °C for 15 min. The resulting solid residue

was further dried in a hot air oven at 50 °C for 3 h prior to characterization [136] (Figure
3).

Analytical-grade caffeine standard, chloroform, deuterated chloroform (CDCls),

syringe filters, and dimethyl diphenylsilane (internal standard) were obtained from

Sigma-Aldrich (Poland).
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4.1.1.2 Nicotine Extraction

Raw tobacco material was purchased from a local market and used as the natural
source of nicotine. For extraction, 10 g of tobacco was mixed with 150 mL of 40% NaOH
solution and mechanically stirred at 250 rpm for 1 h to liberate nicotine into the alkaline
medium. The mixture was heated to 50 °C to enhance extraction efficiency while
avoiding thermal degradation. After filtration, 30 mL of petroleum ether was added to
the filtrate, and the mixture was transferred to a separating funnel for liquid-liquid
extraction. The extraction step was repeated to maximize recovery. The collected organic
phase was evaporated in a water bath at 45 °C to obtain the nicotine extract [137] (Figure

4).

Reagents, including sodium hydroxide, petroleum ether (98%), anhydrous
potassium carbonate, sulfuric acid, and analytical-grade nicotine standard, were

purchased from Merck (Poland).
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4.1.2 Characterization of Extracted Compounds

Following extraction, the identity and purity of caffeine and nicotine were assessed
using spectroscopic techniques prior to biodegradation experiments. Fourier Transform
Infrared Spectroscopy (FT-IR) and Nuclear Magnetic Resonance (NMR) spectroscopy
were employed to verify structural integrity and to enable subsequent quantitative

analysis by comparison with analytical standards.

FT-IR spectra of extracted caffeine and nicotine were recorded using a Nicolet
6700 FT-IR spectrophotometer (Thermo Scientific) equipped with an attenuated total
reflectance (ATR) accessory. Prior to analysis, the extracted samples were dried for 24
h at 40 °C in a hot-air oven to remove residual moisture. Spectra were collected over the
mid-infrared range, and characteristic functional group vibrations were compared with
those of analytical-grade standards to confirm compound identity, following established

procedures [134,139].

'H and *C NMR spectra of caffeine and nicotine were recorded on a Varian 400
spectrometer operating at 400 MHz for 'H and 100 MHz for "*C nuclei. Deuterated
chloroform (CDCls) was used as the solvent. Chemical shifts (8) for '"H NMR were
referenced to tetramethylsilane (TMS) as the internal standard, while *C NMR chemical
shifts were referenced to the solvent resonance of CDCIls at 77.16 ppm. All chemical
shifts are reported in parts per million (ppm), and coupling constants (J) are reported in

hertz (Hz).

Dimethyl diphenylsilane was employed as an internal standard for quantitative
comparison with analytical-grade reference compounds, enabling verification of

compound identity and concentration prior to biodegradation experiments [140—142].

4.1.3 Preparation of Anthropogenic Pollutant Solutions (Methylparaben and

Trichlorocarbanilide)

Anthropogenic pollutants selected for this study—methylparaben (MeP) and
trichlorocarbanilide (TCC)—were introduced as analytical-grade standards to ensure
concentration accuracy, reproducibility, and analytical reliability during biodegradation

experiments. Unlike naturally derived pollutants, these compounds were not extracted
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from commercial products, as their use in pure form enabled controlled evaluation of
bacterial degradation performance without confounding effects from formulation

additives or complex matrices.

Methylparaben  (methyl  4-hydroxybenzoate;  purity  99.0%)  and
trichlorocarbanilide (purity 98.5%) were obtained from Merck (Poland). Stock solutions
of both compounds were prepared in analytical-grade methanol to ensure complete
dissolution and precise dosing. For each pollutant, 100 mg of the analytical standard was

dissolved in 100 mL of methanol as a primary stock solution.

Prior to biodegradation experiments, appropriate volumes of the stock solutions
were diluted with synthetic wastewater to achieve the desired working concentrations.
Solvent contributions from methanol were kept constant across experimental systems,
and solvent controls were included to exclude solvent-induced effects on microbial

activity.

For naturally derived pollutants, the concentrations used in biodegradation
experiments were determined by quantitative nuclear magnetic resonance (qQNMR)
analysis using an internal standard, ensuring accurate and reproducible dosing despite
matrix-derived variability. In contrast, concentrations of anthropogenic pollutants were
defined directly from analytical-grade stock solutions prepared from certified reference
materials. This approach ensured consistency in pollutant loading across all experimental

systems while accounting for differences in pollutant origin and preparation.

Pollutant concentrations employed in lab-scale and wetland experiments (typically
100 mg L' or equivalent dosing from stock solutions) were intentionally higher than
those commonly detected in environmental waters. This design choice was made to
rigorously evaluate the intrinsic degradation capacity, resilience, and adaptation
potential of the selected microbial species under elevated contaminant loads. High initial
concentrations enabled clear assessment of degradation kinetics, microbial tolerance
thresholds, and system robustness, providing mechanistic insight and proof-of-concept
data relevant for future scale-up, shock-load scenarios, and engineered treatment
applications. Environmental relevance was addressed through system design and

comparative analysis rather than by matching absolute concentrations.
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4.2 Lab-scale Biodegradation and Adaptation Experiments

The lab-scale biodegradation experiments were designed to evaluate microbial
adaptation, growth behaviour, and pollutant degradation performance under controlled
laboratory conditions. This section describes the experimental methodologies applied to
fungal and bacterial systems, which were intentionally structured differently to reflect
fundamental differences in microbial physiology and growth requirements. For fungal
systems, preliminary adaptation and growth assessments were conducted to verify
viability in aqueous media containing pollutants prior to degradation experiments. In
contrast, bacterial degradation experiments were conducted directly, as bacterial growth
in liquid media is well established. Together, these experiments provided the mechanistic
and operational foundation for subsequent pilot-scale integration into constructed

wetland systems.

4.2.1 Fungal Adaptation and Growth in Natural Pollutant Media

The fungal strain Trametes versicolor was selected as the model organism for
fungal adaptation and biodegradation experiments. The strain was identified and sourced
from the Department of Air Protection Library at the Silesian University of Technology,
Gliwice, Poland, as previously reported by [143]. T. versicolor was chosen due to its
well-documented extracellular enzymatic system and its reported capability to transform

structurally diverse organic pollutants.

The fungus was maintained and propagated using the dilution-plating method on
Potato Dextrose Agar (PDA). PDA is a conventional, nutrient-rich medium widely
employed in mycological studies to support rapid mycelial growth and physiological
stability of filamentous fungi [144,145]. Agar functions as the solidifying agent in PDA,
whereas its absence in Potato Dextrose Broth (PDB) enables cultivation under liquid

conditions. The detailed composition of PDA and PDB media is presented in (Table 6).

PDA plates (Petri dishes) were prepared under aseptic conditions, and all standard
microbiological protocols were followed throughout the experiment. Inoculated plates
were incubated at 25 °C for 7 days to obtain actively growing fungal cultures prior to

adaptation and biodegradation experiments.
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Table 6. Composition of Potato Dextrose Agar (PDA) and Potato Dextrose Broth

(PDB)
Ingredient / PDA PDB Explanation
Parameter (Agar) (Broth)
Potato, infusion 200 g 200 g Raw potato material used for
from extract preparation
Potato extract ~40¢g ~40¢g Dried solids retained after boiling
(approx.) potatoes
Dextrose (glucose) | 20.0 g 200 ¢g Primary carbon and energy source
Agar 150¢g — Solidifying agent (absent in PDB)

Synthetic wastewater (SWW) was used as a controlled model system to simulate

contaminated surface-water and wastewater conditions. The composition of SWW was

adapted from established formulations reported in the literature [146] and is presented in

(Table 7).

Peptone and broth were obtained from BTL, Poland. Potassium hydrogen

phosphate (K-HPO4) and sodium chloride (NaCl) were supplied by Chempur, Poland.

Calcium chloride dihydrate (CaCl.-2H20),

magnesium

sulphate heptahydrate

(MgS0a4:7H20), and urea were obtained from POCH, Poland. All chemicals were of

analytical grade and were used without further purification. For all experiments, all

components were autoclaved and then mixed together to avoid contamination.

Table 7. Composition of synthetic wastewater (SWW)

No. Component Concentration (g/L)
1 Peptone 0.16

2 Broth 0.11

3 Urea 0.03

4 K>2HPO4 0.028

5 NaCl 0.007

6 CaCl-2H-0 0.004

7 MgSO4-7H20 0.002
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SWW was selected to provide a simplified yet representative aqueous matrix that
supports microbial metabolism while minimizing the compositional variability
associated with real wastewater. Although SWW does not fully replicate the biological
complexity of domestic wastewater, it provides a reproducible, safe experimental
environment that enables systematic evaluation of fungal adaptation and growth under
nutrient-limited, pollutant-containing conditions. This controlled approach allowed a
reliable comparison between conventional nutrient-rich media and aqueous systems

relevant to biodegradation applications.

4.2.1.1 Fungal mycelium growth and adaptation under pollutant stress

To evaluate the feasibility of fungal growth in the presence of natural pollutants,
preliminary adaptation experiments were conducted with caffeine and nicotine at varying
concentrations. These experiments were designed to assess fungal tolerance, viability,
and growth behaviour prior to biodegradation studies, as the ability of filamentous fungi
to grow and remain metabolically active in liquid aqueous systems cannot be assumed

without experimental verification.

PDA plates (Petri dishes) were prepared aseptically and amended with defined
concentrations of caffeine or nicotine (0, 1, or 2 mg per 10 mL of medium). Plates
without added pollutants served as controls. Actively growing fungal plugs were placed
at the center of each plate, and the plates were incubated at 25 °C and 37 °C for a period
of 7 days. Fungal growth was monitored by measuring radial hyphal extension from the
center of the colony to the plate edge at 24-hour intervals, following procedures adapted

from [147].

This concentration-dependent screening enabled the identification of pollutant
levels that supported sustained fungal growth and informed the selection of working

concentrations for subsequent biodegradation experiments.

4.2.1.2 Fungal biomass quantification during biodegradation experiments

Fungal biomass quantification was employed as an indicator of fungal adaptation
and viability in liquid SWW. Biomass measurements were performed during lab-scale

biodegradation experiments to monitor sustained fungal growth under pollutant-stress
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conditions and confirm that fungal activity was maintained throughout the experimental

period.

Sterile flasks containing SWW and the selected pollutant concentration were
inoculated with actively growing fungal biomass. Prior to inoculation, the total mass of
each flask containing the medium was recorded. During incubation, flasks were weighed
at five-day intervals using an analytical balance. The increase in flask mass over time
was primarily due to the growth of fungal biomass within the system, as evaporation
losses were minimized and control flasks without fungal inoculation were maintained in

parallel.

This gravimetric approach provided a simple, non-destructive, and reproducible
method for monitoring fungal growth dynamics during biodegradation experiments and
enabled verification that 7. versicolor remained metabolically active under nutrient-

limited, pollutant-containing conditions.

The fungal adaptation and growth experiments were conducted to establish the
feasibility of applying Trametes versicolor for the biodegradation of caffeine and
nicotine in aqueous systems. By systematically evaluating fungal tolerance, growth
behaviour, and biomass development across different pollutant concentrations and media
types, these experiments ensured that subsequent biodegradation results could be
attributed to active fungal metabolism rather than incidental or stress-induced effects.
This stepwise validation formed the methodological basis for fungal biodegradation
experiments and for subsequent integration into the pilot-scale constructed wetland

system described in Section 4.3.

4.2.2 Fungal degradation experiments of caffeine and nicotine

Lab-scale biodegradation experiments were conducted to evaluate the capacity
of Trametes versicolor to degrade caffeine and nicotine under controlled laboratory
conditions following confirmation of fungal adaptation and growth feasibility. The
experiments were designed to investigate the influence of key environmental parameters,
namely temperature, pH, and aqueous matrix composition, on fungal biodegradation
performance. A constant pollutant concentration of 100mg/L was maintained across all

experiments. This elevated concentration was intentionally selected to assess the fungal
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system's degradation potential, stress tolerance, and robustness under conditions relevant

to future scalability and application.

All biodegradation experiments were performed in 250 mL conical flasks
containing 100 mL of the respective liquid medium. Flasks were closed with sterile
cotton plugs, and all experiments were conducted under aerobic conditions. Incubation
was carried out under static conditions, without agitation, to avoid mechanical disruption
of fungal mycelia and better reflect conditions relevant to passive treatment systems.

Flasks were incubated at 25 °C and 37 °C, depending on the experimental condition.

Fungal biodegradation experiments were conducted using different liquid media
to evaluate fungal performance across increasing levels of environmental complexity.
Potato Dextrose Broth (PDB) was used as a nutrient-rich reference medium, while
synthetic wastewater (SWW) was employed as a nutrient-limited aqueous matrix
representative of contaminated surface water conditions. In addition, natural extract-
based media were used to simulate more realistic substrates. The coffee extract medium
was prepared by adding 10 g of coffee to 100 mL of SWW, thereby retaining naturally
occurring carbohydrates, proteins, and oils that may influence fungal growth and
enzymatic activity. Similarly, a tobacco extract medium was prepared by adding 15 g of
tobacco to 100 mL of SWW to evaluate the performance of fungal degradation in a

complex, alkaloid-containing matrix.

To investigate the effect of pH on biodegradation, experiments were conducted in
PDB at its native (pH 5.18), SWW at its native (pH 6.4), and under acidic conditions
adjusted to pH 2.5 using hydrochloric acid. Temperature effects were evaluated by
incubating parallel sets of flasks at 25 °C and 37 °C. For comparison, control experiments
were conducted using Milli-Q water (pH 6) containing the same concentration of
caffeine or nicotine. These control flasks were not inoculated with fungi and were used

to assess non-biological changes in pollutant concentration.

Each flask was inoculated with actively growing fungal biomass obtained from
PDA cultures, following the fungal inoculation procedure described in Section 4.2.4.
Following inoculation, flasks were incubated for the designated experimental period.
Samples were withdrawn from each flask at five-day intervals for subsequent extraction

and analytical evaluation, as described in later sections.
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A summary of the experimental conditions employed for fungal biodegradation of

caffeine and nicotine is provided in (Table 8).

Table 8. Experimental matrix for fungal biodegradation of caffeine and nicotine

under varying environmental conditions

No. | Caffeine biodegradation Nicotine Incubation
medium condition biodegradation medium | temperature
condition
1 Caffeine + PDB Nicotine + PDB 25°C
2 Caffeine + PDB Nicotine + PDB 37°C
3 Caffeine + PDB (pH 5.18) Nicotine + PDB (pH 25°C
5.18)
4 Caffeine + PDB (pH 5.18) Nicotine + PDB (pH 37°C
5.18)
5 Caffeine + PDB (pH 2.5) Nicotine + PDB (pH 2.5) | 25 °C
6 Caffeine + PDB (pH 2.5) Nicotine + PDB (pH 2.5) | 37 °C
7 Caffeine + SWW (pH 6.4) Nicotine + SWW (pH 25°C
6.4)
8 Caffeine + SWW (pH 6.4) Nicotine + SWW (pH 37°C
6.4)
9 Coffee extract (10 g) + SWW | Tobacco extract (15 g) + | 25°C
(100 mL) SWW (100 mL)
10 Coffee extract (10 g) + SWW | Tobacco extract (15 g)+ | 37 °C
(100 mL) SWW (100 mL)
11 Control (Milli-Q water, no Control (Milli-Q water, 25°C
fungus) no fungus)
12 Control (Milli-Q water, no Control (Milli-Q water, 37°C

fungus)

no fungus)
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4.2.3 Bacterial Degradation Experiments of Methylparaben (MeP) and
Trichlorocarbanilide (TCC)

Lab-scale bacterial biodegradation experiments were conducted to evaluate the
degradation efficiency of a selected bacterial consortium toward the anthropogenic
pollutants methylparaben (MeP) and trichlorocarbanilide (TCC). The experiments were
designed to compare bacterial degradation performance in a nutrient-rich medium
(Nutrient Broth, NB) and a nutrient-limited aqueous matrix (synthetic wastewater,
SWW), thereby assessing the feasibility of pollutant removal under conditions
representative of contaminated surface water systems. In contrast to fungal systems,
bacteria readily proliferate in liquid media such as NB; therefore, preliminary growth or

adaptation experiments were not required prior to biodegradation studies.

The bacterial consortium used in this study consisted of Rhodococcus sp. strain
PKO06 (GenBank accession no. PV549916.1) and Alcaligenes sp. strain PK5 (GenBank
accession no. PV544804.1). The consortium was obtained from the Department of
Biochemistry and Forensic Science, Gujarat University, Ahmedabad, India [148,149].
Their demonstrated ability to degrade structurally complex organic substrates motivated
their selection for investigating the biodegradation of anthropogenic contaminants in

aqueous systems.

In the present study, the consortium was employed without further genetic or
physiological modification and was maintained in Nutrient Broth (NB) prior to
biodegradation experiments. Synthetic wastewater (SWW), prepared as described in
Section 4.2.1, was used as a nutrient-limited aqueous matrix to evaluate bacterial

degradation performance under environmentally relevant conditions.

Nutrient Broth (NB) was used as the nutrient-rich reference medium for bacterial
biodegradation experiments. NB is a conventional, non-selective growth medium widely
employed for the cultivation and maintenance of heterotrophic bacteria, providing
readily available carbon, nitrogen, and growth factors that support rapid bacterial

proliferation.
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In the present study, NB served as a benchmark medium to establish baseline
biodegradation performance under optimal growth conditions. A detailed composition
of NB, along with a Comparison of bacterial degradation efficiency in NB and synthetic
wastewater (SWW), enabled evaluation of microbial performance under nutrient-rich
versus nutrient-limited aqueous environments, thereby supporting assessment of

environmental applicability.

Table 9. Composition of Nutrient Broth (NB) and Nutrient Agar (NA)

Component NB (g/L) | NA Functional role
(g/L)
Peptone 5.0 5.0 Source of organic nitrogen, peptides, and

amino acids supporting bacterial growth

Beef extract 3.0 3.0 Provides vitamins, carbohydrates, and

growth factors

Sodium 5.0 5.0 Maintains osmotic balance in the medium
chloride (NaCl)
Agar - 15.0 Solidifying agent (present only in NA)

Nutrient Agar (NA) is included for reference as the solid analogue of Nutrient
Broth (NB) and is commonly used for bacterial maintenance and enumeration; however,
all biodegradation experiments in this study were conducted exclusively in liquid
Nutrient Broth (NB). NB was employed as a nutrient-rich reference medium to establish
baseline bacterial degradation performance under optimal growth conditions, against

which results obtained in synthetic wastewater were compared (Table 9).

Biodegradation experiments were performed in batch mode using conical flasks
under aerobic conditions. For each experimental condition, bulk solutions (250 mL) of
NB or SWW were prepared and spiked with stock solutions of MeP or TCC to obtain a
final pollutant concentration of 100 mg L™'. The prepared solutions were then divided
into 25 mL aliquots and transferred to sterile 50 mL conical flasks, allowing multiple
time-point sampling without disturbing ongoing reactions. Flasks were incubated at 37
°C in a rotary shaker incubator operated at 120 rpm to ensure homogeneous mixing and
sufficient oxygen transfer. All experiments were conducted under aerobic conditions

throughout the incubation period (Table 10).
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Separate sets of experiments were conducted for MeP and TCC. Each flask was
inoculated with the bacterial consortium following the procedure described in Section
4.2.4. Control flasks containing the same media and pollutant concentrations but without
bacterial inoculation were included as abiotic controls to account for non-biological
losses. Additional controls containing media with bacterial culture but without added
pollutants were prepared to assess background microbial activity. Samples were

collected at defined time intervals (0, 48, 72, 96, and 120 h) for subsequent extraction

and analytical evaluation, as described in Section 4.2.5.

Table 10. Experimental matrix for bacterial biodegradation of methylparaben

(MeP) and trichlorocarbanilide (TCC)

No. | Pollutant NB based setup SWW based setup | Incubation

conditions

1 MeP / TCC Analytical standard - -

2 MeP / TCC NB medium (media- SWW medium 37 °C, 120
only control) (media-only rpm

control)

3 MeP / TCC NB + bacterial culture | SWW + bacterial 37°C, 120
(media + bacteria culture (media + rpm
control) bacteria control)

4 MeP / TCC Pollutant + NB + Pollutant + SWW + | 37 °C, 120
bacterial culture (0 h) | bacterial culture (0 | rpm

h)

5 MeP / TCC Pollutant + NB + Pollutant + SWW + | 37 °C, 120

bacterial culture (48 h) | bacterial culture (48 | rpm
h)

6 MeP / TCC Pollutant + NB + Pollutant + SWW + | 37 °C, 120

bacterial culture (72 h) | bacterial culture (72 | rpm
h)

7 MeP / TCC Pollutant + NB + Pollutant + SWW + | 37 °C, 120

bacterial culture (96 h) | bacterial culture (96 | rpm
h)
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8 MeP / TCC Pollutant + NB + Pollutant + SWW + | 37 °C, 120
bacterial culture (120 | bacterial culture rpm

h) (120 h)

4.2.4 Microbial Inoculation Procedures

Microbial inoculation strategies were deliberately designed to ensure rapid
establishment of active biomass, enhanced growth stability, and reproducible
biodegradation performance under conditions of elevated pollutant stress. In this study,
relatively high initial pollutant concentrations were used in lab-scale experiments to
challenge the degradative capacity of the selected microorganisms and to assess their
potential for future scalability. Under such conditions, microbial survival and sustained
metabolic activity cannot be assumed, particularly in nutrient-limited aqueous media.
Therefore, inoculation procedures were optimized to maximize initial microbial viability
and to increase the likelihood of successful adaptation and degradation. Distinct
inoculation approaches were adopted for fungi and bacteria based on their biological
characteristics. For filamentous fungi, liquid-phase inoculation was employed to
promote uniform dispersion of spores and mycelial fragments, facilitating rapid
colonization and resilience under static aerobic conditions. For bacterial systems,
actively growing liquid cultures standardized by optical density were used to ensure
controlled biomass input and consistent degradation kinetics. These tailored inoculation
strategies were essential for maintaining microbial activity and enabling meaningful

evaluation of biodegradation performance under high-pollutant-loading conditions.

4.2.4.1 Fungal Inoculation for Lab-Scale Biodegradation Experiments

Fungal inoculation for lab-scale biodegradation experiments was performed using
a liquid inoculum of Trametes versicolor prepared in Potato Dextrose Broth (PDB). The
fungal strain was cultivated and maintained as described in Section 4.2.1. Actively
growing liquid cultures were used to ensure metabolic activity and to rapidly establish

fungal biomass in aqueous degradation systems.
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For inoculation, a homogeneous fungal suspension was obtained from a pure liquid
PDB culture of T. versicolor. Prior to transfer, the culture was gently mixed under sterile
laminar airflow conditions using a vortex to ensure uniform distribution of fungal
mycelia and spores. Quantitative spore enumeration was not performed because the
inoculum was a mixed suspension of spores and fragmented mycelia, a common
approach in fungal biodegradation studies where filamentous growth is the dominant

mode of colonization.

Each experimental flask (250 mL conical flask containing 100 mL of degradation
medium) was inoculated once with 1 mL of the prepared fungal suspension. Inoculation
was performed only at the start of the experiment, and no further additions were made
during the incubation period. Following inoculation, flasks were sealed with sterile
cotton plugs to maintain aerobic conditions and incubated under the same environmental

conditions as defined for the corresponding biodegradation experiments (Section 4.2.2).

This liquid inoculation strategy was selected to facilitate rapid fungal dispersion
and colonization within water-based media, including synthetic wastewater, where direct
transfer of solid agar plugs may limit uniform fungal distribution. The approach enabled
consistent fungal establishment across experimental replicates and ensured that
subsequent biodegradation could be attributed to active fungal metabolism within the
aqueous phase. A representative illustration of the fungal spore-based inoculation
procedure and subsequent mycelial establishment in synthetic wastewater is shown

in (Figure 5).
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Figure 5. Liquid spore-mycelium inoculation of Trametes versicolor and
representative mycelial growth observed in synthetic wastewater during lab-scale

biodegradation experiments

4.2.4.2 Bacterial Inoculation for Lab-Scale Biodegradation Experiments

Bacterial inoculum for lab-scale biodegradation experiments was prepared from
an actively growing liquid culture of the bacterial consortium described in Section 4.2.3.
The consortium consisted of Rhodococcus sp. strain PK06 (GenBank accession no.

PV549916.1) and Alcaligenes sp. strain PK5 (GenBank accession no. PV544804.1).

For inoculum preparation, bacterial cultures maintained on slants were transferred
into sterile Nutrient Broth (NB) and incubated at 30 °C for 24 h to obtain active biomass.
Following incubation, bacterial cells were harvested by centrifugation at 5000 rpm for
10 min, and the supernatant was discarded. The resulting cell pellet was resuspended in

sterile normal saline solution to obtain a homogeneous bacterial suspension.

The prepared bacterial suspension was used as the inoculum for biodegradation

experiments. Inoculation was performed by adding a loopful of a 1.0% (v/v) bacterial
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suspension to each experimental flask containing the respective degradation medium and
target pollutant. Inoculation was performed once at the start of the experiment, and no
additional bacterial supplementation was applied during incubation. All inoculated

flasks were incubated under aerobic conditions, as described in Section 4.2.3.

This inoculation approach ensured consistent and reproducible introduction of
metabolically active bacterial biomass across all experimental conditions, enabling
reliable evaluation of bacterial degradation performance toward methylparaben and

trichlorocarbanilide.

