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Reports indicates few studies such as that of Araga et al. (2017) which investigated fluoride 

adsorption from aqueous solution using activated carbon obtained from base activated jamun 

(Syzygium cumini) seed (Araga et al., 2017). This was the first report on jamun seed (JS) 

biochar to be used as adsorbent but seeds from other seeds biomass have shown promising 

results in removal of organic contaminants including antimicrobials (Giri et al., 2021). 

Biomass-based materials are derived from renewable sources such as agricultural waste, 

forestry residues, or certain types of plants (Yana et al., 2022). Utilizing these materials for 

adsorption reduces reliance on non-renewable resources and helps to manage waste streams 

effectively (Yana et al., 2022). Since biomass residues are abundantly available, the cost of 

raw materials tends to be lower, making the production of adsorbents more economical. The 

use of biomass-based adsorbents helps in the valorization of agricultural and forestry residues, 

which might otherwise end up in landfills or be burned, contributing to environmental pollution 

(Yana et al., 2022). By using these residues for pollution remediation, it reduces environmental 

impact and promotes sustainable practices. Biomass-based materials often possess high surface 

area and porosity, which are crucial characteristics for effective adsorption of pollutants (Yana 

et al., 2022). These materials can efficiently trap pollutants from aqueous or gaseous streams 

due to large surface area available for interaction. Biomass-based adsorbents can be modified 

or functionalized to enhance their adsorption capacity and selectivity for specific pollutants. 

Several technologies and approaches can be employed to convert biomass into valuable 

materials, including drying, milling, pyrolysis, irradiation extrusion, combustion, and 

calcination. After these processes, the activation step is required for preparing activated carbon, 

making them suitable for a wide range of applications.  

Adsorption can be scaled up from laboratory-scale to larger systems, including pilot plants or 

full-scale treatment facilities (Bhat et al., 2023; Ponec et al., 2018). The principles and 

mechanisms of adsorption remain consistent, allowing for the transfer of knowledge and 

optimization from laboratory studies to practical applications (Ponec et al., 2018). The 

scalability makes adsorption an attractive option for remediation in real-world scenarios. 

Furthermore, research on adsorptive remediation of antimicrobial receive continuous 

advancements in recent years (Bhat et al., 2023; Ponec et al., 2018). Researchers are exploring 

novel adsorbent materials from nature, optimizing adsorption processes, and investigating the 

mechanisms underlying the interactions between antimicrobial agents and adsorbents (Bhat et 

al., 2023; Ponec et al., 2018). These ongoing research efforts contribute to the understanding 

and improvement of adsorption as a method for antimicrobial remediation for ecological 
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result, a reduction in antimicrobial load. Antimicrobials have been identified in different 

environmental compartments (Dalahmeh et al., 2018) in sub-Saharan Africa such as sediments 

(Kairigo et al., 2020), water bodies (Branchet et al., 2018; Gwenzi & Chaukura, 2018), 

groundwater (Lapworth et al., 2017), wastewater (Mayoudom et al., 2018), and food products 

(Asongwe et al., 2014). The data on the presence of these substances in Tanzania environment 

are scarce and therefore the need for more research.  

1.4 Objectives of the Study 

1.4.1 General Objective 

To comprehensively evaluate the impact of emerging pollutants and antimicrobial resistance 

in the urban receiving water systems and associated wastewater, and to assess the efficacy of 

biochar adsorbents in the remediation of environmental antimicrobial agents. 

1.4.2 Specific Objectives 

The study aimed to achieve the following specific objectives: 

(i) To conduct a thorough literature investigation of contaminants of emerging concern in 

the environment focusing on the African context in order to assess the contribution of 

active chemical agents in water and wastewater systems.  

(ii) To investigate the occurrence of aquatic antibiotic-resistant microbes through isolation 

and assess their antibiotic resistant genes from selected isolates to inform public health 

decision-making.  

(iii) To investigate the physical, chemical, and structural properties of biochar adsorbents 

made from Jamun seed (Syzyum cumini) and assess the capability of biochar materials 

in the remediation of ciprofloxacin and lamivudine from synthetic solution using 

Response Surface Methodology (RSM) optimization. 

1.5 Research Questions  

The study intended to answer the following questions: 

(i) What is the status of active chemicals in wastewater and urban receiving waters in the 

different sub-Saharan African (SSA) environments?  
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(ii) What is the composition and level of antibiotic-resistant pathogens and genes in 

selected wastewater and urban receiving waters? 

(iii) What characteristics does the JS biochar have that will provide optimal adsorption for 

the selected antimicrobials? 

1.6 Significance of the Study 

The findings of this study are pivotal in shaping regulations and policies aimed at mitigating 

antimicrobial pollution. Governments and regulatory bodies often depend on scientific research 

to establish guidelines and standards for antimicrobials in the environment. By providing robust 

data, researchers can support evidence-based decision-making processes and the development 

of effective regulations. Moreover, this study delves into the environmental dissemination of 

antimicrobial agents, resistant microorganisms, and their genes in wastewater and urban 

receiving waters. It also explores the preparation, characterization, and adsorptive removal of 

these antimicrobials from water using JS biochar adsorbent. The biomaterials used for making 

these adsorbents are cost-effective, environmentally benign, and derived from sustainable 

sources, contributing to efficient waste management. Furthermore, investigating the potential 

of biomaterials like JS biochar as effective adsorbents offers a sustainable approach to 

wastewater treatment. This not only enhances the efficiency of pharmaceutical remediation 

processes but also significantly reduces their environmental footprint.  

