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Abstract

The increasing use of antibiotics in healthcare settings has led to the presence of antibiotic
residues in hospital wastewater, posing significant environmental and public health risks.
These residues contribute to the development of antimicrobial resistance (AMR), disrupt
aquatic ecosystems, and may contaminate drinking water sources, particularly in regions
with inadequate wastewater treatment systems. This study investigates the occurrence,
concentration patterns, and environmental risks of six widely used antibiotics:
Ciprofloxacin (CIP), Gentamicin (GEN), Oxytetracycline (OXY), Erythromycin (ERY),
Ceftriaxone (CEF), and Norfloxacin (NOR) in hospital wastewater collected from two
major tertiary healthcare facilities in Ibadan, Nigeria. Antibiotic concentrations were
quantified using High-Performance Liquid Chromatography (HPLC), while Statistical
techniques, including one-way Analysis of Variance (ANOVA), correlation analysis, and
Principal Component Analysis (PCA), were employed for data interpretation. All six
antibiotics were detected in 100% of the samples, confirming widespread and sustained
discharge into the environment. The mean concentrations recorded fér"Adeoyo Memorial
Teaching Hospital (AMTH) were: (CIP) 41.09 £ 6.22, (GEN) 52,69 £%.55, (OXY) 41.47
+20.30, (ERY) 1.67 £ 0.30, (CEF) 7.54 £ 0.55, and (NOR) 13el9¥.69 while the mean
concentrations recorded for Ring Rod State Hospital (RRSH) were: (CIP) 77.09+ 9.04,
(GEN) 78.87 = 12.49, (OXY) 41.66 + 13.58, (ERY) 25.58 £119.02, (CEF) 8.73 + 2.27,
and (NOR) 34.66 + 1.73Ciprofloxacin and Gentamicitnwere the most prevalent across
both hospitals. At the same time, Erythromycin exhibited high variability, particularly in
the labor and gynecology wards of Ring Road Stat€ Hospital. Statistical analysis revealed
significant differences (p < 0.05) in antibiotic coficentrations across various hospital units.
PCA and cluster analysis highlighted distinct(hespital-specific discharge profiles, with
samples from Ring Road State Hospital\shewing notably higher antibiotic loads. Risk
Quotient (RQ) assessments indicated that all six antibiotics posed moderate to very high
ecological risks, with RQ values exCegding 1000 for Ciprofloxacin and Gentamicin in
some sampling locations. Thesedimdings are consistent with recent global reports and
highlight the urgent need foi doealised interventions, including the development of
hospital-based wastewater tieatment facilities, enhanced antibiotic stewardship programs,
and regulatory oversight. <l he'study concludes that untreated hospital effluents are critical
point sources of pharmadeutical pollution and potential hotspots for the propagation of
antibiotic resistance,\necessitating integrated environmental management strategies and
proactive public didalth policies.

Word CGount: 300

Keyweords: Antibiotic, Hospital Wastewater, Antibiotic Residues, Antimicrobial
Resistance.



Table of Contents

Content

Title page

Certification

Dedication

Acknowledgement

Abstract

Table of Contents

List of Tables

List of Figures Q

List of Acronyms Q

CHAPTER ONE: Introduction bbe
()

1.1 Background of the Study

1.2 Statement of the Problem . ’&\
1.3 Justification of the Study \C-)\

1.4 Aim and Objective$§ ¢ Study

1.5 Significance (ﬁ@%dy

1.6 Scopesof dy

1.7 Lir@ions of the Study

1. inition of Operational Term
Endnotes

CHAPTER TWO: Literature Review

2.1

2.2

Emerging Contaminants

Pharmaceutical and Personal Care Products (PPCPs)

2.2.1 Types and Effects of PPCPs

vi

Q.

Page

il

L

xi
Xii

Xiii

13
15

15



2.2.2 Sources and Concentrations of PPCPs in the Environment 16

2.2.3 Health Impacts of Pharmaceutical and Personal Care Products

(PPCPs) 18

2.2.3.1 Impact on Human Health 18

2.2.3.2 Impact on the Environment and Ecosystems 19

2.3 Drugs/Pharmaceuticals &

2.3.1 Pharmaceutical Waste: An Overview OQZZ

2.3.2 Classification of Pharmaceutical Waste Q/ 22
/\

2.3.3 Sources of Antibiotic Waste in the Environment

2.3.3.1 Domestic Sources 0 s 23

2.3.3.2 Hospital Sources Q 23

2.3.3.4 Other General Sources 24

2.3.3.3 Pharmaceutical Manufacturing &Q 24
2.4 Antibiotics ’\%\ 24
2.4.1 Antibiotics in Aquatic S)@ 24
2.4.2  Sources of Antibidl@QJ 25

2.4.2.1 Domestic Wa\@%r 25
2422 Hospéj@nts

25
2423 S%hterhouse Wastewater 26
2. rface Runoff 27
2.6 Effects of Antibiotics in Wastewater 27
2.6.1 Development of Antibiotic Resistance 28
2.6.2  Emergence of New Infections 28
2.6.3. Impacts on Immunity 28

2.7 Strategies for the Removal of Antibiotics 29

vii



271 Membrane Technologies
2.7.1.1 Biological Aerated Filter (BAF)
2.7.1.2 Ultrafiltration (UF)

2.7.1.3 Microfiltration (MF)

2.7.1.4 Nanofiltration (NF)

2.7.1.5 Reverse Osmosis (RO)

2.7.2  Adsorption Techniques

2.8 Recycling Strategies

2.9 Hospital Wastewater (HWW)

2.9.1 Composition and Formation of Hospital Waste

2.9.1.1 Bacteriological Composition
2.9.1.2 Heavy Metal Composition

2.9.1.3 Pharmaceutical Residues

Q
Q
’bgb

/\
O
<

29

29

30

30

30

2.9.2 Concentration of Pharmacg\‘a\(esidues in Hospital Wastewater 35

2.9.3 Environmental Impact@bspital Wastewater

Q

2.9.3.1 Ciprofloxacin (CI
2.9.3.2 Norfloxacin )

2933 Gent@}EN)

2.9.3.4 Oxvytetracycline (OXY)

2. 3.&thr0mycin (ERY)
2.9.3.6 Ceftriaxone (CEF)

2.10  Overview and Implications
Endnotes

Chapter Three: Methodology

3.1 Study Area Description

viii

38

38

39

39

40

40

40

42

61



3.2 Sample Collection and Pre-treatment

33 Reagents and Chemicals

3.4. Glassware Cleaning

3.5  Extraction and Cleanup Procedure

3.6  Instrumental Analysis and Physicochemical Parameters

3.7  Preparation of Standard Solution

3.8  Antibiotic Residue Detection

3.9 Standard Curve and Detection Limit

3.10 Recovery Efficiency 0
3.11 Environmental Risk Assessment Q$
3.12  Human Health Risk Assessment Q

3.13  Data Analysis b’bQ

Endnotes

Chapter Four: Results and Dlscuss;\’}mdmgs

4.1

4.1.1

Physicochemical Propert1®iosp1tal Wastewater

pH Value

4.1.2 Electrical Corﬂb%y (EC)

4.1.3 Total Su Solids (TSS)

4.2

Di%sion of Findings

4.@&0&0 Residue Levels

4.2.2 Statistical Analysis

4.2.3 Multivariate Analysis

4.2.4 Health Risk Assessment

Endnotes

62

64

64

65

66

77

77

77

78

88

88

90

91

91

93



Chapter Five: Conclusion

5.1 Summary of Findings 96
5.2 Conclusion 97
53 Recommendations 97
54  Contribution to Knowledge 97
5.5 Suggested Areas of Further Study 8

Bibliography QQI 0

Appendix &
Biodata 0 150
The University Compliance Certification Q s 153



Table

3.1

3.2

33

4.1

4.2

4.3

4.4

4.5

4.6

4.7

List of Tables

Title Pages
Sampling Locations and Facility Functions 63
Sample Collection Points in Relation to Hospital Wards 63
Parameters Used in Environmental Risk Assessment (ERA) 72

Physicochemical Characteristics of Hospital Wastewater

I

8
Mean £ SD Concentration of Antibiotic Residues Detected in %
Hospital AMTH and RRSH ( 0 9

Correlation Matrix of Average Antibiotic Concentratiﬁ\

by Source 80
Analysis of variance results of Antibiotic Co ﬁ)n across the
Wastewater Sources 6 82
Principal Component Analysis (PCA) he:Antibiotic

Concentration fb 83
Health Risk Assessment of% 1cs in HWW 86
Z-score > +2 or < -2 Typi % Indicates Anomalous or

Extreme Values. '\ 87

&

N

S

\/@b

Xi



Figures

4.1

4.2:

4.3:

List of Figures
Title Page

Correlation Matrix of Average Antibiotic Concentrations
by Source 81

Dendrogram hierarchical cluster illustrating the similarity

patterns among the wastewater sources based on their
antibiotic concentration profiles.

PCA Biplot- Antibiotic Loadings and Source Scores Q‘&

xii



Abbreviation

AF

ADMH

AMR

ARB

AOQOP

BAF

BOD

CIP

CEF

EC

EMEA

GEN

HPLC

HRA

HWW

List of Acronyms

N
&
3

MF (:\\%

NF b
NQ{/QJ%
OXY

OPD

PPCPs

PNEC

PTFE

Meaning
Assessment Factor
Adeoyo Maternity Teaching Hospital
Antimicrobial Resistance

Antibiotic Resistance Bacteria \
R
O
Biological Oxygen Deman 6\
Ciprofloxacin Q%
Ceftriaxone Q

Emerging C\(‘ot@lant
Euro@edicines Agency
o

icin

Advanced Oxidation Process

Biological Aerated Filter

igh-Performance Liquid Chromatography
Human Health Risk Assessment
Hospital Wastewater
Microfiltration
Nanofiltration
Norfloxacin
Oxytetracycline
Outpatient Department
Pharmaceutical and Personal Care Products
Pharmaceutical and Personal Care Products

Polytetrafluoroethylene

Xiii



RQ Risk Quotient

RO Reverse Osmosis

RRSH Ring-Road State Hospital

SPE Solid-Phase Extraction

TSS Total Suspended Solids

UF Ultrafiltration \
WWTP Wastewater Treatment Plant Q

O

Xiv



Chapter One

Introduction
1.1 Background of the Study
In recent times, pharmaceuticals have seen extensive use in both human medicine and
animal care. These substances are known for being persistent in the environment,
widespread, and potentially hazardous'. The discharge of pharmaceuticals and their
metabolic by-products into water bodies has raised growing concern due to otential
effects on ecosystems and human health. These compounds, due to their bioagtive nature,
harm organisms that were not intended targets of the drugs®>. Q
One major source of pharmaceutical contamination is thesdirect discharge of untreated
wastewater from hospitals, clinics, and health centers ir@arby rivers, especially where
sewer systems are lacking®. Globally, hospitals ff@Qs,ldered significant contributors to
environmental pollution, because they use,l olumes of medicines annually. Hospital
wastewater (HWW) contains ha?g\l‘kstances such as pharmaceutical residues,
chemicals, and multidmg-resista@teria, which can significantly impact both human
health and the surrounding'QQNQo{lment“’5
Among healthcare-g er% waste, HWW 1is a major concern due to its content of
persistent an 'o@bstances. When not properly managed, these substances can seep
into surfa%n groundwater systems, posing serious threats. The HWW is also a key
sou&@mtibiotic pollution, prompting growing international attention regarding its
treatment and management’. Wastewater from hospitals is usually channeled to
centralised treatment plants without prior on-site processing, allowing certain antibiotic-
resistant microorganisms to survive and spread through discharge pathways into the

environment. Antibiotics, although essential for treating infectious diseases, are pollutants



that can exert selective pressure on bacterial populations, promoting the development of
resistant strains’.$%10.11,

Antibiotics are categorised into different groups based on their chemical structures, such
as aminoglycosides, macrolides, sulfonamides, and B-lactams. Commonly used antibiotics
like tetracyclines, macrolides, and sulfonamides are frequently found in medical and
veterinary settings'>!?. Penicillin, a well-known B-lactam, includes naturally (&rring
variants and synthetic versions used to treat a variety of infections. Antibioti e often
detected in effluents, sediments, soils, and even food, and their accw@ in aquatic
life can result in biodiversity loss!®!3. Q

Beyond ecological damage, antibiotic contamination can d@ﬁ)d chains, reduce soil
fertility, and increase the risk of antibiotic resistancem.@ena may become resistant by
modifying drug targets, breaking down the dru G@Qmping it out of their cells—all of
which are enabled by genetic mutations. ngme, antibiotic resistance genes (ARGs)
have spread among both harmﬁil \xrmless bacteria, especially in wastewater
treatment plants, where diverseé;eria and contaminants interact. These sites have
become breeding grounds® @antibiotic-resistant bacteria (ARBs), such as methicillin-
resistant Staphylococ eus and vancomycin-resistant Enterococci!”18:19:20

Hospitals are M to accumulate high amounts of both antibiotics and antibiotic-
resistant p@gens. For instance, Acinetobacter baumannii and Citrobacter freundii have
sh%&tance to multiple drugs?!?2. Moreover, the horizontal transfer of resistance
genes among bacteria has worsened the risk. Without adequate treatment, the release of
ARBs and ARGs from hospital effluent increases the risk of environmental and public
health issues?*»?*?°, The proliferation of ARGs in the environment has become a global
concern, driven by widespread antibiotic use in medicine, agriculture, and animal

breeding. Research has shown that hospital wastewater carries significant concentrations



of antibiotic residues and bacteria, fostering an environment conducive to resistance
development. Compared to municipal wastewater, HWW is more prone to spreading
ARGs?%?7,

Hospitals are generally categorised into primary, secondary, and tertiary levels based on
the range and complexity of care they provide. Primary hospitals offer basic services,
while tertiary hospitals deliver specialised treatments?®?, Differences in scale, services,
bed capacity, and wastewater management practices among these hospitals@esult in

varying levels and types of contamination in their wastewater. Additionally, antibiotics

are sometimes grouped by generation, such as the first thrO generations of

30.3

cephalosporins, based on their activity and resistance proﬁlQ
1.2 Statement of the Problem Q
The environmental implications of antibioti l@% attracted increased scrutiny™.
Hospitals are recognized as major contribu antibiotic pollution, with a variety of
antibiotics from both human an.d s\%ﬁary use being detected in water bodies
worldwide**. Antibiotics enter a@ environments from numerous sources, including
pharmaceutical industries,” @101pa1 wastewater, agriculture, aquaculture, and landfill
leachate. Within municipal systems, hospital effluent represents a significant source of
antibiotic co '@n. Centralised treatment facilities often receive this effluent, but
many antil@cs are not fully broken down and can persist in the treated water. The rising
an o@;b unregulated use of antibiotics in healthcare has amplified concerns over
pollution from hospital wastewater.

Many hospitals operate their own treatment facilities, but even treated wastewater may be
discharged into the environment or municipal systems, still containing harmful residues.

However, examining such independent treatment systems is essential to understanding the

potential ecological and public health risks posed by the discharge of clinical antibiotics.



1.3 Justification of the Study
Hospital wastewater contains antibiotic residues that can contaminate drinking water
sources and foster the development and spread of antimicrobial resistance (AMR)?. This
occurs through the transmission of resistant bacteria and their genes. Conventional
wastewater treatment systems are often inadequate at eliminating these contaminants,
thereby increasing exposure risks3+33-36,
There is a pressing need to evaluate the health risks associated with antibiotj dues in
wastewater, especially as research in this area remains limited. This study\aims to fill that
gap by providing scientific insights that could guide improv@xt in wastewater
treatment practices, inform policy decisions, and support g@%ﬁs to mitigate AMR.
The results are expected to contribute to evidence- regulation and safer water
resource management. ber
1.4 Aim and Objectives of the Study fb
The aim of the study is to evaluate f@ntration of antibiotics in hospital wastewater
from selected tertiary hospitals in@n. The objectives are to:

I.  identify the types of-dnfibiotics present in the wastewater.

II.  measure the cb@%ﬁon of these antibiotics.
III.  assess h@‘ronmen‘[al and health risks posed by these antibiotics in effluent

fro@n-site treatment systems.

1.@2“1% of the Study
Hospitals produce both solid and liquid waste, which must be carefully monitored and
treated to prevent adverse environmental and health impacts. Improperly treated

wastewater can carry hazardous substances, including antibiotic residues, which pose a

serious concern due to their resistance to standard treatment methods.



This study is particularly important because it evaluates the environmental risks of
antibiotics in treated hospital effluent. It addresses the growing issue of antibiotic-
resistant bacteria and aims to contribute to safer wastewater management practices in
healthcare settings.

1.6 Scope of the Study

The study was carried out at selected general hospitals in Ibadan. It involved ﬁeld&veys,
collecting samples from hospital effluent systems, analyzing the samples in oratory
for antibiotics and their levels, and analyzing the data statistically. asQV} er samples

were taken from two different hospitals at shallow points in @t ent systems to

show pollution patterns and evaluate environmental risks. 0

1.7 Limitations of the Study Q

This research was limited to selected local gove n%%ospitals within Ibadan, Oyo State.
1.8 Definition of Operational Terms fb

Antibiotics: Drugs used to treat bac.t%r'\‘%ctions in humans and animals.

Antibiotic Resistance: The abili@bacteria to survive exposure to antibiotics that once

killed them. . \AQ’

Antibiotic Resistan&»@?es (ARGsS): Genetic components that allow bacteria to resist
antibiotics. " ’\\,

Antibioti%sistant Bacteria (ARBs): Bacteria that have adapted to withstand
an@ reatment.

Bioaccumulation: The process through which contaminants build up in the tissues of
living organisms.

Contaminants: Harmful substances in the air, water, or soil.

Effluents: Liquid waste discharged from treatment plants or industrial processes.



Endocrine Disruptors: Chemicals that interfere with hormonal systems in humans and
animals.

Health Risk: The probability of adverse health effects due to environmental hazards.
Micropollutants: Tiny pollutants, such as pharmaceuticals and pesticides, found in water.
Pharmaceuticals: Medicinal products used to prevent or treat disease in humans and
animals. \
Pollutants: Harmful agents that degrade environmental quality. Q
Pollution: The presence of contaminants that harm the environment an 1@ organisms.
Risk Assessment: A method for evaluating the potential risk@cular activity or

exposure. Q

Toxicity: The degree to which a substance can cause ha@

Endnotes
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Chapter Two
Literature Review

2.1 Emerging Contaminants

Emerging contaminants (ECs) refer to both naturally occurring and synthetic chemicals
introduced into the environment through various medical, industrial, and domestic uses'.
Contrary to the common assumption that these are newly developed substances, many
ECs have existed in the environment for a long time?. They typically occu, Qery low
concentrations often in micrograms or nanograms per literrnalsi{ heir detection
historically difficult due to limitations in analytical technology>. Q

Recent advancements in instrumentation and detection met sﬁ improved the ability
to identify ECs even at trace levels*. However, the dive@ources and pathways through
which ECs enter the environment complicate d@nitoring and quantification®. By
2004, more than eight million syntheti atural chemicals had been identified
globally, yet only 126 were liste.d krity pollutants by the U.S. Environmental
Protection Agency (EPA), and JQKQ% were regulated. As of now, the CAS Registry of
the American Chemical So't@%s cataloged over 180 million chemical substances, with
new compounds conﬁ@%being developed®’. Research has increasingly detected ECs
in various e i%m tal compartments such as water, sediment, and biota often in
concentrat@ ranging from nanograms to micrograms per liter. These contaminants,
fre% referred to as "emerging micropollutants," are largely unregulated despite their
potential environmental risks®>*!°, In 2000, the European Union identified 33 priority
pollutants in surface waters, which were to be phased out to protect aquatic ecosystems.
By 2007, more compounds, including pharmaceutical and personal care products
(PPCPs)'!, had been added to this list, many of which are endocrine disruptors or even

carcinogenic. The main classes of ECs include industrial chemicals, pesticides, and
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PPCPs. PPCPs form a significant portion due to their widespread use in healthcare and
daily hygiene!2. The European Union has recorded over 3,000 pharmaceutical compounds,
with their usage increasing globally. Developing regulatory frameworks for PPCPs
remains a challenge, as does understanding their environmental distribution!*!4. PPCPs
have gained attention for several reasons: Their presence is becoming increasingly
widespread; They pose serious risks, such as endocrine disruption, toxicity, and the
development of antibiotic-resistant bacteria; Enhanced analytical tools no le their
detection at extremely low levels?%!>16, Traditional wastewater treatm nt%ts (WWTPs)

are often ineffective at fully removing PPCPs. These cots typically enter

WWTPs via domestic sewage, pharmaceutical manufactuging, improper disposal'”.
Their stable chemical structure makes them resistant toegradation, enabling them to
persist in the environment, including in soil V\&% dge is applied as fertilizer or in
water bodies where effluent is dischargedg%g.rb

N

risen. Studies show that even mif& amounts can affect drinking water quality, aquatic

Although PPCPs have long existed in @ironment, their concentrations have recently

life, and human health. Lo rm exposure to PPCPs and their byproducts, even at low
levels, may result in@?ic health effects, though much remains unknown?%2'22, To
address this, | ﬁﬁ&ﬁﬂial to improve or redesign wastewater treatment technologies to
effectively@nove PPCPs. These pollutants reach the environment via leaking sewage
sy en%fgﬂuent discharge from WWTPs, hospitals, industrial waste, landfill leachate,
and agricultural runoff. Conventional treatment processes like adsorption and ozonation
are not always effective.

The increasing human population, particularly in urban areas, will likely lead to higher
levels of ECs. Monitoring and regulation are essential because ECs are toxic,

bioaccumulative, and environmentally persistent. However, tracking their presence
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remains challenging due to their trace concentrations and the limitations of existing
detection technologies’.