4.2.5 Sampling, Extraction, and Purification

Sampling, extraction, and purification procedures were designed based on the
physicochemical properties of the target pollutants, the requirements of downstream
analytical techniques, and the biological characteristics of the degradation systems.
While sampling from lab-scale experiments followed a unified protocol, distinct
extraction and purification strategies were applied for fungal and bacterial
biodegradation experiments. This differentiation was necessary because quantitative
nuclear magnetic resonance (QNMR) was used for caffeine and nicotine analysis, and
high-performance thin-layer chromatography (HPTLC) for methylparaben and
trichlorocarbanilide analysis, as well as because of differences in biomass characteristics
between fungal and bacterial systems. Fungal biodegradation experiments required
effective separation of mycelial biomass and spores from the liquid phase prior to
extraction, whereas bacterial biodegradation samples necessitated removal of suspended
cells to prevent analytical interference. Accordingly, extraction and purification
workflows were optimized to ensure analytical compatibility, recovery efficiency, and

reproducibility for each pollutant group [150,151].

Sampling from all lab-scale biodegradation experiments was performed at
predefined time intervals, as specified in the experimental design. Samples were
collected every five days for fungal biodegradation experiments and at defined kinetic
time points (0, 48, 72, 96, and 120 hours) for bacterial biodegradation experiments.
Sampling was initiated at 48 h to focus on effective biodegradation performance

following initial microbial acclimation, rather than short-term adsorption effects or early
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lag-phase behaviour. All sampling procedures were carried out under aseptic conditions
to prevent external contamination and to preserve the integrity of microbial systems. At
each sampling point, the required volume of liquid medium was withdrawn using sterile
syringes and transferred into sterile centrifuge tubes. Care was taken to avoid disturbing
settled biomass or surface growth, particularly in fungal systems with mycelial mats.
Sampling instruments and containers were sterilized prior to use, and all handling was

performed in a laminar airflow cabinet wherever applicable.

4.2.5.1 Extraction and Purification of Fungal Biodegradation Samples

(Caffeine and Nicotine)

Extraction and purification of fungal biodegradation samples were designed to
ensure effective removal of fungal biomass, spores, and extracellular debris prior to
quantitative nuclear magnetic resonance (QNMR) analysis. The presence of filamentous
mycelia and spores introduces significant matrix complexity and can interfere with
spectroscopic measurements if not adequately removed. Therefore, a multistep
purification strategy was adopted, combining physical separation and filtration

techniques commonly reported in fungal biodegradation studies [147,152].

First, SmL of the culture medium was withdrawn from each flask using sterile
syringes under aseptic conditions and transferred into sterile centrifuge tubes. The
samples were centrifuged at 7000 rpm for 20 minutes to separate fungal biomass, spores,
and suspended solids from the liquid phase. After centrifugation, the supernatant was
carefully collected using new sterile syringes to avoid resuspension of the pellet. The
collected supernatant was subsequently filtered through nylon syringe filters (0.45 um
pore size) to ensure complete removal of residual fungal fragments and spores. Filtration
was performed using gentle thumb pressure, and approximately 1-2 mL of clarified
filtrate was collected into sterile glass vials. To prepare samples for NMR analysis, the
filtered solutions were dried in a hot air oven at 40 °C to remove residual water. Drying
at moderate temperature was selected to prevent thermal degradation of caffeine and
nicotine and to ensure compatibility with deuterated solvents used during qNMR
analysis. The resulting dried residues were subsequently reconstituted as required for

spectroscopic analysis, as described in Chapter 5.

50



This purification protocol ensured that the NMR spectra reflected dissolved
chemical species resulting from biodegradation processes rather than interference from
biological material, enabling reliable identification and quantification of caffeine and

nicotine degradation products [138,147,152].

4.2.5.2 Extraction and Purification of Bacterial Biodegradation Samples

(MeP and TCC)

Extraction and purification of bacterial biodegradation samples were designed to
meet the requirements of high-performance thin-layer chromatography (HPTLC)
analysis and the biological characteristics of bacterial systems. Unlike fungal cultures,
bacterial systems primarily consist of suspended cells rather than filamentous biomass;
therefore, solvent-based extraction, followed by centrifugation and filtration, was

employed to efficiently separate the target analytes from the aqueous matrix.

Following completion of the incubation period, equal volumes of acetonitrile were
added directly to each bacterial degradation flask to extract methylparaben (MeP) and
trichlorocarbanilide (TCC) from the aqueous phase. The flasks were sealed and agitated
at 180 rpm for 2 h using a rotary shaker to enhance solvent-solute interaction and analyte
recovery. The extracts were then transferred to centrifuge tubes and centrifuged at 7000
rpm for 15 min (Neuation iFUGE UCO02R) to remove bacterial cells and particulate
matter. The resulting supernatant was collected using sterile syringes and filtered through
nylon syringe filters (0.45 um pore size) to eliminate residual suspended debris.

Approximately 1-2 mL of the clarified extract was collected into sterile glass vials.

To improve detection sensitivity and ensure compatibility with HPTLC analysis,
the filtered extracts were subjected to vacuum evaporation (BioChromato Inc., Smart
Evaporator C1, Japan) to remove the solvent and concentrate the analytes under
controlled conditions, thereby minimizing the risk of thermal degradation. The dried
residues were subsequently reconstituted in methanol to obtain a ten-fold concentrated
solution. For HPTLC analysis, fixed and analyte-specific aliquots of the reconstituted
extracts were applied to the TLC plates. For methylparaben (MeP), 5 uL was applied per
track, corresponding to an initial applied mass of 5000 ng at time zero, whereas for
trichlorocarbanilide (TCC), 4 uL was applied per track, corresponding to 4000 ng. For

each compound, the spotting volume and applied mass were maintained constant across
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all sampling time points, while the original bulk concentration in the biodegradation

system was 100 mg L™".

This extraction, concentration, and purification protocol has been widely applied
in studies involving paraben and triclocarban analysis and provides reliable recovery and
reproducibility for chromatographic evaluation [150,151,153]. The standardized
processing of all samples ensured that densitometric responses and degradation
percentages obtained by HPTLC accurately reflected temporal changes in MeP and TCC
concentrations during bacterial biodegradation under both nutrient-rich and nutrient-

limited conditions.

4.3 Pilot-Scale Biomimetic Constructed Wetland Experiments

The pilot-scale biomimetic constructed wetland experiments were designed to
translate lab-scale biodegradation findings into a controlled ecological system that more
closely represents surface water treatment conditions. While laboratory experiments
enabled mechanistic evaluation of microbial degradation under defined conditions, they
do not account for spatial heterogeneity, hydraulic retention, plant-microbe interactions,
or long-term operational stability. Therefore, a laboratory-scale constructed wetland was
developed to assess microbial self-cleaning performance under mixed-contaminant

loading and continuous aqueous exposure.

To mimic environmentally relevant surface water contamination characterized by
the simultaneous presence of multiple pollutants, the constructed wetland system was
operated under mixed-contaminant loading conditions. Caffeine, methylparaben, and
trichlorocarbanilide were selected as representative target compounds, reflecting both
natural and anthropogenic contaminant classes commonly detected in wastewater-
impacted surface waters. The selected pollutants exhibit contrasting physicochemical
properties and biodegradation behaviours, enabling evaluation of microbial adaptation,
functional complementarity, and overall system performance under realistic multi-

pollutant exposure rather than isolated compound conditions.

Microbial selection for the constructed wetland emphasized ecological suitability
and long-term operational stability. The fungal species Trametes versicolor was

employed due to its strong colonization capacity, extracellular enzymatic activity, and

52



compatibility with solid substrates and plant-associated niches. For bacterial
degradation, Pseudomonas aeruginosa was selected owing to its metabolic versatility,
resilience in aqueous environments, and well-established role in wastewater and wetland
systems [154—156]. This microbial configuration enabled evaluation of functional
complementarity and sustained biodegradation under environmentally relevant

conditions.

4.3.1 Design and Configuration of the Constructed Wetland System

This section describes the physical design, structural components, and baseline
operational configuration of the laboratory-scale constructed wetland units used in the
pilot-scale experiments. The wetland system was designed to ensure identical hydraulic
and structural conditions across all units, allowing subsequent evaluation of biological

and operational variables without confounding effects from reactor design.

Four identical horizontal subsurface flow (HSSF) constructed wetland units were
established using rectangular glass tanks with a total capacity of 30 L each (40 cm x 25
cm x 30 cm). The horizontal subsurface configuration was selected to simulate the
longitudinal hydraulic flow path and aeration flow typical of full-scale subsurface
wetlands while maintaining experimental control at laboratory scale. The use of
transparent glass reactors provided an additional experimental advantage by allowing
non-invasive visual observation of plant root development and biofilm distribution

within the porous media throughout the experimental period.

Each wetland unit was equipped with silicon tubing installed at the reactor base,
serving as a contamination-free sampling port. This configuration enabled periodic
collection of liquid samples without disturbing the substrate structure, plant roots, or

microbial biofilms, ensuring representative monitoring of system performance over time.

Each wetland unit was operated as an identical system with a defined working
volume and a consistent physical configuration, ensuring that observed performance
differences could be attributed to operational and biological variables rather than to

reactor design (Table 11).

53



To ensure adequate hydraulic conductivity, prevent clogging, and provide
sufficient surface area for microbial colonization, a stratified dual-layer substrate system
was employed in all wetland units. The bottom layer consisted of uncoloured cobbles
with a particle size range of 7-100 mm and a thickness of approximately 20 cm. This
layer functioned as the primary hydraulic channel, facilitating uniform subsurface flow

and minimizing resistance to water movement.

The top layer consisted of medium gravel with a particle size range of 5-10 mm
and a thickness of approximately 5 cm. This layer provided mechanical support for
macrophyte anchorage and contributed additional surface area for biofilm formation
while reducing evaporative losses. The combined substrate configuration enabled stable
hydraulic operation and supported simultaneous microbial attachment and plant root

development.

All wetland units were planted with Phragmites australis (common reed), a
macrophyte widely used in constructed wetland systems due to its extensive root
network, high tolerance to pollutant stress, and ability to transport oxygen to the
rhizosphere. Prior to planting, plant specimens were surface-sterilized using isopropanol
to minimize the introduction of external epiphytic microorganisms and to ensure greater
experimental control over microbial colonization within the wetland system. Plants were
established in the upper substrate layer and allowed to acclimatize prior to experimental

operation to promote root penetration and stabilize the porous media.

To maintain stable environmental conditions and support microbial metabolic
activity, each wetland unit was equipped with a 25 W submersible heater coupled with
a precision thermostat (Kruger Meier Reglerheizer, Germany). This configuration
allowed controlled temperature regulation and flexibility in operating the wetland units

under different thermal regimes, as required by specific experimental conditions.

The wetland system was designed to accommodate both aerated and non-aerated
operation. Bottom-up aeration capability was provided through a pair of 30 cm aerator
strips installed at the base of selected units, enabling uniform oxygen distribution within
the subsurface media. This design allowed adjustment of oxygen availability and media
movement for bacterial growth to accommodate different microbial growth requirements

while preserving identical physical reactor configurations (Figure 6).

54



Figure 6. Wetland setup formation and aeration mechanism [157]

All wetland units were operated using synthetic wastewater (SWW) as the aqueous
matrix, prepared according to the composition described in section 4.2.1. SWW was
selected to provide a reproducible and controlled representation of wastewater-impacted

surface water while minimizing variability associated with real influent matrices.

The influent was amended with a mixed-contaminant cocktail consisting of pure
caffeine, methylparaben (MeP), and trichlorocarbanilide (TCC) (Sigma-Aldrich,
Poland), each at a concentration of 100 mg L™". The relatively high pollutant loading was
intentionally selected to challenge microbial survival and degradation capacity and to
evaluate the wetland system's robustness under stress conditions. This mixed-
contaminant configuration enabled assessment of microbial adaptation and system-level
self-cleaning performance under conditions representative of complex environmental

contamination rather than single-compound exposure.
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Table 11. Operational configuration of identical laboratory-scale constructed

wetland units

Parameter Wetland Unit | Wetland Unit | Wetland Unit | Wetland Unit
A B C D

System type | Horizontal Horizontal Horizontal Horizontal
subsurface subsurface subsurface flow | subsurface
flow CW flow CW CW flow CW

Reactor Glass tank Glass tank Glass tank Glass tank

material

Total 30L 30L 30L 30L

capacity

Working ISL ISL ISL ISL

volume

(SWW)

Substrate Dual-layer Dual-layer Dual-layer Dual-layer

configuration | (cobbles + (cobbles + (cobbles + (cobbles +
gravel) gravel) gravel) gravel)

Plant species | Phragmites Phragmites Phragmites Phragmites
australis australis australis australis

Pollutant Caffeine + Caffeine + Caffeine + Caffeine +

mixture MeP + TCC MeP + TCC MeP + TCC MeP + TCC

Pollutant 100 mg L 100 mg L™ 100 mg L™ 100 mg L™

concentration | (each) (each) (each) (each)

Aqueous Synthetic Synthetic Synthetic Synthetic

matrix wastewater wastewater wastewater wastewater
(SWW) (SWW) (SWW) (SWW)

Microbial Pseudomonas | Trametes P. None (abiotic

configuration | acruginosa versicolor aeruginosa + T. | control)

versicolor
Temperature | 37 °C 25°C 30 °C Room
temperature
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Aeration Yes (bottom- | No (static) Yes (bottom-up | Yes

up aeration) aeration)
Operational | Bacterial Fungal system | Consortium Abiotic
condition system system control
Porosity (%) | 40-45 40-43 50-52 50-55

The porosity of the constructed wetland substrate was determined using the water
displacement method. First, the internal volume of the aquarium reactor (Vi) was
measured. The reactor was then filled with substrate stones arranged under the same
conditions as during wetland operation. Water was slowly added until all void spaces
between the stones were completely filled, and the volume of water required to achieve
saturation was recorded as the void volume (V,;4,). Porosity (n) was calculated as the
ratio of the void volume to the total internal volume of the reactor according to Equation:

_ Vvoids

Vtotal

This method provides a reliable estimate of the effective pore space available for
hydraulic flow, microbial colonization, and mass transfer within the constructed wetland

system [158].

4.3.2 Microbial Adaptation and Growth Dynamics in Mixed-Pollutant
Medium

Prior to inoculation of the constructed wetland system, preliminary microbial
adaptation experiments were conducted to assess the tolerance and growth behaviour of
both fungal and bacterial strains under combined pollutant stress. This step was designed
to verify microbial viability and compatibility with mixed-contaminant exposure
conditions representative of the wetland influent. A mixed pollutant cocktail containing
caffeine, methylparaben (MeP), and trichlorocarbanilide (TCC) was prepared and
incorporated into solid growth media at increasing concentrations of 0, 1, 2, and 3 mg
per 10 mL of medium. Identical pollutant concentrations were applied for both microbial

groups to enable consistent evaluation of tolerance under uniform chemical stress
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conditions. Potato Dextrose Agar (PDA) was used for fungal adaptation studies, while

Nutrient Agar (NA) was used for bacterial adaptation studies.

For fungal adaptation assessment, Trametes versicolor was inoculated at the center
of PDA plates amended with the pollutant cocktail and incubated at 25 °C. Plates without
added pollutants served as controls. Fungal growth was monitored by measuring radial
hyphal extension from the point of inoculation to the colony edge at 24-hour intervals.
Growth inhibition was evaluated by comparing radial expansion rates in pollutant-

amended plates with those in control conditions.

For bacterial adaptation assessment, Pseudomonas aeruginosa was inoculated
onto NA plates containing the same pollutant cocktail concentrations and incubated at
37 °C. Inoculation was performed using a drop streak plating approach, in which 1 mL
of actively growing pure bacterial culture was aseptically deposited onto the agar surface
and evenly distributed using sterile streaking to promote uniform colony development.
Plates without added pollutants served as controls. Bacterial tolerance and proliferation
potential were evaluated by recording colony-forming units (CFU) at 24-hour intervals

and comparing growth patterns across pollutant concentrations.

The purpose of this adaptation assay was to confirm microbial survival and growth
compatibility under mixed-pollutant exposure prior to wetland-scale application. The
results of this screening informed the selection of pollutant loading levels and microbial

configurations employed in subsequent constructed wetland experiments.

4.3.3 Microbial Inoculation and System Operation

Microbial inoculation strategies were specifically designed to ensure rapid
establishment, sustained activity, and spatial stability of selected degraders under high
pollutant loading conditions. Given the elevated contaminant concentrations employed
in the wetland system and the absence of natural microbial flora, targeted
bioaugmentation approaches were implemented to maximize microbial survival and
degradation efficiency. Distinct inoculation strategies were applied for bacterial, fungal,
and combined systems to reflect their fundamentally different growth modes and

ecological requirements.
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Pseudomonas aeruginosa was selected as the bacterial degrader for the
constructed wetland - A system due to its documented capacity to mineralize aromatic
and antimicrobial compounds under aerobic conditions. This metabolic versatility makes
the species particularly suitable for degrading anthropogenic contaminants such as
methylparaben and trichlorocarbanilide in aqueous environments. Prior to wetland
inoculation, the bacterium was cultivated in nutrient broth at 37 °C to obtain an actively
growing culture. A defined volume (5 mL) of this liquid culture was then directly
introduced into the aqueous phase of the constructed wetland unit (Wetland A). This
liquid-phase inoculation strategy enabled rapid dispersion of bacterial cells throughout
the pore water and facilitated early-stage colonization of the gravel substrate, promoting

biofilm establishment within the wetland matrix.

To support aerobic bacterial activity and enhance microbial distribution, Wetland
A was equipped with a centrally positioned, bottom-mounted aerator strip (30 cm length)
installed along the reactor base. This aeration configuration generated upward-directed
airflow, inducing gentle circular movement of the liquid phase from the bottom toward
the upper regions of the wetland. The resulting hydraulic circulation improved oxygen
availability within the porous medium and ensured effective contact among bacterial
cells, dissolved pollutants, and substrate surfaces, thereby sustaining bacterial metabolic
activity and uniform biofilm development. Importantly, this aeration-induced circulation
was intentionally designed to reproduce the hydrodynamic and oxygen-transfer
conditions used during lab-scale bacterial biodegradation experiments (Section 4.2.3),
where continuous mixing was required to maintain aerobic conditions and support
bacterial degradation. By aligning physical operating conditions across experimental
scales, the wetland configuration ensured methodological continuity between batch
experiments and system-level biodegradation, strengthening the interpretation of scale-

up performance.

To establish a stable and vertically propagating fungal network within the
constructed wetland - B system, a solid-state inoculation strategy was developed
for Trametes versicolor. Following sterilization of the reactor, 100 mL of autoclaved
Potato Dextrose Agar (PDA) was evenly poured onto the aquarium bottom to form a
uniform basal layer. After solidification, fungal spores were aseptically distributed

across the agar surface. The reactor was incubated under static conditions for 7 days,
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allowing the development of a continuous and uniform fungal mycelial mat
approximately 1 cm thick. Once the fungal mat was established, sterilized porous gravel
layers were carefully placed above the fungal base, followed by the introduction of
synthetic wastewater containing the defined pollutant load and the planting
of Phragmites australis. This configuration enabled upward fungal colonization through
the substrate profile while minimizing mechanical disturbance of the hyphal network. In
contrast to conventional liquid-phase fungal inoculation methods, this approach
provided a physically anchored fungal biomass, enhancing resistance to hydraulic

washout and supporting long-term metabolic stability under continuous-flow conditions.

In the hybrid wetland C, both inoculation strategies were applied simultaneously.
The basal fungal mat was established as described for Wetland B, followed by liquid-
phase inoculation of Pseudomonas aeruginosa into the aqueous phase. This
configuration was designed to exploit functional complementarity between microbial
groups, whereby fungal extracellular oxidative enzymes initiate transformation of
structurally complex compounds, and bacterial metabolism facilitates downstream

degradation and mineralization of transformation products.

Wetland D served as a control unit and received no deliberate microbial
inoculation. This configuration was used to quantify pollutant attenuation arising from
non-biological and background processes, including adsorption onto the substrate, plant

uptake, and activity of indigenous microbial populations.

All wetland units were planted with three evenly spaced Phragmites
australis individuals rooted within the gravel layer. To minimize evaporative losses and
reduce external microbial intrusion, reactors were covered with a thin plastic sheet
containing openings for plant stems. While this configuration did not provide fully
aseptic conditions due to the presence of plants and gas-exchange openings, it reflects
realistic operating conditions of constructed wetlands, where complete sterility is neither

achievable nor environmentally representative.

Measures were implemented to minimize external microbial contamination during
system establishment, thereby promoting rapid colonization and dominance of the
deliberately inoculated microbial species. Once established, these targeted microbial

communities were expected to competitively occupy available ecological niches within
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the wetland matrix, reducing susceptibility to invasion by external microorganisms. This
design balances experimental control with ecological relevance and reflects conditions

encountered in practical wetland-based treatment systems [159—-161].

4.3.4 Monitoring of Operational Parameters (pH, Plant Growth)

To evaluate the stability of the wetland environment and to indirectly assess
microbial metabolic activity, the pH of the aqueous phase was monitored throughout the
experimental period. pH is a critical operational parameter in constructed wetland
systems, as it influences microbial enzyme activity, pollutant speciation, nutrient
availability, and overall biodegradation efficiency. Significant pH fluctuations may
indicate microbial stress, accumulation of acidic or alkaline transformation products, or

shifts in dominant biochemical processes.

In the present study, pH measurements were performed weekly in all four wetland
units (Wetlands A, B, C, and D) using a calibrated pH meter. Measurements were taken
directly from the aqueous phase to ensure a representative assessment of system-wide
conditions. Monitoring pH across different microbial configurations enabled comparison
of system stability under bacterial-only, fungal-only, combined microbial, and control

conditions.

Plant growth was monitored to assess vegetation tolerance, system stability, and
physical support functions within the constructed wetland, rather than to assess direct
pollutant degradation. Phragmites australis (common reed) was selected due to its
robustness, well-developed root system, and widespread use in constructed wetland
systems, where plants primarily contribute to structural stability, rhizosphere

development, and facilitation of microbial colonization [162].

Shoot height was measured weekly to monitor above-ground plant development
and overall vitality during exposure to the mixed-pollutant influent. At the end of the 7-
week experimental period, plants were carefully removed from the gravel substrate to
allow visual inspection and measurement of below-ground biomass, including rhizome
development and root penetration within the porous media. Evaluation of plant growth
ensured that vegetation remained physiologically stable under high pollutant loading and

supported interpretation of wetland performance by confirming the presence of an intact
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plant-substrate framework conducive to microbial activity. This approach allowed
pollutant removal to be attributed primarily to microbial processes while recognizing the

indirect structural and ecological role of vegetation within the wetland system.

4.3.5 Sample Extraction and Purification of Wetland Samples

To enable reliable identification and characterization of biodegradation products
while minimizing interference from microbial biomass, plant-derived material, and
wetland particulates, a dedicated extraction and purification protocol was applied to

wetland samples intended for Nuclear Magnetic Resonance (NMR) analysis.

Liquid samples (50 mL) were collected from each wetland unit using sterile
syringes connected to the silicon sampling ports installed at the base of the reactors.
Samples were collected atweek 4 and week 7 of operation, corresponding to
intermediate and advanced stages of system operation under stabilized conditions. All
sampling procedures were conducted under aseptic conditions to minimize external
contamination. Collected samples were transferred to sterile centrifuge tubes and
centrifuged at 7000 rpm for 20 min to sediment fungal hyphae, bacterial cells, and
suspended solids originating from the wetland matrix. The clarified supernatant was
carefully recovered using sterile syringes and subsequently filtered through 0.45 um
nylon syringe filters to ensure complete removal of residual particulate matter. To
eliminate water content, which interferes with NMR signal acquisition, 1-2 mL aliquots
of the filtered samples were evaporated to complete dryness in a hot-air oven maintained
at 40 °C. The resulting dry residues were reconstituted in 0.7 mL of deuterated
chloroform (CDCIs) containing 0.03% tetramethylsilane (TMS) as an internal chemical
shift reference. The prepared samples were transferred to NMR tubes and analyzed using
an Agilent Magnet 400 MHz spectrometer at 25 °C to characterize transformation

products formed during wetland-scale biodegradation [147,163—165].

Although operational parameters such as pH and plant growth were monitored
weekly, chemical analysis of degradation products was intentionally limited to weeks 4
and 7. Preliminary observations indicated that early operational phases were dominated
by microbial acclimation, biofilm establishment, and system stabilization. Consequently,
analysis at later time points allowed discrimination between transient effects (e.g.,

adsorption or initial adaptation) and sustained biodegradation activity, ensuring that

62



detected transformation products reflected established microbial processes within the

wetland system.

63



Chapter 5: Analytical Methods and Data
Validation

5.1 Overview of Analytical Strategy and Method Selection

The analytical strategy adopted in this study was designed to address the chemical
diversity of the target pollutants, the varying complexity of sample matrices, and the
different experimental scales investigated, ranging from lab-scale biodegradation
systems to an pilot scale biomimetic constructed wetland. Rather than relying on a single
analytical technique, a multi-technique framework was implemented to ensure reliable
compound identification, accurate quantification, and mechanistic interpretation of

biodegradation processes.

Analytical methods were selected based on three primary criteria: (i) chemical
properties of the target pollutants, (ii) matrix complexity and biological interference,
and (ii1) analytical purpose, distinguishing between qualitative confirmation,

quantitative determination, and semi- quantitative performance assessment.

The studied pollutants were divided into two distinct classes: naturally derived
alkaloids (caffeine and nicotine) and anthropogenic contaminants (methylparaben and
trichlorocarbanilide). This classification directly informed the analytical approach.
Caffeine and nicotine, extracted from natural sources, required structural confirmation
and absolute concentration determination prior to biodegradation experiments. For this
purpose, Fourier Transform Infrared Spectroscopy (FT-IR)and Nuclear Magnetic
Resonance (NMR) spectroscopy were employed. FT-IR served as a rapid qualitative tool
to verify functional group integrity and confirm successful extraction, while NMR
provided definitive structural identification and quantitative concentration

determination.

In contrast, methylparaben and trichlorocarbanilide were used as analytical-grade
standards and monitored during bacterial biodegradation experiments conducted in
complex biological liquid matrices. For these compounds, High-Performance Thin-

Layer Chromatography (HPTLC) was selected as the primary analytical tool due to its
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robustness, matrix tolerance, and suitability for time-resolved monitoring of

concentration changes in nutrient-rich and synthetic wastewater media.