1.7 Delineation of the Study 

This study investigates the occurrences and remediation of antimicrobial pollutants in Themi 

wastewater stabilization ponds, and urban receiving waters. The research focused on 

highlighting the status of environmental dissemination of antimicrobial agents, resistant 

microorganisms and their resistant genes in wastewaters and urban receiving waters. Further, 

the study investigates the adsorptive removal of lamivudine and ciprofloxacin from water onto 

JS biochar adsorbent. This dissertation is organized into five chapters. Chapter One includes 

background information, the purpose of the study, objectives, research questions, and the 

significance of the study. The second Chapter provides a detailed assessment of the literature 

on antimicrobial pollution, occurrences of antimicrobials, resistant pathogenic microbial 

communities, resistant genes, and their dissemination threatening public health. The third 

Chapter (materials and methods) covers the procedures for literature search, identification and 

confirmation of pathogenic microbial communities, test if they are resistant to antimicrobial 
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agents and the presence of resistant genes. Further, methods for the preparation of juman seed 

biochar adsorbent, their characterization, and adsorptive remediation using RSM optimization 

are presented. The fourth Chapter includes the results and discussion on antimicrobial pollution 

in wastewater and urban receiving waters and their remediation by adsorption using JS biochar 

adsorbent. The conclusion and recommendations are presented in Chapter Five.  

It is worth noting that due to the absence of a centralized sewage system in certain areas, this 

study did not investigate areas not connected to the sewage system or do not channel 

wastewater effluents to WSPs or urban receiving waters. This study did not investigate the 

adsorption kinetics and thermodynamics. Further, this study investigated the old facility, but it 

has the potential to cause harm to the communities. Additionally, the study lacks a 

comprehensive life cycle assessment, representing notable gaps for future investigations in this 

field. Moreover, the research predominantly relied on a lab-scale batch adsorption system, 

highlighting the need for subsequent studies to focus on scaling up the technology and 

designing it for practical applications. Evaluating the economic viability of utilizing JS biomass 

for adsorbent preparation and its effectiveness in organic pollutant remediation is imperative 

for broader implementation.  
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Figure 3 presents the structure of selected antimicrobial agents and other pharmaceutical 

contaminants. 

 
Figure 3:     The structure of selected antimicrobials and other contaminants  

Kenya reported the highest efavirenz concentration of 12.4 µg/L, while in Zambia 119 µg/L 

and South Africa 140 µg/L, indicating the presence of antimicrobial pollutants. Concentrations 

of antiretroviral drugs (ARVDs) ranging from 670 to 34 000 ng/L (influents) and 540 to 34 000 

ng/L (effluents) were observed in wastewater treatment plants (Adeola & Forbes, 2022). 

Elevated levels of resistance to penicillin G, chloramphenicol, streptomycin, and 

oxytetracycline have been documented, among pathogenic microbial communities in dairy 

cattle suffering from mastitis, as well as in humans (Mdegela et al., 2021). Similar patterns are 

observed in poultry, where both eggs and meat are contaminated with Escherichia coli strains 

resistant to amoxicillin + clavulanate, sulphamethoxazole, and neomycin (Mdegela et al., 

2021). Furthermore, a growing trend of emerging multidrug-resistant E. coli, and Klebsiella 

pneumoniae, has been observed in food animals.  
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Reports also indicate an uptick in methicillin-resistant Staphylococcus aureus (MRSA) and 

extended-spectrum beta-lactamase (ESBL) in the livestock sector in Tanzania (Mdegela et al., 

2021). Figure 4 presents a pictorial representation of indexed keywords co-occurrence 

networks in the study area: number of occurrences 1000, keyword merged (bacteria=bacterium, 

gene=genes, humans=human, animals=animal).  

 
Figure 4:     A pictorial representation of indexed keywords co-occurrence networks in 

the study area: number of occurrences 1000  

Table 1 showcases comprehensive data on AMR pollution in various environmental 

compartments in Tanzania and selected parts of Africa. This includes the concentrations of 

antimicrobials where available, the presence of antimicrobial-resistant microbes, and the 

detection of resistance genes. The table highlights findings from wastewater, surface waters, 
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urban receiving waters, effluents, and the food chain. This data is crucial for understanding the 

extent of antimicrobial contamination and the spread of resistance. By comparing different 

regions and sources, the table underlines the pervasive nature of antimicrobial pollution and its 

potential public health impacts. The presence of resistant microbes and genes in these 

environments indicates the ongoing risk of AMR spreading through environmental and food 

pathways. This information is vital for developing strategies to mitigate AMR and safeguard 

environmental and human health.  

.
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It was further observed that poultry, had 
44.83% E. coli, 50% Klebsiella spp. and 
100% Salmonella strains multi-resistant 
while in pigs, 37.83% and 27.65% of 
Escherichia coli and Klebsiella spp. 
Strains were multi-resistance. 

Potential 
ecosystem injury 

Measures are required 
for ecological safety 

Markkanen et al. 
(2023)  

Explored the presence of 
antibiotic resistance 
genes (ARGs) in the 
hospital wastewater 
(HWW) of nine hospitals 
in Benin and Burkina 
Faso 

Benin and 
Burkina 
Faso 

Hospital 
wastewater 

Many carbapenemase genes were 
detected at various abundances, 
especially in HWW from Burkina Faso. 
The blaGES genes, the most widespread 
carbapenemase gene in the Beninese 
HWW, were also found in water intended 
for hand washing and puddle at a hospital 
yard 

Potential 
ecosystem injury 

Measures are required 
for ecological safety 
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2.2 Sources, Load, and Flow of Antimicrobial Pollutants 

Antimicrobial pollutants enter and circulate in the environment, potentially bioaccumulate in 

living tissues, bioconcentrate in living organisms and biomagnify through the food chain 