2.2 Pharmaceutical and Personal Care Products (PPCPs)

Pharmaceuticals include prescription, over-the-counter, and veterinary drugs used to treat
and prevent diseases, while personal care products encompass items used for hygiene and
beauty. Together, PPCPs form one of the largest groups of emerging contamlnants

In recent years, the unintended presence of PPCPs in aquatic systems s water,
sediment, and organisms has raised environmental concerns. ’l< canual and
widespread use in both human and veterinary contexts their persistent
introduction into the environment. Most PPCPs can induc §g1cal changes at low
concentrations, categorizing them as biologically active pounds capable of disrupting
natural biological processes*?'. Though some C&%tay degrade in the environment,
their constant introduction makes them "pse ersistent." They are frequently detected
in water systems worldwide, necgss%g ongoing research into their environmental
behavior and effects. Numerous@es have examined their occurrence, toxicity, and
possible removal methods® 2LA%eported concentrations include: Ibuprofen: 19.2 pg/L in
surface water; 1 38@? in wastewater, Dieldrin: 1.51 g/L in surface water,

Acetaminoph "\ﬁ Amoxicillin:  0.0058-1.23 g/ in surface and seawater,
Oxytetrac%\e: 0.003-0.0048 ng/L in surface water, Naproxen, Ibuprofen, and Triclosan:
10%@ nug/L in wastewater’*?>. Although advanced methods such as Dielectric
Barrier Discharge (DBD) Plasma Reactors have been explored for PPCP removal,
effective, scalable treatment options are still lacking?®?7,
2.2.1 Types and Effects of PPCPs

Pharmaceuticals can be grouped into various categories, such as: Antibiotics:

Sulfonamides, fluoroquinolones, macrolides, tetracyclines, p-lactams. Hormones:
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Estrogens, estrone, estriol, testosterone, and synthetic hormones like 17-a-ethinylestradiol.
Analgesics/NSAIDs: Ibuprofen, naproxen, diclofenac, acetaminophen. Antiepileptics:
Carbamazepine. Lipid Regulators: Gemfibrozil, clofibric acid. B-Blockers: Atenolol,
metoprolol, sotalol. Antineoplastics: Cytostatic drugs for cancer treatment. Others:
Disinfectants, preservatives, UV filters, antimicrobials. Personal care products include
synthetic musks, sunscreens, soaps, detergents, and cosmetic preservatives, many of

which are resistant to degradation and contribute significantly to @‘mental

contamination!3-18.21.28.29.30 ’\< )
O

PPCPs enter both terrestrial and aquatic environments fr061 iple sources, including

2.2.2 Sources and Concentrations of PPCPs in the Environ

Industrial facilities, Domestic wastewater, Human a@nlmal waste, Hospitals and
laboratories, Improper disposal, and landfill lea %Qewage and wastewater treatment
plants are major entry points, though m s undergo partial metabolism and are
excreted in unchanged or bioavail.agl\‘%s. Improper disposal of expired or unused
products further contributes to @nmental PPCP loads. For example: Bisphenol A
(BPA): 450 g/L in landfill‘l ate (China), Caffeine: 499 g/L in raw wastewater (India);
21 g/L in irrigation watery(Saudi Arabia), Metformin: 211 g/L; Acetaminophen: 218 g/L;
Naproxen: 2 '@SA wastewater)/ Drinking water has been found to contain trace
amounts o@CPs like benzophenone, methylparaben, and ibuprofen. Even treated water
may rétairl polar contaminants due to ineffective removal processes?!-2,

Environmental factors such as hydrolysis, photolysis, biodegradation, sunlight, microbial
activity, and temperature affect PPCP persistence. For instance: Tetracycline: >30 days in
soil; 150 days in marine sediment, Sulfonamides and fluoroquinolones: >30-40 days in
sediment, Diclofenac, naproxen, ibuprofen, triclosan, and BPA: 3 to 20 days in soil,

Carbamazepine: very persistent, often undegraded, While the persistence of PPCPs in
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different environmental media is not fully understood, their ecological and health impacts
are well documented and continue to warrant serious concern32:3334:33.36.37,

The main sources of PPCP chemicals in the drinking water were discovered to be
benzophenone (502 ng/L), methylparaben (425 ng/L), and ibuprofen (62 ng/L) in the
tributaries*!. Additionally, trace levels of PPCP compounds (7 ng/L-80 ng/L) were found
in finished drinking water, demonstrating that the treatment system was inef@e at
removing polar pollutants’’-*%3%4  Consequently, the environmental oc ce and
functional states of PPCPs are governed by their chemical stability ar&ejological or

biological metabolisms*!#>4344 The key to comprehending the c and abundance
%

of PPCPs in the environment is to determine their occurre@ abundance in various
environmental areas. Environmental reactions like v% ysis, photolysis, redox, and
biodegradation® and ecological conditions li @m (soil, water, air, sediment),
microbial activity, sunlight exposure, a erature influence the abundance and
occurrence of PPCPs in the envirorlnge\‘kenerally, the half-life of individual chemical
compounds in each medium dete@& the abundance of PPCPs in the environment. For
instance, tetracycline has &n reported to have half-lives of >30 days in soil
(chlortetracycline), ahb days in marine sediments (oxytetracycline) respectively;
sulfonamides 'n%&,\ roquinolones in sediments have half-lives of >40 days and >30
days resp ‘gﬁ; ciprofloxacin begins to degrade within 40 days of environmental
ex@%”g. In four different types of agricultural soil, a study found different ranges
of half-lives for different compounds: triclosan (12.65—-15.68 days), naproxen (5.68—16.82
days), diclofenac (3.07-20.44 days), ibuprofen (4.52—18.48 days), bisphenol A (0.81-5.5
days), clofibric acid (0.91-6.09)*42434445 " The biodegradation of 13 different

pharmaceutical compounds (like sulfamethizole, sulfamethoxazole, carbamazepine, and

gemfibrozil) under aerobic conditions for 30 days, and reported degradation (36 %—
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100 %) of 12 tested compounds, excluding carbamazepine (recalcitrant, no decay)*.
Nevertheless, the environmental occurrence and persistence of all different groups of
PPCPs are poorly understood; however, their health impacts and environmental impacts
have been examined thoroughly.

2.2.3 Health Impacts of Pharmaceutical and Personal Care Products (PPCPs)

2.2.3.1 Impact on Human Health
Several emerging contaminants (ECs), including phthalate substitutes, bromi Qd%ame
retardants, bisphenol A (BPA), polycyclic siloxanes, triclosan, and synthetig musks, are

known to have adverse health effects on humans following p e exposure (Fig.
§

2.2)333336 Notably, BPA has been linked to hormonal imb@ such as breast cancer,

thyroid dysfunction, and male reproductive disorders, ing anti-androgenic effects
and feminization®’%3_ Pesticide exposure furth d@ts the endocrine system and may

result in microbial imbalance, genotoxi%’bncer, and neurotoxicity*’. Brominated
flame retardants, such as hexabro.rrs(%%hlyl ether and tetrabromodiphenyl ether, are
inflammatory agents that can @e mitochondria and DNA, leading to hormone
disruption and developmeritdhneurotoxicity*®. Decabromodiphenyl ether, in particular, is
classified as a carcit@ and is known to impair fertility, thyroid function, neuronal
development, @ brain formation***!. These compounds disrupt immune functions
and horrn(@ balance, affecting estrogen, androgen, progesterone, and thyroid systems.
Ph: a%’bexposure has also been associated with premature births and spontaneous
abortions. Additionally, pesticide exposure may result in behavioral and hormonal effects,
including ovarian tumors, reduced sperm count, thyroid disorders, and thinner eggshells
in birds***. Synthetic musks, such as musk xylene commonly used in fragrances are

absorbed by human tissues and have shown potential neurotoxic and carcinogenic effects

in studies involving bacteria and mice. However, establishing a direct link between PPCP
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exposure and specific human health outcomes remains complex due to the multifactorial
nature of environmental exposure and interactions across species**. The chemical
properties of these compounds make them particularly hazardous. For example, BPA is a
known neurotoxin that can disrupt cell division in plants and animals. Even at low
concentrations, perchlorates may impair thyroid and brain development during gestation.
Perfluorochemicals (PFCs), meanwhile, have been shown to inhibit metabolic Ixc:esses
related to protein synthesis’®#>. Animal studies have revealed that prenata sure to

phthalates may harm male reproductive development and cognitive functign. In livestock,

phthalates have been associated with liver, kidney, mamm @a d, and thyroid
dysfunction. Other reported effects include hearing loss, %ects, delayed puberty,
reduced sperm quality, memory and behavioral issues, @yroid hormone imbalances*®.
2.2.3.2 Impact on the Environment and Ecosy tdlBQ

The environmental implications of PP. ¢ equally concerning. Even at low
concentrations, PPCPs, especially }mixed with other contaminants, disrupt
ecological processes'. Antibiotixc&d in livestock farming, for instance, can promote
the evolution of resistant® @Qogial strains, increasing the risk of environmental and
public health hazards@%oid hormones used in contraceptives and hormone therapy
can interfere 't@crine function in aquatic organisms, often acting as anti-androgens.
Over-the-c@ter drugs like naproxen and ibuprofen, which are poorly removed by
wa% treatment plants (WWTPs), have also been shown to disrupt hormonal
systems in wildlife. For example, Japanese Medaka fish (Oryzias latipes) exposed to 0.1
ng/L of ibuprofen exhibited delayed hatching*®.

Veterinary drugs such as diclofenac have been linked to fatal toxicity in birds like

vultures and steppe eagles in parts of India and South Africa. Benzophenone-3, a

common UV filter in sunscreens, poses a major threat to coral reefs in Hawaii and the U.S.
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Virgin Islands, impacting their resilience to climate change®’. Triclosan and other
compounds such as 4-methylbenzylidene camphor have caused up to 3% developmental
abnormalities in amphibians and disrupted early-life stages of frogs!>->.

In marine organisms like the copepod Tigriopus japonicus, 4-methylbenzylidene camphor
has been shown to induce oxidative stress, apoptosis, and adverse effects on development
and reproduction. This compound, at environmentally relevant concentrationsw&es a
significant risk to marine ecosystems, particularly crustaceans. Freshwate 'Qts, like
caddisflies, also suffer adverse effects from exposure to compounds B{n@ophenone%

and camphor derivatives. Polycyclic and neuromuscular contar§ an inhibit protein

transport and disrupt cellular functions in marine inveu@a such as Mnemiopsis
species®®. Triclosan and its breakdown products @ methyl triclosan) tend to
accumulate in the fatty tissues of aquatic ani alﬁ%eatening biodiversity. Although
residues of PPCPs are often found i %10 organisms, the transfer of these
contaminants through the food web;g\"&oorly understood*>°.

To better assess the ecological gé!g\f PPCPs in wastewater, advanced biological and

3

molecular tools, such as'@cs” technologies, are increasingly being employed in

ecotoxicology studies"@.Q
2.3 Drugs/Phc';@ticals

Pharmace\@ls refer to chemical substances formulated for the prevention, diagnosis,
an%&n‘[ of diseases or disorders in both humans and animals. They alter biological
functions or pharmacological processes when administered to living organisms 23,
Commonly, the terms "drug," "medicine," "pharmaceutical products," and "active
pharmaceutical ingredients (APIs)" are used interchangeably>*.

Pharmaceuticals are broadly categorized into various therapeutic classes, including but

not limited to analgesics, antacids, tranquilizers (anxiolytics), antiarrhythmics,
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antibacterials, antibiotics, anticoagulants (thrombolytics), anticonvulsants, antidepressants,
antidiarrheals, antiemetics, antifungals, antihistamines, antihypertensives, anti-
inflammatories, antineoplastics, antipsychotics, antipyretics, antivirals, barbiturates, beta-
blockers, bronchodilators, corticosteroids, antitussives (expectorants), cytotoxics,
diuretics,  hormonal  drugs  (including sex  hormones), hypoglycemics,
immunosuppressants, laxatives, and muscle relaxants>

Antibiotics, a major subset of pharmaceuticals, are chemicals known for t ﬁy to
kill or inhibit the growth of bacteria, thus treating bacterial infections>®.,The global
significance of antibiotics surged following the introduction @enicillin in 1941,
revolutionizing infection management in humans and ani &tably, antibiotics are
ineffective against viruses®’. The journey began in when Alexander Fleming
observed that mold (Penicillium notatum) inhibi d"&Qerlal growth on a culture plate. A
decade later, researchers, including Ernst d Howard Florey, successfully isolated
penicillin, which was proven to 13 % effective against various severe bacterial
infections. By the late 1950s, @ore penicillin molecule was modified to create
semisynthetic derivatives, %@%’mg its effectiveness to a broader range of bacteria such
as Staphylococci, Str@@occi, Pneumococci, Gonococci, and Spirochaetes”’.

Antibiotic ¢ 53% clude: Aminoglycosides (protein synthesis inhibitors, e.g.,
gentamici@bramycin) Cephalosporins (cell wall synthesis inhibitors, e.g., cefaclor,
ceﬂ@(}g, Chloramphenicols (protein synthesis inhibitors). Fluoroquinolones (DNA
synthesis inhibitors, e.g., ciprofloxacin, norfloxacin)®, Lincosamides (e.g., clindamycin),
Macrolides (e.g., azithromycin, erythromycin), Nitrofurans (e.g., nitrofurantoin),
Penicillins (e.g., amoxicillin, ampicillin)®’, Tetracyclines®®, Miscellaneous antibiotics
such as aztreonam, isoniazid, metronidazole, rifampicin, and vancomycin®-¢!. Although

antibiotics are pivotal in modern medicine, their widespread and increasing use has led to

21



significant environmental accumulation and the presence of antibiotic residues. This
pollution is attributed to human and veterinary medical use, as well as agricultural
practices®?. Proper disposal of unused antibiotics and associated containers is vital in
minimizing environmental contamination and misuse®’.

2.3.1 Pharmaceutical Waste: An Overview

Pharmaceutical waste arises from the use, packaging, and expiration of drugs. Antibiotic
waste specifically refers to leftover or expired antibiotics that are disca Q ese
wastes may be in solid or liquid form. Solid waste includes unused medigatigns (OTC or

prescription), surgical instruments, and manufacturing materia s@h as used gloves,

masks, syringes, mops, and needles. Liquid waste consistﬁ tewater and chemicals

from pharmaceutical production. Additional items like @nent tubes, blister packs, and
drug dispensers (e.g., inhalers) also contribug@armaceutical waste. The U.S.
Environmental Protection Agency (EPA) esti s that about 5-10% of pharmaceutical
waste is classified as hazardous®’. :an'\‘égorization depends on chemical composition
and toxicity. Improper disposal@ as flushing antibiotics down toilets or throwing
them in the trash, can rele'a&%‘[s into the environment, potentially contaminating soil
and groundwater ancf\%ning aquatic organisms®®%7. Disposal of manufacturing-plant-
generated phatn ical waste into landfills will enter such chemicals into soils and
undergrou%water, thus contaminating water sources and aquatic life. Meanwhile,
in@fge antibiotic disposal approaches can include washing them down sinks,
flushing them down toilets, or flinging them away in regular garbage.

2.3.2 Classification of Pharmaceutical Waste

Pharmaceutical wastes are classified as: Regulated medical waste (e.g., red bag,
infectious, or biohazardous waste)®, Solid waste (e.g., municipal, black or transparent

bag, or non-regulated medical waste)®®%, Hazardous waste, often generated in pathology
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labs, pharmacies, morgues, and similar facilities”®. The National Institute for
Occupational Safety and Health (NIOSH) considers a drug hazardous if it exhibits one or
more of the following effects: carcinogenicity, teratogenicity, reproductive or organ
toxicity at low doses, or genotoxicity’!.

2.3.3 Sources of Antibiotic Waste in the Environment

The persistent and widespread use of antibiotics contributes to their environmen&uild-
up. These drugs are used in human and veterinary medicine, as well as in Iture to
treat infections and promote growth in crops and livestock’. Key %@ antibiotic
pollution include:

2.3.3.1 Domestic Sources E

Antibiotic waste from households arises through -medication or caregiver-
administered treatments. In some countries, antd (@ are accessible as OTC products.
Retention or improper disposal of unused,a ‘§cs poses risks, particularly to children
and the elderly, and can result in .'ilcc' tal ingestion or poisoning’>74. Storing leftover
antibiotics at home also reflects @rescription adherence, health policy shortcomings,
and increases the likelihooﬁx‘bggtering antibiotic-resistant microorganisms’>. Household
retention of unwanteh@ations is an indicator of a country’s unregulated medicines
access, patie g%;%ﬁherence to prescription, the experience of medication side effects,
health ec@ic output, and a gateway to the rearing of antibiotic-resistant micro-
org% hat may give rise to other human and aquatic genetic effects’.

2.3.3.2 Hospital Sources.

Hospitals significantly contribute to environmental antibiotic waste. Patients often excrete
unmetabolized or partially metabolized antibiotics in urine and feces, which then enter

sewage systems. For example, a study in Chittagong, Bangladesh, found cefixime-

resistant bacteria in hospital wastewater. Sample sites closer to hospital drains had higher
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bacterial resistance levels, indicating the spread of resistant strains through untreated
effluents’.

2.3.3.3 Pharmaceutical Manufacturing

Pharmaceutical industries release large quantities of antibiotic-laden effluents into the
environment. The volume and composition of these discharges depend on production
capacity and the technical knowledge of personnel. Industrial antibiotic waste &)ften
more concentrated and hazardous than other sources’®’"-78, QQ
2.3.3.4 Other General Sources Q/

Most antibiotics are not fully metabolized by humans and anim l®equently, active
residues may be released via urine and feces into sewage te%and water bodies”%.
Other pathways include flushing leftover antibiotics Qins, Runoff from manure
and fertilizer-treated fields, Application of antibs %chops (e.g., fruit trees), Disposal
of unused veterinary drugs and pet was rbto sewers or landfills, and Industrial
byproducts containing antibiotics re}@o the environment®!,

2.4 Antibiotics \(—)\

Antibiotics are bioactiv@%ndary metabolites, either naturally produced by
microorganisms or s&@?ized chemically, that inhibit or kill other microorganisms.
While primaqd\‘& in veterinary medicine to treat animal diseases, their use has
expanded ificantly for non-therapeutic purposes such as feed additives and growth
pra% - In hospitals, antibiotics are vital for treating infections, but their widespread
and persistent use has contributed to the emergence of multidrug-resistant (MDR)
bacteria, posing serious threats to human health and disrupting environmental cycles®.
2.4.1 Antibiotics in Aquatic Systems

Antibiotics are grouped into ten major chemical classes: aminoglycosides, B-lactams,

glycopeptides, macrolides, oxazolidinones, polymyxins, quinolones, streptogramins,
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sulfonamides, and tetracyclines. Among these, tetracyclines, sulfonamides, and
macrolides are widely used in both human and animal medicine. Penicillin, the earliest
known antibiotic, belongs to the B-lactam group and includes types like penicillin G,
piperacillin, and ampicillin®®.

Antibiotics can enter water bodies from municipal sewage, industrial waste, agricultural
runoff, aquaculture, landfill leachate, and hospital effluents. The use of ¢reated
wastewater for irrigation and livestock manure in farming further contribute tibiotic
accumulation in agroecosystems. Frequently detected antibiotics ir;{&e/ sediments,
and water include sulfonamides, macrolides, and fluoroquinolong ‘Q

2.4.2 Sources of Antibiotics Oé

Antibiotic exposure to humans and animals can occur th@h contaminated food or water,
leading to health risks®. beQ

2.4.2.1 Domestic Wastewater \Qrb

Antibiotics enter municipal wastew.a@omestic usage and industries like poultry and
slaughterhouses. After ingestion\c&e drugs are partially metabolized and excreted,

eventually reaching waste\a& reatment plants (WWTPs). Other sources include the

inadequate treatment\éganufacturing effluents and the direct dumping of unused

medicine. Ho 'e@effective treatment and improper disposal (e.g., flushing unused
n |l

medicines@

in %@;? water at levels as high as 679.7 ng/L8%, Antibiotic concentration depends on

ead to contamination. Antibiotics such as ciprofloxacin have been found

the chemicals used in the industry or by the consumer.

2.4.2.2 Hospital Effluents

Hospital wastewater is laden with pharmaceuticals, disinfectants, heavy metals,
radioisotopes, cytostatics, and resistant microbes. Many of these substances, particularly

cytotoxic drugs, have mutagenic and carcinogenic properties. Because conventional
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WWTPs are often insufficient in removing these compounds, hospital effluents are major
contributors to environmental contamination and the spread of antibiotic-resistant
genes®’88, Generally, wastewater discharged by hospitals cannot be treated effectively
using conventional wastewater treatment technologies, and there is a possibility of these
contaminants being discharged into the ecosystem either partially or completely’® #. The
involvement of hospitals in the pharmaceutical load in wastewater is difficult to
determine, as contraceptives and medicines are widely used by the ge %blic.
Various initiatives are now proceeding to measure and screen hospit ls&lyeying their
N

potential role as sources of drugs and other substances giving ri e
=

bacteria**. Compared to common wastewater, hospital w@ er contains more than

ti-drug-resistant

25% antibiotics, with gene concentrations ranging betw@pproximately 0.4 log and 1.8
log®. A variety of compounds, including ph ticals, are used in hospitals and
surgeries for medical purposes, such as (n.didgnostics and disinfectants®. In hospital
effluent, many antibiotics, includir&ﬁoloxacin, ciprofloxacin, oxalinic, ofloxacin,
norfloxacin, sulfapyridine, trim&/{%ﬂ, and metronidazole, have been found in higher
concentrations®*. ¢
N\

2.4.2.3 Slaughterhou %tewater

Animal slau %@lities discharge effluents rich in organic materials, veterinary
antibiotics@d resistant bacteria. The overuse of antibiotics and growth hormones in
livit(/%(Qas intensified antimicrobial resistance (AMR). A large volume of effluents
from the slaughtering process may contain bacteria that are resistant to antimicrobials.
Because of their high contents of lipids, proteins, fibers, organic contents, pathogens, and
medications of veterinary use, meat processing effluents are regarded as detrimental on a

global scale®” Drugs like oxytetracycline and penicillin G, commonly used in livestock,

are excreted and enter sewage systems®-90:91.92.93,
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2.5 Surface Runoff

In developing countries, OTC antibiotic use is prevalent, leading to widespread
environmental contamination. Runoff from agriculture, rainfall, or untreated waste
contributes significantly to the dissemination of antibiotic residues into surface and
groundwater. These compounds, due to their solubility, can easily spread, especially
when solid waste containing antibiotics is washed into water bodies or seeps & the
ground. Factors like precipitation and soil properties also influence the spr such a
context, when effluents from healthcare institutions are dumped straight into a wastewater
system without being treated beforehand, it adds to the problem, a@is then emerges as
one of the major reasons for antibiotic contamination. Thissﬁ a major pathway for
transferring resistance genes into aquatic systems®*. Q

2.6 Effects of Antibiotics in Wastewater be

Pharmaceuticals from hospitals, includ%% gesics, anti-inflammatory drugs, and
antibiotics, enter wastewater syste@hften pass through treatment plants into the
environment. These residues pos&(&s to aquatic organisms and ecosystems. Common
antibiotics such as sulfonix@s and tetracyclines are found in animal effluents at high
concentrations, adve@ affecting growth, reproduction, and lifespan of aquatic
species® . Nu 'ro@mrts have shown that antibiotics have been found in wastewater
treatment @nt effluent, lakes, rivers, groundwater, and even drinking water.
Su@ es, tetracyclines, and macrolides are the most identified antibiotic classes
present in swine effluent, with concentrations of 324.4, 388.7, and 72 g/L, respectively®®
12 As the accumulation of these antibiotics is observed under conditions of sub-
inhibitory concentrations, the bacteria can slowly become resistant to those antibiotics,
and this resistance then starts spreading among bacteria. When the concentrations of

antibiotics are high, they show toxicity against aquatic species and adversely affect
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physical growth, the development of internal organs, reproduction and lifespan, causing
ecological imbalance.