For the constructed wetland system, which contained suspended solids, microbial
biomass, plant-derived materials, and heterogeneous degradation products, high-
resolution NMR spectroscopy was selectively employed to analyze compounds soluble
in deuterated organic solvents. This enabled qualitative tracking of transformation
processes under stabilized wetland operating conditions. Structural limitations
encountered for trichlorocarbanilide under these conditions were analytically addressed

and are discussed in subsequent chapters.

Finally, Scanning Electron Microscopy (SEM) was used as a complementary
structural tool to visualize microbial colonization and biofilm development on wetland
porous media. SEM was not used for chemical quantification, but it provided critical

physical evidence supporting biological activity and system functionality.

Due to the specialized nature of certain analytical techniques, this study
employed collaborative laboratory facilities for selected measurements. HPTLC method
development, validation, and densitometric analysis were conducted in collaboration
with an external research laboratory equipped with advanced CAMAG instrumentation.
NMR analyses were performed using high-field spectrometers available through

institutional research facilities.

The use of collaborative infrastructure enabled access to validated analytical
platforms while maintaining methodological consistency and reproducibility. All
analytical procedures were conducted in accordance with standardized protocols, and
method validation parameters were explicitly documented to ensure transparency and

compliance with accepted analytical guidelines.

Overall, the integrated analytical strategy adopted in this study ensured that each
pollutant, experimental scale, and sample matrix was evaluated using the most

appropriate and defensible technique.
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5.2 Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy (FT-IR) was employed as a qualitative
analytical technique to confirm the molecular identity and functional group integrity of
caffeine and nicotine extracted from natural sources. FT-IR analysis was intentionally
restricted to extracted parent compounds and was not applied to biodegradation samples.
This methodological decision was based on the inherent limitations of FT-IR in complex
matrices, where the presence of microbial biomass, water, and transformation products

reduces spectral selectivity and interpretability.

The primary purpose of FT-IR analysis in this study was to verify that the
extraction procedures yielded chemically intact caffeine and nicotine prior to their use
in biodegradation experiments. Structural confirmation at this stage was essential to
ensure that any subsequent concentration changes observed during microbial
degradation could be attributed to biological activity rather than impurities or extraction-

induced chemical alterations.

FT-IR measurements were performed using a Thermo Scientific Nicolet 6700 FT-
IR spectrometer equipped with an attenuated total reflectance (ATR) accessory.
Extracted samples were analyzed in solid or semi-solid form after removal of residual
moisture by drying at 40 °C for 24 h in a hot-air oven, thereby minimizing interference
from water absorption bands. Infrared spectra were recorded over the mid-infrared range
(4000-400 cm™). The obtained spectra were compared with reference spectra reported

in the literature and spectral databases to confirm compound identity [134,135,139].

FT-IR was not used to monitor biodegradation progress or identify transformation
products. Such analyses require higher chemical specificity and tolerance to aqueous and
biological matrices, which were addressed using Nuclear Magnetic Resonance (NMR)
spectroscopy and High-Performance Thin-Layer Chromatography (HPTLC), as

described in subsequent sections.

5.2.1 Qualitative Identification of Extracted Natural Pollutants

Qualitative identification of the extracted caffeine and nicotine was performed by

examining characteristic infrared absorption bands associated with their known
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molecular structures. FT-IR analysis focused on functional group regions commonly

used for compound verification rather than quantitative assessment.

For caffeine, spectral evaluation targeted absorption bands corresponding to
carbonyl stretching vibrations, imide functionalities, and aromatic ring structures. For
nicotine, characteristic absorption features related to heterocyclic ring systems, tertiary
amine groups, and aliphatic C-H stretching vibrations were examined. These spectral
features were selected based on established reference spectra in the library. The obtained
FT-IR spectra were compared with reference spectra available in the NIST IR spectral
library, Sigma-Aldrich (Merck) reference spectra, and published literature data to verify

compound identity.

Compound identity was considered confirmed when the observed absorption
bands matched the expected functional group signatures reported for analytical-grade
caffeine and nicotine. This qualitative verification step served as a validation criterion,
ensuring that the extraction process yielded chemically intact parent compounds suitable
for subsequent quantitative NMR analysis and for use in biodegradation experiments.
No FT-IR analysis was conducted on biodegradation samples, as such matrices exceed

the selectivity limits of infrared spectroscopy.

5.3 Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy was employed as a core
analytical technique for both the quantitative determination of extracted natural
pollutants and the qualitative characterization of biodegradation processes at the flask
and wetland scales. Owing to its high chemical specificity, non-destructive nature, and
tolerance to complex matrices, NMR was selected to confirm compound identity,
establish initial pollutant concentrations, and assess structural transformation during

microbial degradation.

All NMR measurements were performed using a Varian 400 spectrometer
operating at 400 MHz for proton (*H) and 100 MHz for carbon (**C) nuclei. Deuterated
chloroform (CDCls) was used as the solvent for all analyses. Proton chemical shifts were
referenced to tetramethylsilane (TMS) at 0.00 ppm, while carbon chemical shifts were

referenced to the solvent resonance of CDCIls at 77.16 ppm. Chemical shifts (5) are
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reported in parts per million (ppm), and coupling constants (J) in hertz (Hz), following
standard conventions [140-142]. All spectra were acquired at ambient temperature (25

°C).

The application of NMR spectroscopy in this study was divided into two
methodological categories: (i) quantitative NMR (qNMR) for determining
concentrations of extracted caffeine and nicotine, and (ii) qualitative NMR analysis for

monitoring biodegradation-induced structural changes at flask and wetland scales.

5.3.1 Determination of Caffeine and Nicotine by "H NMR Spectroscopy

Quantitative nuclear magnetic resonance (QNMR) spectroscopy was used to
determine the concentrations and purities of caffeine and nicotine extracted from natural
sources prior to their application in biodegradation experiments. qNMR enables absolute
quantification without the need for compound-specific calibration curves, as signal
integrals are directly proportional to the number of contributing nuclei. This approach
provides high analytical accuracy for relatively pure analytes and ensures reliable mass

determination.

For quantitative analysis, extracted samples were dissolved in deuterated
chloroform (CDCIs) containing a known mass of dimethyldiphenylsilane (CisH16S1; MW
=212.36 g-mol™) as an internal standard. Proton ("H) NMR spectra were acquired under
identical instrumental and acquisition parameters for all samples. Quantification was
based on the comparison of integrated signal areas of selected, non-overlapping proton
resonances of the analyte with those of the internal standard, taking into account the

number of equivalent protons contributing to each signal.

Dimethyldiphenylsilane was selected as the internal standard due to its chemical
stability, solubility in CDCls, and the presence of a sharp, well-resolved singlet
corresponding to six equivalent methyl protons bonded to silicon. Although the molecule
also contains 10 aromatic protons, only the silicon-bound methyl protons (6H) were used

for quantitative integration to avoid potential issues.
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5.3.2 NMR Analysis of Biodegradation Products

Qualitative NMR analysis was employed to investigate structural changes and
transformation pathways of caffeine and nicotine during microbial biodegradation at
both lab-scale and caffeine, methylparaben (MeP), and trichlorocarbanilide (TCC) at
wetland-scale systems. In these applications, NMR was used to monitor the
disappearance of characteristic parent-compound signals and the emergence of new

resonances corresponding to transformation products.

For lab-scale fungal biodegradation experiments, samples were subjected to
extraction and purification procedures as described in Section 4.2.5 prior to NMR
analysis. Similarly, wetland-scale samples collected at selected operational time points

were processed according to the protocol outlined in Section 4.3.5.

Trichlorocarbanilide (TCC) could not be reliably analyzed by NMR under the
experimental conditions employed due to its limited solubility in deuterated chloroform
(CDCls) at the concentrations required for spectral acquisition. This solvent-analyte
incompatibility limited meaningful detection of NMR signals. Consequently,
chromatographic techniques were selected as the primary analytical approach for

monitoring TCC biodegradation, as described in Section 5.4.

5.4 High Performance Thin Layer Chromatography (HPTLC)

High-Performance Thin-Layer Chromatography (HPTLC) was employed for the
qualitative and quantitative analysis of anthropogenic pollutants, specifically
methylparaben (MeP) and trichlorocarbanilide (TCC), during lab-scale bacterial
biodegradation experiments. HPTLC was selected as the primary analytical technique
for these compounds due to its robustness, suitability for hydrophobic and poorly NMR-
soluble analytes, and its ability to provide reliable quantification in biologically complex

matrices.

Unlike Nuclear Magnetic Resonance (NMR) spectroscopy, which requires high
analyte solubility in deuterated solvents, HPTLC allows direct analysis of compounds
such as TCC that exhibit limited solubility under conventional NMR conditions.
Additionally, HPTLC enables simultaneous sample processing, visual confirmation of

compound migration, and densitometric quantification, making it particularly suitable
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for time-resolved degradation studies conducted under collaborative laboratory
conditions. In this study, HPTLC analysis was applied exclusively to bacterial

biodegradation experiments of MeP and TCC conducted at the lab scale.

5.4.1 Method Development for Anthropogenic Pollutants

HPTLC was employed for the qualitative and quantitative analysis of bacterial
biodegradation of the anthropogenic pollutants methylparaben (MeP) and
trichlorocarbanilide (TCC) at the lab scale. HPTLC was selected as the most appropriate
analytical technique for this phase of the study due to its robustness, cost-effectiveness,
and suitability for complex aqueous matrices containing bacterial biomass and residual
media components. Unlike spectroscopic methods, HPTLC enables simultaneous multi-
sample analysis, clear visualization of degradation progress, and reliable quantification

of hydrophobic and semi-polar compounds such as MeP and TCC (Figure 7).

All analyses were performed using a CAMAG HPTLC system (Muttenz,
Switzerland) equipped with a semi-automated sample applicator, plate visualizer, and
densitometric scanner controlled by winCATS software. A sample application was
carried out using a CAMAG Linomat 5 applicator fitted with a 100 pL Hamilton syringe,
ensuring precise, reproducible band application. Samples were applied as bands on
aluminium-backed silica gel 60 F.ss HPTLC plates (E. Merck, India), with controlled
band dimensions and inter-track spacing to avoid cross-contamination and ensure

optimal resolution.

Chromatographic development was conducted in a twin-trough glass chamber
using a mobile phase consisting of toluene and ethyl acetate in a 9:1 (v/v) ratio. Prior to
development, the chamber was saturated for 20 minutes using saturation pads to ensure
reproducible solvent migration. Plates were developed up to a solvent front distance of
80 mm and subsequently air-dried at room temperature. This mobile phase composition
provided effective separation of MeP and TCC from potential matrix interferences and

degradation by-products.
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Figure 7. Schematic diagram of the bacterial degradation methodology using
HPTLC

Developed plates were visualized under white light and ultraviolet illumination at
254 nm and 366 nm using a CAMAG Visualizer 3 to document chromatographic profiles
and assess qualitative changes during biodegradation. Quantitative analysis was
performed using a CAMAG TLC Scanner 4 operated in absorbance mode at 254 nm,
employing a deuterium lamp as the radiation source. Densitometric scanning was
conducted under optimized conditions to maximize sensitivity and reproducibility.
Spectral scanning across the range of 190-450 nm was additionally performed to confirm

peak identity and assess spectral purity (Figure 8).
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Figure 8. Schematic overview of the HPTLC workflow used to monitor bacterial
biodegradation, including sample application, chromatographic development,

plate visualization, densitometric scanning, and data analysis.

The combination of controlled sample application, optimized mobile phase
selection, and densitometric detection enabled reliable monitoring of bacterial
degradation of MeP and TCC over time. Detailed instrumental parameters and operating
conditions are summarized in (Table 12). This analytical framework provided both
visual and quantitative confirmation of pollutant removal and was subsequently used to

validate the method and assess degradation in the bacterial biodegradation experiments.
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Table 12. HPTLC instrumentation and analytical conditions used for MeP and

TCC analysis

Category Parameter Specification
HPTLC system Manufacturer CAMAG, Muttenz, Switzerland
Software winCATS (version
3.2.2.23346.3)
Sample application | Applicator CAMAG Linomat 5 (S/N:
180344)
Syringe 100 pL Hamilton syringe
Application mode Band
Band length 8.0 mm
Application rate 50nL s
Pre-dosage volume 0.20 uL
First track position (X) 20.0 mm
Distance between tracks | 11.4 mm

Stationary phase Plate type HPTLC Silica gel 60 F2s4

Plate backing Aluminium

Plate dimensions 200 x 100 mm

Layer thickness 0.2 mm

Supplier E. Merck, India
Development Chamber type Twin-trough glass chamber
chamber

Chamber size 20 x 10 cm

Supplier CAMAG, Switzerland
Mobile phase Composition Toluene : Ethyl acetate (9:1, v/v)
Chamber conditions | Saturation time 20 min

Saturation pad Used

Solvent volume (front 10 mL

trough)

Solvent volume (rear 10 mL

trough)

Migration distance 80 mm
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Development

Room temperature

temperature
Drying time 5 min
Plate visualization Instrument CAMAG Visualizer 3 (S/N:
300884)
Modes White light, UV 254 nm, UV
366 nm
Exposure Automatic (85% level)
Densitometric Scanner CAMAG TLC Scanner 4 (S/N:
scanning 180404)
Measurement mode Absorbance
Scanner type Single wavelength (1)
Detection wavelength 254 nm

Light source

Deuterium lamp

Scanning speed

20 mm s!

Data resolution

100 pm step™

Slit dimensions

6 % 0.45 mm (micro)

Spectral scanning Mode Spectrum scan
Wavelength range 190-450 nm
Scan speed 20 nm s™!
Spectral resolution I nm

Reference spectrum

Per plate (X =10.0 mm, Y =
10.0 mm)

To ensure accurate, reliable, and reproducible quantification of methylparaben
(MeP) during bacterial biodegradation experiments, the developed High-Performance
Thin-Layer Chromatography (HPTLC) method was systematically validated in

accordance with the International Council for Harmonisation (ICH) guideline Q2(R1)

for analytical method validation [166].

Initial validation focused on confirming the identity and chromatographic
behaviour of MeP by comparing the retention factor (Rf) values and densitometric

responses of standard solutions with those obtained from bacterial degradation samples
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and corresponding controls. The presence of MeP in test samples was verified through

consistent Rf values and spectral matching, establishing method specificity.

During preliminary method development, simultaneous separation of
methylparaben and trichlorocarbanilide (TCC) was evaluated to enable combined
analysis. However, chromatographic trials using the optimized mobile phase (toluene:
ethyl acetate, 9:1 v/v) revealed significant overlap in Rf values for MeP and TCC within
the range of 0.30-0.40 (Figure 9a). Furthermore, UV spectral overlay analysis
demonstrated that both compounds exhibited a single absorption maximum in the 200-

300 nm range, resulting in indistinguishable densitometric signals at 254 nm (Figure 9b).

Although simultaneous analysis was initially explored to maximize throughput,
overlapping Rf values and UV absorption profiles precluded compound-specific
quantification. Separate chromatographic runs were therefore established to ensure

analytical specificity and compliance with ICH validation criteria.

5.4.2 Method Validation for Methylparaben (MeP)

Method validation for methylparaben followed the same ICH-compliant
framework, including assessment of specificity, linearity, sensitivity, and precision, with

compound-specific chromatographic optimization.

Chromatographic separation of methylparaben was optimized using aluminium-
backed silica gel 60 F2s4 plates (20 x 10 cm, 0.2 mm thickness). Multiple mobile phase
systems were evaluated, and a toluene: ethyl acetate (9:1 v/v) mixture provided well-

defined, compact, and symmetrical MeP spots with reproducible migration behaviour.

Plates were developed in a pre-saturated twin-trough chamber with a saturation
time of 20 min. The solvent front was allowed to migrate 90 mm from the application
origin. Following development, plates were air-dried at room temperature and visualized
under UV light at 254 nm and 366 nm. Densitometric scanning was performed at 254

nm in absorbance mode.

The optimized chromatographic conditions and instrumental parameters for MeP

analysis are summarized in (Table 13).
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Table 13. Optimized chromatographic conditions for methylparaben analysis

Chromatographic Conditions

Paraben

Stationary phase Aluminium-backed TLC silica gel 60
F254 plates (20 x 10cm, 0.2mm thick),

Mobile phase Toluene: Ethyl acetate (9:1 v/v)

Volume of standard 5uL

Volume of sample SuL

Saturation time 20min

Development distance 90mm (90%)

Room temperature 25+20C

Relative humidity 40%

Wavelength 254nm

Scanning mode Absorption

Lamp

Deuterium & Tungsten

Rf (retention factor)

0.33

Method specificity was further confirmed through spectral correlation analysis.
The UV absorption spectrum of MeP showed a distinct maximum at 254 nm (Figure
10a). Spectral purity assessment across multiple tracks demonstrated high correlation
coefficients (r > 0.99) between standard and sample peaks, confirming peak
homogeneity and absence of co-eluting interferences. High correlation values observed
in Tracks 6-13 indicate excellent spectral matching with the reference standard,

confirming the specificity of the developed method for MeP quantification.

Linearity of the method was established by analyzing standard MeP solutions over
the concentration range of 100-600 ng per band. Calibration curves were constructed by
plotting applied concentration against the corresponding peak area. The method
demonstrated good linearity with a correlation coefficient (R?) of 0.9974, indicating

proportional response across the studied range (Figure 10c).
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Figure 10. (a) Paraben standard on TLC plate under 256 nm UV light image, (b)
3D densitogram of paraben TLC plate, and (c) Standard linear curve of Paraben

concentration with peak area.
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Method sensitivity was assessed by calculating the limit of detection (LOD) and
the limit of quantification (LOQ) using signal-to-noise criteria. The LOD and LOQ for
methylparaben were determined as 108.13 ng/band and 327.67 ng/band, respectively.
Repeatability and system precision were evaluated by applying standard MeP solutions
across seven replicate tracks within the validated range. The method demonstrated
excellent repeatability with a relative standard deviation (RSD) of 0.942%, confirming
suitability for time-resolved biodegradation studies (Table 14).

Table 14. Summary of validation parameters for methylparaben

Parameters Paraben
Wavelength, nm 254

Linearity range, ng/band 100-600

Regression equation y = 1E-05x + 0.0005
Correlation coefficient (r2) 0.9974

Limit of detection (LOD) 108.13 ng/band
Limit of quantification (LOQ) | 327.67 ng/band
Specificity Specific
Repeatability (%RSD) 0.942%

Densitometric scanning enabled precise quantification of methylparaben by
correlating peak area with standard calibration data. This validated approach provided
the analytical basis for calculating relative concentration changes in biodegradation
samples collected at defined time intervals. The method enabled reliable comparison of
MeP levels across different media conditions and experimental setups, forming the

foundation for the evaluation of degradation efficiency presented in Chapter 6 (Figure

10b).

The validated HPTLC method for methylparaben provided a reliable, high-
throughput analytical basis for time-resolved biodegradation assessment, supporting

quantitative interpretation of bacterial degradation kinetics presented in Chapter 6.
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5.4.3 Method Validation for Trichlorocarbanilide (TCC)

Method validation for trichlorocarbanilide was conducted using the same ICH-
compliant framework as methylparaben, with adjustments made to mobile phase

composition to accommodate the compound’s higher hydrophobicity.

To enable accurate, selective, and reproducible quantification of
trichlorocarbanilide (TCC) during lab-scale bacterial biodegradation experiments, a
High-Performance Thin-Layer Chromatography (HPTLC) method was systematically
developed and validated in accordance with the International Council for Harmonisation
guideline Q2(R1) for analytical method validation [166]. Method validation focused on
establishing chromatographic specificity, linearity, sensitivity, and precision for TCC in
bacterial degradation matrices. The identity of TCC in experimental samples was
confirmed through consistent retention factor (Rf) values and UV spectral matching with

analytical standards.

Multiple mobile phase compositions were evaluated to achieve optimal
chromatographic resolution and spot symmetry for TCC. The mobile phase consisting
of toluene: ethyl acetate (8:2 v/v) provided well-defined, compact spots with stable
migration behaviour and minimal tailing. Chromatographic development was carried out
in a pre-saturated twin-trough chamber with a saturation time of 20 min. The solvent
front was allowed to migrate 90 mm from the application origin. After development,
plates were air-dried and analyzed densitometrically using absorbance mode at 254 nm.
Under optimized conditions, TCC exhibited a consistent mean Rf value of
approximately 0.33, demonstrating reproducible chromatographic performance across

analytical runs (Table 15).
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Table 15. Optimized chromatographic conditions for trichlorocarbanilide analysis

Chromatographic Conditions

Trichlorocarbanilide (TCC)

Stationary phase Aluminium-backed TLC silica gel 60
F254 plates (20 x 10cm, 0.2mm thick),

Mobile phase Toluene: Ethyl acetate (8:2 v/v)

Volume of standard 4 uL

Volume of sample 4 uL

Saturation time 20min

Development distance 90mm (90%)

Room temperature 25+20C

Relative humidity 40%

Wavelength 254nm

Scanning mode Absorption

Lamp

Deuterium & Tungsten

Rf (retention factor)

0.33

Method specificity was evaluated by comparing the chromatographic behaviour
and UV absorption spectra of TCC standards, media blanks, bacterial controls, and
degradation samples collected at different time points. TCC exhibited a characteristic
absorption maximum (Amax) at254 nm, with emission observed at264 nm.
Densitometric spectral analysis confirmed consistent peak profiles across degradation

samples, indicating peak purity and absence of co-eluting interferences (Figure 11a).

Retention factor values for degradation samples remained within a narrow range
throughout the experimental period, further confirming chromatographic specificity.
Spectral overlay analysis confirmed consistent UV absorbance profiles between the TCC
standard and degradation samples, indicating peak purity throughout the kinetic study.
The consistency of Rf values across Tracks 6-13 confirms reliable identification of TCC
during time-resolved analysis. Linearity of the developed HPTLC method was
established over a concentration range of 100-600 ng per band. Calibration curves were
constructed by plotting applied concentration against corresponding peak area, yielding

a strong linear relationship with a correlation coefficient (R?) of 0.991 (Figure 11c¢).
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Figure 11. (a) TCC standard on TLC plate under 256 nm UV light, (b) 3D
densitogram of TCC TLC plate, and (c¢) Standard linear curve of

trichlorocarbanilide (TCC) concentration with peak area

Method sensitivity was assessed by calculating the limit of detection (LOD) and
limit of quantification (LOQ) from the calibration data. The LOD and LOQ for TCC
were determined as 127.57 ng/band and 386.59 ng/band, respectively. System precision
and repeatability were evaluated by applying TCC standards across seven replicate
tracks, yielding a relative standard deviation (RSD) of 1.2%, indicating satisfactory
analytical precision (Table 16).
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Table 16. Summary of validation parameters for trichlorocarbanilide

Parameters TCC

Wavelength, nm 254

Linearity range, ng/band 100-600

Regression equation y =3E-05x + 0.0019
Correlation coefficient (r2) 0.991

Limit of detection, ng/band 127.57

Limit of quantification, 386.58
ng/band

Specificity Specific
Repeatability (%RSD) 1.2

Densitometric scanning enabled quantitative assessment of TCC by correlating
peak areas with validated calibration data. This analytical framework provided the basis
for calculating relative concentration changes in degradation samples collected at
defined time intervals. The validated method enabled a comparative evaluation of TCC
levels under different media conditions (nutrient broth and synthetic wastewater) and
incubation times, supporting the kinetic interpretation of the biodegradation performance

presented in Chapter 6 (Figure 11b).

Despite the hydrophobic and structurally recalcitrant nature of TCC, the validated
HPTLC method enabled reproducible quantification under biologically complex
conditions, forming the analytical foundation for evaluating bacterial degradation

performance under nutrient broth and synthetic wastewater matrices.

5.5 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was employed as a complementary
characterization technique to support the interpretation of wetland-scale biodegradation
performance. While chemical transformation and pollutant removal were quantified
using spectroscopic and chromatographic methods, SEM analysis was used exclusively

to examine the physical structure of the wetland porous media and the extent of microbial
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attachment and biofilm development. This approach enabled visual confirmation of
substrate suitability and microbial colonization within the constructed wetland system,
without implying direct chemical degradation mechanisms. SEM therefore served as a
structural validation tool, linking wetland design, microbial inoculation strategy, and

long-term system stability.

5.5.1 Morphological Analysis of Wetland Porous Media and Microbial

Attachment Patterns

Scanning Electron Microscopy (SEM) was employed to qualitatively examine the
surface morphology of the wetland porous media and to visualize microbial colonization
and biofilm development within the constructed wetland systems. SEM analysis was
used exclusively as a structural and morphological characterization tool and was not

intended for quantitative assessment of microbial abundance or activity.

At the conclusion of the wetland experiment, representative cobbles were carefully
retrieved from the porous media of the wetland units under aseptic handling conditions
to minimize disturbance of surface-attached biomass. The collected samples were gently
rinsed with distilled water to remove loosely attached debris while preserving firmly
adhered microbial structures. The samples were then air-dried prior to further

preparation.

To prevent charging effects and enhance surface conductivity during electron
beam exposure, the dried samples were sputter-coated with a thin layer of gold. SEM
analysis was performed using aZeiss EVO MA 15 Scanning Electron
Microscope (ZEISS, Jena, Germany). Imaging was conducted under high-vacuum
conditions using a secondary electron (SE) detector, which enabled high-resolution
visualization of surface topography and microstructural features. Micrographs were
acquired at multiple magnifications to capture both the overall texture of the porous

media and localized regions of microbial attachment.

The resulting SEM images provided detailed insight into the surface roughness,
porosity, and microstructural integrity of the cobbles used as wetland substrate. In
inoculated wetland units, SEM observations revealed microbial biofilms and filamentous

structures attached to the stone surfaces, indicating successful colonization of the porous
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media. These structural features support the substrate's role as a physical scaffold for

microbial retention and biofilm formation within the wetland system.