(Hossein et al., 2023), while creating harm to exposed organisms. The presence of 

antimicrobial pollutants in the environment is linked to the deterioration of ecosystem health 

and increased diseases (Martins et al., 2012; Omotola et al., 2021). Other pathways by which 

antimicrobials are introduced into the environment include improper disposal of leftover and 

expired drugs in water stream or down the toilet, chemical waste from manufacturing facilities, 

and municipal landfill leachates (Miraji et al., 2016; Sorensen et al., 2014), aquaculture, and 

animal systems (Gwenzi et al., 2020). Less-explored yet potentially significant sources include 

non-engineered landfills, on-site sanitation facilities, funeral parlors, and gravesites (Gwenzi 

et al., 2020). Figure 5 presents the flow of antimicrobial pollutants and other emerging 

contaminants in different environmental compartments and through the food web.  

 
Figure 5:     Flow of antimicrobial pollutants in different environmental compartments, 

and through the food chain  

Once these chemicals are in the environment, they can flow from one compartment to another 

while creating harm. However, the drawbacks of antimicrobials in the environment extend 
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beyond acute effects to delayed effects from bioaccumulation, amplified effects from drug-

drug interactions, aggravation of drug resistance, and reduction in aquatic and terrestrial food 

production (Kamba et al., 2017). Further, the results of environmental risk assessment and 

routine environmental monitoring regulations do not include antimicrobial pollutants, simply 

because acute risk assessments show insignificant human health hazards, this may lead to 

antimicrobial pollution. The presence of antimicrobial pollutants in waters, aquatic ecosystems, 

and other environmental compartments has been reported globally (Atnafie et al., 2021), with 

scarcity of information from developing countries as a result of the limited funds to purchase 

or manage the state of the art equipment necessary for their isolation, identification, and 

quantification. 

2.3 Environmental Effects of Antimicrobial Pollutants 

Most reported antimicrobial pollutants include antibiotics, and anti-retroviral drugs, are 

considered active once in the environment. A load of antimicrobials released into the 

environment after anthropogenic usage has been linked to both human and environmental 

health degradation. Although antimicrobials are of public health concern, they are currently 

neither monitored nor included in the environmental guidelines in most countries. These 

chemicals are environmentally persistent and have the tendency to bioconcentrate, 

bioaccumulate and biomagnifies through the food chain while causing potential environmental 

risk especially when such chemicals come into contact with drinking water supplies and the 

food chain (Abelkop et al., 2018). There are few cases of the effects of these drugs, and all 

these are an example of effects of a single drug. As these drugs occur in mixtures in the 

environment there is a possibility of effects because of the mixture of drugs (Alderton et al., 

2021; Fernandez et al., 2021). The early years of research on the area of the effects of the 

antimicrobials and other contaminants laid more emphasis on the assessment of the acute 

effects because of individual, largely ignoring the effects that may be caused by the 

combination of these substances. Recently, however, there has been a shift of focus to chronic 

exposure and the assessment of effects of drug mixtures (Michael et al., 2014), example of 

cases are very few, extend to air, land, water, human, animals, and emphasize on AMR.  

The antiviral drug Lamivudine was found to be toxic to Daphnia magna with a mortality rate 

of 85% on exposure to 100 µg/L in freshwater, which increased to 100% at 48 hours exposure 

(Omotola et al., 2021). Further, at lower levels of 10 µg/L lamivudine, the survival rate of 90% 

was recorded for 24 hours and 55% for 48 hours exposure (Omotola et al., 2021). Similarly, 
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an adverse impact on the root lengths on exposure to 100 µg/L Lamivudine was recorded for 

Allium cepa (Omotola et al., 2021). Further results of microscopic examination, revealing some 

chromosomal aberration in the exposed Allium cepa root tips (Omotola et al., 2021). This 

indicates that Lamivudine poses an ecological health risk at different trophic levels, to both 

flora and fauna, at concentrations previously found in the environment. A similar study 

reported that Pseudokirchneriella subcapitata and Lemna minor were more sensitive under 

short-term exposures to Ciprofloxacin than Daphnia magna and Gambusia holbrooki  (Martins 

et al., 2012). Furthermore, long-term exposures to lower concentrations of this antibiotic-

induced impairment on Daphnia magna growth, reproduction and life circle (Martins et al., 

2012), indicating potential harm. In the treatment of medical conditions antimicrobials, 

including antibiotics, play a vital role, but, according to WHO, AMR has been declared a major 

threat to public health and is predicted to cost about 10 million lives a year by 2050. Reports 

of occurrences of substances such as antimicrobials, and other emerging contaminants in the 

environment are globally available (Mayoudom et al., 2018; Muriuki et al., 2020). This calls 

for remediation of these contaminants for ecological safety.  

2.4 Adsorptive Remediation 

Adsorptive remediation is a powerful and sustainable approach for mitigating environmental 

pollution, leveraging the high adsorption capacities of advanced materials to remove 

contaminants from water, soil, and air (Yaashikaa et al., 2020). This technique utilizes 

adsorbents such as activated carbon, biochar, and novel nanomaterials, which possess large 

surface areas, tunable pore structures, and diverse functional groups that enhance their 

interaction with pollutants (Murphy et al., 2023; Yaashikaa et al., 2020). Adsorptive 

remediation is effective in targeting a wide range of contaminants, including heavy metals, 

organic compounds, and emerging pollutants like antimicrobials and endocrine-disrupting 

chemicals (Ezzati et al., 2024; Murphy et al., 2023; Wang & Guo, 2023). The process can be 

optimized through the careful selection of adsorbents and the application of kinetic and 

isotherm models to understand and predict adsorption behavior under various environmental 

conditions (Adedeji & Jahan, 2023; Hu et al., 2023). The ability to regenerate and reuse 

adsorbents further underscores the economic and environmental viability of adsorptive 

remediation (De-Gisi et al., 2016; Menya et al., 2023; Tokula et al., 2023). By integrating 

cutting-edge materials science with robust adsorption theories, adsorptive remediation stands 

out as a versatile and efficient solution for restoring and protecting ecosystems from the adverse 
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impacts of industrialization and urbanization. However, it is challenged by the disposal of used 

adsorbents, requiring further research. 