2.6.1 Development of Antibiotic Resistance

Antibiotic resistance arises when bacteria mutate or acquire resistance genes, rendering
drugs ineffective. Wastewater treatment plants serve as hotspots for resistance evolution

due to the interaction of contaminants and microbial communities. Inadequate tw&ment
fosters the proliferation of antibiotic-resistant genes (ARGs)?97:98:99, QQ

ARGs can be transferred between microbial species via tran or conjugation.

This gene exchange in water bodies can introduce resistance

2.6.2 Emergence of New Infections

to pathogens infecting
humans, leading to "superbugs" like MRSA, VRE, ar@ L-producing E. coli. Such
microbes resist multiple antibiotics, complicati g&ment and increasing mortality.
Bacteria with genes such as NDM-1 have.b und in public drinking water®®-100101,102,
Likewise, high rates of Vancomyc.iKahmpicillin-resistant E. faecium are found in
hospital effluents in the east of E{@d, United Kingdom!03:104.105.106,107.108 - A dditionally,
a study showed that Carbé@mases-producing Enterobacteriaceae (CPE) are a type of
AMR found in high ?fqéers in hospital wastewaters in Ireland!'!8. More severe diarrhea
and higher 'o@tes will result, especially if antibiotic resistance increases, which
prevents e@tive treatment’®-108:109,

2.(@;@“ on Immunity

While antibiotics fight infections, prolonged or indiscriminate exposure can harm
beneficial gut flora, disrupt immune functions, and cause hypersensitivity, nephropathy,
or mutagenicity. Continuous exposure to antibiotics could lead to enterocolitis, as the

normal state of the intestine is disturbed by antibiotics. Studies in animal models show
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that antibiotics taken during pregnancy may weaken immunity in offspring, reducing
resistance to infections!!%!1!

2.7 Strategies for the Removal of Antibiotics

Despite the known risks associated with antibiotics in the environment, these compounds
are difficult to eliminate using conventional water treatment methods due to their
chemical stability!'?. However, several advanced technologies have been devel@ and
evaluated for their effectiveness in antibiotic removal. QQ

2.7.1 Membrane Technologies Q/
Traditional treatment processes like sedimentation, filtration, r@c ulation are not
efficient in removing antibiotics''?. Membrane-based te@%ﬁes have emerged as
promising alternatives due to their high efficiency, tlonal simplicity, and cost-
effectiveness. The removal mechanisms in thes y%?s are largely based on adsorption,
electrostatic interactions, and molecul%%lnll3. Various antibiotics including,
chlorotetracycline, rifampicin, cef:lxsi\’\oytetracycline, and doxycycline have been
effectively removed using reve;&@,\mosis (RO) membranes'!*. However, membrane
systems do not degrade é@%cs but instead concentrate them in a different phase,
which could still pose\%%lmental threats if not handled appropriately!!>116:117.118
2.7.1.1 Biolot‘/@ted Filter (BAF)

The BAF@tem has proven useful in removing various pollutants from municipal
wa@ such as antibiotics, ammonia, and total nitrogen. It is energy-efficient and
capable of handling high organic loads at a low cost. Studies have shown that BAFs can
remove up to 90 % of certain antibiotics, including sulfonamides, fluoroquinolones like
norfloxacin and ofloxacin, macrolides like leucomycin, and tetracyclines like
oxytetracycline. Ciprofloxacin, for example, has been removed with over 95 % efficiency

using BAF systems!!3!117.118,
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2.7.1.2 Ultrafiltration (UF)

Ultrafiltration is influenced by the size and concentration of contaminants. It effectively
removes macromolecules, bacteria, and suspended solids with minimal energy
consumption. Combined with reverse osmosis, UF can recover and purify oxytetracycline
from wastewater with 60 % recovery and 80 % purity. This combined approach has
demonstrated a removal efficiency of up to 99.79 % for both antibiotic-resista&enes
(ARGs) and microbes Compared to conventional treatment, UF ensures c@ent and

C

high-quality effluent!!”-!8,
2.7.1.3 Microfiltration (MF) 6\
Microfiltration employs membranes with pore sizes rangi ﬁﬂ to 10 micrometers,
which effectively block microorganisms but allow di @ions and some viruses to
pass. It is typically used as a pre-treatment stage e%&nore advanced filtration methods.
MF is effective in removing sediment, algae,protozoa, and bacteria, achieving up to 90 %
removal of oxidizable organic ma‘ftgr\‘xever, it is less effective for low-molecular-
weight pollutants. A hybrid MF K‘og\fd osmosis system has shown up to 100 % removal

efficiency for some antibio't@nélbiotics such as enrofloxacin, sulfamethazine, cefalexin,

lomefloxacin, amoxh@ and ampicillin, though not for smaller compounds like

sulfonamides c’;@thoprim1 12,113.114,115

2.7.1.4 Na@ltraﬁon (NF)

Na@;qon membranes operate at low pressures and are effective at removing
medium-sized organic molecules and certain minerals. Wastewater is split into filtered
permeate and concentrated retentate''!. Removal efficiency depends on the antibiotic's
molecular properties. For instance, macrolides have been removed with efficiencies
ranging from 80 % to 95 %, while amoxicillin has shown a 99.09 % removal at optimal

temperature and pressure conditions using a polyethersulfone membrane!!”-!18119,
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2.7.1.5 Reverse Osmosis (RO)

RO systems use high pressure to force water through semipermeable membranes,
separating clean water from contaminants. This method is effective in removing a broad
range of impurities, including bacteria, viruses, and dissolved solids. For antibiotics like
amoxicillin and ampicillin, removal rates range from 73 % to 99 %. Hybrid RO and NF
systems have achieved up to 97 % removal of various antibiotics, including trimethoprim
and ciprofloxacin''?2. RO is widely recognized as one of the most effective t@ues for
eliminating micropollutants'?°. Q/

2.7.2 Adsorption Techniques 6\

Adsorption involves the adherence of molecules from a ﬂ@&onto the surface of a
solid adsorbent. It is a widely adopted, cost-effective,@straightforward approach for
removing antibiotics and heavy metals from w. e(b&dsorbents like activated carbon,
magnetic nanoparticles, silver nanoparticles on nanotubes, and biochar have shown
high efficiency in removing toxic p.ogl&s even at low concentrations'?!. The efficiency
of adsorption depends on several@s, such as, Adsorbent type (e.g., activated carbon,
bentonite, natural zeolite)'(&entration of the target compound, pH and temperature,
Dissolved oxygen le\%@? The adsorption mechanism follows several stages: Transport
of the conta Ir@ rough the liquid film around the adsorbent, Diffusion of the
contamina@rough the film, Movement into the pores of the adsorbent, Binding to the
ac 'VeQ;chrough hydrophobic or electrostatic interactions. The nature of the antibiotic
(positive, neutral, or negative) and its interaction with charged adsorbents largely
influences removal efficiency!'!”.

2.8 Recycling Strategies

The concept of wastewater reclamation, recycling, and reuse gained prominence in the

early 20th century, driven by advancements in the physical, chemical, and biological
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treatment technologies of wastewater!?!. Many countries, both developed and developing
such as the USA, China, Japan, Korea, and Israel, have adopted wastewater reuse as part
of their water management strategies. Traditional and emerging treatment techniques such
as flotation, coagulation, reverse osmosis (RO), and membrane bioreactors have been
widely researched and implemented for the removal of micropollutants from wastewater.
Among these, the use of powdered activated carbon has proven particularly effec&e for

122

adsorbing contaminants such as sulfamethoxazole, atenolol, and diclofenac nulated

activated carbon (GAC) also stands out as a cost-efficient and widely a o&d/material for

eliminating persistent organic pollutants, including fexofe , carbamazepine,
§

lamotrigine, oxazepam, fluconazole, cetirizine, and N, ie

polluted drinking water!23. Q

Government policies and the roles of stakehold @ecome increasingly important in

meta-toluamide from

addressing the issue of antibiotic dischargeg i e environment. Legislative frameworks
are now being shaped to reguleit@otic use and minimize their release into
ecosystems. While a number ox%ematic reviews have proposed up to 17 policy
interventions to reduce anﬁ@%onsumption in humans, the real-world effectiveness of
these measures sti@res further validation!?*. Several innovative recycling
approaches 'e@rn promise in reducing antibiotic contamination in wastewater.
Among th%\fertical flow constructed wetlands have demonstrated removal efficiencies
rar%égween 68 % and 85 % for antibiotics such as sulfamethazine, ciprofloxacin, and
oxytetracycline. Horizontal subsurface flow wetlands, which mimic natural filtration
systems, also contribute significantly to pollutant reduction. Advanced treatment methods
like photocatalytic degradation, sonocatalytic irradiation, and electrocoagulation have
emerged as powerful tools in breaking down antibiotic molecules. Membrane-based

processes, particularly ultrafiltration using polyvinyl chloride (PVC) membranes, have
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also been adopted. Adsorption using nanomaterials like carbon nanotubes and activated
carbon continues to offer high efficiency in the removal of pharmaceutical residues.
Additionally, advanced oxidation processes (AOPs), especially those involving UV/H or
Fenton’s reagent are increasingly used to degrade complex organic contaminants,
including antibiotics, in wastewater.

2.9 Hospital Wastewater (HWW) *
Hospital wastewater is recognized as a significant source of hazardou stances,
including disinfectant residues, pharmaceutical compounds, T di&ly 1des, and

antineoplastic agents used in both patient care and clinical res@h se contaminants

render hospital effluent highly risky to both public health=and\the environment if left

untreated. In many cases, this untreated wastewater ca d to disease outbreaks, water
resource pollution, and even radiological contami t@%“.
In developed nations, the average volum @pual wastewater generated ranges from
250 to 570 cubic meters dailym; ;F@stewater often contains a wide variety of
emerging micro-contaminants, in&@\g parent and metabolized pharmaceuticals such as
anti-inflammatory drugs, 5@%&tics, antiepileptics, pesticide residues, per fluorinated
substances, surfactab%%rsonal care products, analgesics, endocrine-disrupting
compounds, fi@; and hormones. Additionally, it harbors numerous pathogens (e.g.,
E. coli, @rt’o, Salmonella, Staphylococcus aureus, Pseudomonas aeruginosa),
ra@fgﬁs, and heavy metals. These pollutants may be classified as micropollutants or
macropollutants based on their detected concentrations.

2.9.1 Composition and Formation of Hospital Wastewater

2.9.1.1 Bacteriological Composition

Hospital effluent contains a variety of bacteria used as indicators of fecal contamination,

most notably Escherichia coli, which accounts for approximately 80-90% of
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thermotolerant coliforms. The presence of E. coli signals fecal pollution, and alongside it,

hospital wastewater can carry other harmful microbes such as sulfite-reducing anaerobes,

Staphylococcus aureus, Salmonella typhi, Pseudomonas aeruginosa, and viruses

including rotavirus, adenovirus, norovirus, enterovirus, and hepatitis A'*,

2.9.1.2 Heavy Metal Composition

Several toxic heavy metals have also been identified in hospital wastewater. For instance,
%p'atin.

oncology patients excrete platinum through medications like cisplatin an

Mercury, commonly used in disinfectants, diagnostic agents, and, diyretics, is also

prevalent. Among the most frequently detected heavy metal1 al effluents are

mercury and platinum!?>, 0

2.9.1.3 Pharmaceutical Residues Q

The therapeutic classes most commonly detecte iﬂ&gpital effluents include analgesics,
antibiotics, laxatives, anti-inﬂammatories\g®y ostatic drugs'?®. The levels of these
residues are influenced by factors §ucl§§bsage, excretion rates, and chemical stability
or biodegradability'?’. Studies @s various regions show that the majority of
pharmaceuticals in hospité&ilents have maximum concentrations below 10 pg/L!?%,
However, certain co@.\ ds like ibuprofen, ciprofloxacin, acetaminophen, caffeine,
metformin, @ast agents such as iomeprol and iopromide can occur at
concentrat@ up to the milligram-per-liter range'%°.

So@ounds, though less frequently used (e.g., diclofenac, mefenamic acid, and
gabapentin), show wide variability, with peak concentrations sometimes exceeding 400%
of the mean values during weekdays. A notable example is 5-fluorouracil, a
chemotherapeutic agent used in cancer treatment (lung, bladder, skin, breast), which is
administered at doses between 200 and 1000 mg/m?. Studies show that 2-35% of this

drug can be excreted unmetabolized within 24 hours'%,
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The intensive care unit (ICU) contributes substantially to antibiotic consumption,
accounting for around 25% of all hospital antibiotic use, despite occupying only about
10% of total hospital bed capacity!'’’. Widely used antibiotics include piperacillin,
ceftriaxone, ampicillin, meropenem, ceftazidime, cefazolin, trimethoprim, clindamycin,
cefepime, sulbactam, and vancomycin.

Predicted environmental concentrations (PECs), based on surface water dilutior&tors,

1

range from 1.15 pg/L for quinolones to 701 pg/L for cephalospori Among

cephalosporins, ceftriaxone (320 pg/L) and cefazolin (280 pg/L) are’i%tj to be the

most concentrated. Penicillins and carbapenems also con

concentrations of 262 pg/L and 229 ug/L, respectively, w@

ignificantly, with
icillin and meropenem
being the most prominent within these groups!3!. T‘% pharmaceuticals often pose
environmental risks due to their persistence a&@ctivity. Antibiotic residues also
introduce adsorbable organic halides (A olatile compounds, and other organic
pollutants such as alcohols, ketone.s bs, acetates, and acetaldehydes!*?. AOXs can
originate from pharmaceutical a&@ halogenated disinfectants, and solvents, such as
ethidium bromide'. In hdspi ?Jefﬂuents, AOX concentrations have been reported to
range between 150 a\b 60 ug/L, significantly higher than those found in domestic
sewage, whic fa@s@ tom 0.04 to 0.2 pg/L133134,

2.9.2 Con@ration of Pharmaceutical Residues in Hospital Wastewater
Th@@of pharmaceutical residues present in hospital effluent can be assessed either
through predicted concentrations, typically calculated based on annual drug usage
statistics or through direct measurements taken at specific times'**. Each method offers
distinct advantages and limitations. Measured concentrations often fluctuate due to time-
specific variables, whereas predicted concentrations tend to offer more stable estimations

over longer durations.
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Measured values may deviate significantly from predictions, especially for substances
with irregular discharge patterns. The choice between measurement and prediction should
consider several factors, such as access to reliable consumption data, availability of
sampling points, cost implications, and the overall research goal. Given the extensive
variety of medications in use, many of which exist in the environment either as parent
compounds or conjugated derivatives, researchers have developed prio&ttion
frameworks. These approaches evaluate criteria like chemical &stence,
physicochemical behavior, ecotoxicity, resistance to treatment, and ety or hospital
usage levels!3>. The concentrations of selected classes of thera @ gs detected in
wastewater from healthcare facilities. Among analgesi06$etamol was found in
concentrations ranging from 5 to 1,368 pg/L, while ibup varied from 0.07 to 43 pg/L
and codeine from 0.02 to 50 npg/L. Anti 'O%Qshowed similarly wide ranges:
ciprofloxacin (0.03—125 pg/L), norfloxaci —44 pg/L), and erythromycin (27-83
ug/L), reflecting the diversity in usz:gse\‘\evironmental behavior!3+133,

2.9.3 Environmental Impacts okég\ital Wastewater

Once consumed, pharmac s are excreted as a combination of unchanged parent

compounds and thei?\@&lediate metabolites. It might seem logical to assume that
highly excret: @are less stable in the environment; however, research shows an
inverse relationship. Drugs that are poorly excreted often demonstrate low environmental
bic@ility. After entering the sewage system, pharmaceuticals can undergo various
fates: some persist and remain environmentally stable, while others may degrade
chemically or biologically, or volatilize. Antibiotics like ciprofloxacin and ceftazidime,
which possess both acidic and basic functional groups, show complex behaviors in
wastewater networks. Their environmental behavior such as existing as anionic, cationic,

zwitterionic, or neutral species can vary based on conditions like pH, temperature, and
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ionic strength. Physicochemical properties of these drugs significantly influence their
transformation during wastewater treatment. Some may be broken down via photolysis,
biodegradation, or chemical transformation; others may adsorb to sludge or settle in
sediments'*®. In many cases, conjugated forms can hydrolyze back into active parent
compounds, serving as delayed sources of contamination during or after effluent
discharge!?’.

Occasionally, drugs appear in concentrations below detection or quantifi limits,
even when predicted to be present at higher levels. For example, the anti-cancer drug
tamoxifen was consistently found in trace amounts likely u@ its sensitivity to
ultraviolet (UV) light, which causes up to 90% degradati %ﬂ 5 days'¥’. Despite
protective measures during sampling, complete sh@-ng from photolysis wasn’t
achievable. Tamoxifen's high lipophilicity (log 8@ 6.3) also suggests strong affinity

for particulate matter, which may sinl\gbe bottom of sewer systems, evading

\%\

Other factors, such as water ha ‘%‘, ambient pH, geographical latitude, and seasonal

detection!3°.

variation, can influence ph'a@ceutical behavior and fate. Although some antibiotics like
tetracyclines, sulfona}ﬁ@s, and quinolones are known to degrade under light, not all
antibiotics ar Hp@bile. The extent of photolysis, whether direct or indirect, varies
widely depeénding on the compound and environmental conditions. Therefore, this study
em&h}%&(g a group of highly persistent and frequently detected antibiotics ciprofloxacin
(CIP), erythromycin (ERY), gentamicin (GEN), ceftriaxone (CEF), norfloxacin (NOR)
and oxytetracycline (OXY) due to their extensive use, resistance to degradation, and

potential risks to aquatic ecosystems and human health when present in hospital effluents.
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2.9.3.1 Ciprofloxacin (CIP)

Ciprofloxacin (CIP) is a broad-spectrum antibiotic from the fluoroquinolone class, widely
employed in both human and veterinary medicine'. Following administration, CIP is often
excreted in either its original form or as active metabolites due to limited metabolism in

animals and humans!3®

. These residues commonly enter aquatic systems via hospital
wastewater. Unfortunately, conventional treatment systems such as activated sh& and
up-flow anaerobic sludge blanket reactors are largely ineffective in re g CIP,
resulting in detectable concentrations ranging from nanograms per lu&@ to as high
as 34 pg/L in hospital effluents'3%13,

CIP is known for its environmental persistence and has been implicated in promoting
antimicrobial resistance. It not only affects bacterial @ations but also impacts non-
target aquatic organisms such as fish, microalg ,@)ods, and aquatic plants. Studies
report alterations in antioxidant enzyme,l %and genotoxic effects in bacteria like
Salmonella Typhimurium, as well.zss\c‘éic toxicity in microalgae species including
Raphidocelis subcapitata and C &v}lomonas reinhardtii'. Even at low concentrations
(0.013 mg/L), CIP caused %Ve stress and genetic damage, although no significant
changes in the life-hi@tQaits of Daphnia magna were observed'?.

2.9.3.2 Norfl '@OR)

Norﬂoxac@\f R), marketed under the brand name Noroxin, is another fluoroquinolone
an 'bi@g’bextensively used to treat urinary tract infections, gynecological infections,
gonorrhea, prostatitis, and bladder inflammation'®. In aquatic environments, NOR has
been shown to negatively impact ecosystem health by impairing algal growth and
reproduction, reducing Daphnia swimming activity, and altering plankton communities'?8.

NOR residues have also been detected in agricultural soils via manure applications,

reaching concentrations up to 10 mg/kg'. It can disrupt gut microbiota in soil organisms
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such as Folsomia candida, depending on environmental factors and experimental
setup!3%13%. These disruptions are particularly concerning because intestinal microbiota
include both host-associated and environmentally derived microorganisms.

2.9.3.3 Gentamicin (GEN)

Gentamicin is an aminoglycoside antibiotic commonly used to treat severe bacterial
infections including those affecting the bones, respiratory system, urinary tragt, and
bloodstream. It is especially effective against Gram-negative pathog %\ as
Pseudomonas, Escherichia coli, and Klebsiella pneumoniae, and is alsg_agtive against
some Gram-positive organisms like Staphylococcus'®. Despite i@ﬁ acy, gentamicin
poses environmental and health risks due to its poor biode §ty and water solubility.
It is difficult to remove using traditional wastewater ent methods. In wastewater
systems, gentamicin can inhibit susceptible ba%@)mmunities while promoting the
survival and spread of resistant strains. iomally, its clinical use is associated with
adverse effects such as nephrotoxicit@toxicity.