SEM analysis thus served as a complementary validation technique, confirming
effective microbial attachment and spatial distribution within the constructed wetland
matrix. The observations provided structural context for the biodegradation performance
discussed in Chapter 6, while avoiding overinterpretation of biological activity beyond

the scope of morphological evidence.
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Chapter 6: Results and Discussion

This chapter presents and critically interprets experimental results obtained at both
laboratory (lab) and system (constructed wetland) scales to evaluate the feasibility,
robustness, and scalability of engineered microbial self-cleaning processes for the
removal of emerging contaminants from wastewater-impacted surface waters. In
alignment with the research aims and hypotheses defined in Chapter 3, the results are
structured to first establish mechanistic biodegradation performance under controlled
conditions (Section 6.1), followed by validation of these processes within a biomimetic
constructed wetland system that incorporates spatial structure, plant-microbe

interactions, and wastewater-based growth conditions (Section 6.2).

Section 6.1 focuses on pollutant-specific degradation behaviour, microbial
adaptation, and analytical confirmation of transformation processes using compound-
appropriate techniques, thereby providing mechanistic insight into fungal and bacterial
degradation pathways at the lab scale. Section 6.2 subsequently evaluates whether these
laboratory-scale self-cleaning mechanisms persist under pilot-scale, ecologically
structured conditions, emphasizing system stability, mixed-pollutant removal, microbial
attachment, and integrated wetland performance. Together, these results establish a
continuous experimental progression from controlled biodegradation experiments to an
engineered wetland platform, enabling a rigorous assessment of microbial self-cleaning

as a scalable strategy for surface water remediation.
6.1 Lab-scale Biodegradation and Microbial Adaptation

This section presents the results and discussion of lab-scale biodegradation
experiments conducted to evaluate microbial adaptation, survival, and pollutant
transformation under controlled laboratory conditions. These experiments were
intentionally designed as simplified, reductionist systems to isolate biological effects
from the hydraulic, plant-mediated, and physicochemical complexities inherent to

constructed wetlands.

Lab-scale studies served three primary objectives: (i) to verify the identity and
concentration of naturally extracted pollutants prior to biological treatment, (ii) to assess

the capacity of selected fungal and bacterial systems to tolerate and metabolize target
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compounds at elevated concentrations, and (iii) to identify system-level limitations that
inform the transition from laboratory-scale experiments to an integrated wetland-based

treatment approach.

Natural pollutants (caffeine and nicotine) were investigated using a fungal model
system, with particular emphasis on microbial adaptation and growth behaviour in
aqueous media. Anthropogenic pollutants (methylparaben and trichlorocarbanilide)
were examined using a bacterial consortium under nutrient-rich and nutrient-limited
conditions to evaluate degradation performance and matrix effects. The applied pollutant
concentrations were intentionally higher than those typically reported in environmental
matrices, reflecting a stress-testing strategy to assess microbial robustness and

degradation potential under conservative conditions.

The results presented in this section are organized sequentially, beginning with
quantitative verification of extracted compounds, followed by microbial adaptation
responses, degradation performance of individual pollutant classes, and a comparative
evaluation of system efficiency and constraints. Together, these findings establish
the scientific and methodological foundation for the pilot-scale biomimetic constructed

wetland experiments discussed in Section 6.2.

6.1.1 Quantification and Validation of Extracted Caffeine and Nicotine by
qNMR

6.1.1.1 Extracted Caffeine: Structural Confirmation and Quantitative

Determination

Before initiating biodegradation experiments, the presence, structural integrity,
and purity of the extracted caffeine were rigorously verified using Fourier Transform
Infrared (FT-IR) spectroscopy and Nuclear Magnetic Resonance (NMR) spectroscopy.
This step was essential to ensure that subsequent biodegradation results reflected true
microbial transformation rather than variability arising from extraction artifacts or

impurities.

The FTIR spectra provided initial insights into the chemical composition,
showcasing characteristic peaks corresponding to caffeine and confirming its presence

by comparison with standard reference spectra available in the Spectral Database for
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Organic Compounds (SDBS) (Figure 12). Notably, the absence of impurity peaks
underscored the high purity of caffeine in the extract. With the IR spectrum of a caffeine-
containing extract, the spectral library was searched to check the degree of match to the

standard reference spectra available in the database.

The following characteristic signals of functional groups or other elements of the
molecular backbone were detected to confirm the presence of caffeine in the obtained

extract:

 Band at 2956 cm! : C-H stretching.

» Bands at 1694 and 1645 cm! : C=0 stretching.

» Bands at 1599 and 1547 cm™': C=N double-bond stretching in the
amidine moiety.

 Band at approx. 1590 ¢m™ : This overlapped with the band at 1599 cm-
! derived from the C=C double bond stretching conjugated to the nitrogen
atom.

» Bands at 1455 and 1403 cm! : C-H bending of the methyl group at the
nitrogen atom [167,168].
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Figure 12. FT-IR spectrum of extracted caffeine [138]

The caffeine extract was analyzed by nuclear magnetic resonance (NMR)
spectroscopy to confirm its structure and purity and enable quantitative determination.
The 'H NMR spectrum (Figure 13) was recorded at 400 MHz using deuterated
chloroform (CDCls) as the solvent, with chemical shifts (8) reported in parts per million
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(ppm) relative to tetramethylsilane (TMS). The spectrum displayed a singlet at &
7.51 ppm corresponding to one proton, and three singlets at d 4.00, 3.59, and 3.41 ppm,

each integrating for three protons. These signals are characteristics of caffeine structure.

The '*C NMR spectrum (Figure 14) was recorded at 100 MHz using CDCls, with
chemical shifts referenced to the central solvent peak (6 = 77.0 ppm). The spectrum
exhibited signals at & 155.59, 151.88, 148.88, 141.52, 107.77, 33.73, 29.89, and 28.07
ppm, corresponding to the carbonyl, quaternary, and methyl carbons of caffeine. These
'H and *C NMR data are consistent with reported literature values and confirm the

successful extraction and high purity of the caffeine sample [169-171].

Quantitative determination of caffeine was carried out using 'H NMR
spectroscopy (Figure 15) with dimethyldiphenylsilane as an internal standard. A
precisely weighed amount of the internal standard was added to the NMR sample, and
quantification was based on comparison of the integrated areas of selected caffeine
signals with that of the internal standard signal appearing at approximately 6 0.55 ppm.
The calculation relied on the principle that the integral area per proton of a given

compound in the mixture is proportional to its molar amount.
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Figure 13. "H NMR spectrum of extracted caffeine recorded in CDCl; at 400 MHz
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A known mass (4.6 mg) of dimethyldiphenylsilane was added to the NMR sample
prior to analysis. Quantitative integration was performed on the silicon-bound methyl
signal of dimethyldiphenylsilane (6 protons) and the combined N-methyl signals of
caffeine (9 protons). The integral values obtained were 2.40 for the internal standard and

5.56 for caffeine.

The mass of caffeine was calculated using the standard gNMR relationship:

I caf H std M Wcaf
— X —X X Mgy
I std H caf M Wstd

Mear =

where
I = integrated peak area,
H = number of contributing protons,
MW = molecular weight,

m = mass.

Substitution of experimental values:

556 6 194.19

= —X=X X 4.6
Meaf = 52079 212.36

Stepwise evaluation:

e Integral ratio = 5.56 / 2.40 = 2.317
e Proton correction factor=6/9 = 0.667

e Molecular weight ratio = 194.19 /212.36 = 0.914

Megr = 2.317 X 0.667 X 0.914 X 4.6 ~ 6.5 mg

Stepwise evaluation yielded an integral ratio of 2.317, a proton correction factor
of 0.667, and a molecular weight ratio of 0.914. Accordingly, the mass of caffeine

present in the analyzed NMR sample was calculated to be approximately 6.5 mg.

The presence and purity of caffeine in the obtained extract were further confirmed
by FT-IR spectroscopy. The FT-IR spectrum exhibited characteristic absorption bands
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corresponding to caffeine, including C-H stretching at 2956 cm™, strong carbonyl (C=0)
stretching bands at 1694 and 1645 cm™, C=N stretching vibrations at 1599 and 1547
cm™', and N-methyl C-H bending vibrations at 1455 and 1403 cm™. The absence of
extraneous absorption bands indicated a high degree of purity in the extracted compound.
Comparison with reference spectra from the SDBS database further confirmed the

successful extraction of caffeine.

From the above results, the structure of caffeine is spectroscopically confirmed,
and its mass was determined using q'H NMR, indicating that the extract consists
predominantly of caffeine. Similarly, an appropriate amount of caffeine was collected
for the laboratory-scale biodegradation study. The combined application of FT-IR and
'H/13C NMR spectroscopy thus provided a rapid and reliable approach for confirming

both the identity and relative purity of caffeine in the extract.

6.1.1.2 Extracted Nicotine: Structural Confirmation and Quantitative

Determination

Similarly to caffeine, the presence, structural integrity, and purity of the extracted
nicotine were rigorously verified using Fourier Transform Infrared (FT-IR) spectroscopy

and Nuclear Magnetic Resonance (NMR) spectroscopy.

FT-IR spectroscopy was employed to confirm the presence of nicotine in the
extracted samples. The FT-IR spectrum provided initial insight into the chemical
composition of the extract and was compared with standard reference spectra available
in the Spectral Database for Organic Compounds (SDBS). A high degree of spectral
similarity was observed between the experimental spectrum and the reference nicotine
spectrum, confirming successful extraction. The absence of additional or unexpected

absorption bands further indicated the high purity of nicotine in the extract.

The following characteristic absorption bands (Figure 16) corresponding to

nicotine were identified in the FT-IR spectrum:

e Bands between 2966 and 2776 cm™: C-H stretching vibrations of
aliphatic groups.
e Band at 1577 cm™: aromatic C=C and C=N double-bond stretching

vibrations associated with the pyridinic ring.
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e Bands at 1458, 1428, and 1363 cm™: C-H bending vibrations of
aliphatic groups.
e Bands at 903, 806, and 716 cm™: out-of-plane C-H bending vibrations

characteristic of a monosubstituted pyridinic ring.

The presence of these characteristic bands is consistent with reported FT-IR
spectra of nicotine and confirms the structural integrity of the extracted compound

[172,173].

Figure 16. FT-IR spectrum of extracted nicotine [165]

The structure and purity of the nicotine extract were further examined using 'H
(Figure 17) and '3C (Figure 18) NMR spectroscopy. The 'H NMR spectrum, recorded at
400 MHz in CDCls, displayed well-resolved chemical shifts and coupling patterns
characteristic of nicotine. Four distinct aromatic protons of the pyridine ring are observed
in the range of 8.53 to 7.24 & ppm. All the aliphatic protons of the pyrrolidine ring are
observed as multiplets in the range from 3.10 - 3.06, 2.34 - 2.28, and 1.90 - 1.60 6 ppm.
A singlet at 6 2.17 ppm integrating for three protons confirmed the presence of an N-
methyl group. These spectral features closely matched those of reference nicotine in
terms of chemical shift values, multiplicities, and integration patterns, confirming the
identity and purity of the extracted compound [174-176]. The '*C NMR spectrum, in
CDCIs  solvent, further supported structural confirmation by exhibiting peaks

corresponding to the expected aliphatic and heterocyclic carbon environments of
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nicotine. The absence of extraneous signals in both 'H and '3C NMR spectra indicated

minimal impurity content.

Quantitative determination of nicotine was performed using 'H NMR spectroscopy
with dimethyldiphenylsilane (Ci4sH16S1) as an internal standard (Figure 19). A precisely
weighed mass of the internal standard was added to the nicotine extract prior to analysis.
Quantification was based on comparison of the integrated area of a single, well-resolved
N-methyl signal of nicotine (3 protons) with the silicon-bound methyl signal of
dimethyldiphenylsilane (6 protons) appearing at approximately 0.55 ppm. This approach
relies on the principle that the integral area per proton is proportional to the molar amount

of the compound present in the analyzed mixture.
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A known mass (5.2 mg) of dimethyldiphenylsilane was added to the NMR sample
prior to analysis. Quantitative integration was performed on the silicon-bound methyl
signal of dimethyldiphenylsilane (6 protons) and a single, well-resolved N-methyl signal
of nicotine (3 protons). The integral values obtained were 2.26 for the internal standard

and 3.59 for nicotine.

The mass of nicotine was calculated using the standard q'H NMR relationship:

Il nic H std M Wnic

Mpie = 7 X7 X
I std H nic M Wstd

X Mgy

where
I = integrated peak area,
H = number of contributing protons,
MW = molecular weight,

m = mass.

Substitution of experimental values

359 6 162.23

Mhic = 556 %3 % 21236 ~ °2

Stepwise evaluation:

e Integral ratio = 3.59/2.26 = 1.58
e Proton correction factor=6/3 =2

e Molecular weight ratio = 162.23 /212.36 = 0.76

=158x%x2x0.76 Xx5.2 = 12.62 mg

e Integral ratio = 1.589
e Proton correction factor = 2.000

e Molecular weight ratio = 0.764

Accordingly, the mass of nicotine present in the analyzed NMR sample was

calculated to be approximately 12.6 mg.
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Based on q'"H NMR analysis, approximately 12.6 mg of nicotine was determined
to be present in the analyzed NMR sample. This value corresponds specifically to the
purified extract aliquot analyzed by NMR. The agreement between the NMR-confirmed
structure, the absence of impurity signals, and the quantitative result indicates that the
analyzed extract consisted predominantly of nicotine. The use of a single, well-resolved
methyl signal for quantification ensured reliable integration and minimized uncertainty

arising from signal overlap.

The combined application of FT-IR and 'H/"*C NMR spectroscopy, together with
q"H NMR quantification, provided a rapid and reliable approach for confirming both the

identity and relative purity of nicotine in the extract.

6.1.2 Fungal Adaptation and Growth on Natural Pollutants (Caffeine and

Nicotine)

6.1.2.1 Fungal Mycelial Growth and Biomass Response to Caffeine

The influence of caffeine on fungal growth dynamics and biomass accumulation
was systematically evaluated to establish tolerance limits and identify conditions suitable
for subsequent biodegradation experiments. The assessment considered multiple
environmental variables, including caffeine concentration, temperature, pH, and growth

medium, allowing integrated interpretation of fungal adaptation behaviour.

The effects of caffeine concentration and incubation temperature on the growth
of Trametes versicolor were evaluated by measuring daily mycelial growth rates,
calculated as the incremental increase in radial extension between consecutive days. This
representation allowed assessment of temporal changes in growth dynamics rather than

cumulative growth alone.

At 25 °C, daily growth rates under caffeine concentrations of 1 mg/10 mL and 2
mg/10 mL were comparable to those observed in the control throughout the incubation
period (Figure 20). Growth rate was calculated as the difference in mycelial extension
between consecutive days. The grouped bar representation highlights temporal
variations in growth dynamics under different caffeine concentrations. Minor
fluctuations in growth rate were observed across individual time intervals; however, no

consistent or concentration-dependent reduction in growth rate was detected. The
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similarity in daily growth patterns across treatments indicates that, within the tested
concentration range, caffeine did not exert a measurable inhibitory effect on mycelial
extension under optimal temperature conditions. These results demonstrate a clear
tolerance of 7. versicolor to caffeine at environmentally relevant concentrations and

suggest the absence of acute fungistatic or fungicidal effects at 25 °C.

In contrast, incubation at 37 °C resulted in a pronounced reduction in daily
mycelial growth rates across all treatments, including the control (Figure 21). Growth
rates were markedly lower during the early and mid-incubation phases than at 25 °C,
indicating a temperature-induced suppression of fungal growth. Although caffeine-
treated cultures exhibited temporal growth-rate patterns similar to those of the control,
overall growth dynamics were constrained under elevated-temperature conditions. This
finding indicates that temperature, rather than caffeine concentration, was the dominant

factor limiting mycelial expansion at 37 °C.

Collectively, the growth-rate analysis confirms that 7. versicolor exhibits optimal
growth dynamics at 25 °C, while exposure to 37 °C imposes thermal stress that
significantly suppresses mycelial extension. The absence of a clear caffeine-dependent
inhibitory trend under both temperature conditions suggests that caffeine does not
adversely affect fungal growth within the tested concentration range, whereas

temperature plays a critical regulatory role in governing mycelial growth dynamics.
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Figure 20. Daily mycelial growth rate (cm day™) of the fungal isolate exposed
to different concentrations of caffeine (0, 1, and 2 mg/10 mL) at 25 °C
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Figure 21. Daily mycelial growth rate (cm day™) of the fungal isolate exposed
to different concentrations of caffeine (0, 1, and 2 mg/10 mL) at 37 °C
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Quantitative biomass measurements conducted at 5-day intervals provided deeper
insight into fungal adaptation beyond surface growth on solid media. The fungal
inoculation methodology for lab-scale degradation experiments is described in section
4.2.4. Successful fungal growth was observed following spore inoculation. (Figure
22a) presents a graphical representation of the spore inoculation process and the
development of the fungal growth matrix, while (Figure 22b) shows visible and

successful fungal growth within the incubation flask.

Figure 22.Fungal inoculation and growth during lab-scale degradation
experiments. (a) Schematic representation of fungal spore inoculation and
formation of the fungal growth matrix. (b) Visual confirmation of successful fungal

growth inside the incubation lab after inoculation [138]

Biomass accumulation rates were used to assess fungal growth dynamics under
caffeine exposure across varying pH, temperature, and medium conditions (Figures 23,
24, 25, 26, and 27). The rate-based representation reveals that growth kinetics, rather
than final biomass alone, are strongly regulated by environmental parameters, with
temperature exerting the dominant inhibitory effect, followed by pH, while medium

composition modulates growth primarily under permissive temperature conditions.

Fungal growth under caffeine exposure was evaluated using biomass accumulation
rates to resolve temporal growth dynamics under different environmental conditions.

Across all treatments, the highest biomass accumulation rates were consistently observed
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in synthetic wastewater incubated at 25 °C, indicating that this condition provided the
most favourable environment for sustained fungal growth. In contrast, samples incubated
at 37 °C exhibited substantially lower accumulation rates throughout the incubation
period, confirming the inhibitory effect of elevated temperature on fungal metabolic

activity.

Acidic conditions further constrained fungal growth dynamics. Samples
maintained at pH 2.5 exhibited reduced biomass accumulation rates relative to those at
pH 5.20, with the suppressive effect being most pronounced at 37 °C. Under these
combined stress conditions, biomass accumulation rates approached zero during late
incubation intervals, indicating limited capacity for sustained growth. This pattern
reflects a synergistic inhibitory effect of low pH and elevated temperature rather than

acute toxicity, as growth remained detectable during early incubation phases.

Rate-based analysis also revealed that control samples incubated at 25 °C exhibited
low but persistent biomass accumulation over extended incubation periods. Visual
observations indicated the presence of thin, interconnected mycelial networks rather than
dense biomass formation, suggesting survival and maintenance metabolism under
nutrient-limited conditions. These findings indicate that while Trametes versicolor can
persist under suboptimal nutrient availability, active biomass accumulation requires both

favourable temperature and an adequate nutrient matrix.
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Figure 23. Biomass accumulation rate (g day') of fungal biomass under

caffeine exposure at pH 2.5 and pH 5.20 at 25 °C
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Figure 24. Biomass accumulation rate (g day™) of fungal biomass under

caffeine exposure at pH 2.5 and pH 5.20 at 37 °C

101



Temperature effect (caffeine)

0.3

0.25

0 [

Day 1-5 Day5-10 Day10- Day15- Day?20- Day25- - Day40-
-0.05 15 20 25 30 35 4 45

o
)

o
NN
(é)]

Biomass accumulation rate (g day”)
o
o1 -

-0.1
Time interval (days)

ETemp (25°C) mTemp (37 °C)

Figure 25. Effect of temperature on fungal biomass accumulation rate (g

day™) under caffeine exposure at 25 °C and 37 °C

Medium effect 25°C (caffeine)

0.35
0.3
0.25

0.2

0.
0.0 I
0

Day 1-5 Day5-10 Day10- Day15- Day20- Day25- - Day35- ay|
-0.05 15 20 25 30 3 40 45

o
NN
- (é)]

Biomass accumulation rate (g day”)
6]

-0.1
Time interval (days)

m Wastewater (25°C)  m Coffee extract (25 °C)

Figure 26. Biomass accumulation rate (g day™') of fungal biomass under

caffeine exposure in wastewater and tobacco-based media at 25 °C
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Figure 27. Biomass accumulation rate (g day™) of fungal biomass under caffeine

exposure in wastewater and tobacco-based media at 37 °C

Comparison across different liquid media revealed that synthetic wastewater
supported superior fungal growth relative to other matrices when incubated at 25 °C.
This observation indicates that the balanced nutrient composition of synthetic
wastewater provides sufficient carbon, nitrogen, and micronutrients to sustain fungal
metabolism while avoiding excessive nutrient richness that could suppress adaptive
enzyme expression. At 37 °C, growth in all tested media, including synthetic wastewater
and coffee extract, was consistently reduced, reinforcing temperature as the primary
controlling factor. These findings demonstrate that medium composition modulates
fungal growth only under favourable environmental conditions. Taken together, these
results demonstrate that Trametes versicolor exhibits substantial tolerance to caffeine at
concentrations up to 2 mg/10 mL under optimal temperature conditions. Temperature
emerged as the dominant factor governing both mycelial expansion and biomass
accumulation, followed by pH, while caffeine concentration within the tested range

exerted a comparatively minor inhibitory effect.

Based on these findings, a caffeine concentration of 1 mg/10 mL and an incubation

temperature of 25 °C were selected for subsequent liquid-phase biodegradation
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experiments. These conditions provided a balance between pollutant exposure and
fungal viability, ensuring sustained growth, metabolic activity, and experimental
reproducibility. This merged analysis confirms that fungal adaptation precedes effective
biodegradation and underscores the need to evaluate growth dynamics prior to
degradation studies, particularly when working with liquid media and bioactive

compounds such as caffeine.

6.1.2.2 Fungal Mycelial Growth and Biomass Response to Nicotine

The resistance of Trametes versicolor to nicotine was systematically evaluated to
understand fungal tolerance, growth dynamics, and biomass development under
nicotine-induced stress. The assessment integrated solid-phase mycelial inhibition
assays and liquid-phase biomass quantification to assess the combined influence of

nicotine concentration, temperature, pH, and growth medium.

The influence of nicotine concentration and incubation temperature on the growth
of Trametes versicolor was evaluated using daily mycelial growth rates, calculated as
the incremental increase in radial extension between consecutive days. This approach
enabled assessment of temporal growth dynamics and phase-specific responses to

nicotine exposure.

At 25 °C, daily growth rates observed in the presence of nicotine at 1 mg/10 mL
and 3 mg/10 mL were broadly comparable to those of the control throughout the
incubation period (Figure 28). Growth rate was calculated as the difference in mycelial
extension between consecutive days. The grouped bar representation highlights
temperature-dependent suppression of mycelial growth under nicotine exposure.
Although minor fluctuations in growth rate were observed across individual time
intervals, no sustained or concentration-dependent inhibition of mycelial extension was
detected. The maintenance of positive growth rates across all treatments indicates that
nicotine did not exert a strong inhibitory effect on fungal growth under optimal
temperature conditions. These results suggest that 7. versicolor tolerates nicotine within
the tested concentration range, and that nicotine does not act as an acute fungistatic agent

at 25 °C.
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Figure 28.Daily mycelial growth rate (cm day") of Trametes
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mL) at 25 °C
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mL) at 37 °C
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In contrast, incubation at 37 °C resulted in a marked reduction in daily mycelial
growth rates across all treatments, including the control (Figure 29). Growth rates were
consistently lower during the early and mid-incubation phases than at 25 °C, reflecting
temperature-induced physiological stress. While nicotine-amended cultures exhibited
growth-rate patterns similar to those of the control, overall mycelial expansion was
substantially constrained under elevated-temperature conditions. This indicates that
temperature, rather than nicotine concentration, was the dominant factor limiting fungal

growth at 37 °C.

Qualitative observations further revealed that, despite continued surface hyphal
extension on PDA plates, internal mycelial penetration and biomass development were
slower at higher nicotine concentrations, particularly under elevated temperature
conditions. Based on the combined quantitative growth-rate analysis and qualitative
growth characteristics, a nicotine concentration of 1 mg/10 mL was selected as the
optimal working concentration for subsequent liquid-phase degradation experiments, as

it allowed sustained fungal growth while maintaining pollutant exposure.

Fungal growth during nicotine biodegradation was evaluated using biomass
accumulation rates to resolve growth dynamics under varying environmental conditions
(Figures 30 to 34). Rate-based analysis revealed a clear hierarchy in fungal performance

across temperature, pH, and medium conditions.

The highest biomass accumulation rates were consistently observed in synthetic
wastewater at 25 °C and in samples maintained at pH 5.20 at 25 °C, indicating that
moderate acidity combined with optimal temperature provides favourable conditions for
fungal adaptation in nicotine-containing systems (Figure 30). Under these conditions,
biomass accumulation remained positive across successive sampling intervals, reflecting

sustained metabolic activity and effective growth.