2.4.1 Process Parameters for Biochar Production and Characterization 

The production and characterization of biochar are governed by critical process parameters that 

significantly influence its properties and efficacy for various applications (Yaashikaa et al., 

2020). Significant production parameters include the type of feedstock, pyrolysis temperature, 

heating rate, residence time, atmospheric conditions, and initial moisture content (Ippolito et 

al., 2020). These factors collectively determine the physical structure, chemical composition, 

and overall yield of the biochar (Ippolito et al., 2020). Characterization of biochar involves 

assessing its surface area and porosity, chemical composition, pH and electrical conductivity, 

thermal stability, structural morphology, and ash content (Pituello et al., 2015). Techniques 

such as BET analysis, elemental analysis, FTIR spectroscopy, thermogravimetric analysis, and 

scanning electron microscopy are employed to provide detailed insights into these properties 

(Pellenz et al., 2023). Biochar can be precisely tailored to satisfy specific requirements and 

increase its performance in applications including soil improvement (Yameen et al., 2024), 

carbon sequestration, pollutant removal (Yameen et al., 2024), and renewable energy storage 

by carefully adjusting these characteristics and utilizing strong characterization techniques. 

These strategies guarantees that the production of biochar is optimized to optimize its 

environmental and financial advantages.  

2.4.2 Adsorption Properties of Biochar 

The adsorption properties of biochar are primarily influenced by its high surface area, well-

developed porous structure, and rich surface chemistry, which collectively enhance its capacity 

to capture a wide range of contaminants (Oni et al., 2019). The intricate network of micropores, 

mesopores, and macropores provides extensive sites for adsorption (Luo et al., 2022), while 

the presence of functional groups such as hydroxyl, carboxyl, and phenolic groups facilitates 

strong interactions with pollutants through hydrogen bonding and electrostatic forces (Liu et 

al., 2022; Yang et al., 2019). In addition, the chemical composition, including carbon content 

and inorganic minerals, plays a crucial role in determining the adsorption efficiency (Liu et al., 

2022). Factors such as pH, ionic strength, temperature, and contact time further influence the 

adsorption process, enabling biochar to effectively remove heavy metals, organic compounds 

such as antimicrobials, and nutrients from water and soil (Qiu et al., 2022). Through careful 
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optimization and modification, the adsorption properties of biochar can be tailored to meet 

specific environmental and industrial needs, making it a versatile and sustainable material for 

pollution mitigation.  

2.4.3 Factors Affecting Adsorption 

Adsorption is influenced by several key factors that determine its efficiency and capacity. One 

crucial factor is the surface area of the adsorbent (De-Gisi et al., 2016); larger surface areas 

provide more sites for adsorption, thereby increasing the process's efficiency. The nature of the 

adsorbent material (Liu et al., 2023), including its porosity and surface functional groups, also 

plays a significant role. The concentration and properties of the adsorbate, such as its molecular 

size and polarity, affect how well it adheres to the adsorbent. Temperature is another important 

factor (Menya et al., 2023; Tokula et al., 2023); typically, adsorption is exothermic, so 

increasing temperature can decrease adsorption capacity. Additionally, the pH of the solution 

can alter the surface charge of the adsorbent and the ionization state of the adsorbate, 

significantly impacting adsorption efficiency (Liu et al., 2023; Qiu et al., 2022; Yameen et al., 

2024). The degree to which (Guo & Wang, 2024; Wang et al., 2023); longer contact times 

often result in increased adsorption until saturation is reached. These factors interplay to define 

the overall effectiveness of the adsorption process in various applications. 

2.4.4 Adsorption Kinetics and Isotherms 

Adsorption kinetics and isotherms are crucial for understanding the mechanisms and efficiency 

of adsorption processes (Ezzati et al., 2024; Wang & Guo, 2023). Advanced kinetic models, 

such as the intraparticle diffusion model, help delineate the stages of adsorption, including 

external mass transfer (Ezzati et al., 2024), surface adsorption, and pore diffusion. Isotherms, 

on the other hand, characterize the equilibrium relationship between the concentration of 

adsorbates in the liquid phase and their adsorption onto the solid phase at constant temperature 

(Murphy et al., 2023). The Langmuir isotherm assumes monolayer adsorption on a 

homogeneous surface with finite adsorption sites, while the Freundlich isotherm describes 

adsorption on a heterogeneous surface with varying affinities (Murphy et al., 2023). More 

sophisticated models like the Temkin and Dubinin-Radushkevich isotherms (Adedeji & Jahan, 

2023; Hu et al., 2023; Mahanty et al., 2023), account for interactions between adsorbates and 

the energy distribution of adsorption sites. Using these kinetic and isotherm models, 

researchers can optimize adsorption processes, enhance the design of adsorbents, and predict 
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2.5.2 Jamun Plant (Syzygium cumini) 

The "Jamun" plant (Syzygium cumini), also known as "Java plum" or "Indian blackberry," is a 

tropical evergreen tree native to the Indian subcontinent and neighboring regions (Ghosh et al., 

2017; Joshi et al., 2019). It belongs to the Myrtaceae family and is known for its edible fruit 

and various medicinal properties (Vijayanand et al., 2001). Figure 7 presents jamun plant 

(Syzygium cumini) bearing fruits.  