2.9.3.4 Oxytetracycline (OXY) \(—)\

Oxytetracycline is a widél&escribed tetracycline antibiotic often found in hospital
wastewater. Its enviro\én al persistence and potential to induce antibiotic resistance are
major concerﬁ@gding on local usage patterns, OXY concentrations in wastewater
can range@om nanograms to micrograms per liter. These residues support the
pr if@;gl of tetracycline-resistant bacteria and resistance genes in aquatic
systems!36:138,

OXY binds to sediments in water bodies, extending its environmental half-life and
potentially impacting benthic (bottom-dwelling) organisms. Its presence in sediments

poses long-term ecological risks due to bioaccumulation and the possibility of re-release

into the water column!38.
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2.9.3.5 Erythromycin (ERY)

Erythromycin, a macrolide antibiotic used widely in clinical treatment, inhibits bacterial
protein synthesis and is frequently detected in hospital effluents. Its low rate of
biodegradation allows it to persist in the environment, where it contributes to the spread
of erythromycin resistance genes (ERM genes). These resistance genes have been
detected in treated effluents and natural water bodies, indicating their persistenc@ond
conventional treatment processes. Hospital wastewater has been reco d as a
significant source of antibiotic-resistant bacteria (ARB), including th(ie/resistant to
erythromycin, posing a potential risk to both human health and the @ro ment!3,

2.9.3.6 Ceftriaxone (CEF) 0

Ceftriaxone is a broad-spectrum cephalosporin antibio@sed to treat infections in the
respiratory tract, skin, urinary system, and soft ti S%Qxcessive or inappropriate use can
lead to complications such as urolithiasis renal failure!3®,

Ceftriaxone is largely excreted ung > through bile and urine, directly entering
wastewater systems. Studies h@ported ceftriaxone concentrations ranging from
micrograms to milligrams'@%r in hospital effluents'®. These high concentrations not
only indicate a subst?t@%larmaceutical burden on the environment but also suggest a
risk of disrupti A1§robial ecosystems. Its persistence facilitates the development of
resistant eria, thereby aggravating concerns related to antimicrobial resistance and
ec y%tgdegradation”g.

2.10 Overview and Implications

The widespread presence of antibiotics in aquatic environments has emerged as a pressing
global concern that demands immediate attention. One of the primary contributors to this
issue is the discharge of pharmaceutical residues through human and animal excreta, as

well as decomposing corpses. These residues not only introduce antibiotics into the
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environment but also facilitate the dissemination of antibiotic-resistant bacteria (ARB).
Critically, these resistant bacteria can transfer resistance genes to other pathogenic
microorganisms, thereby exacerbating the public health threat. The escalating
consumption of antibiotics especially in healthcare and agricultural sectors has
significantly contributed to the rise of antimicrobial-resistant strains, many of which may
render common infections untreatable in the near future. This review has highlig&l the
multiple pathways through which antibiotic pollution occurs, its environmen Qi health
implications, and the advanced treatment strategies currently being ex&lo d for effective

removal from wastewater systems. To address this multifacete, it is essential to

adopt a dual approach: (1) implement stringent controls on 6% ic usage and discharge
practices, and (2) improve and innovate wastewater tre@nt technologies to effectively
eliminate these contaminants. Without decisi JBQon, the continued misuse and
environmental release of antibiotics will %@y jeopardize ecosystem health but also
undermine the effectiveness of medi Breatments, leading to prolonged illnesses,

increased healthcare costs, and @' mortality rates. Ultimately, safeguarding public

health and preserving antibigtic efficacy hinges on the integrated management of

pharmaceutical pollutﬁ@?our water systems.

x‘z’@
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Chapter Three

Methodology
3.1 Study Area Description
Ibadan is the capital of Oyo State, Southwestern Nigeria. It has tropical wet and dry
seasons, with a long-wet season that runs between March and October. It has high
humidity, a mean daily temperature of 26.46 °C or 79.63°F, and an annual r@l of

1420.06 mm. The sampling was conducted at Adeoyo Maternity Teac@tospital
(AMTH), located in Ibadan North Local Government Area, and Ring oaQS)a Hospital
(RRSH), located in Oluyole Local Government Area of Ibadan. h spitals are both
secondary and tertiary healthcare facilities that offer mate %child health services,
treatment, and management of obstetrics and gynglcal conditions. They are
prominent healthcare institutions renowned for G%anrehensive medical services. As
a tertiary healthcare facility, they provi ¢ range of medical services including
surgery, pediatrics, obstetrics and. %ﬂ gy, family planning, HIV and TB clinics,
neonatal child health, internal @Eine, and a general outpatient department!. The
hospitals serve a large”® %tion, handling significant patient volumes, which
consequently leads t h%neration of substantial amounts of wastewater and sewage
sludges’. . ’\%

According@t e extensive medical services provided, ADMH and RRSH are likely
sig@%omributors of antibiotics in both outpatient and inpatient care. The high level
of antibiotic use can lead to the excretion of antibiotic residues, which, ultimately,
combined with other hospital wastes, contribute to wastewater contamination.

Furthermore, the treatment processes in hospitals for wastewater can vary, resulting in the

concentrations of residual antibiotics in the sewage sludge!?. The coordinates of each
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hospital area were recorded using the Germin-12 Global Positioning System (GPS) and
are presented in Table 3.1

3.2 Sample Collection and Pre-treatment

Hospital wastewater samples were collected from the effluents of two hospital wastewater
effluents in Ibadan, South-Western Nigeria: The RRSH and AMTH soak away tanks in
Ibadan. As tertiary hospitals, there were staff residential quarters and students&tels,
indicating that domestic wastewater may contribute to the wastewater s 34 "The
duration of sampling at each hospital was carefully planned in coo d&t'y)n with the
maintenance personnel and technicians. Consequently, all samples ’gollected by grab
sampling due to the low fluctuation of wastewater cha@er ed to the soak away.
Notably, the sample collection was carried out fr@moming to midday, which
commonly has high inflows to the wastewater s %stewater samples were collected
on January 31%, 2025, from RRSH and A 250 mL sludge sample, comprising at

N

least four grab samples pooled togeth@s collected from each soak-away, including
effluent. Amber glass bottles w@ed to store sewage sludge samples. The sludge

samples were transported fr@w laboratory in an insulated box (cooler) with ice kept in

the freezer at —20 °L®i delivered to the laboratory within 24 hours for analyses of

various antibic'lj\%&ues.

x‘z’@
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Table 3.1 Sampling Locations and Facility Functions

S/N Location Coordinates Hospital Activities

1 RRSH 7.3646 °N Emergency care, outpatient and inpatient
3.9015 °E care services, surgical and specialty clinic.

2 AMTH 7.3380 °N Maternal and child care, immunization

3.9010 °E programs, and general OPD. \

N

Q

Source: Fieldwork, 2025 &V

Table 3.2: Sample Collection Points in Relation to@al Wards

2 \
Hospital Wastewater code Hospital Wax@@

RS .\
AMTH; (A1) Gyneco@ﬁﬁd Obstetrics

AMTH, (A>) E)\& ard
AMTH; (As) Qjé;%lic toilet
N

RRSH (R1) QQ\ Gynecology and Obstetrics
RRSH (R2) % Labor ward
S

Pediatrics/ General

work, 2025
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3.3 Reagents and Chemicals

Analytical standards of all target antibiotics were of high purity and purchased from
Sigma Aldrich (Steinheim, Germany). Methanol, acetonitrile, ultrapure water, and
Methanoic acid (all of LC-MS grade) were obtained from Fischer Chemical. Trisodium 2-
hydroxyypropan-1, 2, 3-tricarboxylate sesquihydrate (Na,CsHsO7.1.5H>0), and Disodium

ethylenediaminetetraacetic acid (NaEDTA.2H>O) were obtained from S1gma ldrich

(Steinheim, Germany). Sodium chloride, 99.5 % for analysis, and anhydrou 4 were
obtained from ACROS Organics™. Primary and secondary amine u k sorbent
was purchased from Supelco (Bellefonte, USA). Syringe filters ( PTFE Agilent)

were obtained from Agilent. Combined Stock standar | 'on (1000 mg L) of
individual target antibiotics was prepared in methanoept for ciprofloxacin, which
was prepared in methanol and Milli-Q water ( %Q working solution containing all
target antibiotics was prepared in acetonitri ith a concentration of 50 mg L. Stock
and working solutions were stored.iKEezer at —20 °C. Milli-Q water was used for
cleaning and sample preparation K es. There were a total of 6 antibiotics selected for
analysis: ciprofloxacin, '@micin, erythromycin, ceftriaxone, norfloxacin, and
oxytetracycline. QQ

3.4. Glasswage’ ng

To reduce@ form of contamination of samples and standards, all glassware used during
thf%@ ental work was cleaned by washing with CleanPro™ washing up liquid (UK)
and subsequently, rinsed thoroughly with Milli-Q water and dried in an electric oven at
120°C. Before use, all glassware was rinsed at least three times with methanol (MeOH) to

remove any organic residues and then allowed to air-dry in a fume cupboard.
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3.5 Extraction and Cleanup Procedure

Extraction of target antibiotics from sewage sludge was carried out using a quick, easy,
cheap, effective, rugged, and safe (Quenchers) extraction protocol. 1.0 g of homogenized
and dried sewage sludge of each sample(s) was weighed into a 50 mL extraction
tube/polypropylene tube. 200 pL of LC-grade water was added. The Sample was stirred
vigorously and placed in the dark overnight. Extraction solvents: 10 mL of 0.2M
Na;EDTA (in water)-Mcllvain buffer solution (pH 4.0). 8 mL of acetonitril {mL of
methanol were added to the sample in succession. The sample was vo e)&i}ed for 15 s,

followed by the addition of citrate buffer salt (pH 4.0, consisti g MgS0Oq4, 1.0 g
NaCl, 1.0 g NasCit, and 0.5 g NaxCit). The sample s '%

were shaken for 15
minutes on a mechanical shaker at a high speed. After b shaken, the sample setup was
transferred to a centrifuge machine and centri u@or 20 minutes at 500 rpm, i.e.
Revolutions per minute. The centrifuge tub % shaken immediately and vortex-mixed
for 1 min. The sample was ultrasc:r@or 10 min and centrifuged at 3500 rpm for
10 min. The cleanup of the Que@ extract was carried out by dispersive solid-phase
extraction (d-SPE). Five n’ll{&gﬁe supernatant organic phase was transferred into a 15-
mL centrifuge tube cb@%g 200 mg MgSO4 and 150 mg PSA sorbent. The mixture
was shaken 'n@,y, vortex-mixed for 1 min, and centrifuged at 1500 rpm for 5 min.
Then, the @ematant was decanted, filtered with a 0.2 mm PTFE syringe filter (Agilent)
int%%(gvial, and evaporated to dryness under a gentle stream of nitrogen gas at 40 °C.
The residue was reconstituted with 0.5 mL of a mixture of acetonitrile and water (0.1 %
formic acid), 5:95 (v/v), and then transferred to a set of HPLC autoanalyzer cups, using a

precision pipette, for the determination of the detectable antibiotics profiles residues at

various wavelengths it is built on the software of the Waters 616/626 HPLC.
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3.6 Instrumental Analysis and Physicochemical Parameters

A Waters 616/626 liquid chromatography (LC-10AD) pump with an RF-5300
Fluorescence detector and Waters TO 6A Column was utilised to analyze target
antibiotics. The analysis column is a reverse hydrosphere C18 column (internal diameter
4.6 x 50 mm,5 um). The HPLC analysis is performed at 25 +under isocratic conditions.
Chromatographic separation was achieved on a Poroshell EC-C18 column (100,mm X
2.1 mm, 2.7um, Agilent Technologies, Germany), protected by a Poroshell Q&% guard

column (2.1 x 5mm, 2.7 um, Agilent Technologies, Germany). A @en‘[ elution

/\

program was used using ultrapure water (containing 0.1 % fo%@d) and acetonitrile

(containing 0.1 % formic acid). Generally, hospital waste@r is regarded as domestic
and discharged into the municipal sewerage system wi pre-treatment. Legislation is
required to examine the quality of commo @water, including pH, electrical
conductivity, total suspended solids, and.c %a oxygen demand. Therefore, pH, EC
analyses of the wastewater were car i%}in the study. The pH and EC measurements
were conducted after taking a waﬂsv\@ter sample using portable pH and EC meters (Hach
brand). The measurement Gil&vas performed according to Standard Methods>®.

3.7 Preparation of S Qd Solution

Each sample ﬂ’ﬁ%&alysed in triplicate. To control quality, the spike sample extraction
was perfogrhed regularly together with the analyses of real samples. Also, procedural
bla\k/@fge carried out for potential contamination problems. Analyses of antibiotics
were performed using liquid chromatography [LC-10 AD pump with RF-5300
Fluorescence detector and water (TO-6A Column)] instrument to check for the presence
of target antibiotics and cross-contamination. Chromatographic separation was carried out
with an Agilent Poroshell 120 EC-C18 (100 mm x 3 mm, particle size 2.7 um) column.

The working standards were arranged in a tube of water HPLC autosampler tray, driven
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by the proportioning pump first, followed by the sampler. The HPLC analysis is to be
performed at 25+ under isocratic conditions. All measurements were carried out at
wavelength ranges of 250 um- 345 pum. The column temperature is increased and
maintained at 40 °C. The mobile phase was composed of oxalic acid (10 mm)/acetonitrile
and ultranitrile and water 980/20;40 ml, pH 2.0. A calibration curve for concentration
versus the intensity of the working standard was prepared for each antibiotic, fro&hich
a calibration graph for each of the antibiotics in the sample was determined. QQ

3.8 Antibiotic Residue Detection Q/

The samples obtained from the extraction were analyzed for Ci @in, Gentamicin,
Erythromycin, Ceftriaxone, Oxytetracycline, and Norflo % measurements were
carried out in triplicate according to standard procedureQ

3.9 Standard Curve and Detection Limit be

The Standard curves for the antibiotic%% prepared bearing in mind that these
pharmaceuticals occur in trace conc.egn\‘k. The standard solution was prepared from a
1000 part per million (ppm) sto@\ltions. 1 mL of the 1000 ppm stock solution was
pipetted into a 100 mL volymgtric flask and made up with distilled water. This solution
was 10 ppm of the sb@?From this solution, standard solutions of 0.0, 2.0, 4.0, 6.0,
and 8.0 ppm 'esép; ared by taking 0.0, 2.0, 4.0, 6.0, and 8.0 mL portions into 10 mL
Volumetric@sks and bringing them to the mark. These were then be arranged in tubes of
W%@C autosampler trays, driven by the proportioning pump first, followed by the
sampler for the analysis of unknown concentrations of antibiotics.

Three replicate blank samples were extracted following the same procedures utilised for
the extraction of wastewater samples. Each blank was assayed for its antibiotic
concentration (Ciprofloxacin, Gentamicin, Erythromycin, Ceftriaxone, Oxytetracycline,

and Norfloxacin) by HPLC. The standard deviation SD of the three replicate blanks was
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calculated to determine the method detection limit (MDL). MDL was then calculated as
shown in equation (3.1).

MDL=yB+3SD,

Where; yB mean of replicate blank

SD means Standard deviation of the blank
3.10 Recovery Efficiency
Recovery is one of the most commonly used techniques for validation of alytical
results and evaluating how far the method is acceptable for its inten ugpose. In the
study, the validity of the extraction procedure, precision, and accu &the HPLC were
determined by spiking wastewater samples with a standard n concentration by the
procedure. The spiked and non-spiked samples we@n yzed following the same
procedure employed in the extraction of the res %&amples and analyzed in a similar
procedure. Then the percentage recoveri%@e analytes were calculated as shown in

equation 3.2 5&

ReCOVGry Cwin sp1§ le Cyw in non-spike samples X 100%
Cspike

Where Cy is the conc§ of antibiotics of interest
3.11 Envnronme isk Assessment

Predicted Qfg}t concentration (PNEC) of antibiotics is the threshold below which no

adverse s are expected in aquatic organisms. It is calculated as
\/ PNEC = ECsoor NOEC
AF

ECsois the median effective concentration (mg/L)
NOEC is the no observed effect concentration (mg/L)
AF is an assessment factor (typically ranging from 10 to 1000, depending on the data

available)
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The assessment factors (AFs) are based on the recommendation of the European
Medicine Agency’®; the AF is 10 for data from chronic toxicity tests, for NOEC from
acute toxicity tests, or from EC50 from microbial activity tests; AF is 50 for ECso or
NOEC from plant growth tests, and AF is 1000 if ECso/ LCso is available for one tested
organism’?®,

PNECsoil terrestial — ECSO or LCSO or NOEC ..................
Assessment factor (AF)

Due to the scarcity of terrestrial toxicity data for pharmaceuticals, some a ;so used
the aquatic toxicity data to estimate PNECg through the eﬂﬁ{brlum partition

approach®!011.12.13.14 " Therefore, in this work, the potential eca@ gical risk of some

target antibiotics wiere evaluated based on aquatic toxici @ PNEcwater for calculating
PNEC;oil-aquatic), using the equilibrium partition metho&q. 2) according to the European
guidance on information requirements and chem@’gfety assessment':

PNEC (soil -aquatic) — K so@ x 1000 ...... 2
RHO% NECwater

where Kioil.water 1S soil-water partitic ficient and RHOsoi is the bulk density of wet

soil (1700 kg m™3). Ksoil wa@ calculated using Eq. (3) according to the European

Chemical Agency'®: Q\

Ksoitwiter = Fairsoil X Kair-water + Fwatersoit T Fsolidsoit X Foc(soi)Koc .......... 3
(S\& 1000 X RHOxoria

Fairsoil @nts the volume fraction air in soil, Kairwaer 18 the air-water partition

Where,

coe}ﬁdent (zero for nonvolatile substances), Fwatersoil répresents the volume fraction water
in soil, Fyoigsoil 18 the fraction solid in soil, Focsoily represents the weight fraction organic
carbon in soil, Koc is the organic water partition coefficient. Substituting all the default
values in brackets into Eq. (3), Ksoilwater can be calculated. If the calculated Ksoilwater 18

substituted for Ksoilwater in Eq. 2, the equilibrium partition equation can be simplified into

Eq. (4):
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PNEC (soil - aquaiy= (0.1176 + 0.01764 X Koc) X PNECwater ~ veveerenn. 4
where Koc is the organic carbon partition coefficient of antibiotic (as L Kg'). However,
the equilibrium partition method can result in overestimation or underestimation of
toxicity and should only be considered for identifying substances requiring further testing
on soil organisms. For the assessment of sewage sludge for land application in
agricultural purposes (sludge-amended soil), predicted environmental concentrat'&ls of
target antibiotics in soil PECi was used and was calculated by using leowing
equation (Eq. 5) as recommended by the European Technical Guidan&&ujnent on risk
assessment!”!8: Q

PECsoil) = Co(soily + MEC studge) X APP(siudgey DEPTH e %O(soib ...... 5
where Cosoin 1S the background concentration of antib@in the soil before application
of sludge (was assumed to be zero in this stu @C(sludge) represents the maximum
measured concentration in secondary sludge g 1), DEPTHsi is the mixing depth of
0.2 m generally used for agricultgr\’él, RHOoi1y is the bulk density of wet soil
(1700 kg m™3), and APPsiudee) is@Xpical application rate of dry sludge onto soil which
is 0.5 kg m? generally u's@)r agricultural soil. There was limited information on any
regulatory limit for the application rate of sewage sludge onto soils in Nigeria. But there
are some rec 'l@tions from scientific research ranging from 0.2 to 2.0 kg m™2. An
applicatio@e of 0.5 kg m~2 was used in this study since it fell within the recommended
rar&&t is the typical application rate used generally for agricultural soil in some
other studies'>!*2?°, The risk quotient of target antibiotics in sludge-amended soil for
terrestrial organisms (RQsoil-terrestrial) Was calculated as the ratio between the predicted
environmental concentration in soil (PEC) and the predicted no-effect concentration
(PNEC) derived from terrestrial toxicity data (PNECsoil-terrestrial) according to Eq. (6)!2

RQ (soil - terrestrial) =PEC (soil) / PNEC (soil — terrestrial) ««evvvnnn.. 6
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Risk quotient (RQ) of target antibiotics in sludge-amended soil based on aquatic toxicity
data (RQsoil-aquatic) Was calculated by using Eq. (7):

RQ (soil - aquatic) = PECsoity / PNEC (soil —aquatic) «++++vveevvenvennns 7

The criteria for evaluating risk evaluation criteria risk wias based on those commonly
used: a high risk if RQ>1, medium risk if 0.1<RQ<1, and low risk if RQ<0.1'42!,

3.12 Human Health Risk Assessment

To evaluate the potential risk posed by antibiotic mixtures in soil, it wa; osed to
combine the lowest PNECs for single compounds and mixtures with the @st available
MECs?? Because PNECs of mixtures were not available, it posed that the
calculation of a weighted PNEC for each specific mixtu ﬁcm) depends on the
relative contribution of the individual compounds @heir PNECs to the overall
mixture? (Eq. 8): 6f§

PNECuix= Y"1 (PNECi x PECi/ ¥ PEC)_ l {8

The corresponding RQ of the mixtu.r%&mix) was then be calculated using Eq. (9)>2%
RQumix = Y %=1 (PECi / PNECmix) \c)\ ...... 9

where PECi is the predict vironmental concentration of individual antibiotics and

PNEChix is the sum c@:ted no-effect concentrations of target antibiotics, calculated
from aquatic (i@ata (PNECsoil-aquatic)-
3.13 Dataéalysis

Da@ed were analysed using SPSS v19.0. Descriptive statistics, one-way ANOVA,
and Pearson correlation were used to evaluate variations and relationships between

samples and antibiotic concentrations.
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Table 3.3 Parameters Used in Environmental Risk Assessment (ERA)

N
S

Parameter Symbol Unit Description Typical values
Antibiotic concentration in Ceffluent pg/L or mg/L Measured conc. Of antibiotics i W\/ Varies by study
wastewater /\(J
O
Wastewater Discharge Volume  Veffiuent M3/day Volume of hospital @mter discharged per day  Varies by
Hospital
Receiving Wastewater Volume  Vwaterbody M3 The volum (@ river/lake receiving the Varies by
disch location
Dilution Factor DF - Thd@ wastewater volume to receiving water ~ 1-100 (Case-
\\®ne Specific)
Predicted Environmental PEC pg/L -5\\' stimated concentration of antibiotics in the Calculated
Concentration &(’) environment
Predicted No-Effect PNEC ugJIA% The threshold concentration below which no Varies by
Concentration QQ\ adverse effects occur antibiotic
Risk Quotient RQ Ratio of PEC to PNEC (RQ=PEC/PNEC) RQ < 1(low
(:\\% risk), RQ > 1
(potential risk)
Source?

fb\l
N
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Chapter Four

Results and Discussion of Findings
4.1 Physicochemical Properties of Hospital Wastewater
Hospital effluents are emerging as critical environmental challenges due to their
contribution to antibiotic contamination, which poses threats to both ecosyste&s and
public health. In this study, wastewater samples were collected from t spitals:
Adeoyo Maternity Teaching Hospital (AMTH) and Ring Road p%}Q Hospital
(RRSH), which lack functional wastewater treatment facilitie @ hysicochemical
parameters analyzed include pH, Electrical Conductivit;@&nd Total Suspended
Solids (TSS), as summarized in Table 4.1. Q
4.1.1 pH Value be
The pH of wastewater is a key determinar\b’rberobial activity and treatment efficiency.
Ideal pH levels for bacterial growtl.l g\‘%gical treatment systems typically range from
6.5 to 8.5!. Deviations above 9. @\inhibit microbial processes, while safe discharge
standards into surface and ndwater systems range from 6.0 to 9.0. The mean pH
values recorded in A\@nd RRSH were 9.64 + 0.17 and 9.88 + 0.24, respectively.
These excee 't)\é&)rld Health Organization (WHO) guideline of 5.0 to 9.0 and
Nigeria’s @eral Ministry of Environment standard of 6.0 to 9.0. This suggests the
ef%@e unsuitable for discharge into water bodies without pretreatment.
4.1.2 Electrical Conductivity (EC)
EC reflects the concentration of dissolved inorganic ions and is a general indicator of

wastewater strength. Though WHO does not specify a limit for EC in hospital wastewater,

values ranging from 300 to 2700 puS/cm have been reported in similar contexts?. The EC
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values for AMTH and RRSH were 1836.33 +40.27 and 1887 + 3.27 uS/cm, respectively,
falling within the expected range but indicating a high concentration of dissolved solids.
4.1.3 Total Suspended Solids (TSS)

The TSS indicates the concentration of undissolved particles in wastewater. WHO
recommends a TSS limit of 100 mg/L, while Nigeria's regulatory threshold is even stricter
at 30 mg/L>. The mean TSS levels from AMTH and RRSH were 558.33 + 56.57 mg/L
and 844.67 = 45.91 mg/L, respectively. These exceedances suggest severe @ination

C

Table 4.1 Physicochemical Characteristics of Hospital Wastew

AN\

and inadequate containment of particulate matter.