Intermediate biomass accumulation rates were observed in samples incubated at
37 °C, under acidic conditions at pH 2.5 and 25 °C, and in coffee-extract medium
incubated at 37 °C (Figures 31, 32, and 33). These patterns indicate that Trametes
versicolor can tolerate nicotine under suboptimal environmental conditions; however,
additional stressors such as elevated temperature or increased acidity reduce growth

efficiency and limit sustained biomass accumulation.
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The lowest biomass accumulation rates were consistently recorded under
combined low pH (pH 2.5) and elevated temperature (37 °C), where rates approached
zero or became negative during late incubation intervals (Figure 34). This pattern reflects
a synergistic inhibitory effect of acidity and thermal stress, demonstrating that
environmental parameters can amplify nicotine-induced growth suppression even at

concentrations otherwise tolerated.
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Figure 30. Biomass accumulation rate (g day') of fungal biomass under

nicotine exposure at pH 2.5 and pH 5.20 at 25 °C
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Figure 31. Biomass accumulation rate (g day') of fungal biomass under

nicotine exposure at pH 2.5 and pH 5.20 at 37 °C

Temperature effect (nicotine)

0.25

o| |I ‘I || ‘l |I

0.0
Day 1-5 Day5-10 Day10- Day15- Day20- Day25- 30- Day[85- 40-
15 20 25 30 5 4 45

=}
o - o
= o N}

Biomass accumulation rate (g day‘1)
6]

-0.05

Time interval (days)

ETemp (25°C) mTemp (37°C)

Figure 32. Effect of temperature on fungal biomass accumulation rate (g

day™) under nicotine exposure at 25 °C and 37 °C

108



Medium effect 25°C (nicotine)

0 II “ || || “ II

0.0
Day 1-5 Day5-10 Day10- Day15- Day20- Day25- - Day35- Day
15 20 25 30 35 40 45
-0.05
Time interval (days)

o o
°© L o 5 9
- (¢ N (¢, w

Biomass accumulation rate (g day‘1)
(&3]

W Wastewater (25 °C) m Tobbaco extract (25 °C)

Figure 33. Effect of temperature on fungal biomass accumulation rate (g

day™) under nicotine exposure at 25 °C and 37 °C
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Figure 34. Biomass accumulation rate (g day™) of fungal biomass under

nicotine exposure in wastewater and coffee-extract media at 37 °C
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Qualitative observations of fungal development in liquid media supported the
quantitative rate-based trends, with continued formation of internal mycelial networks
despite reduced accumulation rates under stress conditions. The persistence of growth
across most treatments indicates that nicotine exposure imposed metabolic stress rather
than complete toxicity. Collectively, these results demonstrate that 7Trametes
versicolor exhibits substantial tolerance to nicotine at concentrations up to 2 mg/10 mL
under favourable environmental conditions. Temperature emerged as the dominant
factor governing biomass accumulation dynamics, followed by pH, while nicotine
concentration within the tested range exerted a secondary but measurable inhibitory

effect.

Based on the combined growth-rate analysis, a nicotine concentration of 1 mg/10
mL and an incubation temperature of 25 °C were selected for subsequent liquid-phase
biodegradation experiments. These conditions ensured sustained fungal viability and
active biomass accumulation while minimizing confounding stress effects, thereby
enabling reliable assessment of nicotine degradation performance in later experimental

stages [177—-181].

A direct comparison of fungal adaptation responses to caffeine and nicotine reveals
both shared trends and compound-specific differences in growth inhibition patterns,
biomass development, and environmental sensitivity. Because both alkaloids were
evaluated at identical concentrations (I and 2 mg/10 mL) under comparable
experimental conditions, the observed differences can be attributed primarily to their
intrinsic chemical properties and biological interactions rather than methodological

variability.

At 25 °C, Trametes versicolor exhibited robust tolerance toward both caffeine and
nicotine. Inhibition assays on PDA plates showed no statistically meaningful suppression
of radial mycelial extension at 1 mg/10 mL for either compound, indicating that both
pollutants fall within the fungal tolerance threshold under optimal temperature
conditions. However, nicotine displayed a slightly stronger concentration-dependent
inhibitory tendency than caffeine, particularly at 2 mg/10 mL, where delayed internal
mycelial penetration was more pronounced. This suggests a higher intrinsic bioactivity
of nicotine against fungal cellular processes, consistent with its documented fungicidal

and neuroactive properties.
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Temperature emerged as the dominant controlling factor for fungal adaptation in
both systems. Incubation at 37 °C resulted in a marked reduction in mycelial growth
rates for both caffeine- and nicotine-exposed samples, with comparable developmental
delays. In nicotine-containing media, this delay was more pronounced, with growth
trajectories lagging approximately 21 days behind those observed at 25 °C, whereas
caffeine-exposed cultures exhibited slower but more continuous development. This
indicates that nicotine imposes a higher combined thermal and chemical stress burden

on fungal metabolism than caffeine.

Biomass quantification further highlighted differential adaptation strategies. In
liquid-phase experiments, maximum biomass accumulation for both compounds
occurred in synthetic wastewater at 25 °C, confirming that moderate nutrient availability
combined with optimal temperature supports fungal resilience. However, nicotine-
exposed cultures demonstrated greater sensitivity to acidic conditions (pH 2.5), with a
sharper decline in biomass compared to caffeine-exposed samples. This suggests that
nicotine toxicity is amplified under acidic stress, potentially due to increased protonation

and enhanced cellular uptake.

Despite these differences, sustained mycelial growth in liquid media was observed
for both compounds beyond the surface colonization stage. This indicates active
metabolic engagement rather than passive survival, supporting the hypothesis that 7.
versicolor employs adaptive detoxification mechanisms such as enzymatic
transformation or cellular efflux systems to cope with alkaloid stress. The persistence of
internal biomass development in nicotine-containing systems, despite delayed kinetics,

is particularly significant given nicotine’s known antimicrobial properties.

Overall, the comparative analysis demonstrates that while 7. versicolor can
tolerate and adapt to both caffeine and nicotine at environmentally relevant
concentrations, nicotine represents a higher physiological stressor, especially under
elevated temperature and acidic conditions. These findings justified selecting 1 mg/10
mL as the working concentration for both pollutants in subsequent degradation
experiments and underscore the importance of controlling environmental parameters

when evaluating fungal biodegradation performance.
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6.1.3 Fungal Biodegradation Performance of Natural Pollutants

This section evaluates the biodegradation performance of the selected fungal
system toward representative natural pollutants under controlled laboratory conditions.
Caffeine and nicotine were investigated as model compounds due to their frequent
occurrence in surface waters and their contrasting physicochemical and biological
behaviours. The following subsection first presents the degradation results for caffeine,
supported by spectroscopic evidence, before addressing nicotine biodegradation under

comparable experimental conditions.

6.1.3.1 Fungal Degradation: Caffeine

The biodegradation performance of caffeine by the white-rot
basidiomycete Trametes versicolor was evaluated under controlled lab-scale conditions
to determine the influence of temperature, pH, and medium composition on cumulative
pollutant removal. All experiments were conducted using an initial caffeine
concentration of 100 mg L' (1 mg per 10 mL), selected based on prior adaptation and
growth inhibition experiments (Section 6.1.2), which confirmed sustained mycelial
growth and metabolic activity at this concentration without observable inhibitory effects.
Because fungal systems exhibit prolonged adaptation phases under nutrient-limited
aqueous conditions, biodegradation performance was assessed using an endpoint-based
quantitative approach. Samples were collected after 40 - 45 days of incubation,
corresponding to stabilized biomass formation and sustained metabolic activity. This
strategy was intentionally selected to evaluate cumulative removal capacity rather than
short-term degradation kinetics. Endpoint quantification was performed using '"H NMR
spectroscopy with dimethyldiphenylsilane as an internal standard. Signal integration
values were normalized to the internal standard to ensure quantitative comparability
across experimental conditions. Abiotic controls were maintained under identical

conditions for the full incubation period.

Prior to biodegradation experiments, the chemical identity and structural integrity
of extracted caffeine were confirmed using FT-IR and 'H/'3C NMR spectroscopy.
Spectral features were consistent with the reference data, with no evidence of structural
modification or contamination. The abiotic control system yielded a consistent caffeine
integration value (Io = 30.50), which served as the quantitative baseline for all removal
calculations. Importantly, no measurable change in integration was observed in abiotic
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controls over the incubation period, excluding spontaneous hydrolysis, volatilization, or
analytical drift as contributors to signal loss. Thus, reductions in integration values

observed in inoculated systems are attributable to biologically mediated processes (Table

17).

Table 17. Endpoint quantitative "H NMR integration and caffeine removal

Condition / Temp Biomass NMR Residual Removal
Medium (°O) (gram) Integration (I,) (%)
Abiotic control 25/37 - 30.50 (Io) -
Caffeine - pH 2.5 25 3.9 2.56 91.6
Caffeine - pH 2.5 37 3.0 1.76 94.2
Caffeine - pH 5.18 | 25 5.0 0.68 97.8
Caffeine - pH 5.18 | 37 29 1.55 94.9
Caffeine - 25 5.0 0.71 97.7

wastewater (pH 7.1)
Caffeine - 37 4.1 0.64 97.9
wastewater (pH 7.1)

Coffee extract 25 52 Not quantifiable -

Coffee extract 37 4.1 Not quantifiable -

Cumulative caffeine removal (%) was calculated using normalized integration

values:

Iy — Iy

Removal (%) = x 100

0
Where:

e [, = baseline integration from abiotic control (30.50)

e [, = residual integration after incubation

Representative endpoint '"H NMR spectra from synthetic wastewater and coffee
extract media at 25 °C are shown in Figures 35 and 36. These spectra illustrate
pronounced attenuation of characteristic caffeine methyl and aromatic proton signals

relative to the internal standard. Due to the consistency of spectral attenuation patterns
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across experimental conditions and the quantitative focus of this study, full spectral

datasets are not presented for every system. Instead, complete numerical integration data

are summarized in (Table 17). This approach prioritizes quantitative comparability over

repetitive spectral presentation. In coffee extract media, extensive signal overlap from

co-extracted organic constituents precluded reliable quantitative integration. However,

qualitative attenuation of caffeine-associated resonances, combined with substantial

formation of fungal biomass, indicates effective transformation in chemically complex

matrices.

1590
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Figure 35. 'H NMR spectrum of caffeine in synthetic wastewater (pH 7.1)

after 45 days of fungal treatment at 25 °C, demonstrating 97.7% removal

[138]
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Figure 36. 'H NMR spectrum of coffee extract after 45 days of fungal treatment at

25 °C, illustrating qualitative attenuation of caffeine signals [138]

Temperature exerted a measurable effect on cumulative removal performance. At
25 °C, removal efficiencies reached 97-98% in pH-adjusted aqueous systems and
synthetic wastewater, coinciding with maximal biomass accumulation (approximately
5.0-5.2 g). These data indicate that 25 °C provided physiologically favourable conditions
for sustained enzymatic and metabolic activity during prolonged incubation. At 37 °C,
removal efficiencies in acidic media decreased to approximately 94-95%, accompanied
by reduced biomass formation. This decline suggests that prolonged exposure to elevated
temperature imposed metabolic stress, limiting long-term degradation capacity. The
effect is consistent with the known thermal sensitivity of white-rot fungal enzymatic
systems during extended cultivation. Notably, wastewater at 37 °C maintained high
removal rates (~98%), suggesting that nutrient availability may partially mitigate the

effects of thermal stress.

pH significantly influenced endpoint removal performance. At pH 5.18, removal
reached 97-98% at 25 °C, corresponding to maximal biomass accumulation. This
moderately acidic range aligns with documented optimal conditions for white-rot fungal
growth and extracellular oxidative enzyme activity. At pH 2.5, removal decreased to 91-
94%, despite measurable biomass formation. Strongly acidic conditions likely

constrained metabolic efficiency over prolonged incubation. These findings indicate
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that 7. versicolor tolerates acidic stress but achieves optimal cumulative removal under

moderately acidic conditions.

Synthetic wastewater supported high biomass accumulation and efficient caffeine
removal, demonstrating that 7. versicolor can utilize wastewater-derived nutrients
without additional supplementation. In coffee extract media, biomass formation was
particularly pronounced at 25 °C, indicating successful adaptation to complex organic
matrices. Although quantitative NMR was not feasible, qualitative spectral attenuation
and fungal growth strongly support substantial caffeine transformation under matrix-rich
conditions resembling real effluents. A clear positive relationship was observed between
fungal biomass accumulation and cumulative caffeine removal. Conditions that
consistently supported greater biomass formation yielded higher removal efficiencies,
whereas thermal or pH stress reduced both biomass and removal performance. Abiotic
controls confirmed that integration values remained stable in the absence of fungal

inoculation, excluding passive loss mechanisms.

This study evaluated endpoint cumulative removal under controlled lab-scale
conditions using disappearance-based quantitative 'H NMR analysis. The approach
provides robust evidence of substantial caffeine depletion but does not resolve the
formation of intermediate transformation products, degradation kinetics, or
mineralization pathways. Therefore, the findings establish a validated experimental
foundation for fungal-mediated caffeine removal under environmentally relevant
conditions rather than a complete mechanistic description of the biodegradation

pathway.
6.1.3.2 Fungal Degradation: Nicotine

The biodegradation performance of nicotine by the  white-rot
basidiomycete Trametes versicolor was investigated under controlled lab-scale
conditions to evaluate cumulative pollutant removal and fungal tolerance under varying
environmental parameters. All experiments were conducted using a defined nicotine
concentration of 100 mg L™ (1 mg per 10 mL), selected based on preliminary tolerance
studies demonstrating sustained fungal viability and metabolic activity across the tested
conditions. Given the toxic nature of nicotine and the extended adaptation phase

commonly observed in fungal systems exposed to alkaloids, removal performance was
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assessed using an endpoint-based quantitative strategy. Samples were collected after 40
days of incubation, corresponding to stabilized fungal biomass and prolonged metabolic
exposure. The results, therefore, reflect cumulative removal capacity rather than

degradation kinetics.

Prior to biodegradation experiments, nicotine identity and structural integrity were
confirmed using FT-IR spectroscopy and 'H/'3C NMR spectroscopy. The 'H NMR
spectrum displayed characteristic resonances corresponding to pyridine and pyrrolidine
moieties, while '*C NMR confirmed the expected carbon framework. Quantitative
analysis was performed using 'H NMR spectroscopy with dimethyldiphenylsilane as an
internal standard (0.55 ppm). Baseline integration from abiotic controls yielded a stable
value of 32.56 (1p). No measurable change in nicotine integration was observed in abiotic
controls over 40 days, confirming that spontaneous degradation, volatilization, or

analytical drift did not contribute to signal attenuation.

Table 18. Endpoint 'H NMR integration and cumulative nicotine removal

Experimental Condition / | Biomass NMR Residual Removal
Medium (gram) Integration (I,) (%)
Nicotine - Abiotic control | - 32.56 (lo) -
Nicotine - PDA medium, 4.6 0.62 98.1
25°C

Nicotine - PDA medium, 2.8 2.31 92.9
37°C

Nicotine - pH 2.5, 25 °C 34 242 92.6
Nicotine - pH 5.20,25°C | 4.6 0.61 98.1
Nicotine - pH 2.5, 37 °C 2.8 1.58 95.1
Nicotine - pH 5.20,37°C | 3.1 1.47 95.5
Nicotine - wastewater (pH | 4.8 0.63 98.1
7.1),25°C

Nicotine - wastewater (pH | 4.0 1.36 95.8
7.1),37°C

Tobacco medium, 25 °C 4.9 Not quantifiable -
Tobacco medium, 37 °C 2.9 Not quantifiable -
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Cumulative nicotine removal (%) was calculated using:

Iy — I

Removal (%) = x 100

0

Where:

e [, = 32.56 (abiotic control baseline)

e [, = residual nicotine integration

Representative endpoint 'H NMR spectra from synthetic wastewater and tobacco
media at 25 °C are shown in Figures 37 to 38. These spectra demonstrate pronounced
attenuation of characteristic nicotine resonances relative to the internal standard.
Because spectral attenuation patterns were consistent across quantitative systems, full
spectral datasets are not shown for every condition. Instead, complete normalized
integration values are summarized in (Table 18), allowing direct numerical comparison
of removal performance. In tobacco-based media, extensive signal overlap from co-
extracted organic constituents precluded reliable quantitative integration. However,
substantial formation of fungal biomass and qualitative attenuation of nicotine-

associated resonances indicate effective transformation in chemically complex matrices.

—4.76
&
0.00

J\ ‘rl». l

Figure 37. 'H NMR spectrum of nicotine in synthetic wastewater (pH 7.1) after 45
days of fungal treatment at 25 °C, demonstrating 98.1% removal [165]
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Figure 38. "TH NMR spectrum of tobacco medium after 45 days of fungal treatment

at 25 °C, illustrating qualitative attenuation of caffeine signals [165]

Temperature significantly influenced cumulative nicotine removal. At 25 °C,
removal efficiencies were approximately 98% under standard conditions (pH 5.20) and
synthetic wastewater, coinciding with maximal fungal biomass accumulation (4.6-4.8
g). These results indicate that 25 °C provided optimal physiological conditions for
sustained nicotine transformation. At 37 °C, removal efficiencies decreased to 92-96%,
accompanied by reduced biomass formation. This trend suggests that prolonged
exposure to elevated temperature imposed metabolic constraints, limiting long-term

removal capacity. The effect was particularly pronounced in acidic systems.

pH exerted a measurable influence on removal performance. At pH 5.20 and 25
°C, cumulative nicotine removal reached ~98%, corresponding to maximal biomass
formation. Moderately acidic conditions are widely reported as optimal for white-rot
fungal enzymatic systems. At pH 2.5, removal decreased to ~92-95%, particularly under
elevated temperature. Reduced biomass accumulation under strongly acidic conditions

indicates constrained metabolic performance during prolonged exposure.

Synthetic wastewater supported both substantial biomass accumulation and high
cumulative removal, demonstrating fungal adaptability to nutrient-limited aqueous
matrices without external supplementation. In tobacco-based media, biomass
accumulation was highest at 25 °C (4.9 g), indicating successful adaptation to chemically
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complex substrates. Although quantitative NMR was not feasible due to signal overlap,
qualitative spectral attenuation supports substantial nicotine transformation under

matrix-rich conditions representative of real waste environments.

A consistent positive correlation was observed between fungal biomass
accumulation and cumulative nicotine removal. Systems exhibiting reduced biomass due
to combined thermal and pH stress showed intermediate levels of nicotine attenuation.
Under suboptimal conditions, partial adsorption to fungal biomass may have contributed
to apparent removal; however, unchanged integration values in abiotic controls confirm

that the dominant removal mechanism was biologically mediated.

Numerous studies have demonstrated the capacity of fungal species to degrade
nicotine under controlled conditions. [182] reported effective nicotine degradation by
white-rot fungi, including Trametes versicolor, attributing detoxification to ligninolytic
enzyme systems. Transcriptomic studies by [181] identified oxidative enzymes,
including cytochrome P450 monooxygenases and FAD-dependent oxidases, as key
components of fungal nicotine metabolism. It should be noted, however, that many
reported studies focus on short-term kinetics or detailed pathway elucidation under
optimized laboratory conditions. In contrast, the present study evaluates cumulative
nicotine removal under long-term, low-energy incubation using adapted fungal systems.
While mechanistic pathways were not resolved here, the observed endpoint-removal

performance is consistent with reported fungal nicotine-degradation capabilities.

In summary, endpoint analysis demonstrated that 7rametes versicolor can achieve
substantial cumulative nicotine removal under controlled lab-scale conditions, with
optimal performance observed at 25 °C, pH 5.20, and in synthetic wastewater and
tobacco-based media. Quantitative 'H NMR analysis, supported by appropriate controls,
provided reliable evidence of nicotine attenuation, while fungal biomass measurements
highlighted the importance of sustained growth for effective removal. This investigation
was limited to endpoint-based assessment and relied on evidence of disappearance.
Degradation kinetics, intermediate metabolites, and complete transformation pathways
were not evaluated. Accordingly, the results establish the feasibility of fungal-mediated
nicotine removal under environmentally relevant conditions and provide a foundation

for subsequent scale-up and system-level investigations.
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6.1.4 Bacterial Biodegradation Performance of Anthropogenic Pollutants

This section investigates the biodegradation performance of the selected bacterial
consortium toward representative anthropogenic pollutants under controlled laboratory
conditions. Methylparaben (MeP) and trichlorocarbanilide (TCC) were selected for their
widespread use, persistence in wastewater-impacted surface waters, and contrasting
structural complexities. The following subsection first presents the biodegradation
behaviour of methylparaben, serving as a model antimicrobial preservative, and then

evaluates TCC degradation under comparable experimental conditions.

6.1.4.1 Bacterial Consortium Biodegradation: Methylparaben (MeP)

The biodegradation of methylparaben (MeP) by a bacterial consortium was
evaluated using time-resolved High-Performance Thin-Layer Chromatography
(HPTLC) analysis over a 120-hour incubation period. Degradation performance was
assessed in two contrasting media, nutrient broth (NB) and synthetic wastewater (SWW),
to examine the adaptability of the consortium under nutrient-rich and nutrient-limited

conditions relevant to environmental engineering applications.

The degradation was performed using bacterial consortia isolated from a polluted
industrial area, selected for their high tolerance characteristics. A "media replacement
hypothesis" was employed to enhance bacterial degradation in Synthetic Wastewater
(SWW). Consequently, the degradation performance was compared between the
standard Nutrient Broth (NB) and SWW from 0 to 120 hours to evaluate the consortia's
adaptability and efficiency in two distinct nutritional environments. A key aspect of our
study was the successful application of HPTLC to detect and quantify Paraben
degradation. The method proved invaluable due to its high sensitivity, resolution, and
reproducibility, which are essential for tracking progressive degradation. The high
resolution and compact spot formation facilitated by the optimized mobile phases
provided reliable data, allowing for the effective monitoring of decreasing Paraben
concentrations in both media types. This methodology underscores the utility of HPTLC
in pollutant degradation studies, providing a clear means to track biodegradation even

within complex sample matrices like synthetic wastewater.
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To ensure robust kinetic interpretation and appropriate control correction, a total
of fifteen discrete sample tracks were applied to the HPTLC plate for methylparaben
analysis. The track layout was designed to simultaneously capture reference standards,
abiotic and biotic controls, initial concentrations, and time-resolved degradation samples

within a single analytical run, thereby minimizing inter-plate variability.

Track 1 contained the methylparaben reference standard and served as the basis
for compound identification and densitometric quantification. Tracks 2 and 3 were
loaded with sterile nutrient broth (NB) and synthetic wastewater (SWW), respectively,
to establish baseline matrix behaviour and exclude interference from media constituents.
Tracks 4 and 5 contained NB and SWW inoculated with the bacterial consortia but
without methylparaben, functioning as biotic controls to evaluate microbial effects on

the matrix in the absence of the target compound.

Initial methylparaben concentrations (100 mg/L) at 0 h were represented by Tracks
6 and 7 for NB and SWW, respectively. Time-resolved biodegradation was monitored
by loading samples collected at 48, 72, 96, and 120 h in Tracks 8-15, with parallel NB
and SWW samples at each time point. This layout enabled direct comparison of
degradation progression in nutrient-rich and nutrient-limited media across the full
incubation period. A summary of track assignments and sampling points is provided in

(Table 19) (Figure 39).

Table 19. HPTLC sample tracks and experimental design for methylparaben

biodegradation
Track | Vial ID | Description Type Time Point
1 1 Methylparaben (MeP) Standard Reference | -
2 2 NB media (Blank) Blank -
3 3 SWW media (Blank) Blank -
4 4 Bacterial consortia + NB Blank -

(Biotic Control)
5 5 Bacterial consortia + SWW Blank -
(Biotic Control)

6 6 MeP + Bacterial consortia + NB Sample 0 Hours
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7 7 MeP + Bacterial consortia + SWW | Sample 0 Hours

8 8 NB_48hrs Sample 48 Hours
9 9 SWW _48 hrs Sample 48 Hours
10 10 NB_72 hrs Sample 72 Hours
11 11 SWW _72 hrs Sample 72 Hours
12 12 NB_96 hrs Sample 96 Hours
13 13 SWW_96 hrs Sample 96 Hours
14 14 NB_120 hrs Sample 120 Hours
15 15 SWW 120 hrs Sample 120 Hours

HPTLC plates were visualized under visible light and UV illumination at 254 nm
and 366 nm to evaluate the suitability of each mode for monitoring methylparaben
degradation. Comparative inspection of plate images demonstrated that visualization at
254 nm provided the clearest and most consistent representation of methylparaben bands,
with well-defined spot boundaries and minimal background interference. In contrast,
visible light imaging primarily served to confirm plate uniformity and sample application
quality, while imaging at 366 nm offered limited additional contrast for methylparaben

and was mainly useful for detecting potential fluorescent impurities.

Paraben

Figure 39. D Overlain UV spectra of standard Paraben and corresponding band in

the sample for peak purity, AU denotes absorbance units
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Based on this comparative evaluation, UV visualization at 254 nm was selected as
the optimal wavelength for quantitative densitometric analysis and for presentation of all
subsequent degradation images. The superior signal clarity at this wavelength ensured
reliable tracking of methylparaben attenuation over time and supported consistent

interpretation of degradation kinetics across different media (Table 20) (Figure 40).

HPTLC analysis enabled clear detection and quantification of MeP throughout the
incubation period. Overlain UV spectra of the MeP standard and corresponding sample
bands confirmed peak purity and consistent compound identification across all sampling
points (Figure 41). Corresponding densitometric analysis further illustrated this trend,

with a marked reduction in peak area over time (Figure 42) (Table 21).

Table 20. Imaging and detection parameters for MeP plate visualization

Parameter Visible Light (White) | UV 254 nm UV 366 nm
Exposure Time 0.035 s 0.083 s 0.638 s
Contrast 1.0 1.0 1.0
Normalized Exposure | Disabled Disabled Disabled
Clarify Disabled Disabled Disabled
White Balance 1.00, 1.00, 1.00 1.00, 1.00, 1.00 | 1.00, 1.00, 1.00
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Figure 40. Comparison of HPTLC visualization modes (visible light, UV 254
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Figure 41. MeP TLC plate under 254nm UV light with standard, controls, and

degradation results

Paraben

LH]

Figure 42. Densitogram of the MeP TLC plate including standard, controls, and
degradation results. AU denotes absorbance units, and Rf represents the retention

factor
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Table 21. Time-resolved degradation of methylparaben by bacterial consortium

determined by HPTLC densitometry

Sample Track | Densitometric | Degradation | Remaining | Equivalent
area (Ay) (%) (%) amount

(ng)

Methylparaben (MeP) 1 0.03204 0.00 100.00 5000

Standard

NB media (Blank) 2 - - - -

SWW media (Blank) 3 - - - -

Bacterial consortia + 4 - - - -

NB

(Biotic Control)

Bacterial consortia + 5 - - - -

SWwW

(Biotic Control)

MeP + Bacterial 6 0.03108 0.22 99.78 4989.18
consortia + NB

MeP + Bacterial 7 0.03100 0.09 99.91 4995.70
consortia + SWW

NB_48hrs 8 0.02840 11.36 88.63 4431.96
SWW _48 hrs 9 0.02873 10.33 89.66 4483.45
NB_72 hrs 10 0.02325 27.43 72.56 3628.27
SWW_72 hrs 11 0.02570 19.78 80.21 4010.61
NB_96 hrs 12 0.02067 35.48 64.51 2891.69
SWW_96 hrs 13 0.01853 42.15 57.83 2891.69
NB_120 hrs 14 0.00349 89.10 10.89 544.63
SWW 120 hrs 15 0.00549 82.86 17.13 856.74

Equivalent amount (ng) represents the mass of MeP applied per HPTLC track (5 uL aliquot) after ten-fold
concentration of samples by vacuum evaporation. Degradation percentages were calculated relative to the initial

applied mass and reflect degradation from the original bulk concentration of 100 mg L™
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The percentage degradation of methylparaben was calculated based on the relative
reduction in densitometric peak area with respect to the methylparaben reference standard,

according to the following equations:

. Astd - At
Degradation (%) = <A—) x 100
std

A
Remaining (%) = ( : ) x 100
Astd
where:
e Aqyq 1s the densitometric peak area of the methylparaben reference standard
(Track 1),

e A, is the densitometric peak area of the sample at time ¢.