 
Figure 7:     Jamun plant (Syzygium cumini) with its fruits 

The jamun tree is a medium-sized evergreen tree that can grow up to 30 meters in height. The 

leaves are glossy and elliptical, with a leathery texture and a dark green color. Producing small, 

fragrant, white, or pinkish flowers, which are followed by fruit. The fruit of the jamun tree is a 

berry, which is initially green and turns purple to almost black as it ripens, with a sweet and 

slightly tangy taste. The fruit is commonly consumed fresh and is also used in various culinary 

preparations, such as jams, jellies, and desserts.  
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2.5.3 Medicinal Uses 

Jamun (Mzambarau) has been used in traditional medicine for its various health benefits. It is 

believed to have properties that help manage diabetes, improve digestive health, and provide 

relief from various ailments (Shrikant et al., 2012). The leaves, seeds, and fruit of the jamun 

plant have been used in traditional herbal remedies (Baliga et al., 2013; Shrikant Baslingappa 

et al., 2012). Reports of nutritional value of these seeds are available but in most cases are 

underutilized and most of these seeds remain as waste therefore by their utilization in 

preparation of biochar it will help to keep environment clean (Ahmad et al., 2019). On the other 

hand, adsorption studies do not generate toxic bioproducts therefore possibility to keep our 

environment clean.  

(i) Nutritional and cultural significance 

Jamun fruit is a good source of vitamins, minerals, and antioxidants. It is particularly known 

for its high content of vitamin C and dietary fiber (Ahmad et al., 2019; Shrikant et al., 2012). 

The jamun fruit is widely enjoyed in South Asia and is often associated with summer and the 

monsoon season. It is a popular ingredient in traditional recipes and is used to make refreshing 

drinks, like jamun juice.  

(ii) Propagation 

Jamun trees can be propagated through seeds, cuttings, or grafting. The tree prefers a tropical 

or subtropical climate and is well-suited to regions with a hot and humid climate (Ahmad et 

al., 2019; Shrikant et al., 2012). Apart from its fruit and medicinal uses, various parts of the 

jamun tree are utilized. For example, the wood is used for making furniture, and the bark and 

leaves have applications in traditional herbal medicine. Jamun fruit is enjoyed for its taste and 

potential health benefits, particularly in managing diabetes, however, it is essential to consult 

with a healthcare professional before using it for medicinal purposes, as individual reactions 

and effects can vary.  

2.5.4 Jamun Seed Biochar Adsorbent 

Produced through the pyrolysis of jamun seeds, this biochar exhibits exceptional adsorption 

capacities for removing a variety of pollutants, including heavy metals, dyes, and organic 

contaminants, from wastewater. Jamun seed biochar has emerged as a promising adsorbent in 
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environmental remediation due to its high surface area, porosity, and rich functional groups. 

The unique properties of jamun seed biochar, such as its abundant hydroxyl, carboxyl, and 

phenolic groups, enhance its affinity for binding pollutants. Additionally, its eco-friendly and 

cost-effective production process makes it a sustainable alternative to conventional adsorbents. 

Research highlights its potential in mitigating environmental pollution, offering a green 

solution for cleaner water resources. Table 3 presents studies that used biochar prepared from 

jamun (Syzygium cumini) seed biomass for remediation, type of pollutant, conditions, removal 

or adsorption capacity reached.  

2.5.5 Why Jamun Seed Biochar Adsorbent 

Jamun plant is indigenous, and its fruits are underutilized. Jamun seed biomass for the 

preparation of adsorbent has several advantages compared to its leaves or bark (Prajapati et al., 

2022). Fruit yield for full-grown seedlings ranges from 80-100 kg, and 60-70 kg for grafted 

plants per year, indicating the potential source of seed biomass for use in preparation of 

adsorbent (Prakash et al., 2010). Seeds provide a more uniform and stable raw material 

compared to leaves and bark, which can vary significantly in composition and structure based 

on environmental conditions (Liu et al., 2021). Similarly, the seeds have a higher carbon 

content compared to leaves and bark, which is beneficial for producing high-quality activated 

carbon (Liu et al., 2021). The cellular structure of seeds often leads to the formation of a more 

porous adsorbent material, which can enhance the adsorption capacity for various pollutants. 

Jamun seeds contain phenolic compounds and fibers that might contribute to better adsorptive 

properties (Mabungela et al., 2022), for effective removal of contaminants such as 

antimicrobials. Jamun seeds are often considered a waste product after the fruit is consumed, 

utilizing them for adsorbent preparation adds value to this byproduct and reduces waste 

(Choudhury et al., 2022). In addition, adsorbents made from seeds are often more durable and 

have a longer operational life compared to those made from leaves or bark (Choudhury et al., 

2022), which can degrade more quickly. Since seeds are a byproduct and often available in 

large quantities, the cost of obtaining raw materials for adsorbent preparation is low 

(Ungureanu et al., 2023). In contrast, leaves and bark have higher moisture content, lower 

carbon content, and more variability in composition, which can affect the efficiency and 

consistency of the adsorbent produced. Therefore, jamun seed biomass is a preferable choice 

for preparing adsorbents in many applications.  
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Depending on the type of biomass material used and the pollutants adsorbed, some biomass-

based adsorbents can be regenerated and reused multiple times. This recyclability reduces the 

overall cost and environmental footprint associated with pollution remediation processes. 