Parameter AMTH (:SD) RRTH (£SD) . WHO Standard
pH 9.64+0.17 9.88+ 024 < § 59

EC (uS/cm) 1840 + 40 1890 + 3& be Not Specified

TSS (mg/L) 558 + 59 845 i% 100
NS
Source: Field Survey, 2025. ,&
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Table 4.2 Mean = SD Concentration of Antibiotic Residues Detected in Hospital AMTH and RRSH

Antibiotics AMTH RRSH
Min 31.62 62.69
CIP Median 40.39 75.39
Max 51.31 89.29
Mean 41.09 77.09
S/dev 6.22 9.04
Min 47.57 63.96 \
Median 53.64 73.19 QQ
GEN Max 59.34 95..29 (
Mean 52.69 78.87 '\
s/dev 4.55 12.49 0
Min 25.63 21.89 Q s
Median 29.84 49Q
Max 21.29 9
OoXY Mean 41.48 b’bl .66
S/dev 20.30 \Q’b 13.58
Min 1.26 \ 2.86
Median '@ 2731
ERY Max @15 29.04
Mean @ 1.67 25.58
can \ . .
s%Q 0.30 19.02
. \~ %in 6.21 6.29
‘ \ ean 7.75 8.13
6 Max 7.95 12.78
CEF ’b‘ Mean 7.54 8.73
\g’
S/Dev 0.55 2.27
Min 11.56 30.85
Median 12.52 34.89
NOR Max 16.37 36.60
Mean 13.19 34.66
S/Dev 1.69 1.73

Source: Field Survey, 2025.
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Table 4.3: Correlation Matrix of Average Antibiotic Concentrations by Source

AMTH RRSH Correlation Coefficient (r) p-value
CIP GEN 0.925063 0.008213
CIP OXY -0.23129 0.659245
CIP ERY 0.58073 0.22683
CIP CEF 0.474405 0.341777
CIP NOR 0.940572 0.005193 Q\
GEN OXY -0.25831 0.62
GEN ERY 0.285401 @5
GEN CEF 0.71396 @ 11027
GEN NOR 0.811114 Q 0.050147
OXY ERY 0.349766 Q 0.496745

OXY CEF -0.29511 E fi& 0.570191

OXY NOR -0.017 0.974479

ERY CEF -o.x 3 0.496812

ERY NOR K(_;}?z 564 0.102638

CEF NOR . @ 0.35156 0.494386
-

Source: Field Surve@.

O3
O

\/‘ZJ
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Table 4.4 Analysis of Variance Results of Antibiotic Concentration Across the Wastewater

Sources

Antibiotic  F-Statistic p-Value Interpretation

CIp 46.86 1.84 x 1077 Significant variation across sources
GEN 56.08 6.64 x 107® Highly significant difference

00,4 127.15 5.79 x 1071 Very strong source-specina iation
ERY 1408.82 3.54 x 107'¢ Extremely significant Vafiation

CEF 5.64 6.68 x 10 Statistically @m

Source: Field Survey, 2025.
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Table 4.5 Principal Component Analysis (PCA) of the Antibiotic Concentration

Source PC1 PC2 PC3 PC4 PCS PCo

AMTH: (Ay) -1.83229 -0.50584 -0.96265  0.174785 -0.18783  2.10E-17
AMTH: (A2) -1.42495 -0.81301 -0.66319  -0.07747  0.232226  2.10E-17
AMTH: (As) -2.07752 0.415459 1.469042  -0.207 -0.03732  2.10E-17
RRSH (R1) 1.128744 0.748439 0.534507  0.53219 0.058636\2.10E-17
RRSH (R2) 1.538781 2.197969 -0.66215  -0.27118  -0. 2.10E-17
RRSH (R3) 2.667235 -2.04302 0.284442  -0.15132 , -0,04948  2.10E-17

A

Source: Field Survey, 2025.
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Euclidean Distance

R2 Labour ward
A2 Labour ward
A3 Public toilet

R1 Gynecology and Obstetrics
R3 Padeatrics and General
Al Gynecology and Obstetrics

Sample Source

Figure 4.2: Dendrogram Hierar&@luster Ilustrating the Similarity Patterns

Among the Wastewater Sm@ased on their Antibiotic Concentration Profiles.

Source: Field Surve%@
O
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Table 4.6: Health Risk Assessment of Antibiotics in HWW

Source CIPRQ GENRQ OXYRQ ERYRQ CEFRQ NORRQ
AMTH; 627.1473 497.0185 549.8421 14.22445 28.15367 30.32871
(A1)

AMTH 747.6947 548.9781 570.6312 16.80182 30.90507 24.82855
(A2)

AMTH;3 551.3341 534.7848 1368.241 19.01306 31.42934 @5
(As) Q,

RRSH; (R1) 1068.033 679.9886 1034.867 268.4947 %5 68.95624
RRSH>(R2) 1228.791 738.6001 985.4102 468.356%6.2156 71.79155
RRSH3(R3) 1316.956 947.4592 479.3973 30@5 43.37486 67.23269

Source: Field Survey, 2025.
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Table 4.7: Z-score > +2 or <-2 Typically Indicates Anomalous or Extreme Values

Source Replicates CIP GEN 00,4 ERY CEF NOR
RRSH (R1) A 0.826833 0.098587 0.632636 0.787474 0.586062 1.049863
B 0.184918 -0.11518 0.664011 0.704576 0.588164 0.855905
C 0.418101 0.437641 0.57778 0.785247 -0.0003 1.009737
RRSH (R2) A 0.839156 0.73697 0.487385 1.86518 -0.74131 1.167407
B 1.464434 0.327201 0.168466 2.031611 -1.00037 1.004555
C 0.714705 0.469319 0.762963 1.821215 -1.10 1.135296
RRSH (R3) A 1.554072 1.768388 -0.94771 -0.60843 0.637771
B 1.34234 1.867297 -1.20858 -0.61743 2.786149 0.989739
C 0.99304 1.861945 -1.08647 -0.5 -0.0935 1.049853
AMTH; (A1) A -0.82609 -0.76825 -0.72056 @ -0.25938 -0.92932
B -1.13819 -1.14874 -0.89409 Q-O. 0914 -0.55824 -0.6963
C -0.96225 -1.13472 -0.97@ -0.69829 -1.1536 -0.796
AMTH: (Az) A -0.59182 -0.40762 —(@8 -0.70119 -0.41118 -0.97205
B -0.74306 -0.70843 6%6203 -0.68878 -0.1127 -1.08262
C -0.40054 - 9@ -0.89396 -0.66581 -0.21028 -1.1269
AMTH; (As) A -1.02793 (>&21 1.825323 -0.65848 -0.15349 -1.10739
B —1.41371&@5205 1.619008 -0.66964 -0.22975 -1.13919
C -1 .Zé -0.73365 1.501262 -0.6896 -0.11519 -1.05034

Source: Field Survey, 2(@“
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4.2 Discussion of Findings

4.2.1 Antibiotic Residue Levels

Six antibiotics were analysed in wastewater samples: ciprofloxacin (CIP), gentamicin
(GEN), oxytetracycline (OXY), erythromycin (ERY), ceftriaxone (CEF), and norfloxacin
(NOR). Results indicated 100% detection frequency for all six antibiotics across the
samples.

In AMTH, CIP, and GEN were present in moderate concentrations with Qely low
standard deviations, suggesting controlled discharge and consistent presciption patterns.

CIP had a mean concentration of 41.09 + 6.22 png/L, @ had a mean

concentration of 52.69 + 11.77 pg/L. In contrast, OXY show igh variability, with
41.48 + 20.30 pg/L, indicating episodic discharge li@related to specific chemical

application. The lowest average concentrations éb bserved for ERY, at 1.67 + 0.30

pug/L, NOR at 3.19 £ 1.69ug/L, and CE@ 4 + 0.55 pg/L, but all were detected

)

Hospital RRST showed signiﬁca\ﬁy;higher antibiotic levels, with CIP and GEN having

consistently across samples.

mean concentrations of 77 ,04 ng/L and 78.89 + 12.49 pug/L, respectively, both
with increased variabil .%e ERY concentrations were particularly high, with a mean of
25.55+19.0 '@dicating either high usage or poor removal. OXY levels are similar
on averag@t ose in hospital AMTH but display different distribution patterns. The
hig% an concentration and standard deviation observed in RRTH suggest that it
contributes disproportionately to the environmental antibiotic load and may need
prioritization for source control and effluent treatment improvements. This differentiation
has important implications for antibiotic resistance propagation and environmental

policies aimed at reducing pharmaceutical pollution.
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Several studies have reported that CIP among antibiotics is the most detected antibiotic in
HWW#*3, 1t was reported that over 70% is excreted as the parent compound through
urine>®, The high concentration of CIP detected in the study was similar to those reported
in the HWW in Spain, France, China, and the USA’®. Higher concentration of CIP was
detected in Indian (236.6ug/L), Sweden (101pg/L). Norway (41.75ug/L), and Portuguese

(38.69). GEN concentration detected in HWW was higher than data rep&ed in

literature®!° (Table 2.3). Q
Generally, the concentration of target antibiotics in the current study is@ than the

maximum concentrations reported for most hospital effluents. vel of ERY in
sludge from Switzerland was reported in the previous stu 8&1 this was also found
at RRSH (1.67+0.30 pg/L) to be high but was reported @wer amounts at AMTH 25.58
+19. 02 pg/L. be

CIP and NOR are fluoroquinolones and ected in all samples in both hospitals'
soakaways, indicating frequent us;a%\‘hhis class of antibiotics. The highest mean
concentration of the two was fou&ﬁg\RRSH: CIP 77.09 + 9.04 pg/L and NOR 34.66 +
1.73 pg/L. It was reported %gh levels of this fluoroquinolone were detected in the
sewage sludge in Sw%a?d, India'!, and Kenya!!:1213:14 Lower concentrations of target
Fluoroquinol %\Qe measured by other researchers'>!%!7.  Absorption of
ﬂuoroquin@les in the sludge has been observed to be the main pathway of their
eliKi/1 14 which might be responsible for their detection in all sewage sludge samples
in this study (100% frequency of detection).

OXY was detected in sludge samples from both hospital effluents tank. The highest
concentration of OXY 41.66 + 13.58 pg/L was detected in RRSH. The OXY was among
the antibiotics with high concentrations detected at both hospitals. In China, higher

concentrations of target tetracycline were reported in sewage sludge samples, up to 36.65
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pg/L, and this was still lower than the concentration detected in this study. Lower

14 Lower

concentrations of OXY, however, were reported in some other studies
concentrations of ERY and CEF were detected at AMTH (.67+0.30 ug/L and 7.54 + 0.55
ug/L) than the amount detected at RRSH (25.58 £+ 19.02 pg/L and 8.73 £ 2.27 pg/L), in
comparison to CIP, OXY, GEN, and NOR. Lower concentrations of these two
parameters were also measured by other researchers.

However, the sewage sludge in this study were untreated and this may have uted to
the elevated concentration measured for some of the antibiotics esp ciﬁLy/QP, 0XY,
GEN and NOR. There are currently limited studies in Afric occurrence of

=

antibiotics in sewage sludge. Therefore, there is scarce da@ Arica to compare with

our results. Q

4.2.2 Statistical Analysis be

Descriptive statistics indicated uniform de frequency (100%) for all antibiotics,
confirming their pervasive preseqce.&kﬂ had a broader concentration range and
Standard deviation for most aq{ \ics, indicating less control over pharmaceutical
discharge compared to AM’@QJ

There is a strong corr% relationship between CIP and both NOR (r = 0.94, p = 0.005)
and GEN (r = ?9@0.008). This supports the hypothesis of co prescription and shared
clinical ap@atlon. Other pairing showed weaker, non-significant relationships, implying
in%@ usage trends.

ANOVA results showed statistically significant differences (p < 0.05) in antibiotics

concentration across sampling sites. The ERY showed the most pronounced variation (F=

1408.82, p < 0.0001), likely due to department specific usage patterns.
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4.2.3 Multivariate Analysis

Principal Component Analysis (PCA) revealed clear differentiation between the two
hospitals. RRSH samples clustered on the positive axis of PC1 driven by high levels of
CIP, GEN and ERY. AAMH samples grouped along the negative axis, reflecting lower
concentrations. This aligns with earlier studies showing that hospitals discharge profiles
vary by patients load and treatment practices'>!6:1718:19, *
Hierarchical Cluster Analysis grouped samples by hospital identity. Cluster L-nteluded all
AAMH sources with moderate antibiotic levels, while cluster 2 compr'se@ sources
with higher antibiotic burden. This reaffirms the need for hos i@)e ific wastewater
management. 0%

The PCA biplot shown above presents both the sample @s and antibiotic loadings in a
two-dimensional space, offering a clear Vis&@esemation of the multivariate
relationships, regarding sample grouping, amples (R1, R2) cluster in the direction
of ciprofloxacin (CIP) and gentgr@ EN), indicating elevated levels of these
antibiotics. In contrast, samples A@AMH appear more scattered and positioned away
from dominant contributofs&s&gesting a more moderate or evenly distributed antibiotic
profile. QQ

The vectors .r’\@and GEN are long and closely aligned with the first principal
componen 1) for the antibiotic loadings, emphasizing their significant role in
dis@j ing between samples. Erythromycin (ERY) and oxytetracycline (OXY) show
strong associations with the second principal component (PC2), highlighting their
contribution to a different dimension of variation.

4.2.4 Health Risk Assessment

The Risk Quotient (RQ) method was used to assess the environmental risk posed by each

antibiotic. All RQs exceeded the threshold of 1, indicating significant risk. CIP in RRSH>
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(R2) labor ward had the highest RQ (>1200), followed by GEN and OXY (>900). ERY
also presented serious risk values (>400) in some departments

These results reflect current concerns in literature that hospital effluents are major
contributors to environmental antibiotic loads and potential reservoirs for antimicrobials
resistance.

The findings of this study align with recent global research that identifies
fluoroquinolones, aminoglycosides and macrolides classes of antibiotics ommon
HWW contaminants. Similar detection frequencies and concentratio%&sfre reported
in many studies!""'®, especially for CIP and GEN Q

Strong correlation between CIP and NOR, and their domi ce% PC1 loadings, mirror
results findings were linked to co-prescription and excretion pathways. The
elevated RQ values indicates an urgent need 6f§malized treatment options as are
compared with past research!!>13:18, fb

The ANOVA and PCA results con? %tal-speciﬁc discharge profiles, and this calls
for regulatory focus on high-risk @men‘[s

In summary, the results ré@ persistent, high-risk antibiotic pollution in HWW, with
clear spatial trends @c inical implications. The findings underscore the need for
institutional 1 '@ns, strengthened policy, and ongoing research.

The Z-sco@or erythromycin (ERY) in the R2 labour ward exhibit the most pronounced
de@%ith values exceeding 2 (Z > 2), indicating a significantly elevated
concentration relative to other replicates. Additionally, moderate anomalies (Z > 1) are
observed for norfloxacin (NOR), particularly in the R2 labour ward and R1 gynecology,

suggesting that these areas are contributing unusually high levels of specific antibiotics.
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Chapter Five

Conclusion
5.1 Summary of Findings
This study assessed the occurrence and environmental risks of six commonly used
antibiotics—ciprofloxacin (CIP), gentamicin (GEN), erythromycin (ERY), ceftriaxone
(CEF), oxytetracycline (OXY), and norfloxacin (NOR) in hospital wastewater from
Adeoyo Maternity Teaching Hospital (AMTH) and Ring Road State Hospit, %) in
Ibadan, Nigeria. Analysis of physicochemical parameters revealed p lugs of 9.64 +
0.17 and 9.87 £ 0.24 in AMTH and RRSH, respectively, excee@t e World Health
Organization (WHO) permissible limit, thereby rendering Gﬁtewater unsuitable for
direct discharge into surface waters. Q
All six antibiotics were detected in every s %Q)llected, with RRSH exhibiting
significantly higher concentrations tha . For example, CIP concentrations
averaged 77.09 + 9.04 pg/L at I}Kmeared to 41.09 + 6.22 pg/L at AMTH;
similarly, GEN levels were 78.8&%.49 png/L at RRSH versus 52.69 + 11.77 pug/L at
AMTH. ERY also demonsﬁ&%gh variability, especially in RRSH samples.
Statistical analyses re@?signiﬁcant differences (p < 0.05) in antibiotic concentrations
between hospi 5’\&;} es. Principal Component Analysis (PCA) and Hierarchical Cluster
Analysis (@A) confirmed that wastewater profiles differed significantly between the

tW\hgpfgals, with RRSH contributing more substantially to environmental antibiotic
Environmental Risk Assessment (ERA) revealed that all antibiotics had Risk Quotients

(RQ) greater than 1, indicating a high ecological risk. Several RQ values exceeded 1000,

especially for CIP, GEN, and OXY. Health Risk Assessment (HRA) results showed
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Hazard Quotients (HQs) exceeding 1 for both adults and children, suggesting potential
public health risks through environmental exposure.

5.2 Conclusion

This investigation established the presence of antibiotic residues in all wastewater
samples analyzed. The results from the human health risk assessment highlighted
considerable threats to both adults and children, especially if exposed to 1§treated

hospital wastewater. The findings call for urgent intervention to mitigate @‘mental

¢
O

I.  Installation or upgrade of hospital wastewater Jscataent plants (WWTPs),

contamination and protect public health.

5.3 Recommendations

particularly at RRSH, incorporating advancec@ ation processes (AOPs) or
membrane filtration technologies tailore d@ve pharmaceutical residues.

II.  Implementation of stringent regulato %meworks governing hospital wastewater

discharge, with specific focus @naceutical pollutants.

II.  Regular monitoring of a@tic concentrations in hospital effluents and their

Q

V. Hospital-basea@%‘[ional campaigns aimed at promoting rational prescribing

practi 's@ healthcare professionals.

V.  Publi¢c education programs to discourage the reuse of untreated hospital effluents

receiving environm

\@griculture or domestic applications.

5.4 Contribution to Knowledge

This study provides valuable insights into the levels and environmental implications of
pharmaceutical pollutants in hospital wastewater in a developing country context. It
stands as one of the first comprehensive investigations of antibiotic residues from

multiple hospitals in Ibadan, Nigeria.
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Key contributions include:

L

II.

1.

IV.

Empirical evidence on the occurrence and concentrations of six antibiotics in
Nigerian hospital wastewater.

Demonstration of significant variability in antibiotic loads between hospitals,
emphasizing the influence of local prescription habits and hospital practices.

Use of both Environmental Risk Assessment (ERA) and Human Health Risk
Assessment (HHRA) models, integrating Measured E mental
Concentrations (MEC), Predicted Environmental Concentrati3< EC’), and Risk
Quotients (RQ). Q

Novel application of equilibrium partitioning theory, es'ﬁlte PNECsoil-aquatic
values in the absence of terrestrial toxicity data. Q

Critical data supporting the formulation 8@1& guidelines for pharmaceutical

discharge and sludge reuse. ’b

5.5 Suggested Areas for Further Stuix\

L

II.

1.

Longitudinal monitoring \biotic concentrations in HWW to capture seasonal
trends and peak coﬁ@%ation periods.

Investigations\%%e persistence, degradation, and mobility of antibiotics and
their 't%b s in various environmental compartments.

As@ment of antibiotic resistance genes (ARGs) in effluents, adjacent soils, and

\;&%r bodies, with emphasis on the potential for horizontal gene transfer.

IV.

Evaluation of the efficiency of existing WWTPs and feasibility studies on low-
cost treatment alternatives like constructed wetlands and activated carbon systems.
Human health risk assessments that consider alternative exposure pathways such

as consumption of contaminated crops.
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VI.  Expanded surveillance to include primary, secondary, and private healthcare
facilities for a comprehensive understanding of pharmaceutical discharge across

hospital types.