Normalization to the reference standard was applied to ensure consistent comparison
across different media and sampling points and to minimize variability associated with sample

loading and matrix effects.

The quantitative degradation data obtained from densitometric scanning are summarized in
(Table 21) Initial measurements at 0 h showed negligible MeP loss in both NB and SWW (0.22%
and 0.09%, respectively), indicating minimal abiotic loss or immediate adsorption and validating
the experimental controls. This confirmed that subsequent reductions in MeP concentration were

attributable to biological activity rather than analytical artefacts.

At 48 h, MeP degradation reached 11.36% in NB and 10.33% in SWW. This modest early-
stage removal suggests that the bacterial consortium required an acclimation period before
initiating effective degradation. The slightly higher degradation observed in NB at this stage can
be attributed to its nutrient-rich composition, which likely supported more rapid bacterial
metabolic activation compared to the comparatively nutrient-limited SWW [183,184]. A
pronounced shift in degradation behaviour was observed during the mid-incubation phase. By 72
h, MeP degradation increased to 27.43% in NB and 19.78% in SWW. Notably, by 96 h, SWW
surpassed NB in degradation efficiency, achieving 42.15% removal compared to 35.48% in NB.

This crossover suggests that the bacterial consortium adapted progressively to the SWW matrix,
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enhancing degradation efficiency once acclimatization was achieved. Similar delayed-onset
degradation patterns have been reported for methylparaben-degrading bacterial systems

following initial lag phases associated with metabolic adaptation [185].

At the final incubation stage (120 h), cumulative MeP degradation reached 89.1% in NB
and 82.86% in SWW. Although NB ultimately supported slightly higher total degradation, the
strong performance in SWW demonstrates that effective MeP removal can be achieved under
nutrient-limited conditions representative of real wastewater environments. The degradation
trends observed across both media are further illustrated by concentration-normalized plots (C/Co
versus time), comparative degradation profiles between NB and SWW, and semi-logarithmic

In(C/Co) plots, which collectively confirm sustained biological removal over time (Figure 43 a,
b, and c).
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Figure 43. (a) C/Cy vs. time plots for paraben degradation, (b) Degradation
comparison between SWW and NB, (¢) In(C/Cy vs. time plots for paraben

degradation
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The time-resolved degradation profiles reveal distinct kinetic behaviours in NB and SWW.
In NB, the degradation trend reflects rapid initial microbial activation followed by steady MeP
removal, consistent with the availability of readily metabolizable nutrients supporting bacterial
growth. In contrast, SWW exhibited a longer adaptation phase but showed accelerated
degradation during the mid-incubation period, highlighting the consortium's capacity to adjust its

metabolic activity in response to complex, nutrient-limited matrices.

These findings underscore the importance of medium composition in governing bacterial
degradation kinetics. While nutrient-rich conditions promote early-stage activity, nutrient-limited
systems such as SWW may favour more efficient pollutant-targeted metabolism following
adaptation. This behaviour is particularly relevant for wastewater treatment applications, where
rapid intermediate pollutant reduction may be more critical than marginal differences in final
removal efficiency. The bacterial consortium used in this study, comprising A/caligenes sp. strain
PKS5 (GenBank: PV544804.1) and Rhodococcus sp. strain PK06 (GenBank: PV549916.1),
demonstrated substantial MeP degradation capacity under both tested conditions. Degradation
efficiencies of 82.86-89.1% at an initial concentration of 100 mg L indicate robust performance
under pollutant loads significantly higher than typical environmental concentrations [84]. This
elevated concentration was deliberately selected to assess system resilience under stressed

conditions relevant to industrial and pharmaceutical wastewater scenarios.

The high degradation efficiency observed in SWW highlights the practical relevance of the
consortium for engineered treatment systems. Compared to single-strain bacterial systems, which
often achieve only 50-60% degradation at lower pollutant concentrations [111,186], the
consortium’s  performance underscores the advantage of synergistic metabolic
interactions. Alcaligenes species  are  known  for  their  hydrolytic  versatility,
while Rhodococcus species exhibit strong capabilities for degrading complex aromatic
compounds, together enabling enhanced pollutant transformation. The use of HPTLC proved
particularly advantageous for monitoring MeP degradation kinetics, offering a cost-effective and
reliable alternative to more resource-intensive analytical techniques [151,187]. Given the
insolubility constraints of trichlorocarbanilide in NMR solvents, the successful application of
HPTLC in this study further establishes its suitability for tracking biodegradation of structurally

diverse anthropogenic pollutants.
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In summary, time-resolved HPTLC analysis demonstrated effective bacterial degradation
of methylparaben in both nutrient broth and synthetic wastewater. While nutrient broth supported
slightly higher cumulative removal, synthetic wastewater exhibited strong intermediate-stage
degradation following microbial adaptation, underscoring its relevance for real-world wastewater
treatment applications. The results confirm that bacterial consortia can sustain high degradation
performance under nutrient-limited conditions, supporting their potential integration into
engineered self-cleaning systems. This study focused on concentration-based degradation
kinetics and did not identify transformation products or intermediate metabolites. As degradation
byproducts may exhibit residual toxicity, future work should include comprehensive byproduct
characterization and pilot-scale validation to fully assess environmental safety and scalability

[188-190].

6.1.4.2 Bacterial Consortium Biodegradation: Trichlorocarbanilide (TCC)

The biodegradation of trichlorocarbanilide (TCC) by a bacterial consortium was evaluated
using time-resolved High-Performance Thin-Layer Chromatography (HPTLC) over a 120-hour
incubation period. As with methylparaben, degradation performance was assessed in nutrient
broth (NB) and synthetic wastewater (SWW) to compare removal efficiency under nutrient-rich

and nutrient-limited conditions representative of engineered wastewater systems.

HPTLC analysis enabled the reliable detection and quantification of TCC throughout the
experiment. The optimized mobile phase (toluene: ethyl acetate, 8:2 v/v) produced sharp, well-
resolved TCC bands with a consistent Rf value of approximately 0.33, allowing accurate
densitometric evaluation of residual TCC concentrations. Overlain UV spectra of the TCC
standard and corresponding sample bands confirmed peak purity and compound identity

throughout the incubation period (Figure 44) (Table 22).

Table 22. HPTLC sample tracks and experimental design for TCC

Track | Vial Description Type Time Point
ID
1 1 Trichlorocarbanilide (TCC) Reference -
Standard
2 2 NB Media (Blank) Blank -
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3 3 SWW media (Blank) Blank -
4 4 Bacterial consortia + NB Blank -

(Biotic Control)
5 5 Bacterial consortia + SWW Blank -

(Biotic Control)
6 6 TCC + Bacterial consortia + NB Sample 0 Hours
7 7 TCC + Bacterial consortia + SWW | Sample 0 Hours
8 8 NB 48 Sample 48 Hours
9 9 WW_48 Sample 48 Hours
10 10 NB 72 Sample 72 Hours
11 11 WW_72 Sample 72 Hours
12 12 NB 96 Sample 96 Hours
13 13 WW_96 Sample 96 Hours
14 14 NB 120 Sample 120 Hours
15 15 WW_120 Sample 120 Hours

25— TCC

AU
1

»o0 300 400

Figure 44. Overlain UV spectra of standard TCC and the corresponding band in the

sample for peak purity, AU denotes absorbance units
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To ensure robust kinetic interpretation and appropriate control correction, fifteen discrete
sample tracks were applied to the HPTLC plate. Track 1 contained the TCC reference standard
and served as the basis for compound identification and densitometric normalization. Tracks 2
and 3 consisted of sterile NB and SWW, respectively, to confirm the absence of matrix
interference. Tracks 4 and 5 contained NB and SWW inoculated with the bacterial consortia

without TCC, serving as biotic controls.

Initial TCC concentrations (100 mg/L) at 0 h were represented by Tracks 6 (NB) and 7
(SWW). Time-resolved degradation was monitored by loading samples collected at 48, 72, 96,
and 120 h in Tracks 8-15, with parallel NB and SWW samples at each time point. This layout
enabled direct comparison of degradation progression between media under identical analytical

conditions. Track assignments and sampling points are summarized in (Table 22).

TCC plates were visualized under visible light and UV illumination at 254 nm and 366 nm
to assess the suitability of each mode for monitoring degradation. Comparative evaluation
demonstrated that UV visualization at 254 nm provided the highest contrast and clearest
definition of TCC bands, with minimal background interference. Visualization under visible light
primarily confirmed plate uniformity, while 366 nm imaging aided impurity screening but offered
limited quantitative advantage. Consequently, all degradation results and densitometric analyses

presented for TCC are based on UV imaging at 254 nm (Table 23) (Figure 45).

Table 23. Imaging and detection parameters for TCC plate visualization

Parameter Visible Light (White) | UV 254 nm UV 366 nm
Exposure Time 0.032 s 0.093 s 0.482 s
Contrast 1.0 1.1 1.0

Normalized Exposure | Disabled Disabled Disabled
Clarify Disabled Disabled Disabled
White Balance 1.00, 1.00, 1.00 1.00, 1.00, 1.00 | 1.00, 1.00, 1.00
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Figure 45. Comparison of HPTLC visualization modes (visible light, UV 254 nm,
and UV 366 nm) for trichlorocarbanilide (TCC) analysis, demonstrating superior
band clarity and contrast at 254 nm, which was therefore selected for all subsequent

degradation profiling
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Figure 46. TCC TLC plate under 254nm UV light with standard, controls, and

degradation results

1 TCC
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Figure 47. Densitogram of the TCC TLC plate, including standard, controls, and

degradation results, AU denotes absorbance units, and Rf represents the retention factor

135



Visual inspection of the TLC plates under UV illumination confirmed progressive
attenuation and eventual disappearance of the TCC band over the 120-hour incubation period
(Figure 46). Corresponding densitometric scans showed a continuous decline in peak area,

consistent with cumulative TCC removal (Figure 47).

Quantitative densitometric results are summarized in (Table 24). Initial measurements at
0 h showed negligible TCC loss in both NB and SWW (0.15% and 1.00%, respectively),
indicating minimal abiotic loss and confirming the validity of the control systems. At 48 h,
marked degradation was observed, particularly in SWW, where TCC removal reached 63.37%,
substantially exceeding the 37.29% observed in NB. This pronounced early-stage removal in

SWW indicates rapid bacterial adaptation under nutrient-limited conditions.

By 72 h, TCC degradation in NB accelerated sharply to 94.81%, while SWW maintained
a high removal efficiency of 80.80%. At 96 h, near-complete degradation was observed in both
media, with 97.98% removal in NB and 98.65% in SWW. By the final incubation stage (120
h), TCC was no longer detectable in either medium, indicating complete disappearance of the

parent compound within the method's detection limits (Table 24).

Degradation and remaining percentages were calculated based on the relative reduction
in densitometric peak area relative to the TCC reference standard, using the same normalization
and calculation approach as for methylparaben (Section 6.1.4). ND indicates concentrations

below the detection limit of the HPTLC method.

Table 24. Time-resolved degradation of trichlorocarbanilide (TCC) by bacterial

consortium determined by HPTLC densitometry

Sample Track | Densitometric | Degradation | Remaining | Equivalent

peak area (Ao | (%) (%) amount
(ng)

Trichlorocarbanilide | 1 0.02834 0.00 100.00 4000.00

(TCC) Standard

NB Media (Blank) 2 - - - -

SWW media 3 - - - -

(Blank)
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Bacterial consortia + | 4 - - - -

NB

(Biotic Control)

Bacterial consortia + | 5 - - - -

SWwW

(Biotic Control)

TCC + Bacterial 6 0.02830 0.15 99.85 3994.35
consortia + NB

TCC + Bacterial 7 0.02825 1.00 99.00 3960.29
consortia + SWW

NB 48 8 0.01777 37.29 62.70 2508.11
WW 48 9 0.01038 63.37 36.62 1465.06
NB 72 10 0.00147 94.81 5.19 207.48
WW_72 11 0.00544 80.80 19.19 767.81
NB 96 12 0.00057 97.98 2.01 80.45
WW_96 13 0.00038 98.65 1.34 53.63
NB_ 120 14 ND 100.00 0.00 -
WW_120 15 ND 100.00 0.00 -

Equivalent amount (ng) represents the mass of trichlorocarbanilide (TCC) applied per HPTLC track (4
uL aliquot) after ten-fold concentration of samples by vacuum evaporation. Degradation percentages were
calculated relative to the initial applied mass and reflect degradation from the original bulk concentration of 100

mg L.

Degradation (%) = ((A_std — A_t)/A_std) *x 100, Remaining (%) = (A_t/A_std) *x 100, where A_std is
the densitometric peak area of the TCC reference standard and A_t is the peak area at time t. ND indicates

concentrations below the detection limit of the HPTLC method.

Normalized concentration profiles (C/Co versus time) and semi-logarithmic In(C/Co)
plots further illustrate the rapid degradation kinetics of TCC and the convergence of removal

performance between NB and SWW at later stages (Figure 48 a, b, and c).
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Figure 48. (a) C/Cy vs. time plots for TCC degradation, (b) Degradation comparison
between SWW and NB, (c¢) In(C/Cy) vs. time plots for TCC degradation

In contrast to methylparaben, TCC exhibited faster and more complete degradation under
the same experimental conditions. The rapid initial removal observed in SWW suggests that
nutrient limitation promoted early induction of TCC-degrading pathways. In NB, the presence
of readily assimilable carbon sources likely delayed expression of enzymes involved in TCC
transformation, resulting in slower initial degradation followed by rapid removal once
preferential substrates were depleted. This behaviour is consistent with catabolite repression

phenomena reported for xenobiotic degradation in nutrient-rich environments.

The superior mid-stage performance in SWW highlights the relevance of oligotrophic
conditions for targeting recalcitrant compounds such as TCC. These results demonstrate that

synthetic wastewater not only supports bacterial survival but can actively enhance the
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degradation of chlorinated pollutants by forcing metabolic prioritization of the target

compound.

The higher degradation efficiency observed for TCC relative to methylparaben suggests
a strong affinity of the bacterial consortium for chlorinated urea compounds. TCC possesses a
stable urea linkage flanked by chlorinated aromatic rings, rendering it resistant to non-specific
hydrolysis. Its effective removal indicates the presence of specialized enzymatic systems
within the consortium, likely involving amide hydrolysis followed by oxidative or

dechlorination reactions [191].

Literature reports indicate that Alcaligenes species frequently dominate TCC-enriched
communities and can initiate degradation via amidase-mediated cleavage of the urea bond
[192]. Subsequent transformation of chlorinated aromatic intermediates may be facilitated
by Rhodococcus species, which are known to express monooxygenases capable of
dechlorination and hydroxylation of halogenated phenolics [193]. The observed degradation

behaviour is therefore consistent with a synergistic metabolic sequence within the consortium.

Although a complete disappearance of the parent TCC peak was achieved, HPTLC
analysis alone cannot confirm full mineralization. Previous studies have reported the formation
of intermediates such as 4-chloroaniline and dichlorocarbanilide during partial TCC
degradation, which may exhibit higher toxicity than the parent compound [194]. The slowing
of degradation observed prior to complete removal suggests potential transient product

inhibition, as also reported in the literature.

In summary, time-resolved HPTLC analysis demonstrated rapid and complete
disappearance of trichlorocarbanilide in both nutrient broth and synthetic wastewater, with
degradation occurring more efficiently and rapidly than for methylparaben. The results
highlight the strong capability of Alcaligenes- and Rhodococcus-dominated consortia to

transform recalcitrant chlorinated pollutants under environmentally relevant conditions.

This study focused on the disappearance of the parent compound and did not identify
transformation products or assess the toxicity of intermediates. Future work should incorporate
targeted analysis of chloroaniline derivatives and evaluate potential impacts on nitrogen-
cycling microorganisms to ensure that effective removal corresponds to true detoxification

[195].
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6.1.5 Comparative Degradation Efficiency and System-Level Interpretation of

Fungal and Bacterial Systems

This section integrates the lab-scale biodegradation results obtained for natural pollutants
(caffeine and nicotine) using fungal systems and anthropogenic pollutants (methylparaben and
trichlorocarbanilide) using bacterial consortia. The objective of this comparative analysis is not
to rank individual removal efficiencies, but to critically evaluate how pollutant class, microbial
strategy, analytical resolution, and growth environment collectively determine biodegradation
performance (Figure 49). This synthesis directly addresses the research aim and objectives
defined in Chapter 3 and establishes the scientific rationale for subsequent scale-up to

constructed wetland systems.
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Figure 49. Degradation of paraben and TCC in NB and SWW over time

The deliberate separation of pollutants into natural (caffeine, nicotine) and anthropogenic
(methylparaben, trichlorocarbanilide) categories was a foundational design choice in this study,
rather than a consequence of experimental convenience. These two pollutant classes differ
fundamentally in origin, structural complexity, environmental familiarity, and expected

biodegradation behaviour, and therefore demand distinct microbial and analytical approaches.

Caffeine and nicotine are naturally occurring or lifestyle-derived compounds that are
continuously introduced into surface waters through diffuse sources. Their molecular structures

are relatively simple and biologically familiar, and they are known to interact with oxidative
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and detoxification pathways present in fungi. Consequently, fungal systems, particularly white-
rot fungi such as Trametes versicolor, were selected to investigate their degradation under low-

energy, environmentally relevant conditions that mimic natural self-cleaning processes.

In contrast, methylparaben and trichlorocarbanilide are synthetic anthropogenic
compounds designed for chemical stability and antimicrobial activity. These properties confer
persistence in aquatic environments and reduce susceptibility to non-specific biodegradation.
For such compounds, bacterial consortia offer a more appropriate strategy due to their
metabolic diversity, rapid adaptive capacity, and ability to express specialized enzymatic
systems targeting ester bonds (methylparaben) or chlorinated urea structures

(trichlorocarbanilide).

This intentional pairing of pollutant class and microbial system is central to the thesis
hypothesis that surface water self-cleaning capacity can be intensified by deploying
functionally specialized microbial degraders rather than relying on a single, universal

biodegradation strategy.

A key outcome of this study is the demonstration that different microbial systems
necessitate different evaluation frameworks. Fungal degradation of caffeine and nicotine was
assessed using an endpoint-based approach, while bacterial degradation of methylparaben and
trichlorocarbanilide was evaluated using time-resolved kinetic analysis. This distinction

reflects biological reality rather than analytical limitation.

Fungal systems exhibited slow but sustained growth, long adaptation periods, and
progressive biomass accumulation over extended incubation times. Under optimal conditions
(25 °C, favourable pH, and nutrient-supported aqueous matrices), Trametes
versicolor achieved endpoint removal efficiencies of approximately 97-98% for both caffeine
and nicotine. These results were obtained after prolonged incubation (=40 days), capturing
cumulative biodegradation rather than short-term reaction rates. The endpoint approach is
therefore appropriate for assessing the contribution of fungi to long-term pollutant attenuation

in surface water systems.

By contrast, bacterial consortia demonstrated rapid and measurable degradation of
anthropogenic pollutants within hours to days. Methylparaben degradation reached 82.9-89.1%

within 120 hours, while trichlorocarbanilide exhibited even more rapid disappearance,
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becoming non-detectable in both nutrient broth and synthetic wastewater by the end of the
incubation period. Time-resolved HPTLC analysis enabled clear identification of lag phases,
acceleration during microbial adaptation, and medium-dependent differences in degradation

kinetics.

The coexistence of endpoint-based and kinetic datasets within the same thesis is not a
weakness; rather, it reflects an adaptive analytical strategy aligned with microbial physiology.
Attempting to force kinetic modelling onto fungal systems or endpoint analysis onto bacterial

systems would have compromised interpretability and scientific rigor.

The separation of analytical techniques, quantitative NMR for fungal systems and
HPTLC for bacterial systems, was driven by chemical and operational constraints rather than
methodological inconsistency. NMR spectroscopy was selected for caffeine and nicotine due
to their high solubility in deuterated solvents, structural simplicity, and suitability for internal-
standard-based quantification. In fungal systems, where degradation occurred over long
timescales and concentration changes were gradual, NMR provided robust endpoint
confirmation of pollutant disappearance while minimizing sample handling and matrix

interference.

For methylparaben and trichlorocarbanilide, HPTLC offered decisive advantages.
Methylparaben required rapid, multi-sample comparison to resolve medium-dependent
kinetics, while trichlorocarbanilide exhibited extremely poor solubility in standard NMR
solvents and significant interference from wastewater matrices. Under these conditions,
HPTLC enabled reliable separation, densitometric quantification, and visualization of
degradation progression that would not have been feasible using NMR. Thus, the analytical
divergence across systems reflects methodological appropriateness rather than inconsistency,
reinforcing the thesis objective of designing experimentally defensible and environmentally

relevant biodegradation assessments.

Across both fungal and bacterial systems, growth medium composition emerged as a
decisive factor governing biodegradation performance. However, its influence manifested

differently depending on microbial strategy.

In fungal systems, synthetic wastewater and complex matrices such as coffee extract and

tobacco-based media supported substantial biomass accumulation and high endpoint removal
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efficiencies for caffeine and nicotine. These results demonstrate that fungi can utilize intrinsic
nutrients present in wastewater matrices without external supplementation, aligning with the

concept of low-energy, in situ self-cleaning.

In bacterial systems, medium composition exerted a stronger influence on degradation
kinetics. Nutrient broth supported rapid early growth but in some cases delayed pollutant
degradation, consistent with preferential utilization of readily assimilable substrates. In
contrast, synthetic wastewater characterized by limited organic carbon and higher inorganic
content promoted faster adaptation and earlier initiation of pollutant degradation, particularly
for trichlorocarbanilide. The observation that more than 60% of trichlorocarbanilide was
removed within 48 hours in synthetic wastewater highlights the role of nutrient limitation in

forcing metabolic prioritization of recalcitrant compounds.

The collective results from both fungal and bacterial degradation experiments
demonstrate that the composition of the growth medium is a decisive design parameter in
engineered treatment systems. Importantly, the successful growth, adaptation, and pollutant
removal observed in synthetic wastewater across all investigated microbial systems confirm
that external nutrient-rich media are not a prerequisite for effective biodegradation. In fungal
systems, Trametes versicolor exhibited sustained biomass development and high endpoint
removal efficiencies for caffeine and nicotine in synthetic wastewater and complex aqueous
matrices, indicating that intrinsic wastewater-derived nutrients were sufficient to support
metabolic activity and pollutant transformation. Similarly, bacterial consortia rapidly and
efficiently degraded methylparaben and trichlorocarbanilide in synthetic wastewater, often

matching or exceeding performance observed in nutrient broth after a short adaptation phase.

These findings directly fulfil the media replacement objective defined in Chapter 3 by
demonstrating that both fungal and bacterial degraders can be transitioned from laboratory
growth media to wastewater-based systems without loss of functional performance. The ability
of microbial systems to maintain degradation efficiency under nutrient-limited conditions
validates synthetic wastewater as a realistic and appropriate model for evaluating microbial
self-cleaning processes. From an engineering perspective, this outcome is critical, as it supports
the development of low-energy, cost-effective treatment strategies that avoid reliance on
external nutrient supplementation and are therefore more compatible with scalable, nature-

based wastewater treatment systems.
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Comparison across pollutants reveals that biodegradation efficiency is not solely dictated
by molecular complexity. Trichlorocarbanilide, despite its chlorinated and structurally rigid
nature, was degraded more rapidly and completely than methylparaben under the tested
conditions. This counterintuitive result reflects the bacterial consortium's specialization toward

halogenated urea compounds rather than inherent compound recalcitrance.

For fungal systems, both caffeine and nicotine exhibited strong correlations between
biomass accumulation and endpoint removal, indicating that sustained growth is a prerequisite
for effective degradation. However, the absence of kinetic resolution and metabolite
identification limits mechanistic interpretation and requires cautious framing of results as

disappearance-based removal rather than confirmed mineralization.

For bacterial systems, rapid degradation and complete disappearance of parent
compounds were achieved, but literature evidence indicates that intermediate transformation
products, particularly during trichlorocarbanilide degradation, may exhibit residual toxicity
[196—-198]. The potential formation of such intermediates represents a system-level limitation

that must be addressed during scale-up.

While the lab-scale results demonstrate high biodegradation potential across all systems,
several limitations emerge when considering translation to engineered environments. First, the
disappearance of the parent compound does not guarantee detoxification, particularly for
anthropogenic pollutants with known toxic intermediates. Second, bacterial systems, while
kinetically efficient, may be sensitive to fluctuating nutrient loads and microbial competition
under non-sterile conditions. Third, fungal systems, although robust and low energy, operate

on longer timescales that may not be compatible with short hydraulic retention times.

These limitations highlight the need for integrated treatment platforms that combine the
strengths of both microbial strategies. Constructed wetlands offer such a platform by providing
spatial organization, microbial diversity, extended retention, and buffering against
environmental variability. The complementary performance observed here, fungal stability and
bacterial kinetics, provides a strong scientific basis for their integration into engineered self-

cleaning systems.