Overall, biomass-based adsorbents offer a promising solution for the remediation of pollutants 

due to their sustainability, cost-effectiveness, high adsorption capacity, and environmentally 

friendly nature. As studies on the removal of antimicrobial agents by using jamun biochar are 

lacking, the present study will utilize JS biomass in the preparation of biochar and the prepared 

biochar used in the removal of antimicrobials from urban receiving water and wastewater. 

Reports of the nutritional value of these seeds are available but in most cases are underutilized 

and most of these seeds remain as waste therefore, their utilization in the preparation of biochar 

will help to keep the environment clean. On the other hand, adsorption studies do not generate 

toxic bioproducts therefore possibility to keep our environment clean.  
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2.5.6 Seasonal and Regional Variability 

Seasonal variability can influence the availability of plant nutrients and consequently affect the 

properties of biochar produced from biomass feedstock. The nutrient content of biomass 

feedstock used for biochar production can vary seasonally (Abbott et al., 2018). For example, 

the nutrient composition of agricultural residues, such as crop residues or pruning materials 

from orchards, may fluctuate depending on factors like plant growth stage, soil nutrient 

availability, and management practices. During certain seasons, biomass may contain higher 

concentrations of specific nutrients, such as nitrogen, phosphorus, potassium, and 

micronutrients (Abbott et al., 2018), this affects more leaves and bark. The nutrient content of 

the biomass feedstock can influence the properties of the resulting biochar. When biomass with 

varying nutrient compositions is pyrolyzed to produce biochar, the nutrient content of the 

biochar can reflect the nutrient content of the original feedstock. For instance, biomass with 

higher nitrogen content may yield biochar with relatively higher nitrogen content compared to 

biomass with lower nitrogen content. Therefore, seasonal variability in plant nutrient content 

can influence the properties and potential benefits of biochar produced from biomass feedstock. 

These seasonal dynamics can inform the selection of appropriate feedstock sources, pyrolysis 

conditions, and biochar application strategies.  

Similarly. geographical variations significantly influence the nutrient content and properties of 

biochar, affecting its effectiveness in environmental remediation and other applications (Xie et 

al., 2015). The type of feedstock available in different regions plays a crucial role in 

determining biochar characteristics (Xie et al., 2015). Different regions offer various types of 

biomasses for biochar production, including agricultural residues, forestry residues, and 

organic waste, each contributing distinct nutrient profiles (Xie et al., 2015). Further, climatic 

conditions such as temperature, rainfall, and humidity also play a crucial role in determining 

the growth and nutrient composition of feedstock (Kenney et al., 2013). Climate and soil 

conditions also impact biochar properties; arid regions produce biomass with lower moisture 

but higher mineral content, enhancing biochar's ability to adsorb pollutants such as heavy 

metals (Kumar & Bhattacharya, 2021; Mansoor et al., 2021). In contrast, biomass from tropical 

regions, rich in nutrients and organic compounds, yields biochar effective for nutrient retention 

and organic pollutant remediation (Waqas et al., 2021). Biochar pH and electrical conductivity, 

influenced by regional ash content, affect its capacity to neutralize acidic soils and immobilize 

contaminants. Its surface area and porosity, derived from feedstock type and local climate, 
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determine its adsorption capabilities (Kenney et al., 2013; Mansoor et al., 2021; Xie et al., 

2015). For example, biochar from temperate forestry residues offers high porosity suitable for 

organic pollutant adsorption.  

Similarly, biochar properties such as cation exchange capacity and electrical conductivity, 

which varies with regional feedstock, enhance its ability to retain nutrients and immobilize 

heavy metals, beneficial for soil remediation (Mansoor et al., 2021; Xie et al., 2015). These 

geographical variations lead to differences in biochar properties. Surface area and porosity are 

influenced by the type of biomass, with woody residues in temperate regions producing biochar 

with different physical structures compared to agricultural residues in tropical areas (Mansoor 

et al., 2021; Xie et al., 2015). Biochar from arid regions, characterized by high porosity, can 

improve water retention in soils, while biochar from coastal areas may have higher salt content, 

necessitating careful application to avoid salinity issues in inland soils (Kumar & Bhattacharya, 

2021; Mansoor et al., 2021; Xie et al., 2015). Thus, understanding these geographical 

variations allows to production of biochar tailored to local environmental challenges, 

promoting sustainability, and optimizing remediation efforts across different regions.  

2.6 Optimization of Antimicrobial Adsorption 

The current study aimed at investigating antimicrobial pollutants from wastewater and urban 

receiving waters and their remediation using JS biochar utilizing RSM. The RSM is among a 

popular statistical method for optimizing complex systems and processes (Bezerra et al., 2008). 

The RSM is used to determine the ideal set of input variables that will produce the desired 

response. It has been applied to refine parameters in a variety of operations, including chemical 

reactions, production procedures, medicine development, and environmental cleanup. Model 

fitting, response surface analysis, and experimental design are the main components of RSM 

optimization. The planning of trials is the initial step in RSM optimization. Different designs, 

including factorial, central composite, and Box-Behnken, are used to efficiently explore the 

response space and gather data on the system under investigation. These designs allow for the 

simultaneous examination of several aspects while reducing the number of tests needed 

(Bezerra et al., 2008). The link between the input variables and the desired response is 

described by mathematical models that are fitted once the experimental data has been gathered. 

To accurately represent the non-linear nature of many processes, linear, quadratic, or higher-

order models are frequently used. The model coefficients, and model fitting methods like least 

squares regression are used. The fitted model is investigated and optimized as part of the 
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response surface analysis (Bezerra et al., 2008). The response surface is used by RSM to 

determine the ideal input variable values that normalizes the response. The response surface 

can be seen, and the best operating circumstances can be found using methods like contour 

plots, surface plots, and desirability functions, as previously reported (Bezerra et al., 2008). 