99



Bibliography
Absar, T., Y. Bashir, N. Khalil, C. L. Brown, D. Gupta, and A. U. Khan, Antimicrobial
Resistance Transmission in the Environmental Setting through Traditional and UV-
Enabled Advanced Wastewater Treatment Plants: A Metagenomic Insight,
Environmental Microbiome 20, 2025, 27.
Achak, M., S. Alaoui Bakri, Y. Chhiti, F. E. M’hamdi Alaoui, N. Barka, and W. Boumy SARS-
CoV-2 in Hospital Wastewater During Outbreak of COVID-19, A Review Q tectlon

Survival and Disinfection Technologies, Science of the Total Env1r0 61, 2021,

143192, Q

Adekanmbi, A. O., T. A. Ogunbanwo, and O. A. Adefisoye. Occu dstk Assessment of
Antibiotics in Hospital Effluents in Southwestern nga nvironmental Monitoring
and Assessment, 94, no. 8, 2022, 582. fb

Ajibola, A. S., O. A. Amoniyan, F. O. Ekoja, fb . Ajibola, QuEChERS Approach for
Analyzing Three Fluoroquinolone ziilgt\’}? in Wastewater: Concentration Profiles and
Ecological Risk in Two Nigeria&%pital Wastewater Treatment Plants, Archives of
Environmental Contamiﬂ@ and Toxicology, 80, 2021, 389-401.

Ajibola, A. S., S. T. Fawo@ . Ajibola, and G. O. Adewuyi, Diclofenac and Ibuprofen
Determinatio '@age Sludge Using a QuEChERS Approach: Occurrence and
Ecologica@k Assessment in Three Nigerian Wastewater Treatment Plants, Bulletin of
Elxi/&ntal Contamination and Toxicology 106, 2021, 690—-699.

Ajibola, A. S., S. T. Fawole, F. O. Ajibola, and G. O. Adewuyi. Diclofenac and Ibuprofen
Determination in Sewage Sludge Using a QuEChERS Approach: Occurrence and
Ecological Risk Assessment in Three Nigerian Wastewater Treatment Plants. Bulletin of

Environmental Contamination and Toxicology, 106, 2021, 690—699.

100



Ajibola, S. A., and C. Zwiener, Occurrence and Risk Assessment of Antibiotic Residues in
Sewage Sludge of Two Nigerian Hospital Wastewater Treatment Plants, Water, Air, and
Soil Pollution, 233, 2022, 405.

Alajmi, A., M. Taha, A. Alenzi, M. Alkhunaizi, M. AIl-Othman, and I. Alablan,
Metatranscriptomic Analysis Reveals Actively Expressed Antimicrobial-Resistant Genes
and their Hosts in Hospital Wastewater, Antibiotics (Basel), 13, no. 1 (2023): 11&

Alrefaee, S. H., Removal of Acetaminophen from Wastewater Using a Novel Ads@La/T h-
MOF, Chemosphere 375, 2024, 132096.

American Chemical Society. Alexander Fleming, Discovery and De t of Penicillin.
Washington, DC: American Chemical Society, 2023. Oé

American Public Health Association, American Water Works ciation, Water Environment
Federation. Lipps, W. C., E. B. Braun-Howland, @ Baxter, eds. Standard Methods

for the Examination of Water and Wastew%’ét ed. Washington, DC: APHA Press,

2023. . \\

An, J, H. Chen, S. Wei, and J. Gu, Aéigbtic Contamination in Animal Manure, Soil, and
Sewage Sludge in Sheny'a@%ortheast China, Environmental Earth Sciences, 74
(2015), 2021, 5077—53%.Q

Anerao, P., R. Kaw, 'e}{&umar Khedikar, M. Kumar, and L. Singh, Phytoremediation of
Persistent@rganic Pollutants:  Concept, Challenges and Perspectives, In
P}\t/@diaﬁon Technology for the Removal of Heavy Metals and Other
Contaminants from Soil and Water, 375-404. 2022a.

Anyanwu, N., J. N. Igwe, and C. M. Okeke, Comparative Assessment of Antibiotic Pollution in
Tertiary Hospital Wastewater in Urban Nigeria, Journal of Environmental Science and

Health, Part A 58, no. 3, 2023, 217-27.

101



Arun, S., R. M. Kumar, J. Raj, M. Mukhopadhyay, K. Ilango, and P. Chakraborty, Occurrence,
Source, and Risk Assessment of Fluoroquinolones in Dumpsite Soil and Sewage Sludge
from Chennai, India, Environmental Toxicology and Pharmacology, 79, 2020, 103410.

Awasthi, S. K., M. Kumar, V. Kumar, S. Sarsaiya, P. Anerao, P. Ghosh, L. Singh, H. Liu, Z.
Zhang, and M. K. Awasthi, 4 Comprehensive Review on Recent Advancements in
Biodegradation and Sustainable Management of Biopolymers, Environmental P&ution,
307, 2022a, 119600. QQ

Aydin, S., A. Ulvi, F. Bediik, and M. E. Aydin, Pharmaceutical Residues i &&e)ted Sewage
Sludge: Occurrence, Seasonal Variation, and Risk Assessment ’g Science of the
Total Environment, 817, 2022, 152864. é

Aydin, S., A. Ulvi, F. Bediik, and M. E. Aydin, Pharmaceut@?esidues in Digested Sewage
Sludge: Occurrence, Seasonal Variation and %ﬁ@e&sment for Soil, Science of the
Total Environment 817, 2022, 152864. fb

Ayoade, O. A., T. T. Adekile, A. Alade, aP@Afolabi. Occurrence and Risk Assessment of

Fluoroquinolones (Ciproﬂoxaci& rfloxacin, Ofloxacin) in Sewage Sludge from

Nigerian Hospital Wastev&%&featment Plants, Water, Air, & Soil Pollution, 233,

2022, 405, QQ

Baquero, F., J. L. Ma@ F. Lanza, J. Rodriguez-Beltran, J. C. Galan, A. San Millan, and T.
volu

M. Coque@

M@;ng Reviews, 34, no. 3, 2021, e00050-19.

tionary Pathways and Trajectories in Antibiotic Resistance. Clinical

Belle, G., B. Moodley, R. Moodley, E. O. Omotola, C. Truter, and O. O. Olatunji, Occurrence
and Detection of Selected Pharmaceuticals of Emerging Concern: Potential Risks for
Aquatic Ecosystems and Human Health, Discover Applied Sciences, 7, 2025, 1078.

Bera, S. P., M. Godhaniya, and C. Kothari, Emerging and Advanced Membrane Technology for

Wastewater Treatment: A Review. Journal of Basic Microbiology, 62, 2021, 245-259.

102



Bervoets, Q. M. S., and M. C. M. van den Brink. State-of-the-Art Analytical Approaches and
Strategies to Evaluate Direct Disposal of Drugs into Wastewater. Wiley
Interdisciplinary Reviews: Water (Wires Water), 2023.

Biel-Maeso, M., C. Gonzalez-Gonzalez, P. A. Lara-Martin, and C. Corada-Fernandez, Sorption
and Degradation of Contaminants of Emerging Concern in Soils Under Aerobic and
Anaerobic Conditions. Science of the Total Environment, 666, 2019, 662—671.

BMC Public Health, Antibiotic Resistance in Hospital Wastewater in West Africa: @tematic

C

Review and Meta-Analysis, BMC Public Health, 25, 2025, 1364.
Boutros, M., A. Mekki, and A. Ghadban, Sustainability Assessment 0@1‘%11 Wastewater
Treatment: Integrating Life Cycle Environmental, Econo@% Social Dimensions,
Sustainability, 17, no. 11, 2025, 4930. Q
Buelow, E., M. C. Ploy, and C. Dagot. Role of Pollutio oﬂ@election of Antibiotic Resistance

and Bacterial Pathogens in the Environ .(Current Opinion in Microbiology, 64,

2021, 117-124. \
\%

Biining, B., D. Rechtenbach, J. B Qj\t, and R. Otterpohl, Removal of Emerging
Micropollutants from Wa$ ter by Nanofiltration and Biofilm Reactor (MicroStop).
Environmental Prog\é Sustainable Energy, 40, 202, e13587.

Buta, M., J. Hubeny, @ieliﬁski, M. Harnisz, and E. Korzeniewska, Sewage Sludge in
Agriculturé The Effects of Selected Chemical Pollutants and Emerging Genetic
Rei&@gngeterminants on the Quality of Soil and Crops — A Review, Ecotoxicology
and Environmental Safety, 214, 2021, 112070.

Chaturvedi, P., P. Shukla, B. S. Giri, P. Chowdhary, R. Chandra, P. Gupta, and A. Pandey,
Prevalence and Hazardous Impact of Pharmaceutical and Personal Care Products and

Antibiotics in the Environment: A Review on Emerging Contaminants, Environmental

Research, 194, 2021, 110664.

103



Cheng, Dengmiao, Jiao Zhang, Wang Lin, Zhiyuan Liu, Shanshan Li, and Yue Xiao, Influence
Mechanism of Sludge Composting on Antibiotic Resistance Genes under Antibiotic Stress.
A Comprehensive Analysis, Journal of Hazardous Materials, 437, 2025, 131079.

Cheng, N., B. Wang, P. Wu, X. Lee, Y. Xing, M. Chen, and B. Gao, Adsorption of Emerging
Contaminants from Water and Wastewater by Modified Biochar: A Review.
Environmental Pollution, 273, 2021, 116448.

Chiemchaisri, W., C. Chiemchaisri, N. S. Hamjinda, C. Jeensalute, P. Buranapa and V.
Thamlikitkul. Field Investigation of Antibiotic Removal Efficacies in Different Hospital
Wastewater Treatment Processes in Thailand, Emerging Cont @ 8, 2022, 329-
339. %

Chisholm, J. M., R. Zamani, A. M. Negm, N. Said M. bdel Daiem, and M. Dibaj.
Sustainable Waste Management of Medical W%(@frican Developing Countries: A
Narrative Review, Waste Management gérch 39, 2021, 1149-1163.

Chunhui, Z., W. Liangliang, G. Xiangyu, a.ng\‘X\udan. Antibiotics in WWTP Discharge into the
Chaobai River, Beijing, Archive@lvironmental Protection, 42 (2020): 48-57.

Clemente, C., J. Gaytén-Cervante§,§§c{nzélez-Torres, A. E. Nolasco-Rojas, M. Loyola-Cruz, L.
Delgado-Balbuena, J .\@ do-Balbuena, M. Paredes-Mendoza, M. C. Tamayo-Ordoéiez,
and Y. Tam '@f‘ez, Profiling of Bacterial Communities of Hospital Wastewater
Reveals @ﬁcally Relevant  Genera and Antimicrobial Resistance Genes,
M%@nisms 13, no. 6, 2025, 1316.

Danner, M. C., A. Robertson, V. Behrends, and J. Reiss, Antibiotic Pollution in Surface Fresh
Waters: Occurrence and Effects, Science of the Total Environment, 664, 2019, 793—

804.

104



Dantuluri, K. L., K. R. Bonnet, D. G. Schlundt, R. J. Schulte, H. G. Griffith, and A. Luu,
Antibiotic Perceptions, Adherence, and Disposal Practices Among Parents of Pediatric
Patients, PLOS ONE, 18, 2023, ¢0281660.

Das, M. T., S. S. Kumar, P. Hosh, G. Shah, S. K. Malyan, S. Bajar, 1. S. Thakur, and L. Singh,
Remediation Strategies for Mitigation of Phthalate Pollution: Challenges and Future
Perspectives. Journal of Hazardous Materials, 409, 2021, 124496.

Dezhi, Z., C. Zou, P. Deng, L. Liu, M. Ma, W. Wang, T. Yang, P. Yuan, and J. Zh %ects of

Veterinary Antibiotics and Their Combined Application with Heavy $\< s on Antibiotic

Resistance Genes in Typical Animal Manure-Amended Soils, ere, 356, 2024,
141885. 0

Diniz, V. Long-term Ecotoxicological Effects of Ciproﬂoxacin@ombination with Caffeine on

the Microalga Raphidocelis Subcapitata., Toxic ﬂ@ports,& 2021, 429-435.

Domingo-Echaburu, S., A. Lopez de Torre-Querejazu, &alcércel, G. Orive, and U. Lertxundi.
Hazardous Drugs (NIOSH'’s List—G.rou \zﬂ Healthcare Settings: Also, A Hazard for the
Environment? Science of the To&%vironment,égﬂ, 2022, 152954.

Dominguez, E., M. Ferre, M. J. N %amas, N. Ortufio, and D. Prats. “Removal of Indicator
Micropollutants Inchﬂ%ﬁ Directive (EU) 2024/3019 using Nanofiltration and Reverse

Osmosis.” 7 ';@025): 1269.

Dube, N. “Human, Pharmaceuticals in the Arctic — A Review.” Science of the Total
En@fgﬁ (2024).

Dubey, M., S. Mohapatra, V. K. Tyagi, S. Suthar, A. A., and Kazmi, Occurrence, Fate, and
Persistence of Emerging Micropollutants in Sewage Sludge Treatment, Environmental
Pollution, 273, 2021, 116515.

Ebrahimi, S. M., R. D. Reyhani, M. Asghari-JafarAbadi, and Z. Fathifar. Diversity of Antibiotics

in Hospital and Municipal Wastewaters and Receiving Water Bodies and Removal

105



Efficiency by Treatment Processes: A Systematic Review Protocol, Environmental
Evidence, 9 (2020): 19.

EC-TGD. Technical Guidance Document on Risk Assessment in Support of Commission
Directive 93/67/EEC on Risk Assessment for Newly Notified Substances, Commission
Regulation (EC) No 1488/94 on Risk Assessment for Existing Substances, and Directive
98/8/EC of the European Parliament and of the Council Concerning the Plaging of
Biocidal Products on the Market, Parts I, II, and IV. European Communities, EUR,
20418 EN/1. 2003. Q/

Ekwanzala, M. D., R. F. Lehutso, T. K. Kasonga, J. B. Dewar, @N. B. Momba.
Environmental Dissemination of Selected Antibiotics fror@) ital Wastewater to the
Aquatic Environment., Antibiotics, 9, 2020, 431. Q

Elder, F. C. T., A. J. O’Neill, L. M. Collins, and Ls J@er. A Framework to Assess the
Terrestrial Risk of Antibiotic Resistance fio ré:%iotics in Slurry or Manure Amended

Soils, Environmental Science: Adva %023, 780-794.

European Chemicals Agency (ECHA),,&ge'y\htiﬁc Report on the Assessment of Combination

Effects of Chemicals, E -R-01-EN. Helsinki: European Chemicals Agency,

N

European Chemicals '@ECHA), Scientific Report on the Assessment of Persistent, Mobile
T

and Te oxic@l
03@sinki: European Chemicals Agency, 2022.

European Medicines Agency (EMA). Guideline on the Environmental Risk Assessment of

and Very Persistent and Very Mobile (vPvM) Substances, ECHA-22-R-

Medicinal Products for Human Use — Revision 1. Committee for Medicinal Products for

Human Use (CHMP), Reference No. EMEA/CHMP/SWP/4447/00 Rev. 1, 2024.

106



Evoung Chandja, W. B. “Emergence of Antibiotic Residues and Antibiotic-Resistant Bacteria in
Hospital Effluents: Occurrence, Risks and Management.” Water 16, no. 22 (2024): article
3179.

Ezugbe, E. O., and S. Rathilal. “Membrane Technologies in Wastewater Treatment: A Review.”
Membranes 10 (2020): 89.

Farhana, A., A. J. Selvarani, A. V. Samrot, A. Alsrhani, P. Raji, C. S. Sahithya, P. J. J. Cypriyana,
P. Senthilkumar, M. P. Ling, and S. Yishak. “Utilization of Superpara ic Iron

Oxide Nanoparticles (SPIONs) Impregnated Activated Carbon f@emoval of

Hexavalent Chromium.” Journal of Nanomaterials (2022): 432
te

Federal Ministry Federal Office. Medicinal Products Act (Arzne@ setz — AMG). Berlin:
Bundesministerium der Justiz, 2023. Q

Folarin, O. S., A. A. Otitoloju, N. H. Amaeze, and J. l@% Occurrence of Acetaminophen,
Amoxicillin, Diclofenac, and Methylpar: Lagos and Ologe Lagoons, Lagos,
Nigeria. Journal of Applied Scien ;K\ Environmental Management, 23, no. 12,
2019, 2143-2149. \(—)\

Food and Drug Administration. Ge %rug Categories. Silver Spring, MD: FDA, 2023.

Gad, S. C., Cephalosporin Encyclopedla of Toxicology, 4th ed., 705-710. Oxford:
Academic Pr 's\

Galus, M., J. Jey@jaan, E. Smith, H. Li, C. Metcalfe, and J. Y. Wilson, Chronic Effects of
Ex@fbo a Pharmaceutical Mixture and Municipal Wastewater in Zebrafish, Aquatic
Toxicology 132, 2019, 212-222.

Garcia, J, A Review of Emerging Organic Contaminants (EOCs), Antibiotic Resistant Bacteria

(ARB), and Antibiotic Resistance Genes (ARGs) in the Environment: Increasing Removal

with Wetlands and Reducing Environmental Impacts, Bioresource Technolog, 307, 2020,

123228.

107



Gaspar, P. A., J. A. Pinto, J. F. Teixeira, M. J. Silva, and M. M. A. M. Costa. Characterization
and Comparative Analysis of Antimicrobial Resistance in Escherichia coli from Hospital
and Municipal Wastewater Treatment Plants. Journal of Water and Health, 22, no. 4,
2025, 105920.

Goh, P. S., W. J. Lau, A. F. Ismail, Z. Samawati, Y. Y. Liang, and D. Kanakaraju. Microalgae-
Enabled Wastewater Treatment: A Sustainable Strategy for Bioremediation of Piicides,
Water, 15, no. 1 2023, 70. Q

Guolo, P. P, R. Silva, C. M. de Souza, and L. Farias. Investigating Contami a%)QEmerging
Concern (CECs): Advances in Broad-Spectrum Detectic@algd Monitoring,
Environmental Advances, 10 2025, 100312.

Gwenzi, W., A. Kanda, C. Danha, N. Muisa-Zikali, and N@aukura, Occurrence, Human
Health Risks, and Removal of Pharmaceuticals 4 #@)us Systems: Current Knowledge
and Future Perspectives.” In Applied ience Volume 1: Fundamentals and
Applications, 63—101. Beverly, MA., USA: Scrivener Publishing LLC, 2021.

Gwenzi, W., A. Kanda, C. Danha, N.@a—Zikali, and N. Chaukura. Occurrence, Human
Health Risks, and Remova?&%zrmaceuticals in Aqueous Systems: Current Knowledge
and Future Perspec@% Applied Water Science Volume 1: Fundamental and
Applications, 3\ ABeverly, MA: Scrivener Publishing LLC, 2021.

Hamad, H., and @E El-Sesy, Adsorptive Removal of Levofloxacin and Antibiotic Resistance
G%@ Hospital Wastewater by Nano-zero-valent Iron and Nano-copper Using
Kinetic Studies and Response Surface Methodology, Bioresources and Bioprocessing,
10, 2023, 16.

Harrower, J., M. McNaughtan, C. Hunter, R. Hough, Z. Zhang, and K. Helwig, Chemical Fate
and Partitioning Behavior of Antibiotics in the Aquatic Environment: A Review.

Environmental Toxicology and Chemistry, 40, no. 12, 2021, 3275-3298.

108



Hena, L. S., L. Gutierrez, and J. P. Croué, Removal of Pharmaceutical and Personal Care
Products (PPCPs) from Wastewater Using Microalgae: A Review, Journal of
Hazardous Materials, 403, 2021, 124041.

Hena, S., L. Gutierrez, and J. P. Croué., Removal of Pharmaceutical and Personal Care Products
(PPCPs) from Wastewater Using Microalgae: A Review, Journal of Hazardous
Materials, 403 (2021): 124041.

Homeier-Bachmann, T., S. Heiden, P. Liibcke, L. Bachmann, J. Bohnert, D. Zimme , and K.
Schaufler, Antibiotic-Resistant Enterobacteriaceae in Wastew3t< of, Abattoirs,
Antibiotics, 10, 2021, 568. Q

Hong, Y., I. Lee, W. Lee, and H. Kim, Mass-Balance-Model- ﬁvaluation of Sewage
Treatment Plant Contribution to Residual Pharmace@s in Environmental Water.
Chemosphere, 225, 2019, 378-387. be

Hotor, P., F. C. N. Kotey, and E. S. Donkor, Axti Resistance in Hospital Wastewater in
West Africa: A Systematic Review. n \ea—analysis, BMC Public Health, 25, 2025,

N
1364.
&

Iskandar, K., L. Molinier, S. Hallit, artelli, F. Catena, and F. Coccolini, Drivers of Antibiotic
Resistance T ransmis%%Low—and Middle-Income Countries from a ‘One Health’
Perspective{/@, Antibiotics 9, 2020, 372.

Ismail, M. A. H.,%Kamarudin, M. N. Abdul Samat, R. M. F. Raja Abdul Rahman, S. Saimun,
T. L. Qprgnd H. M. Neoh, Methicillin-Resistant Staphylococcus aureus (MRSA) Clonal
Replacement in a Malaysian Teaching Hospital: Findings from an Eight-Year Interval
Molecular Surveillance, Antibiotics, 10, no. 3, 2021, 320.

Jafari, A. J., R. R. Kalantary, A. Esrafili, and M. Moslemzadeh, Photo-Catalytic Degradation of
Bisphenol-A from Aqueous Solutions Using GF/Fe-TiO-CQD Hybrid Composite,

Journal of Environmental Health Science and Engineering, 2021, 1-13.

109



Jagdish, S., and G. C. J. Roberts. Plasma Protein Binding as an Optimizable Parameter for In
Vivo Efficacy, BioRxiv, 19, 2025. Accessed October 2, 2025.

Jain, M., P. S. Kiran, P. S. Ghosal, and A. K. Gupta. Development of Microbial Fuel Cell
Integrated Constructed Wetland (CMFC) for Removal of Paracetamol and Diclofenac in
Hospital Wastewater, Journal of Environmental Management, 344, 2023, 118686.