In summary, the comparative analysis demonstrates that effective enhancement of

surface water self-cleaning requires pollutant-specific microbial strategies, adaptive analytical
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frameworks, and careful consideration of the growth environment. Fungal systems provide
sustained, low-energy removal of natural pollutants, while bacterial consortia enable rapid and
efficient degradation of anthropogenic compounds with well-resolved kinetics. The intentional
separation of pollutant classes, microbial systems, and analytical techniques is therefore a

central strength of this thesis rather than a limitation.

These findings directly inform the design and operation of the biomimetic constructed
wetland system evaluated in the following section, where microbial adaptation, system
stability, and pollutant removal are examined under continuous-flow and ecologically relevant

conditions.

6.2 Pilot-Scale Performance of the Biomimetic Constructed Wetland System

This section evaluates the performance of the laboratory-scale biomimetic constructed
wetland system designed to translate the lab-scale biodegradation mechanisms established in
Section 6.1 into an ecologically structured treatment environment. While batch experiments
enabled controlled assessment of microbial adaptation and degradation kinetics, they do not
capture the spatial heterogeneity, plant-microbe interactions, substrate colonization, and
operational stability characteristic of surface water treatment systems. Accordingly, the
constructed wetland experiments were implemented to validate whether the microbial self-
cleaning processes demonstrated at laboratory scale remain effective under mixed-pollutant
loading, wastewater-based growth conditions, and prolonged operation within a porous, plant-
supported matrix. The results presented in this section focus on system stability and microbial
adaptation (Section 6.2.1), pollutant removal performance at defined operational milestones
(Section 6.2.2), structural and biological stabilization within the wetland media (Section 6.2.3),
and an integrated evaluation of wetland-level self-cleaning functionality and scalability
(Section 6.2.4). Collectively, these analyses establish a direct experimental bridge between lab-
scale biodegradation and wetland-scale self-cleaning performance, addressing the central

objective of this dissertation.
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6.2.1 Microbial Adaptation and Operational Stability in the Constructed Wetland

Prior to evaluating pollutant removal at the wetland scale, it was necessary to assess
whether the selected fungal and bacterial systems could tolerate simultaneous exposure to
chemically diverse pollutants representative of wastewater-impacted surface waters.
Accordingly, the growth responses of fungal and bacterial degraders were examined under
increasing concentrations of a mixed-pollutant cocktail comprising caffeine, methylparaben,

and trichlorocarbanilide.

Growth responses were evaluated using daily growth-rate and net-change analyses rather
than cumulative growth alone, allowing clearer resolution of dose-dependent stress effects and
population dynamics. Both fungal and bacterial systems exhibited concentration-dependent
growth suppression; however, neither system showed complete growth arrest even at the
highest tested pollutant loading. This finding demonstrates microbial survivability under
mixed-pollutant stress conditions, rather than in optimal laboratory environments, and
establishes the suitability of the selected concentrations for subsequent wetland-scale

experiments.

6.2.1.1 Fungal Growth Dynamics Under Mixed Pollutant Exposure

Fungal tolerance was assessed based on daily mycelial growth rates derived from radial
extension measurements on PDA plates incubated at 25 °C (Figure 50). At low pollutant
loading (1 mg per 10 mL), daily growth-rate patterns were comparable to those of the control
throughout the incubation period, indicating minimal interference with mycelial expansion.
Growth remained progressive across all time intervals, demonstrating a high intrinsic tolerance
of Trametes versicolor to low-level mixed-pollutant exposure. Growth rates were calculated as
incremental changes in radial extension from one day to the next, highlighting concentration-

dependent suppression of fungal growth dynamics under mixed-pollutant stress.
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Figure 50. Daily mycelial growth rate (cm day™) of Trametes versicolor exposed to
increasing concentrations of a mixed-pollutant cocktail (caffeine, methylparaben,

and trichlorocarbanilide) at 25 °C
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Figure 51. Daily net change in bacterial colony counts (colonies day™') under
increasing concentrations of a mixed-pollutant cocktail (caffeine, methylparaben,

and trichlorocarbanilide) at 37 °C
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At higher pollutant concentrations, growth-rate suppression became evident. Treatments
amended with 2 mg and 3 mg per 10 mL exhibited consistently lower daily growth rates than
the control, particularly during the mid-incubation phase. Although mycelial expansion
continued under all conditions, cumulative growth was reduced in a concentration-dependent
manner, with the highest pollutant loading resulting in an overall reduction of approximately
35% relative to the control by the end of the incubation period. The absence of abrupt cessation
of growth suggests that the observed inhibition reflects metabolic interference, potentially

involving oxidative enzyme systems, rather than acute fungicidal toxicity.

6.2.1.2 Bacterial Population Dynamics Under Mixed-Pollutant Exposure

Bacterial tolerance was evaluated using daily net changes in colony counts on nutrient
agar plates incubated at 37 °C (Figure 51). Control cultures exhibited rapid population
expansion during the early incubation period, followed by a transition toward the stationary
and decline phases. Increasing pollutant concentrations resulted in a pronounced reduction in
net colony gain across successive time intervals, indicating progressive inhibition of bacterial
proliferation. Positive and negative values represent population growth and decline phases,
respectively, illustrating dose-dependent inhibition of bacterial population dynamics under

mixed-pollutant exposure.

At 1 mg per 10 mL, net colony increases were reduced relative to the control but remained
positive throughout most of the incubation period. Higher pollutant loadings (2 and 3 mg per
10 mL) led to substantially lower peak colony numbers and earlier onset of population decline,
with the highest concentration producing an overall reduction of approximately 47% relative
to the control. Negative net changes observed during late incubation reflect a transition to the
decline phase rather than experimental artefacts and are consistent with pollutant-induced stress
combined with nutrient limitation. The stronger inhibitory response observed in bacterial
systems aligns with the known antimicrobial properties of trichlorocarbanilide and the higher
susceptibility of rapidly dividing bacterial cells to membrane-active and enzyme-inhibiting

compounds.

Despite measurable growth suppression at elevated pollutant concentrations, both fungal
and bacterial systems maintained active growth across all tested conditions. This confirms that
the mixed-pollutant cocktail imposed metabolic stress without inducing complete toxicity,

validating its use as a stress-testing scenario rather than an unrealistically lethal exposure.
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These findings provide a critical interpretive foundation for the constructed wetland
experiments by demonstrating that both microbial groups can survive simultaneous exposure

to natural and anthropogenic pollutants typical of wastewater-impacted surface waters.

Furthermore, the differential sensitivity observed between fungal and bacterial systems
supports the functional separation adopted in the wetland design, wherein fungi were
immobilized within solid substrates to promote long-term stability, while bacterial activity was
sustained through aeration. The persistence of growth under mixed-pollutant stress indicates
that subsequent removal efficiencies observed at the wetland scale reflect microbial adaptation

within an operationally stable system rather than survival bias or selective toxicity.

6.2.1.3 Vegetative Stability and Plant-Substrate Compatibility

All wetland units were planted with Phragmites australis, a macrophyte widely used in
constructed wetland systems due to its high tolerance to pollutant stress and its capacity to
develop extensive root systems within porous media. Throughout the 7-week operational
period, plant growth was monitored as an indicator of the wetland system’s vegetative stability

and structural integrity, rather than as a direct mechanism of pollutant removal.

In the biologically augmented wetlands (Wetlands A, B, and C), P. australis exhibited
consistent vertical shoot growth, indicating successful adaptation to the synthetic wastewater
matrix and tolerance to mixed-pollutant loading (Figure 52). In contrast, plant growth in the
abiotic control wetland (Wetland D) was noticeably slower, suggesting that microbial activity
indirectly supports vegetative performance by stabilizing rhizosphere conditions and
improving nutrient availability. This observation is consistent with the concept of plant-
microbe mutualism, defined as an ecological interaction in which both plants and

microorganisms derive functional benefits that enhance overall system performance.
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Figure 52. Weekly plant growth rate (cm week™) in Wetland A-D calculated from

changes in plant height between consecutive weeks

From a structural and ecological perspective, plant roots provide microorganisms with
increased surface area for attachment, biofilm formation, and spatial stabilization within the
wetland matrix. The rhizosphere creates a protected microenvironment that supports microbial
persistence and metabolic activity through localized nutrient availability and physicochemical
gradients. In return, microbial metabolism contributes indirectly to plant growth by
transforming complex organic pollutants and wastewater-derived compounds into simpler,
more bioavailable forms. As biodegradation progresses, chemically complex structures are
converted into low-molecular-weight metabolites and inorganic nutrients that can be more
readily assimilated by plant roots, thereby supporting continued vegetative development
[195,199].

Shoot elongation progressed steadily during the initial operational phase and began to
plateau after approximately six weeks. This levelling-off of vertical growth is consistent with
biomass redistribution rather than physiological stress. As above-ground biomass increased,
some plants exhibited bending due to the limited mechanical support provided by gravel-based
porous media compared to compact soil. Importantly, no symptoms of phytotoxicity, such as
chlorosis or necrosis, were observed in any wetland configuration, confirming plant tolerance

under high mixed-pollutant exposure.
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Subsurface examination revealed extensive root development within the porous media,
with roots becoming wider and thicker over time. This dense root network enhances wetland
functionality by increasing physical filtration capacity, stabilizing the substrate matrix, and
promoting microbial attachment. In combination with the intrinsic nutrient content of synthetic
wastewater, which serves as a shared resource for both plants and microorganisms, these
interactions establish a positive feedback loop in which microbial activity supports plant

growth and plant development, in turn, sustains microbial colonization [200,201].

Overall, the coexistence of sustained plant growth and active microbial communities
under mixed-pollutant loading demonstrates that the constructed wetland operated as an
integrated, mutually supportive ecological system. While plants did not function as primary
degraders of target pollutants, their structural and ecological roles amplified microbial self-
cleaning processes, contributing indirectly to system-level stability and long-term treatment

performance.

6.2.1.4 pH Behaviour in Wetlands

Weekly pH monitoring was conducted to assess chemical stability and, indirectly, to
track microbial metabolic activity within the constructed wetland units. Across all systems, pH
values remained within a moderately neutral range throughout the experimental period,
indicating the absence of extreme acidification or alkalization that could compromise microbial

or plant viability.

In the biologically active wetlands, pH increased gradually over time. Wetland A
(bacterial system) exhibited a steady shift from mildly acidic to near-neutral conditions,
consistent with sustained bacterial metabolic activity. Wetland B (fungal system) maintained a
relatively stable pH during early operation, followed by a more pronounced increase toward
the later stages of the experiment. Wetland C (combined fungal-bacterial system) displayed the
most stable pH profile, characterized by moderate adjustment and minimal fluctuation over the
full operational period. In contrast, the abiotic control wetland (Wetland D) showed a slight
decline in pH over time, reflecting the absence of active microbial metabolism and the
dominance of background physicochemical processes. Temporal monitoring of pH indicated
that all wetland systems maintained values within a narrow, near-neutral range throughout the

experimental period (Figure 53). Minor system-specific fluctuations were observed; however,
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no abrupt pH shifts occurred, indicating effective buffering and overall operational stability of

the wetland systems.
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Figure 53. Temporal variation in pH across different wetland systems over the

experimental period [157]

These pH trends indicate successful microbial acclimation and establishment within the
wetland matrix. The absence of abrupt pH excursions suggests that metabolic by-products did
not accumulate to inhibitory levels and that the combined buffering capacity of the synthetic
wastewater, substrate, and plant-microbe interactions was sufficient to maintain chemical
stability. Notably, the pH-modulated behaviour observed in the combined microbial system
suggests functional complementarity between fungal and bacterial metabolism, thereby

enhancing environmental buffering under mixed-pollutant conditions [202,203].

Taken together, plant growth patterns and pH stability provide converging evidence that
the constructed wetland systems transitioned successfully from start-up to stabilized operation
by Weekl, 4, and remained operationally stable through Week 7. Vegetative integrity,
sustained microbial viability under mixed-pollutant stress, and chemically stable conditions
confirm that the wetland functioned as an integrated ecological system rather than a fragile
laboratory setup. Establishing this stability is essential for interpreting pollutant removal

performance, as it confirms that subsequent reductions in contaminant concentrations can be
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attributed to active biological self-cleaning processes occurring within a mature and resilient

system rather than transient adaptation effects or system instability.
6.2.2 Removal Efficiency of Constructed Wetland System

The removal efficiency of selected target pollutants in the laboratory-scale constructed
wetland system was evaluated using Nuclear Magnetic Resonance (NMR) spectroscopy to
provide both quantitative and structural confirmation of biodegradation under wetland
conditions. The analysis focused on caffeine and methylparaben, which are sufficiently soluble
in deuterated solvents to allow reliable NMR detection, while trichlorocarbanilide (TCC) could
not be directly quantified due to intrinsic solubility constraints. Pollutant removal was assessed
at two stabilized operational stages: Week 4 and Week 7, representing intermediate and

advanced phases of wetland operation, respectively.

All systems were operated in batch mode; therefore, removal performance reflects time-
dependent biodegradation rather than hydraulic treatment efficiency. Wetland B (fungal
system) was maintained at 25 °C, Wetland A (bacterial system) at 37 °C, and Wetland C
(fungal-bacterial consortium) at 30 °C. These temperature differences were assessed by
comparing degradation kinetics, as microbial metabolic activity is strongly temperature-

dependent.

"HNMR (Figure 54) and '3C NMR (Figure 55) spectra were recorded using a Varian 400
MHz spectrometer. Chemical shifts in NMR spectra were referenced to tetramethylsilane
(TMS) and reported in parts per million (ppm). Samples were extracted, purified, and prepared
in deuterated chloroform as described in Section 4.3.5 to minimize interference from microbial

biomass, plant material, and wetland particulates.

NMR spectroscopy was selected because the relatively high influent concentrations used
in this study (100 mg L") provided sufficient signal intensity to track the disappearance of
parent compounds and assess structural transformation without pre-concentration. Importantly,
NMR enables direct discrimination between true biodegradation (structural loss of parent
signals) and apparent removal due to physical processes such as adsorption or dilution.
However, this approach is inherently unsuitable for highly hydrophobic compounds such as

TCC, whose insolubility in CDCls precludes reliable spectral detection.
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Figure 54. "TH NMR spectrum of combined pollutants (wetland D, control) [157]
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6.2.2.1 Performance of Wetland A (Bacterial Degradation - Pseudomonas

aeruginosa)

Wetland A, inoculated with Pseudomonas aeruginosa, demonstrated compound-
dependent degradation behaviour under batch operating conditions. Caffeine exhibited rapid
biodegradation, with complete disappearance of the characteristic proton signal observed by
week 4, indicating removal below the quantification limit of the 'H NMR method. This result
confirms that bacterial metabolism was highly effective for caffeine transformation within a

short treatment period.

Caffeine is a small, nitrogen-containing heterocyclic compound that is readily
bioavailable to bacterial cells. Its degradation by bacteria typically proceeds via N-
demethylation followed by oxidative transformations that channel intermediates into central
metabolic pathways [204,205]. The rapid loss of the parent caffeine signal in Wetland A
indicates that these intracellular enzymatic pathways were active and did not require prolonged

acclimation under the applied wetland conditions.

In contrast, methylparaben exhibited slower initial degradation in Wetland A. At week
4, removal reached 52.0%, with a residual NMR integral of 1.18. This comparatively lower
early-stage removal suggests that ester-containing aromatic compounds require additional
metabolic adaptation or enzymatic induction prior to efficient bacterial transformation. The
presence of an aromatic ring and ester functionality in methylparaben may necessitate
preliminary hydrolytic or oxidative steps before assimilation into bacterial metabolic pathways.
Nevertheless, by week 7, the complete disappearance of the caffeine and methylparaben proton

signals was observed, indicating removal below the analytical quantification limit (Figure 56).

The high overall degradation performance observed in Wetland A can be attributed to
the applied inoculation strategy and wetland design. Pseudomonas aeruginosa was selected
due to its documented metabolic versatility and ability to degrade aromatic and antimicrobial
compounds under aerobic conditions [206]. Prior to wetland inoculation, the bacterium was

cultivated in nutrient broth at 37 °C to obtain an actively growing culture.

The aerobic support for bacterial growth and metabolism enhances microbial substrate
interactions. Wetland A was equipped with a centrally positioned, bottom-mounted aerator

strip. This aeration configuration generated upward-directed airflow, inducing gentle
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circulation of the liquid phase from the base toward the upper regions of the wetland. The
resulting hydraulic movement improved oxygen availability within the porous media and
ensured uniform contact between bacterial cells, dissolved pollutants, and substrate surfaces.
In addition, successful adaptation to the nutrient conditions provided by synthetic wastewater
supported sustained microbial growth and metabolic activity throughout the experimental
period. Collectively, the combination of active inoculation, effective aeration, controlled
temperature (37 °C), and nutrient availability contributed to the high caffeine removal

efficiency and progressive methylparaben degradation observed in Wetland A.
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Figure 56. '"H NMR spectrum of wetland A (Pseudomonas aeruginosa), 7 weeks

[157]
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6.2.2.2 Performance of Wetland B (Fungal Degradation - Trametes versicolor)

Wetland B, inoculated with the white-rot fungus Trametes versicolor, demonstrated
strong removal performance for both target pollutants under batch operating conditions. At
week 4, caffeine removal reached 89.7%, with the 'H NMR integral decreasing from 2.52 in
the abiotic control to 0.26. Methylparaben exhibited a comparable removal efficiency of
89.4%, with its integral decreasing from 2.46 to 0.26. These results indicate that the fungal
wetland achieved rapid and effective attenuation of both compounds during the early treatment

stage (Figure 57).

The observed degradation behaviour is consistent with the known oxidative metabolic
capabilities of Trametes versicolor, which produces extracellular enzymes such as laccases and
peroxidases capable of initiating the transformation of aromatic and heterocyclic compounds
[207-209]. In particular, the efficient early-stage removal of methylparaben suggests effective
oxidative activation of the aromatic ester structure. Although caffeine is a smaller and more
water-soluble molecule, substantial removal was still achieved within four weeks, indicating

broad substrate accessibility under the applied wetland conditions.

Importantly, the caffeine degradation behaviour observed in Wetland B is consistent with
the results obtained during lab-scale fungal biodegradation experiments (Section 6.1.3),
where Trametes versicolor demonstrated efficient caffeine transformation under aerobic
conditions. The similarity in qualitative degradation outcomes across experimental scales
indicates that the fungal metabolic pathways identified at the lab scale remained functional

following integration into the constructed wetland system.

By week 7, the complete disappearance of both caffeine and methylparaben proton
signals was observed. The absence of detectable parent resonances indicates removal below
the quantification limit of the 'H NMR method. No persistent intermediate signals were
detected in the endpoint spectra, suggesting that transformation products did not accumulate at

detectable concentrations during the batch treatment period.

Overall, the performance of Wetland B confirms that the applied fungal inoculation and
wetland configuration were effective in sustaining oxidative activity and rapidly degrading

both target pollutants under batch conditions.
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Figure 57. "TH NMR spectrum of wetland B (Trametes versicolor) 7 weeks [157]

6.2.2.3 Performance of Wetland C (Fungal-Bacterial Consortium Degradation)

Wetland C, incorporating both fungal and bacterial components, demonstrated
compound-dependent degradation behaviour under batch operating conditions. For caffeine,
the characteristic proton signal disappeared completely by week 4, indicating removal below
the quantification limit of the '"H NMR method. This performance was comparable to that of
the bacterial monoculture, indicating that bacterial metabolism alone was sufficient for rapid
caffeine degradation and that the consortium provided no measurable kinetic enhancement

beyond the bacterial system.

In contrast, methylparaben exhibited intermediate degradation kinetics in the consortium
system. At week 4, removal reached 62.6%, exceeding the bacterial system's performance
(50.0%) but remaining below that achieved in the fungal wetland (89.4%). This pattern
indicates partial functional complementarity between fungal and bacterial processes rather than
strong synergistic enhancement. The consortium improved early-stage methylparaben removal
compared with bacteria alone, but it did not surpass the oxidative capability of the fungal

system during the initial treatment phase.

158



By week 7, the complete disappearance of both caffeine and methylparaben proton
signals was observed in Wetland C. The absence of detectable parent resonances indicates
removal below the quantification limit of the 'H NMR method. No persistent intermediate
signals were detected in the endpoint spectra, suggesting that transformation products did not

accumulate at detectable concentrations during the batch operation period (Figure 58).

The observed performance of Wetland C is consistent with the intended functional design
of the hybrid system, in which fungal extracellular oxidative activity and bacterial intracellular
metabolism operate in parallel. While the consortium did not accelerate caffeine degradation
beyond bacterial performance, it facilitated improved methylparaben attenuation compared to
the bacterial monoculture. These results demonstrate that the combined system supports
complementary degradation pathways; however, the extent of enhancement is compound-
specific and does not constitute universal synergistic behaviour under the tested batch

conditions [210-212].
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Figure 58. '"H NMR spectrum of wetland C (Pseudomonas aeruginosa + Trametes

versicolor) 7 weeks [157]
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The removal efficiencies for caffeine and methylparaben across wetland configurations

at Weeks 4 and 7 are summarized in Table 25.

Table 25. Removal efficiency of target pollutants in constructed wetlands based on 'H
NMR analysis

Wetland Caffeine | Caffeine | Caffeine | Caffeine | MeP MeP MeP MeP

Configuration | Integral | Removal | Integral | Removal | Integral | Removal | Integral | Removal
4w) 4W (%) | (TW) TW (%) | (4W) 4W (%) | (TW) TW (%)

Wetland D 2.52 — 2.52 — 2.46 — 2.46 —

(Control)

Wetland A 0.26 89.7% 0 100* 0.26 89.4% 0 100*

(Fungi)

Wetland B 0 100* 0 100* 1.18 52.0% 0 100*

(Bacteria)

Wetland C 0 100* 0 100* 0.92 62.6% 0 100*

(Fungi +

Bacteria)

* Complete disappearance of the characteristic proton signal, indicating removal below the quantification

limit of the '"H NMR method.

All biological wetlands exhibited complete disappearance of caffeine and methylparaben
signals by week 7, indicating removal below the quantification limit of the "H NMR method.
However, clear differences in degradation behaviour were observed during the earlier treatment
phase (week 4). Results for trichlorocarbanilide (TCC) are not reported, as the compound was
insoluble in CDCls and could not be reliably analyzed by 'H NMR under the applied analytical

conditions.

For caffeine, complete signal disappearance was observed by week 4 in Wetland A
(bacterial system, 37 °C) and Wetland C (consortium, 30 °C), whereas Wetland B (fungal
system, 25 °C) exhibited 89.7% removal, which was completely removed by week 7. The more
rapid caffeine degradation observed in the bacterial and consortium systems may reflect both
efficient intracellular bacterial metabolic pathways and operation at higher temperatures, which

generally enhance enzymatic reaction rates and microbial growth kinetics. Consequently, while

160




bacterial metabolism appears highly effective for caffeine degradation, the contribution of

elevated temperature cannot be excluded.

In contrast, methylparaben degradation exhibited a different kinetic pattern. Wetland B
(fungal system, 25 °C) demonstrated the highest week 4 removal (89.4%), followed by Wetland
C (62.6%) and Wetland A (50.0%). The superior early-stage performance of the fungal system
suggests that extracellular oxidative enzymes produced by Trametes versicolor effectively
initiated the transformation of the aromatic ester structure. Notably, despite operating at a lower
temperature, the fungal wetland achieved faster initial methylparaben degradation than the
bacterial system, indicating that enzymatic capability rather than temperature alone governed

degradation kinetics for this compound.

Because the systems were operated at different temperatures, the results should be
interpreted as comparative performance under defined operational conditions rather than
absolute biological superiority. Nonetheless, the data clearly demonstrate that caffeine is
rapidly biodegradable under bacterial and consortium conditions, methylparaben exhibits faster
initial transformation in the fungal system, and all biological configurations ultimately achieve

complete removal within seven weeks under batch operation.

The findings of this study were interpreted in light of several limitations. First, all
experiments were conducted under batch conditions; therefore, the results describe time-
dependent degradation behaviour and cannot be directly extrapolated to hydraulic treatment
efficiency or continuous-flow wetland performance. Second, the wetland systems were
operated at different temperatures (25, 37, and 30 °C), which showed few variations when
comparing degradation kinetics across configurations. As microbial activity is temperature-
dependent, observed differences in removal rates reflect the combined influence of microbial

metabolism and operating temperature rather than biological capability alone.

Additionally, the analytical approach was restricted to compounds soluble in CDCls;
consequently, highly hydrophobic pollutants such as TCC could not be evaluated using 'H
NMR and were excluded from comparative analysis. Degradation was assessed based on the

disappearance of parent compound signals.

Trichlorocarbanilide (TCC) degradation could not be directly monitored using NMR

spectroscopy due to its extremely low solubility in deuterated chloroform, resulting in the
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absence of detectable 'H or *C NMR signals across all wetland configurations and sampling
time points. This analytical limitation arises from the intrinsic chemical structure of TCC,
which comprises two chlorinated phenyl rings linked by a urea bridge, conferring high

hydrophobicity and poor compatibility with commonly used NMR solvents.

NMR spectroscopy is inherently better suited to relatively polar, structurally simple
compounds such as caffeine and methylparaben, whereas hydrophobic antimicrobial agents
such as TCC generally require chromatographic or mass-spectrometric techniques for reliable
detection and quantification. Consequently, TCC was excluded from NMR-based kinetic
evaluation in this study. This limitation underscores the necessity of a multi-analytical
approach for comprehensive assessment of pollutant fate in constructed wetlands, as
implemented elsewhere in this dissertation through the application of HPTLC for bacterial

degradation studies.

Although direct NMR-based evaluation of TCC was not possible, the rapid and effective
degradation of caffeine and methylparaben within the same wetland systems indicates
favourable conditions for microbial activity and organic pollutant transformation. Such
conditions are also relevant to the biodegradation of more persistent compounds such as TCC.
Previous studies have reported microbial transformation of TCC by both fungal and bacterial

communities under controlled and engineered conditions [168,213,214].