The RSM have passed through several developments that have improved its effectiveness and 

application throughout time.  

To enhance the search for the global optimum, RSM optimization has been integrated with 

other optimization approaches. For example, by combining RSM with evolutionary algorithms 

or artificial neural networks (Ogedjo et al., 2022), hybrid techniques seek to get beyond the 

drawbacks of local optima and increase the robustness of the optimization process. 

Conventional RSM prioritizes the improvement of a single answer. However, improvements 

have been made to allow RSM to manage several answers at once (Bezerra et al., 2008). The 

identification of ideal process conditions that simultaneously optimize numerous objectives is 

made possible by multi-response optimization, producing more thorough and effective 

optimization solutions. Robust optimization aims to find operating conditions that are 

insensitive to variations in the input variables or noise factors (Bezerra et al., 2008). This 

approach enhances the reliability and stability of the optimized processes, minimizing the 

impact of uncertainties on the results. Its applications span across various fields, and 

advancements continue to enhance its effectiveness and efficiency. As the complexity of 

systems and the demand for optimization solutions continue to grow, RSM optimization 

remains a valuable tool for researchers and practitioners alike. In the current study, RSM 

optimization was utilized to improve the remediation of antimicrobial drugs onto JS biochar 

adsorbent considering conditions such as adsorbent dosage, pH, contact time, and initial drug 

concentration.  

2.7 Motivation for this Work 

The natural environment is increasingly at risk due to the presence of antimicrobials such as 

Lamivudine and ciprofloxacin, their metabolites, and transformational by-products, while 

WSPs lack design for removal of antimicrobials, which in turn magnifies the problem. The 

presence of antimicrobials in the environment can have detrimental effects, therefore, raising 

concerns on human, environmental health, and sustainability of the ecosystems. These 

compounds can enter water bodies through wastewater discharges and can potentially 



38 

contaminate drinking water sources. Studying their presence, fate, and effects helps assess the 

risks they may pose to human and ecological health.  

As these compounds are designed to have biological effects, their presence in water bodies 

raises questions about potential long-term effects on aquatic organisms and ecosystems. 

Therefore, studying antimicrobials in the environment helped to identify and understand their 

behavior, including persistence, transport, and potential ecological impacts. The presence of 

pharmaceuticals, particularly antimicrobials, in the environment, can contribute to the 

development and dissemination of AMR in microbes such as bacteria, this is a significant 

global health concern. Researching the fate of antimicrobials and their removal from 

wastewater helps in mitigating the spread of AMR and preserving the effectiveness of these 

medications. Their presence in water bodies can impact water quality and potentially affect the 

availability of safe and clean water for various purposes, including drinking water supply and 

agriculture. Understanding antimicrobial in the environment aids in developing and 

optimization of effective strategies for water treatment and resource management. Enhancing 

the removal of antimicrobials is crucial to minimize their release into the environment. 

Research on removal techniques and the development of advanced treatment processes help 

improve the efficiency of wastewater treatment plants and reduce the environmental impact of 

pharmaceuticals such as antimicrobials in the environment. Therefore, studying antimicrobials 

in the environment and their removal is motivated by the need to safeguard human health, 

protect ecosystems, prevent the spread of AMR, and optimize wastewater treatment processes 

to minimize the presence and impact of these compounds in the environment.  
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Literature Investigation Methodologies 

This literature review focused on SSA countries, selected based on the availability of data 

concerning the presence of active chemicals and/or their transformation byproducts in various 

environmental components. These components encompass wastewater, sediments, water 

bodies, hospital waste, and soil. Literature investigation focused on studies from 2000 to 2021 

and a growing trend in published articles was observed from 2012. The search utilized 

keywords such as active chemicals, transformation byproducts or metabolites, environmental 

contaminants, along with the individual names of SSA countries. Various databases including 

Web of Science, Scopus, Google Scholar, Wiley Online Library, ScienceDirect, Taylor & 

Francis Online, Sage Publishing, and PubMed were queried to select scientific journal articles. 

The review focused on data pertaining to environmental occurrence and ecotoxicity, resulting 

in a comprehensive database extracted from studies across sub-Saharan Africa. The 

information obtained feeds on the methodology of experimental studies and other sections of 

this thesis.  

3.2 Study Area 

Themi is an administrative ward located in the Arusha region in Tanzania. Themi ward is 

categorized as an urban ward with a population of 9204 according to the 2022 Census with an 

area of 5.922 km² and a population density of 1,554/km² (Rugeiyamu, 2022). The western part 

of the ward borders with Themi River whole length is 46.41 kilometers (Ambroz & Wenban-

Smith, 2014). Themi, WSPs is the oldest stabilization pond receiving wastewater brought by 

sewage tracks while taking advantage of Themi River where its effluents are released. The 

status of antimicrobial pollutants in the site is rarely covered. However, due to rapid city 

growth, new wastewater treatment ponds are constructed at Terrat ward in Arusha Region, 

located along Themi River. Being the only operational, oldest pond in Arusha city and 

discharging its effluents in the Themi River, the studied area had sufficient potential to reflect 

the city's hygienic well-being and probable risks due to the transportation of contaminants at a 

long distance. Figure 8 presents the study area.  
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3.4.3 Characterization of JS Biochar  

Initial elemental characterization to obtain the content of carbon, hydrogen, nitrogen, sulfur, 

and oxygen of the material was conducted using the CHNS analyzer (Flash 2000), similarly as 

reported by Manmeen and Colleagues (Manmeen et al., 2023). The Fourier Transform Infrared 

Spectroscopy (FTIR) model V755 Perkin Elmer was used to study the surface functional 

groups of the material (Jiang et al., 2023). The characteristics of the surface area, volume, and 

pore size were obtained using a QUANTACROME 1000 L-Se series porosimeter (Range, 

2014). The determination of specific surface areas and pore size distributions of JS biochar was 

conducted using BET analysis (Range, 2014). This technique is based on the physical 

adsorption of inert gas, in this case, nitrogen was used, on the solid surface of the sample. 