Javad, M., S. Mohsen, and V. Vatanpour, Performance Improvement of PES Membrane
Decorated by MIL-125(Ti)/Chitosan Nanocomposite for Removal of Orga@llutants

C

and Heavy MetalChemosphere, 290, 2022, 133335.
Kaliakatsos, T., M. V. K. Tatsi, A. Vyrides, and D. Voutsa, Treatment 0®tal Wastewater:
Emphasis on Ecotoxicity and Antibiotic Resistance G@§urnal of Chemical
Technology & Biotechnology, 2024. Q
Karimi-Maleh, H., B. G. Kumar, S. Rajendran, J. Qin, .f&deel, D. Durgalakshmi, F. Gracia,
M. Soto-Moscoso, Y. Orooji, and F. Kari uning of Metal Oxides Photocatalytic
Performance Using Ag Nanopartic.less&éation, Journal of Molecular Liquids, 314,
2021, 113588. \(—)\

Katibi, K. K., K. F. Yunos, H. O@%, A. Z. Aris, M. Z. Mohd Nor, R. S. Azis, and A. M.
Umar, ContemporaryNledhniques for Remediating Endocrine-Disrupting Compounds in
Various Wat 's’ésw es: Advances in Treatment Methods and Their Limitations,
Polymers,@ 2021, 3229.

Keerthanax/@hyasinghe, J. K. Biswas, and M. Vithanage, Pharmaceutical and Personal
Care Products (PPCPs) in the FEnvironment: Plant Uptake, Translocation,
Bioaccumulation, and Human Health Risks, Critical Reviews in Environmental Science
and Technology, 51, 2021, 1221-1258.

Khan, M. T., I. A. Shah, I. Ihsanullah, M. Naushad, S. Ali, S. H. A. Shah, and A. W. Mohammad.

Hospital Wastewater as a Source of Environmental Contamination: An Overview of

110



Management Practices, Environmental Risks, and Treatment Processes, Journal of
Water Process Engineering, 41 2021, 101990.

Khan, N. A., S. Ahmed, I. H. Farooqi, I. Ali, V. Vambol, F. Changani, M. Yousefi, S. Vambol, S.
U. Khan, and A. H. Khan, Occurrence, Sources and Conventional Treatment Techniques
for Various Antibiotics Present in Hospital Wastewaters: A Critical Review, TrAC
Trends in Analytical Chemistry,129, 2020, 115921.

Khan, N. A., V. Vambol, S. Vambol, B. Bolibrukh, M. Sillanpaa, F. Changani, A. E , and M.
Yousefi., Hospital Effluent Guidelines and Legislation Scenario Ar ur@e Globe: A
Critical Review. Journal of Environmental Chemical Engineeril@&ml, 105874.

Khan, N. A., V. Vambol, S. Vambol, B. Bolibrukh, M. Sillanpaa, E &ni, A. Esrafili, and M.
Yousefi, Occurrence, Sources and Conventional T r@ent Techniques for Various
Antibiotics Present in Hospital Wastewaters:&f&tical Review, TrAC Trends in
Analytical Chemistry 129, 2020, 115921 fb

Khan, N. A., V. Vambol, S. Vambol, B. B(:l'b \,\/l Sillanpaa, F. Changani, A. Esrafili, and M.
Yousefi, Hospital Effluent GuiK@ and Legislation Scenario Around the Globe: A
Critical Review, Journal'@nvironmental Chemical Engineering 9, no. 5, 2021,
105874. QQ

Kim, D. G. Additi '®ochar into Activated Sludge Improves Removal of Antibiotic
Ciproﬂoxc@” Journal of Water Process Engineering, 33, 2020, 101019.

Knobler, \%(Q M. Lemon, M. Najafi, and T. Burroughs. Factors Contributing to the
Emergence of Resistance.” In the Resistance Phenomenon in Microbes and Infectious
Disease Vectors: Implications for Human Health and Strategies for Containment:
Workshop Summary, 5(1). Washington, DC: National Advanced Environmental

Engineering Research, 2024.

111



Kumar, M., H. Chen, S. Sarsaiya, S. Qin, H. Liu, M. K. Awasthi, S. Kumar, L. Singh, Z. Zhang,
N. S. Bolan, and A. Pandey, Current Research Trends on Micro- and Nano-Plastics as an
Emerging Threat to Global Environment: A Review, Journal of Hazardous Materials
409, 2022,124967.

Kumar, M., N. S. Bolan, S. A. Hoang, A. D. Sawarkar, T. Jasemizad, B. Gao, S. Keerthanan, L.
P. Padhye, L. Singh, S. Kumar, and M. Vithanage, Remediation of Soils and Sediments
Polluted with Polycyclic Aromatic Hydrocarbons: to Immobilize, Mobilize, QQgrade?
Journal of Hazardous Materials, 420, 2021a, 126534. Q/

Kumar, M., S. Ambika, A. Hassani, and P. V. Nidheesh, Waste to Catal of Agricultural

=

Waste in Water and Wastewater Treatment, Science of ﬂ6 Environment 2022a,

159762. Q

Kumar, R., and A. K. Sarmaah, Fate of Pharmaceutic @ersonal Care Products (PPCPs)
and Drugs of Abuse in a Wastewater. g@went Plant of New Zealand and the
Photocatalytic Removal of Select.ed s With Poly (3,4-ethylenedioxythiophene),
ResearchSpace@ Auckland Do@ Dissertation, 2020.

Kumar, S. B., S. R. Amipallf,& O. Ziouzenkova, Antibiotics in Food Chain: The
Consequences for Anh@i Resistance, Antibiotics, 9, 2020, 688.

Kyomuhendo, K. M. K: rugira, S. C. Ssekitoleko, J. W. Nsangi, M. Walters, G. Zhu, and C.
Zheng. An@cmbial Resistance in Wastewater Treatment Plants in Africa: A Systematic
Re%\@gg Meta-Analysis, Journal of Hazardous Materials, 462, 2024, 132644.

Le, V. V., and J. Rakonjac, Nitrofurans: Revival of an ‘Old’ Drug Class in the Fight Against
Antibiotic Resistance, PLoS Pathogens 17,2021, €1009663.

Li, D., Anticancer Drugs in the Aquatic Ecosystem: Environmental Occurrence, Ecotoxicological

Effect and Risk Assessment, Environment International 153, 2021, 106543.

112



Li, W. Chemically Modified and Conjugated Antimicrobial Peptides Against Superbugs,
Chemical Society Reviews, 2021.

Li, W., Q. Yang, P. Zhang, M. Li, and Q. Liu, Current Examining Methods and Mathematical
Models of Horizontal Transfer of Antibiotic Resistance Genes in the Environment,
Frontiers in Microbiology, 15, 2024, 1371388.

Liang, C., D. Wei, S. Zhang, Q. Ren, J. Shi, and L. Liu. Removal of Antibiotic Resistanﬁenes

from Swine Wastewater by Membrane Filtration Treatment, Ecotox@y and

Environmental Safety, 210, 2021, 111885. ( )
Liang, C., Y. Xu, Y. Yu, Y. Chen, S. Luan, M. Luo, Q. Zhang, an ng Metagenomic
Insights into the Combined Impacts of Antibiotics and stics on Antimicrobial

Resistance and Nutrient Cycling in Agricultural Soils, @*onment International, 185,
2024, 108520. be

Lin, P., Z. Li, J. Liu, Y. Yang, G. Zhang, and W. ent Advances in Biofiltration for PPCP
Removal from Water: Mechamsms %)’nance and Perspectives, Water 16, no. 13,
2024, 1888. \C)\

Liping, Z., L. Xiaohu, D. Zichen, (‘&F&ngqm and X. Jingcheng. Occurrence, Risks, and Removal
Methods of AntibioticsinUrban Wastewater Treatment Systems.: A Review, Water 16, no.
23,2024, 342(.'}&

Liu, F., J. Li, J. %, X. Feng, and G. Liu. Fate of Antibiotic Resistance Genes and Resistant
Bat% nder Various Operating Temperatures of Sludge Anaerobic Digestion, Water
Science and Technology 92, no. 1, 2025, 53—64.

Liu, K., Y. Wang, Y. Gan, J. He, C. Gan, Y. Peng, J. Shi, Y. Du, and L. Tong, Occurrence and
Source Identification of Antibiotics and Antibiotic Resistance Genes in Groundwater

Surrounding Urban Hospitals, Journal of Hazardous Materials, 465, 2024, 133368.

113



Liu, X., Y. Zhaoguang, P. Jiayun, C. Leilei, Y. Ying, L. Haipu, and Y. Liqun, Advanced
Treatment of Secondary Effluent by the Integration of Heterogeneous Catalytic Ozonation
and Biological Aerated Filter, Water Science & Technology, 87, no. 8, 2023, 1893—
1906.

Lu, Q., J. Su, H. Li, and Y. Zhou. The Role of the Environment (Water, Air, Soil) in the
Emergence and Dissemination of Antimicrobial Resistance: A One Health Penw&tive,

Microorganisms, 14, no. 8, 2025, 764. Q
El ;

Magda, M. M., S. I. Gadow, F. A. Alshammari, Y. M. Kholoud Z. Ghanem,% ahtawi, R.

F. El-Homosy, and A. Hesham, Antibiotic-Resistant Bacteria i@s ital Wastewater
Treatment Plant Effluent and the Possible Consequences ﬁeuse in Agricultural
Irrigation. Frontiers in Microbiology, 14, 2023, 1141@

Majumder, A., A. K. Gupta, P. S. Ghosal, and M. V QReview on Hospital Wastewater
Treatment: A Special Emphasis on Occure, d Removal of Pharmaceutically Active
Compounds, Resistant Microorgariis Nand SARS-CoV-2, Journal of Environmental
Chemical Engineering, 9, no. 2,{6%‘, 104812.

Majumder, A., A. K. Gupta, P. S\Qosal, and M. Varma. A Review on Hospital Wastewater
Treatment: A Specia/\@ asis on Occurrence and Removal of Pharmaceutically Active
Compounds, '@ Microorganisms, and SARS-CoV-2, Journal of Environmental
Chemical@ineering 9, no. 2, 2021, 104812.

Maria J. S%Q;Q A Technological Approach Using a Metal-Free Immobilized Photocatalyst for
the Removal of Pharmaceutical Substances from Urban Wastewaters,” Chemical
Engineering Journal, 459 (2023): 141617.

Marino, M., Z. Jamal, and P. M. Zito. Pharmacodynamics, In StatPearls. Treasure Island, FL:

StatPearls Publishing, 2023.

114



Masse, M. T., R. J. S. Aloys, and B. T. Betbui. Profile of Antibiotic Resistant Bacteria Isolated
from Slaughterhouse Effluents of Etoudi Yaounde and Its Receiving Waterbody,
International Journal of Health Sciences Research, 11 (2021): 40-47.

Masud, A., N. G. C. Soria, D. S. Aga, and N. Aich. Adsorption and Advanced Oxidation of
Diverse Pharmaceuticals and Personal Care Products (PPCPs) from Water Using Highly
Efficient rGO-nZVI Nanohybrids. Environmental Science: Water Rese&ch &
Technology, 6, 2020, 2223-2238. Q

Maswai, J. N., S. K. Kariuki, N. M. Obere, J. G. Kimeu, M. J. Thiga, F. I. @li, A. N.
Ngunjiri, J. O. Mboya, and D. M. Mwaura, The Fragmented ’gf Antimicrobial
Resistance in Kenya: A Situational Analysis of Antimi@%onsumption and the
Imperative for Antimicrobial Stewardship, Antibiotics,@o. 3 (December 2023): 197.

Mejias, C., J. L. Santos, J. Martin, 1. Aparicio, and @Qo “Multiresidue Method for the
Determination of Critically and Highly, [ ant Classes of Antibiotics and Their
Metabolites in Agricultural Soils.a %vage Sludge, Environmental Science and
Pollution Research 31, no. 1 (Jaaég\2024, 106-25.

Mejias, C., Martin, J. L. Santos, I7 @rlcio, and E. Alonso, Occurrence of Pharmaceuticals and
Their Metabolites in@ ge Sludge and Soil: A Review on Their Distribution and
Environment '@sessment, Trends in Environmental Analytical Chemistry, 30

(2021): eo@s.

Microbiolq@ty, Antibiotics. London: Microbiology Society, 2023.

Min, X. Z., Y. Ji, Y. Liu, and J. Zhang, Occurrence and Fate of Pharmaceuticals and Personal
Care Products in Wastewater Treatment Plants: Seasonal Patterns and Removal

Efficiency, Journal of Environmental Management, 354 (2024): 117645.

115



Mohapatra, S, Natural Attenuation of Pharmaceuticals in the Aquatic Environment and Role of
Phototransformation, In Contaminants in Drinking and Wastewater Sources, 65-94.
Springer, 2021.

Mohapatra, S., X. Tong, S. Mukherjee, and M. Dubey, Comprehensive Insights on the Detection,
Occurrence, and Modelling of Pharmaceuticals in Surface Water, Groundwater, and

Drinking Water Treatment Plants. Journal of Hazardous Materials Advances,&,ZOZS ,

100707. Q
Mrinmoy, P., B. Pandey, and S. K. Dubey, Prevalence of Diverse Antii@eﬁstance

Genes and Bacteria in Sewage Treatment Plant-Derived Sl@i onment, FEMS

Microbes, 5, 2024, xtac004.

Mumtaj, Z. A., Removal of Pharmaceutical Contaminants gospital Wastewater Using
Constructed Wetlands, Environmental Science %@uﬁon Research International 31,
no. 9 (2024): 12856-12870. fb

Muriuki, C., P. Kairigo, P. Home, E. Ngu. b .\iaude, A. Gachanja, and T. Tuhkanen, Mass
Loading, Distribution, and Rem@ Antibiotics and Antiretroviral Drugs in Selected
Wastewater Treatment Pld@ enya, Science of the Total Environment, 743 (2020):
140655. QQ

Nasrollohai, N., V. '@, and A. Khataece, Removal of Antibiotics from Wastewaters by
MembranerFechnology: Limitations, Successes, and Future Improvement. Science of the
T l@onment, 8382022, 156010.

National Cancer Institute, Definition of Drug, Bethesda, MD: National Cancer Institute, 2023.

Ncube, E. J., B. G. Khan, and K. H. Nwachukwu, Hospital Wastewater as a Reservoir of
Antibiotic Resistance in Africa: A Review, Antibiotics 11, no. 6, 2022, 845.

Niemi, L. Assessing Hospital Impact on Pharmaceutical Levels in a Rural ‘Source-to-Sink’

Water System, Science of the Total Environment, 737, 2020, 139618.

116



Niemi, L., M. Taggart, K. Boyd, Z. Zhang, P. P. Gaffney, S. Pfleger, and S. Gibb, Assessing
Hospital Impact on Pharmaceutical Levels in a Rural ‘Source-to-Sink’ Water System,
Science of the Total Environment, 737, 2020, 139618.

Nkambule, G. N. O., I. Kamika, and M. N. B. Momba, The African Wastewater Resistome:
Identifying Knowledge Gaps to Inform Future Research Directions, Antibiotics, 12, no. 5,
2023, 805.

Noel, K. What Waste Goes in the Red Bag Waste? Fortuna, CA: Eco Medical, égary 13,
2023.

Novo, B., F. A. N. Gomes da Silva, L. C. Bertolino, and L. Yokoya tz iotics in Water
Bodies, Cyanobacterial Toxicity and Odorous Compounds %A Review, Water SA,
49, no. 4, 2023, 414-424. Q

O’Connor, J., N. S. Bolan, M. Kumar, A. S. Nitai, M. '&8%6(1’ S. S. Bolan, M. Vithanage, J.
Rinklebe, R. Mukhopadhyay, P. Srivasta . Sarkar, Distribution, Transformation
and Remediation of Poly- and Per—]:“lu )kyl Substances (PFAS) in Wastewater Sources,
Process Safety and Environmeu&‘l}mtection, 164, 2022, 91-108.

Ogwugwa, V. H., G. O. Oyetibo, 'a@ O. Amund. Taxonomic Profiling of Bacteria and Fungi
in Freshwater Sewer\@ ving Hospital Wastewater, Environmental Research, 2020,
110319. ’\%

Oladapo, B. S., %A Qadeer, and B. V. Bello, Management of Liquid Medical Wastes in
Se%&spimls in Yola, Adamawa State, Nigeria, FUDMA Journal of Sciences, 7, no.
3,2023, 245-248.

Oldenkamp, R., N. Gibson, and M. Brown, Regulatory Risk Assessment of Pharmaceuticals in
the Environment: Integration of Monitoring and Policy, Environmental Toxicology and

Chemistry 43, 2024, 611-628.

117



Pandey, A., et al.,, Cardiotoxic Effect of Chemotherapeutic Agents, European Journal of
Molecular and Clinical Medicine 7, no. 10, 2021, 3252-3277.

Patel, S., and C. V. Preuss, F. Bernice, Vancomycin, In StatPearls. Treasure Island, FL:
StatPearls Publishing, 2023.

Pereira, A., L. Silva, C. Laranjeiro, C. Lino, and C. A. Pena, Selected Pharmaceuticals in

Different Aquatic Compartments: Part [—Source, Fate and Occurrence, Molec&es, 25,

2020a, 1026. Q
Phoon, B. L., C. C. Ong, M. S. M. Saheed, P. L. Show, J. S. Chang, T. C. Ling, @m, and J.

C. Juan, Conventional and Emerging Technologies for Remov@ Antibiotics from
Wastewater, Journal of Hazardous Materials, 400, 2020, 961.

Pico, Y., R. Alvarez-Ruiz, A. H. Alfarhan, M. A. El-Sheikh, Ishahrani, and D. Barceld.
Pharmaceuticals, Pesticides, Personal Care Pr ﬂ@nd Microplastics Contamination
Assessment of Al-Hassa Irrigation Netwo, udi Arabia) and Its Shallow Lakes,
Science of the Total Environment., %%0, 135021.

Polianciuc, S. 1., A. E. Gurzau, B. (@4 G. Stefan, and F. Loghin, Antibiotics in the

Environment: Causes and sequences, Medical and Pharmaceutical Reports, 93

2020, 231-240. QQ

Polianciuc, S. 1., A(E@yéu, B. Kiss, M. G. Stefan, and F. Loghin. “Antibiotics in the

Environment; Causes and Consequences.” Medical and Pharmaceutical Reports 93

@ o@—mo.

Poovi, G., and N. Damodharan, Development of Tamoxifen-Loaded Surface-Modified
Nanostructured Lipid Carrier Using Experimental Design: In Vitro and Ex Vivo

Characterization, IET Nanobiotechnology 14, no. 4 (2020): 261-274.

118



Porter, A. W., S. J. Wolfson, M. Héggblom, and L. Y. Young, Microbial Transformation of
Widely Used Pharmaceutical and Personal Care Product Compounds, F1000Research,
9,2020.

Priya, A. K., L. Gnanasekaran, S. Rajendran, J. Qin, and Y. Vasseghian, Occurrences and
Removal of Pharmaceutical and Personal Care Products from Aquatic Systems, [Journal
info missing].

Puhlmann, N. Towards the Design of Active Pharmaceutical Ingredients Mineraliz@ly in
the Environment, Green Chemistry, 2021. Q/

Ram, S, Pharmaceutical Metabolites and Their By-Products in Hospital water, In Current
Developments in Biotechnology and Bioengineering, 43— %ier, 2020.

Rathi, B. S., and P. S. Kumar. Application of Adsorption @zss for Effective Removal of
Emerging Contaminants from Water and Was%% Environmental Pollution, 280,
2021, 116995. \Q’b

Raval, A. D., and A. Vyas, National T rer.lds 1 D\wbetes Medication Use in the United States,
2008 to 2015, Journal of Pharm\g’ractice, 33,2020, 433-442.

Rodriguez-Mozaz, S, Antibiotic Re@es in Final Effluents of European Wastewater Treatment
Plants and Their Imﬁq&? the Aquatic Environment, Environment International 140,
2020, 105733(/\’\%

Rodringuwz-MozéS., I. Vas-Moreira, S. V. D. Guistina, M. Jjorea, D. Barcelo, S. Schuberte, T.
U. onk, I. Micheal-Kordatouf, D. E. Farra-Kassinos, J. Martinez, C. Elpers, I.
Henriques, T. Jacgar, T. Schwartz, E. Paulshusl, K. O. Sullivan, K. M. M. Parmanan, M.
Virtan, T. T. Don, F. Walsh, and C. M. Mania, Antibiotics Residue in Final Effluents of
Europe Wastewater Treatment Plants and their Impact on the Aquatic Environment,

Environment International, 140, 2020, 1057333.

119



Saggioro, E. M, Pharmaceutical and Personal Care Products in the Aquatic Environment and
Wastewater Treatment by Advanced Oxidation Processes, In Water Pollution
Remediation: Organic Pollutants, 299-352. 2021.

Samha, R., A. Wali, S. Kadri, F. Al-Assi, and A. Al-Khalaf, Knowledge and Practices on Home
Medication Storage and Disposal in Syria: A Population-Based, Cross-Sectional Study,
BMC Public Health, 24, 2024, 2428.

Samrot, A. V., and N. Shobana, Citrus Sinensis Cellulose Fibres Incorporated wit s for
Effective Removal of Crystal Violet Dye, Biocatalysis and Agricultu @ echnology
39,2021, 102211.

Samrot, A. V., C. S. Sahithya, S. K. Purayil, and P. Ponna@%ewew on Synthesis,
Characterization and Potential Biological Appllcatlons iperparamagnetic Iron Oxide
Nanoparticles, Current Research in Green lfb%stamable Chemistry 4, 2020,
100042. ’b.

Sarkar, B., P. D. Dissanayake, N. S. Bo \ Y. Dar, M. Kumar, M. N. Haque, R.
Mukhopadhyay, S. Ramanayaka,d" \.Biswas, D. C. Tsang, and J. Rinklebe, Challenges
and Opportunities in Sustaifrable Management of Microplastics and Nanoplastics in the
Environment, Env1r0%n§l Research, 207, 2022, 112179.

Sathya, K., K. Nag ay@ Carlin Geor Malar, S. Rajalakshmi, and P. Raja Lakshmi, 4
Comprehe@e Review on Comparison Among Effluent Treatment Methods and Modern
M%@ Treatment of Industrial Wastewater Effluent from Different Sources, Applied
Water Science, 12, 2022, 70.

Savin, M., G. Bierbaum, J. A. Hammerl, C. Heinemann, M. Parcina, E. Sib, A. Voigt, and J.
Kreyenschmidt, Antibiotic-Resistant Bacteria and Antimicrobial Residues in Wastewater
and Process Water from German Pig Slaughterhouses and Their Receiving Municipal

Wastewater Treatment Plants, Science of the Total Environment 727, 2020, 138788.