In constructed wetland environments, reported TCC removal efficiencies typically range
from 60 to 65%, with sorption to organic matter and porous media contributing substantially
to attenuation. However, reliance on sorption alone raises environmental concerns, as
transformation products such as carbanilide and dichlorocarbanilide have been detected in
surface waters at concentrations up to 615 ng L™". These products are commonly formed via
reductive dechlorination pathways and have been associated with endocrine-disrupting effects,
highlighting the importance of distinguishing between physical removal and true biochemical

transformation [215-217].

Within the context of this study, the absence of NMR-detectable TCC does not imply a
lack of removal; rather, it defines the analytical boundary conditions governing compound-
specific evaluation. The deliberate pairing of NMR spectroscopy for soluble pollutants with

chromatographic techniques for hydrophobic compounds strengthens the overall
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methodological framework of this thesis and ensures that conclusions regarding wetland self-

cleaning processes are grounded in chemical realism rather than analytical convenience.

6.2.3 Structural and Biological Insights from Wetland Porous Media

Scanning Electron Microscopy (SEM) was employed to qualitatively assess the surface
morphology of the wetland porous media and to examine microbial attachment following
system operation. The objective of this analysis was not to quantify microbial biomass, but to
evaluate whether the physical properties of the substrate supported stable microbial

colonization under mixed-pollutant wetland conditions.

SEM analysis was conducted using a Zeiss EVO MA 15 scanning electron microscope
operated under high-vacuum conditions with secondary electron detection. Prior to imaging,
samples were sputter-coated with a thin gold layer to enhance surface conductivity and image
resolution. Representative micrographs were acquired at multiple magnifications to capture

both overall surface texture and localized microbial accumulation.

SEM micrographs of the unused porous substrate (Figure 59a) revealed an irregular,
heterogeneous surface morphology characterized by microscale pores, crevices, cracks, and
angular edges. Such intrinsic surface roughness and porosity are advantageous in constructed
wetland systems, as they increase the available surface area for microbial attachment and create

protected micro-niches that can reduce microbial detachment due to hydraulic shear.

In contrast, SEM images obtained after wetland operation (Figure 59b, ¢, and d) showed
pronounced microbial colonization of the substrate surface. These images display extensive
coverage of pore walls and surface depressions by dense microbial aggregates, consistent with
the establishment of bacterial biofilms. Accumulation of extracellular polymeric substances
and clustered biomass within pore spaces indicates stable microbial attachment and retention

within the porous matrix.

Higher-magnification micrographs (Figure 59¢ and 59f) further revealed compact
microbial structures occupying intergranular regions and rough surface features. The
preferential localization of biomass at highly irregular regions of the substrate suggests that
surface roughness promotes physical anchoring and enhances access to nutrients transported

through the pore network. Together, these observations confirm that the porous media
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effectively support microbial growth by providing structurally favourable sites for biofilm and

fungal biomass development within the wetland system.

Although SEM does not distinguish between bacterial and fungal cells at this resolution,
the observed surface coverage is consistent with the bio-augmentation strategy employed in
the constructed wetlands. The images confirm that the porous media provided a stable physical
scaffold for microbial attachment, supporting sustained biological activity throughout the

experimental period.

Importantly, these structural observations align with the degradation results presented in
Section 6.2.2. The formation of stable biofilms on the wetland media likely contributed to the
enhanced and sustained removal efficiencies observed, particularly in the combined fungal-
bacterial system. By facilitating close contact between microorganisms, pollutants, and the
aqueous phase, the porous substrate plays a critical enabling role in the engineered self-

cleaning process.
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Figure 59. SEM images illustrating microbial colonization of porous media used in

the constructed wetland system [157]
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Overall, SEM analysis provides direct visual confirmation that the wetland media
supported durable microbial colonization under high pollutant loading. While not a quantitative
measure of activity, this structural evidence strengthens the mechanistic interpretation of
wetland performance by demonstrating that the system architecture was suitable for long-term

microbial stabilization rather than transient pollutant attenuation.

6.2.4 Evaluation of Pilot-Scale Wetland Self-Cleaning Performance

The pilot-scale constructed wetland experiments were designed to evaluate whether the
microbial self-cleaning mechanisms identified under controlled laboratory conditions remain
functional within a spatially structured, ecologically realistic treatment system. By integrating
biological stability indicators (Section 6.2.1), pollutant removal performance (Section 6.2.2),
and microstructural evidence of microbial attachment and stabilization within the wetland
matrix (Section 6.2.3), this section assesses the engineered wetland’s effectiveness, robustness,

and operational constraints as a self-cleaning platform.

Across all configurations, effective pollutant removal was not attributable to any single
system component, but instead emerged from the interaction between microorganisms, porous
support media, vegetation, and the aqueous matrix. Biologically compatible porous media
enabled microbial attachment and biofilm development, synthetic wastewater provided basal
nutrient availability, and plant-microbe interactions within the rhizosphere contributed to a
chemically and physically stable environment. This integrated system supported sustained
biodegradation under mixed-pollutant loading rather than short-term attenuation driven by

adsorption or dilution effects.

Operational stability indicators further confirm that the wetland systems transitioned
from initial acclimation to stabilized operation. Controlled pH evolution, consistent plant
growth, and microbial tolerance to combined pollutant stress were observed across bio-
augmented wetlands, indicating that biological activity remained resilient once establishment
was achieved. This stabilization was a prerequisite for reliable pollutant removal and

distinguishes sustained self-cleaning from transient degradation during start-up phases.

Among the evaluated configurations, wetlands inoculated with a fungal-bacterial
consortium consistently exhibited faster pollutant removal and greater operational stability than

monoculture systems. While fungal-only and bacterial-only wetlands ultimately achieved high
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removal efficiencies, they required longer adaptation periods and were more sensitive to
operational fluctuations. These results indicate that microbial composition influences not only

removal efficiency but also system robustness under stress conditions.

The enhanced performance of the consortium wetlands reflects functional
complementarity between microbial groups. Fungal communities contributed strong
extracellular oxidative activity, facilitating the initial transformation of structurally complex
compounds, while bacterial metabolism supported downstream degradation and mineralization
of transformation products. This functional partitioning reduced the accumulation of
potentially inhibitory intermediates and accelerated overall pollutant turnover at the system

level.

Microstructural analysis using scanning electron microscopy provided direct physical
evidence supporting these observations. Extensive microbial colonization within surface pores
and crevices of the wetland media confirmed that the porous matrix functioned as a stable
scaffold for long-term microbial attachment rather than a transient adsorption surface. The
persistence of biofilm structures is consistent with the sustained removal performance observed

over extended experimental periods.

Synthetic wastewater successfully supported microbial survival, adaptation, and
pollutant degradation across all bio-augmented wetlands, despite the absence of nutrient-rich
laboratory growth media. Stable performance under these conditions indicates that the
microbial communities were able to exploit the intrinsic nutrient content of the wastewater

matrix to maintain functional activity throughout the experimental timeframe.

Compound-specific analytical constraints were encountered during wetland-scale
evaluation. While caffeine and methylparaben were effectively monitored using solution-state
NMR, trichlorocarbanilide (TCC) could not be reliably tracked due to its hydrophobicity and
limited solubility in NMR-compatible solvents. This limitation reflects analytical constraints
rather than biological inefficacy and underscores the importance of aligning analytical

techniques with contaminant chemistry when evaluating wetland systems.

The use of complementary analytical approaches—NMR for soluble compounds and

chromatographic techniques for hydrophobic pollutants—represents a methodological strength
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of the study. The inability to monitor TCC by NMR at the wetland scale underscores the need

for multi-technique frameworks for comprehensive assessment of self-cleaning performance.

Complete exclusion of external microbial inputs was not feasible due to the inherently
open nature of wetland systems. Airborne and waterborne microbial ingress occurred despite
precautionary measures; however, this did not compromise system performance. Consistently
high removal efficiencies across bio-augmented wetlands indicate that the introduced microbial
communities established and maintained functional dominance within the wetland matrix, even

under ecologically realistic conditions.

The wetland experiments were conducted under batch operation with extended hydraulic
retention times, which differs from the continuous-flow operation typically employed in
constructed wetlands for wastewater treatment. While this operational mode enabled
evaluation of maximum degradation potential under controlled conditions, future studies must
address hydraulic optimization to balance treatment efficiency with throughput under
continuous-flow regimes. Nevertheless, the accelerated kinetics observed in consortium
systems suggest that effective self-cleaning may be achievable at reduced retention times

relative to monoculture wetlands.

Overall, the pilot-scale wetland experiments demonstrate that bio-augmented systems
can achieve stable, sustained removal of structurally diverse emerging contaminants under
mixed-pollutant loading. The observed performance reflects genuine biological self-cleaning
supported by microbial stabilization, functional complementarity, and appropriate system

architecture, rather than transient physicochemical processes.
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6.3 Overall Synthesis and Scale-up Implications

This dissertation investigated whether microbial self-cleaning processes can be
deliberately engineered through the rational selection of microorganisms, growth media, and
analytical strategies, and whether these processes remain effective when translated from
controlled laboratory systems to an ecologically structured constructed wetland. The integrated
findings across fungal, bacterial, and consortium-based configurations demonstrate that this
objective has been met, establishing a coherent framework linking microbial adaptation,

pollutant chemistry, analytical constraints, and system-level performance.

6.3.1 Functional Differentiation Between Natural and Anthropogenic Pollutants

A central outcome of this work is the clear functional differentiation observed between
natural pollutants (caffeine and nicotine) and anthropogenic pollutants (methylparaben and
trichlorocarbanilide). Natural compounds were preferentially transformed by fungal systems
characterized by extracellular oxidative metabolism, whereas anthropogenic contaminants
required bacterial or consortium-based pathways capable of targeting ester linkages, urea

bonds, and halogenated aromatic structures.

These results demonstrate that pollutant origin alone does not determine biodegradation
behaviour. Instead, molecular structure, functional groups, and bioavailability dictate the
biological strategy required for effective removal. This distinction provides a chemically

grounded basis for microbial selection in engineered self-cleaning systems.

The analytical framework employed in this study was therefore a necessary design
decision rather than a methodological convenience. Solution-state NMR proved effective for
monitoring soluble natural compounds at elevated concentrations, while HPTLC enabled
kinetic resolution of poorly soluble anthropogenic pollutants. The inability to track TCC using
NMR further reinforces the principle that analytical selection must follow contaminant

chemistry, with direct implications for future wetland monitoring and design.

6.3.2 Microbial Adaptation as the Foundation of Self-Cleaning Performance

Across all experimental scales, microbial adaptation emerged as the primary determinant
of degradation efficiency. Both fungi and bacteria exhibited defined tolerance thresholds under

mixed-pollutant exposure, yet retained functional activity following acclimation. Once
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adapted, microbial performance proved robust to moderate environmental variability,
indicating that adaptation outweighed individual physicochemical parameters such as pH or

temperature when considered in isolation.

Synthetic wastewater consistently supported microbial survival, growth, and pollutant
transformation across laboratory and wetland systems. This confirms that nutrient-rich
laboratory media are not a prerequisite for effective biodegradation and that microorganisms
can exploit simplified wastewater matrices without loss of function. This finding directly fulfils
the media-replacement objective defined in Chapter 3 and has practical implications for

engineered treatment systems where nutrient minimization is desirable.

6.3.3 Synergistic Microbial Interactions and Accelerated Degradation Kinetics

The most significant functional advance demonstrated by this work is the kinetic
advantage of fungal-bacterial consortia over monoculture systems. While individual fungi or
bacteria ultimately achieved high removal efficiencies, consortium systems consistently
compressed degradation timescales, achieving near-complete removal of caffeine and

methylparaben substantially earlier than single-organism treatments.

This behaviour is mechanistically consistent with a metabolic hand-off model, in which
fungal oxidative enzymes initiate transformation of complex molecules, and bacterial
metabolism completes downstream degradation and mineralization. Importantly, this
synergistic interaction was preserved during scale-up to the constructed wetland system,
indicating that microbial self-cleaning is not confined to highly controlled batch environments

but can persist within spatially heterogeneous, plant-supported systems.

6.3.4 Translation from Laboratory Systems to Constructed Wetlands

The constructed wetland experiments establish that microbial self-cleaning mechanisms
remain operational under increased ecological and structural complexity. Despite the presence
of porous media, vegetation, hydraulic gradients, and unavoidable external microbial inputs,
bio-augmented wetlands consistently outperformed abiotic controls and monoculture

configurations.

Indicators of system stabilization, including pH regulation, sustained plant growth, and

SEM-verified microbial attachment, confirm that the wetlands transitioned from acclimation
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to stable operation within the experimental timeframe. Although batch operation and elevated
pollutant concentrations represent a stress-testing scenario rather than a direct simulation of
full-scale wetlands, the results demonstrate proof-of-concept scalability of engineered

microbial self-cleaning.
6.3.5 Implications for Engineered Wetland Design and Future Application

Collectively, the findings of this dissertation support a shift from passive contaminant
attenuation toward actively engineered microbial self-cleaning wetlands. Key design
implications include:

(1) prioritizing functional microbial complementarity over taxonomic diversity,

(i1) employing simplified or synthetic wastewater matrices during system optimization,
(ii1) aligning analytical techniques with pollutant chemistry at the design stage, and

(iv) Integrating fungi and bacteria as structurally stabilizing and enzymatically versatile

components of wetland systems.

While further research is required to assess long-term performance under continuous-
flow conditions and real wastewater matrices, this study provides a robust scientific foundation
for such investigations. By demonstrating controlled, scalable, and chemically informed
microbial self-cleaning, this work establishes a transferable framework for treating emerging

contaminants in surface waters.

The integrated outcomes presented in this chapter define both the capabilities and
limitations of bio-augmented constructed wetlands and provide the basis for the conclusions

and future research directions presented in Chapter 7.
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Chapter 7: General Conclusions and Future

Perspectives

This doctoral thesis addressed the critical limitation of degrading and removing
recalcitrant emerging contaminants (ECs). Guided by the research objectives defined in
Chapter 3, the study systematically developed and validated a biomimetic constructed wetland
strategy capable of intensifying microbial self-cleaning processes under environmentally

relevant conditions.

The research progressed logically from controlled lab-scale biodegradation experiments
to a laboratory-scale engineered wetland system. Across these scales, the work demonstrated
that intentional integration of functionally complementary microbial systems, rather than
reliance on undefined native communities, provides a robust framework for enhanced pollutant
removal. Specifically, the enzymatic versatility of the white-rot fungus Trametes
versicolor and the metabolic resilience of specialized bacterial degraders (Alcaligenes-
Rhodococcus consortia at lab scale and Pseudomonas aeruginosa at wetland scale) were shown

to collectively enable efficient treatment of both natural and anthropogenic pollutants.
The principal scientific achievements of the thesis are summarized below.

7.1 Experimental Conclusions

7.1.1 Lab-Scale Evaluation of Microbial Biodegradation

Lab-scale experiments demonstrated that the white-rot fungus Trametes versicolor is
highly effective in degrading natural alkaloids under nutrient-limited aqueous conditions.
Caffeine and nicotine removal exceeded 97-98% under optimal conditions (25 °C, moderately
acidic pH), with effective degradation also maintained in synthetic wastewater and chemically
complex natural matrices. These results confirm that fungal systems can successfully adapt
from nutrient-rich laboratory media to wastewater-based environments and sustain

biodegradation using wastewater-derived nutrients alone.
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Bacterial degradation studies using Alcaligenes-Rhodococcus consortia confirmed
strong tolerance to high concentrations of anthropogenic pollutants. Trichlorocarbanilide was
completely removed within 120 h, while methylparaben achieved up to 89.1% removal.
Importantly, degradation performance in synthetic wastewater equalled or exceeded that
observed in nutrient-rich media at later stages, demonstrating that nutrient limitation can

enhance pollutant utilization following microbial adaptation.

Together, these findings validate synthetic wastewater as an active biodegradation matrix
that supports microbial growth and enhances contaminant degradation without external nutrient

supplementation.

7.1.2 Pilot-scale Evaluation of Microbial Biodegradation Performance

Laboratory-scale constructed wetlands planted with Phragmites australis successfully
supported wastewater-adapted fungal, bacterial, and combined microbial systems under mixed-
pollutant loading. All biological wetlands remained operationally stable for seven weeks,
maintaining near-neutral pH and sustained plant growth, confirming successful ecological

integration and system acclimation.

Pollutant removal exhibited compound-specific behaviour. Caffeine was rapidly
degraded in bacterial and combined systems, while fungal systems achieved complete removal
at later stages. In contrast, methylparaben degraded more rapidly in the early stages of the
fungal wetland, with the combined system displaying intermediate performance. All biological
configurations achieved complete removal of caffeine and methylparaben by Week 7. These
results demonstrate functional complementarity, with different microbial groups contributing

distinct advantages depending on compound structure.

7.2 Key Conclusions

Based on the integrated experimental evidence generated across lab-scale and wetland-

scale investigations, the following conclusions are drawn:

1. Microbial synergy and adaptation are essential for treating chemically complex
wastewater.
Fungal and bacterial systems perform distinct yet complementary roles in

biodegradation. Even more, a single microbial group alone was sufficient to achieve
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rapid and complete removal of chemically diverse contaminant mixtures. The
combined fungal-bacterial system consistently demonstrated superior performance,
confirming that engineered microbial synergy is a prerequisite for effective self-

cleaning of mixed-pollutant wastewater.

2. Environmental parameters critically govern system efficiency.
Temperature emerged as a dominant control variable, particularly for fungal activity.
The pronounced reduction in fungal performance at elevated temperatures
demonstrates that effective application of fungal-based systems requires operation
within mesophilic ranges or the incorporation of thermal management strategies in

engineered treatment units.

3. Microbial degradation can be stimulated wunder realistic conditions.
Contrary to the assumption that clean nutrient media inherently promote superior
biodegradation, synthetic wastewater matrices often enhanced specific degradation
rates. This effect is attributed to nutrient limitation, which forces microorganisms to use
target pollutants as primary or secondary substrates for survival. These findings validate
the use of synthetic wastewater as a realistic and informative model for evaluating

biodegradation performance under environmentally relevant conditions.

4. Biomimetic constructed wetlands represent scalable treatment platforms
The successful transition from 250 mL lab-scale systems to 30 L laboratory-scale
constructed wetlands demonstrates the scalability of the proposed biomimetic
approach. The engineered wetland configuration effectively stabilized microbial
communities, prevented biomass washout, and sustained biodegradation under high
contaminant loading, indicating its suitability as a foundation for low-energy-input,

scalable wastewater treatment applications.

7.3 Contribution to Knowledge and Significance of the Study

This doctoral research makes several original and significant contributions to the fields
of environmental biotechnology and constructed wetland engineering, particularly regarding

the degradation of emerging contaminants in polluted surface waters.

First, this study demonstrates that microbial self-cleaning can be intentionally engineered

and intensified by integrating functionally complementary fungal and bacterial degraders.
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While previous studies have reported isolated biodegradation by either fungi or bacteria, this
work provides systematic, multi-scale evidence that functional complementarity between
microbial groups enhances treatment robustness and contaminant coverage under mixed-
pollutant  conditions. The integration of Trametes  versicolor and Pseudomonas
aeruginosa established a reproducible framework in which fungal extracellular oxidative
processes facilitate initial transformation of complex compounds, while bacterial metabolism

supports further degradation under wastewater-relevant conditions.

Second, this research advances conceptual understanding of wastewater as an active
biodegradation matrix rather than a passive pollutant carrier. The use of synthetic wastewater
was not limited to experimental convenience; rather, it served as a realistic and mechanistically
informative model of polluted surface water. The observed enhancement of pollutant removal
in synthetic wastewater compared to clean nutrient media demonstrates that nutrient-complex
wastewater environments can actively stimulate microbial degradation by forcing
microorganisms to utilize target pollutants within a competitive matrix, rather than relying on

simplified laboratory substrates.

This finding represents a key conceptual contribution: polluted wastewater can
simultaneously serve as both a nutrient source and a driver of degradation. By exploiting the
intrinsic nutrient content of wastewater, microbial systems can be designed to support both
microbial growth and pollutant removal without reliance on external nutrient supplementation.
This approach directly supports the development of cost-effective, energy-efficient, and
environmentally sustainable treatment strategies for wastewater streams contaminated with

high concentrations of multiple pollutants.

Third, this study provides a validated scale-up pathway from lab-scale biodegradation
experiments to a laboratory-scale biomimetic constructed wetland. The successful transition
from batch experiments to an engineered wetland ecosystem demonstrates that enhanced
microbial self-cleaning is not limited to controlled laboratory systems but can be stabilized
within porous media, plant-associated environments, and mixed-pollutant conditions. This
establishes a defensible bridge between mechanistic biodegradation studies and practical

wetland-based treatment systems.

Finally, the analytical framework developed in this work constitutes an additional

methodological contribution. The combined use of FT-IR for qualitative confirmation, qNMR
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and NMR spectroscopy for quantification and removal assessment, and HPTLC for time-
resolved biodegradation analysis enabled reliable monitoring under high pollutant loading and

clearly defined compound-specific analytical limitations.

Overall, this thesis contributes both mechanistic insight and applied relevance,
establishing wastewater-adapted microbial self-cleaning as a scalable, low-input, and
biologically driven treatment strategy. The findings provide a strong scientific foundation for
future implementation of bio-augmented constructed wetlands in the treatment of polluted

surface waters and high-strength wastewater systems.
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Chapter 8: Conclusions

Based on the laboratory studies and experiments conducted in the constructed wetland

system, the following conclusions can be drawn:

It is possible to develop and validate a strategy for enhancing the self-purification of surface
waters based on the deliberate selection, adaptation, and integration of microorganisms

capable of degrading caffeine, nicotine, methylparaben, and triclocarban.

1. The targeted enhancement of microbial self-purification processes leads to more
efficient removal of selected contaminants compared to natural attenuation processes.

2. The white-rot fungus Trametes versicolor demonstrated high efficiency in
the biodegradation of natural alkaloids under nutrient-limited conditions, achieving
more than 97-98% removal of caffeine and nicotine under optimal environmental
conditions.

3. Bacterial consortia (Alcaligenes—Rhodococcus and Pseudomonas aeruginosa)
exhibited high tolerance to anthropogenic contaminants and the ability to effectively
degrade compounds such as triclocarban and methylparaben.

4. The integration of fungal and bacterial systems within a single treatment system
resulted in complementary metabolic activity, enabling more effective removal of
contaminant mixtures with different chemical structures.

5. The composition and availability of nutrients in synthetic wastewater can stimulate
biodegradation processes, as the limitation of easily assimilable carbon sources
promotes the utilization of contaminants as metabolic substrates.

6. Temperature and other environmental parameters significantly influence
biodegradation efficiency, with fungal activity being particularly sensitive to increases
in temperature above the mesophilic range.

7. Biomimetic constructed wetland systems planted with Phragmites australis enable
stable functioning of contaminant-degrading microorganisms and effective removal of
the studied compounds under environmentally relevant conditions.

8. Scaling the system from laboratory experiments to a wetland configuration confirmed
the feasibility of practical implementation of the proposed strategy for microbial

enhancement of self-purification processes.
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9. The developed concept of bioaugmented biomimetic wetlands represents a promising,
low-energy and scalable solution for supporting the treatment of contaminated surface

waters and wastewater containing mixtures of anthropogenic pollutants.
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Figure 39. D Overlain UV spectra of standard Paraben and corresponding band in the

sample for peak purity, AU denotes absorbance units

Figure 40. Comparison of HPTLC visualization modes (visible light, UV 254 nm, and UV
366 nm) for methylparaben analysis, demonstrating superior band clarity and contrast

at 254 nm, which was therefore selected for all subsequent degradation profiling

Figure 41. MeP TLC plate under 254nm UV light with standard, controls, and

degradation results

Figure 42. Densitogram of the MeP TLC plate including standard, controls, and

degradation results. AU denotes absorbance units, and Rf represents the retention factor

Figure 43. (a) C/C0 vs. time plots for paraben degradation, (b) Degradation comparison

between SWW and NB, (c¢) In(C/C0) vs. time plots for paraben degradation

Figure 44 . Overlain UV spectra of standard TCC and corresponding band in the sample

for peak purity, AU denotes absorbance units

Figure 45. Comparison of HPTLC visualization modes (visible light, UV 254 nm, and UV

366 nm) for trichlorocarbanilide (TCC) analysis, demonstrating superior band clarity
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and contrast at 254 nm, which was therefore selected for all subsequent degradation

profiling

Figure 46. TCC TLC plate under 254nm UV light with standard, controls, and

degradation results

Figure 47. Densitogram of the TCC TLC plate including standard, controls, and

degradation results, AU denotes absorbance units, and Rf represents the retention factor

Figure 48. (a) C/C0 vs. time plots for TCC degradation, (b) Degradation comparison
between SWW and NB, (c¢) In(C/C0) vs. time plots for TCC degradation

Figure 49. Degradation of paraben and TCC in NB and SWW over time

Figure 50. Daily mycelial growth rate (cm day™) of Trametes versicolor exposed to
increasing concentrations of a mixed-pollutant cocktail (caffeine, methylparaben, and
trichlorocarbanilide) at 25 °C

Figure 51. Daily net change in bacterial colony counts (colonies day™) under increasing
concentrations of a mixed-pollutant cocktail (caffeine, methylparaben, and

trichlorocarbanilide) at 37 °C

Figure 52. Weekly plant growth rate (cm week™) in Wetland A-D calculated from

changes in plant height between consecutive weeks

Figure 53. Temporal variation in pH across different wetland systems over the

experimental period

Figure 54. 1H NMR spectrum of combined pollutants (wetland D, control)

Figure 55. 13C NMR spectrum of combined pollutants (wetland D, control)

Figure 56. 1H NMR spectrum of wetland A (Pseudomonas aeruginosa) 7 weeks
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Figure 57. 1H NMR spectrum of wetland B (Trametes versicolor) 7 weeks

Figure 58. 1H NMR spectrum of wetland C (Pseudomonas aeruginosa + Trametes

versicolor) 7 weeks

Figure 59. SEM images illustrating microbial colonization of porous media used in the

constructed wetland system
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