120



Savin, M., G. Bierbaum, J. A. Hammerl, C. Heinemann, M. Parcina, E. Sib, A. Voigt, and J.
Kreyenschmidt, ESKAPE Bacteria and Extended-Spectrum-f-Lactamase-Producing
Escherichia coli Isolated from Wastewater and Process Water from German Poultry
Slaughterhouses, Applied and Environmental Microbiology, 86, 2020, ¢02748-19.

Scaria, J., A. Gopinath, and P. V. Nidheesh, 4 Versatile Strategy to Eliminate Emerging
Contaminants from the Aqueous Environment: Heterogeneous Fenton Process. &rnal

of Cleaner Production 278, 2020, 124014. Q
@

Sharma, A. K., A. P. Singh, and M. P. Singh. 4 Review on the Prevalence, a

Antibiotic Resistance Genes in Hospital Wastewater, Ial Journal of

Molecular Sciences 26, no. 7, 2025, 3333.

atment of

Sharma, R., S. Bhattaral, and R. Malla, Occurrence and Risk ment of Antibiotic Residue in
Wastewater from Hospitals in South Asia, Scien&%e Total Environment 771, 2021,
145361, \Q’b

Sharmaa, N., and S. K. Sharmab. Wast.ev@eatment Plants as a Source of Antibiotic
Resistance, In Green Chemistry &g%bter Remediation: Research and Applications, 239.
Amsterdam, The Netherlah@i?sevier, 2020.

Shi, Y., J. Liu, L. Zhuo, X.@g. Cai, W. Luo, M. Ren, Q. Liu, and Y. Yu. Antibiotics in
Wastewater f¥; ;n’\’v@%'ple Sources and Surface Water of the Yangtze River in Chongqing
in China, %ironmental Monitoring and Assessment, 192, 2020, 159.

Silva, D.,R/@ Vey, R. Dieckmann, O. Makarewicz, A. Hartung, A. Bethe, M. Grobbel, V.
Belik, M. W. Pletz, S. Al Dahouk, and S. Neuhaus, Biocide Susceptibility and

Antimicrobial Resistance of Escherichia coli Isolated from Swine Feces, Pork Meat and

Humans in Germany, Antibiotics, 12, no. 5 (2023): 823.

121



Singh, J. P., D. Kaur, M. K. Pallavi, and D. Sharma, Level of Antibiotic Contamination in the
Major River Systems: A Review on the South Asian Countries’ Perspective, Journal of
Applied Pharmaceutical Science, 13, no. 6, 2023, 10-17.

Sl(’)sarczyk, K., S. Jakébczyk-Karpierz, J. Rozkowski, and A. J. Witkowski, Occurrence of
Pharmaceuticals and Personal Care Products in the Water Environment of Poland: A

Review, Water, 13, 2020, 2283

Sosa-Hernandez, J. E., L. 1. Rodas-Zuluaga, 1. Y. Lépez-Pacheco, E. M. Melchor

Aghalari, and D. S. Limén, Sources of Antibiotics Pollutants in the 1&21' ¢ BEnvironment

Under SARS-CoV-2 Pandemic Situation, Case Stud@

Environmental Engineering 4, 2021, 100127.

hemical and

Sosa-Hernandez, J. E., L. 1. Rodas-Zuluaga, 1. Y. Lépez-Pacl@ . M. Melchor-Martinez, Z.
Aghalari, and D. S. Limon, Sources of Antibioti J@tants in the Aquatic Environment
Under SARS-CoV-2 Pandemic Situation, %@udies in Chemical and Environmental
Engineering 4, 2021, 100127. . \

Sridharan, S., M. Kumar, M. Saha, M. B@mam, L. Singh, and N. S. Bolan, The Polymers and
Their Additives in Partic&@%astics: What Makes Them Hazardous to the Fauna?
Science of the Totalﬁér nment, 824, 2022, 153828.

Subramaniyan, S., K @m, R. Kumar, B. Balasundaram, S. R. Sharma, S. H. Kurade, and
R. R. Su@ Recent Advances and Environmental Challenges in the Removal of
P%@icals from Hospital Effluents, Science of the Total Environment, 858, 2023,
159937.

Sun, S., H. Yao, W. Fu, J. XHubeny, M. Harnisz, E. Korzeniewska, M. Buta, W. Zielinski, D.
Rolbiecki, J. Giebultowicz, G. Nalecz-Jawecki, and G. Plaza, Industrialization as a
Source of Heavy Metals and Antibiotics Which Can Enhance the Antibiotic Resistance in

Wastewater, Sewage Sludge and River Water, PLoS ONE, 16, 2021, ¢0252691.

122



Sun, Y., M. Kumar, L. Wang, J. Gupta, and D. C. Tsang, Biotechnology for Soil
Decontamination: Opportunity, Challenges, and Prospects for Pesticide Biodegradation,
In Bio-based Materials and Biotechnologies for Eco-efficient Construction, 261-283.
2020.

Surana, D., J. Gupta, S. Sharma, S. Kumar, and P. Ghosh, 4 Review on Advances in Removal of
Endocrine Disrupting Compounds from Aquatic Matrices: Future Perspec& on
Utilization of Agri-Waste Based Adsorbent, Science of the Total Envir@t, 826,
2022, 154129. Q/

Tang, Y., H. Huang, W. Xue, Y. Chang, Y. Li, X. Guo, and C. Zhon ’\gdiﬁ/ing Induced
Fluorescence Enhancement in 2D Porous Covalent T riazi@%wark Nanosheets for
the Simultaneous Luminous Detection and Adsorption @val of Antibiotics, Chemical
Engineering Journal, 384, 2020, 123382. be

Tao, W., X. He, X. Zhang, Z. Zhang, H. Lyu, Y. Yi C. Chen, Occurrence and Removal of

N

Pharmaceuticals in Hospital Waste.wagﬁaluation of Removal Efficiency, Mass Load,
and Environmental Risks, Scienc Gﬁ\e Total Environment, 2025.

Teixeira, P., S. Costa, B. Browﬂ,@%va, R. Rodrigues, and E. Valério, Quantitative PCR
Detection of Enteric@ses in Wastewater and Environmental Water Sources by the
Lisbon Munici '@ Case Study, Water,12 2020, 544.

The University oﬁennessee, Knoxville. Biosafety Program: Biohazardous Waste Categories.
K@%N: The University of Tennessee, Knoxville, [Cited December 25, 2023].

Thiele-Bruhn, S., Environmental Risks from Mixtures of Antibiotic Pharmaceuticals in Soils: A
Literature Review. In S. Korandi and 1. Vogel, Texte 32 (2019).

Timsina, T. K., S. Patel, and N. Bhattacharya. “Systems Human Immunology: Integrating Multi-

Omics & Al for Predictive Immune Profiling.” Annual Review of Immunology, 43,

2025, 1-28.

123



Tore, G. Y., and R. Ata. Emerging Technologies for Treatment of Antibiotic Residues from
Wastewater Influent/Effluent for Sustainable Environment: A Case Study with NFC-
Doped Titania Immobilized on Polystyrene as an Efficient Technology, Chemosphere,
273,2021, 129671.

Ugoeze, K., A. E. O., K. Oluigbo, and N. Nwachukwu, Environmental and Public Health
Impacts of Plastic Wastes due to Healthcare and Food Products Packages: A K/iew,
Journal of Environmental Science and Public Health, 5, 2021, 1-31. Q

Qeview on

Uluseker, C., K. M. Kaster, K. Thorsen, D. Basiry, S. Shobana, and M{

in Wastewater

Occurrence and Spread of Antibiotic Resistance in Wastew%

Treatment Plants: Mechanisms and Perspectives. Frontie icrobiology, 12, 2021,

717809, Q

United States Environmental Protection Agency, E@g Hazardous Waste: Listed,

Characteristic, and Mixed Radiological @
April 22, 2023]. 5\%\

United States Environmental Protec@ Agency, Management of Hazardous Waste

ashington, DC: EPA, 2015. [Cited

Pharmaceuticals. Washing C: EPA, 2023.

Van, T. T., Z. Yidana, P. ﬁooker, and P. J. Coloe. Antibiotic Use in Food Animals
Worldwide, ft@Focus on Africa: Pluses and Minuses, Journal of Global
Antimicro@Resistance, 20,2020, 170-177.

Veras, T. %@%R de Paiva, M. M. M. B. Duarte, D. C. Napoledo, and J. J. D. S. P. Cabral,
Analysis of the Presence of Anti-Inflammatory Drugs in Surface Water: A Case Study in
Beberibe River, Brazil. Chemosphere, 222, 2019, 961-969.

Vo, H. N. P. “Removal and Monitoring Acetaminophen, Exact journal not provided; confirm

before final formatting)

124



Wang, J., Y. Zhou, Y. Lu, D. Liu, C. Fu, S. Zhang, and G. Lu. Degradation of Extracellular and
Intracellular Antibiotic Resistance Genes and Reduction of Horizontal Transfer Potential
during UV/Chlorine Advanced Oxidation, Environmental Science & Technology, 57,
no. 16, 2023, 6608—-6619.

Wang, M., J. Li, Y. Zhang, and X. Chen, Degradation of Typical PPCPs During Anaerobic
Digestion and in Soil, Toxics, 13, no. 9, 2025, 780.

Wang, X. H., and A. Y. C. Lin, Phototransformation of Cephalosporin Antibiotics i queous
Environment Results in Higher Toxicity. Environmental Science &;F<Q)})gy, 54, no.
9, 2020, 5328-5330. Q

Wei, Z., E. Topp, R. Karthikeyan, P. Benoit, A. B. A. Boxall, A. eamij)\W. Chen, H. Zhang, J.
Wang, and Y. Arai. Pharmaceuticals and Personal Car @cts in Agro-Food Systems:
Fate, Uptake, Accumulation, and Risk As. % Environmental Science &
Technology, 56, no. 7, 2022, 3949-3965. (¢

Weir, C. B., and J. K. Le, Metronidazo{e }&tPearls. Treasure Island, FL: StatPearls
Publishing, 2023. [Cited April 22&@3].

Wiesner-Friedman, C., R. E. Beaftig; . Stewart, K. R. Hristova, and M. L. Serre. Identifying
Sources of Antibiotic\ér%mce Genes in the Environment Using the Microbial Find,
Inform, and T 'ts@ywork. Frontiers in Microbiology, 14, 2023, 1223876.

World Health Org@atlon, Guidance on Solid Waste and Health, Geneva: WHO, 2022.

World He%@(gnization, UNICEF. Declaration of Astana on Primary Health Care. Geneva:
World Health Organization, 2018.

Xin, L., S. Yuan, C. Cai, X. Li, H. Wu, D. Shen, and B. Dong, 20-Year Shift in China’s Sewage
Heavy Metals and Its Feasibility of Nutrient Recovery in Land Use, Environmental

Pollution, 341 (2024): 122907.

125



Yanan, Z., Y. Zhang, H. Yin, S. Wang, A. Li, M. Guo, and Z. Wang, Global Risk Assessment of
Antibiotics and Their Residues in Agricultural Systems: A Systematic Review and Meta-
Analysis, Journal of Hazardous Materials, 441, 2023, 129753.

Yang, Q., Y. Gao, J. Ke, P. L. Show, Y. Ge, and Y. Liu, Antibiotics: An Overview on the
Environmental  Occurrence, Toxicity, Degradation, and Removal Methods,
Bioengineered, 12,2021, 7376-7416.

Yellepeddi, R. K. S., and A. J. Palakurthi, Formulation and Optimization of Tamqxifes Citrate
Loaded Nanostructured Lipid Carriers for Breast Cancer Targeting,

O

Yin, F., Lin, S. X. Zhou, H. Dong, and Y. Zhan, Fate of ﬁbl%cs During Membrane

rnal of Drug

Delivery Science and Technology, 67,2022, 103034.

Separation Followed by Physical-Chemical Treatmen@esses, Science of the Total
Environment, 759, 2021, 143520. be

Yu, M., J. Wang, L. Tang, C. Feng, H. Liu, H. . Peng, Z. Chen, and Q. Xie. Intimate
Coupling of Photocatalysis and Bing&%ion for Wastewater Treatment: Mechanisms,
Recent Advances and Environme&&%plications, Water Research, 175 (2020): 115673.

Yuan, T., and Y. Pia., Hospital W;&vater as Hotspots for Pathogenic Microorganisms Spread
into the Aquatic Envﬁqéent: A Review, Frontiers in Environmental Science, 10:1734
(2023): 10917{/@

Yujie, Z., J. C% X. Zhang, G. Pan, X. Wang, Y. Zhang, Y. Wang, and B. Gao,
Bi c@y’glation and Health Risk of Emerging Contaminants in Vegetables Grown in
Biosolids-Amended Soils: A Systematic Review and Meta-Analysis. Environmental
Pollution, 333, 2023, 122119.

Zhang, L., J. Bai, K. Zhang, Y. Wang, R. Xiao, M. Campos, and M. Jorquera. Occurrence,

Bioaccumulation, and Ecological Risks of Antibiotics in Water—Plant—Sediment Systems

126



in Different Functional Areas of the Largest Shallow Lake in North China, Science of the
Total Environment 857, 2023, 159260.

Zhang, M., J. Shen, Y. Zhong, T. Ding, P. D. Dissanayake, Y. Yang, Y. F. Tsang, and Y. S. Ok,
Sorption of Pharmaceuticals and Personal Care Products (PPCPs) from Water and
Wastewater by Carbonaceous Materials: A Review. Critical Reviews in Environmental
Science and Technology 52, 2022, 727-766.

Zhang, S., X. Zhang, X. Shen, X. Lu, Y. Guo, Y. Li, X. Han, R. Liu, F. Chen C. Sun,
Research Status of Membrane Separation Technology in the Treatmemt of Antibiotic
Wastewater, Environmental Science: Water Research & Tech , 11, 2025, 1386—
1400. 0

Zhang, W., Y. Li, Q. Liang, H. Zhang, T. Ma, H. Xu, and D. H@eterogeneily of Antimicrobial
Resistance Prevalence in Wastewater Reflect @ences in Clinical Settings and
Antimicrobial Consumption. Environmen. @ational, 186, 2024, 108605.

Zhang, X. Physical, Chemical, and Biol.ogi\’%pact (Hazard) of Hospital Wastewater on
Environment: Presence of Pharrnk@cals, Pathogens, and Antibiotic-Resistance Genes,
In Current Development@%iotechnology and Bioengineering, 79-102. Elsevier,
N

Zhang, X., X. Wan, .'%g%nd X. Yuan. Human Internal and External Exposure to Synthetic
Musks. Ec@&icology and Environmental Safety, 262 (2024): 117362.

Zhang, Y@lg, L. Li, W. Li, J. Zhang, and X. Zhang. Occurrence, Distribution, and
Ecological Risk Assessment of Pharmaceuticals and Personal Care Products in the
Surface Water of Lipu River, China, Environment International, 169 (2024): 108649.

Zhao, Z., J. Xu, J. Guo, and H. Li, Wastewater-Based Surveillance Reveals Influenza A Virus

Prevalence & Mutations in Taiyuan, China, BMC Infectious Diseases 24, 2024, 1286.

127



Zhou, J., Z. Li, Q. Wei, Y. Huang, H. Li, and F. Wang, Antibiotics in Surface Sediments from the
Anning River, China: Occurrence, Spatial Distribution, and Source Analysis, Scientific
Reports, 14 (2024): 1245.

Zhu, L., X. Lin, Z. Di, F. Cheng, and J. Xu. Occurrence, Risks, and Removal Methods of

Antibiotics in Urban Wastewater Treatment Systems: A Review, Water, 16, no. 23, 2024,

3428. \
Zhu, T.T., Z. X. Su, W. X. Lai, Y. B. Zhang, and Y. W. Liu, Insights into the Fate@emoval

of Antibiotics and Antibiotic Resistance Genes Using Biological W% tey Treatment

Technology.” Science of the Total Environment,776, 2021, 145§

128



Appendix 1

Types and Physicochemical Characteristics of Common PPCPs>®

PPCP Chemical Formula  Mol. Weight (g/mol) Solubility (mg/L) pKa
Antibiotics

Ciprofloxacin Ci17H13 FN3O 3 331.34 <lmg/Ml 6.09
Norfloxacin Ci6 HisFN3O; 319.33 1.78 6.34
Gentamicin C21H43N507 477.6 1.26 0.12
Erythromycin C37He7NO 13 733.93 2.01 Q
Oxytetracycline C2H24N209 460.43 313 QJQ
Ceftriaxone Ci1sH1sNgO7S;3 554.58 -1.7
Clarithromycin C3g Heo NO13 748.0 % 8.99
Tetracycline C22 H24 N>Og 444 .4 231 33

Pefloxacin C17Ha0 FN;O; 333.36 QQ 114 5.55

Anti-inflammatory drug Q

Acetaminophen CsHoNO2 1@ 1.4 9.38
Aspirin CoHgO4 ’bﬂ 16 4600 3.50
Diclofenac Ci14H11Ci2Noa 296.15 2.37 4.15
Ibuprofen C13H|s * 206.28 21 5.30

Ketoprofen Cl@ 254.28 51 4.45

Stimulant drug

Caffeine QQ CsH10N4O2 194.19 2.17 14.00
Synthetic hormonee %

Ethinylestradigl C20H2402 296.40 11.3 1.70
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Appendix 2

Global occurrence of PPCPs in various environmental matrices

Country PPCPs Concentration ng//L.  Sources

Australia Sulfamethoxazole 3.00 Wastewater effluent
Canada Ibuprofen 5-8 Wastewater effluent
India Ciprofloxacin 31 Efflue Q

Vietnam Erythromycin 7-360 &Qvger effluent
O

Japan Azithromycin, 4-448 ewater effluent
Portugal Clarithromycin 74.2-313.2 Wastewater effluent
USA Tetracycline 70 Q Wastewater
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Appendix 3

The Concentration of Antibiotics in Hospital Wastewater and Sewage Sludge Found in Various

Regions of the World.
S.No,  Antibiotics Concentration(ng/L) Region
Cefalexin 38.4
Ciprofloxacin 231.4-584.9
Ofloxacin 89.7-184.9
1 Azithromycin 178.9-597.5 of Portugal
Tetracycline 147.3-231.2 Q
Clarithromycin 74.2-84.5 &QJ
Trimethoprim 147.5-231.2 0
2 Tetracycline 70-370 %
Macrolides 3OQQ
Fluoroquinolones in form of ciprofloxacin Q
Trimethoprim G’G)—MO WWTP USA
®% 120-550
3 Ofloxacin . ,& 96-7870
Norfloxacin Kco\ 35-4000
Cefalexin o A@ 180-4000 Sewage treatment
Erythromycin QQ 250-4000 plants, South China
Trimethoprim 60-450
4 Cipro@@ 1270
L@)xacin 177 WWTP, Iraq
Qhoxicillin 1500
5 Ofloxacin 287
Norfloxacin 72-155 Sewage treatment plant,
Ciprofloxacin 90-205 Sweden
Doxycycline 144-674
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Appendix 4

Various recycling techniques for Antibiotics Removal.

S.No Strategy Used Antibiotics Removed Efficiency

1 Vertical flow constructed wetlands Ciprofloxacin 91-95%
Oxytetracycline 82-85%
Sulfamethazine 68-73%

D

2 Photocatalytic degradation Tetracycline 94.9,

Metronidazole @
Cefalexin &%%

Sulfamethazine % 78%

3 Adoption by activated carbon Cephalexin 74-88%
Ci cin 100%
azole 90%

\: Amoxicillin 95%
L ]
cj\\% Tetracycline 74-88%
&
4 Ultrafiltration usin@f&embrane Norfloxacin 80%

5 Electrocoagulatjon Ampicillin 3.6%
(J\\, Doxycycline 96.4%

6 Tylosin 3.1%

6 @catalyﬁc irradiation Norfloxacin 69.02%
N Azithromycin 98.4%
Rifampicin 95.3%
7 Horizontal subsurface flow constructed Sulfamethoxazole 4-59%
wetlands
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Appendix 5

Concentration of Antibiotic Residues Detected in AMTH and RRSH Hospitals

Source Replicates CIp GEN 0.4 ERY CEF NOR
(PPB) (PPB) (PPB) (PPB) (PPB) (PPB)
RRSH (R1) A 75.1593 67.3388 51.8708 27.3439 9.1121 35.3252
B 62.6861 63.9599 52.3816 25.8994 9.1156 33.2195
C 67.2171 72.6979 50.9776 27.3051 8.1 34.8896
RRSH (R2) A 75.3987 77.4291 49.5057 46.1239 36.6013
B 87.5487 70.9523 44.3130 49.0&(14658 34.8333
C 72.9805 73.1986 53.9928 @ 6.2980 36.2527
RRSH (R3) A 89.2904 93.7319 26.1 3.0190 11.7706 30.8514
B 85.1762 95.2952 21.8 2.8623 12.7820 34.6725
C 78.3889 95.2106&&.8794 3.2396 7.9785 35.3251
AMTH: (A)) A 43.0408 %@1 29.8374 1.5501 7.7018 13.8386
B 36.9764 %7 233 27.0120 1.2641 7.2033 16.3684
.\\'
C 40&%9 47.8449 25.6270 1.4532 6.2102 15.2860
. A
AMTH: (A2) A QQ\U.S%I 59.3375 27.7903 1.4026 7.4486 13.3748
B % 44.6544 54.5829 30.7904 1.6188 7.9465 12.1744
o\\'
&/ 51.3099 50.7730 27.0140 2.0191 7.7837 11.6937
AMTH:; (As) ’b 39.1188 58.6801 71.2907 2.1469 7.7837 11.9055
NQ B 31.6227 47.5711 67.9314 1.9524 7.7512 11.5603
C 35.1146 54.1842 66.0142 1.6046 7.9423 12.5249
SD of Solution 4.0271 4.0539 4.0889 1.0212 1.0341 3.9856
Conc 4.0ppm
R2 Values 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Source: Field Work, 2025.
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Appendix 6

Replicate results of Antibiotic Concentration detected
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Fig 2.3: Schematic diagra ® wastewater treatment flow process, sewage sludge production and
environmental discharge 6
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Fig:2.4 Agilent HPLC with fluorescence detector
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Appendix 12

Ethical Approval from the Ministry of Health, Oyo State of Ibadan
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