Detailed structural and chemical information of the JS samples at atomic and subatomic levels 

were obtained using Talos F200X G2 (S)TEM, a high-resolution imaging and analysis 

equipment (Chen  et al., 2022). The X-ray diffraction (XRD) model 7000 Shimadzu, a versatile 

non-destructive analytical technique used to analyze physical properties such as phase 

composition, crystal structure and orientation of powder (Mehrotra et al., 2023). Examination 

of the surface of materials at high magnifications and resolutions was achieved by using Carl 

Zeiss S 3400, a scanning electron microscope (SEM) model from Germany, capable of 

producing high-quality imaging and versatile features (Xuan et al., 2023). The addition of an 

energy-dispersive X-ray Spectroscopy (EDX) detector enhances its analytical capabilities by 

allowing elemental composition analysis (Xuan et al., 2023). The flow of the activity in the 

current work is presented in Fig. 9.  
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14), and pollutant concentration (10-500 ppm, continuous), while the observed response was 

the removal efficiency (%) of ciprofloxacin and lamivudine.  

The variables were chosen based on the data available on adsorption and optimization in the 

literature (Späth et al., 2021). I-optimality RSM comprised 55 experimental runs, out of which 

45 are model points, five are replicate points, and five are lack-of-fit points. The RSM involves 

five steps: Firstly, the development of statistically designed experiments, followed by 

generating an empirical model, statistical analysis of the model, numerical optimization by 

using the desirability function and finally, model confirmation. The experimental run was 

randomized to diminish the error and effect of uncontrolled factors (Salari et al., 2019). The 

observed responses were used to generate an empirical model conforming to the experimental 

variables. Experimental results from the 55 runs were used to determine the regression 

coefficient of the quadratic model using Design-Expert Version 13.0.5 software (Stat-Ease, 

Inc., Minneapolis, USA).  

The coefficient of R-squared established the accuracy of the fitted model, and the significant 

model terms were assessed by the probability value (p-value) at a 95% confidence level. The 

contour and the 3D surface plots were developed to show the interaction of two independent 

variables while holding the third variable at the central value. The geometry of the surface plots 

provides valuable information about the system's behavior on the variation of the processing 

parameter within the design space. The adsorption conditions were numerically optimized 

using a desirability function of Design-Expert software to maximize pollutant removal. Using 

the models created during analysis, the best operating conditions that meet the defined goals 

were searched within the design space. Finally, one solution among the recommended solutions 

was selected for the model validation, whereby three replicates of experimental runs were 

conducted, and the results were compared with the predicted values.  

3.4.5 Adsorption Experiments 

A batch adsorption experiment was conducted to evaluate the removal of ciprofloxacin and 

Lamivudine from a synthetic solution. The stock solution containing 1000 mg/L Lamivudine 

was prepared by dissolving 1 g Lamivudine in deionized water, similarly for ciprofloxacin 

Then, working solutions were prepared from the stock solution through serial dilutions of 50 

mL each. While maintaining the concentration of Ciprofloxacin and lamivudine pH levels and 

varying doses of the JS biochar were used from different sets of experiments. Adsorption 
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Where Ce is the equilibrium Lamivudine or ciprofloxacin concentration (mg/L) and Qe is the 

amount adsorbed at equilibrium (mg/g). The Langmuir constants Qo (mg/g) represent the 

monolayer adsorption capacity and b (L/mg) relates to the heat of adsorption as reported by 

previous researchers (Gubitosa et al., 2022; Kumar et al., 2022; Wang et al., 2023). The 

essential feature of the Langmuir adsorption expressed by RL, a dimensionless constant referred 

to as the separation factor or equilibrium parameter for predicting whether an adsorption system 

is favorable or unfavorable (Gubitosa et al., 2022; Kumar et al., 2022; Wang et al., 2023). RL 

is calculated using Equation (4).  

01
1
bC

RL ��
�         (4) 

If the RL values lie between 0 and 1, the adsorption is favorable. This Langmuir model can also 

be written in a non-linear form as presented by Equation (5). 

e

e
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CbQ
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� 
1

0       .  (5) 

Similarly, the Freundlich isotherm is expressed in linear form as presented by Equation (6).  

efe C
n

Kq ln1lnln ���       (6) 

Where Kf indicates adsorption capacity and n is an empirical parameter related to the intensity 

of adsorption, which can vary with the heterogeneity of the adsorbent (Kumar et al., 2022; 

Wang et al., 2023). The greater the values of the 1/n, the better the adsorption (Wang et al., 

2023). A higher fractional value of 1/n (0<1/n<1) implies that the surface of adsorbent is 

heterogeneous.  
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the status of active chemical pollution such as antimicrobial to inform public health decision-

making.  

4.2 Antimicrobial Pollution in Wastewater and Urban Receiving Water 

This section presents the results of objective two which intended to investigate the occurrence 

of aquatic antibiotic-resistant microbes through isolation and assessment of their antibiotic-

resistant genes from selected isolates to inform public health decision-making. To achieve this 

objective culture, isolation, identification, and biochemical confirmation of microbial 

communities from wastewater and urban receiving water was conducted followed by 

phenotypic antibiotic susceptibility testing for the isolates. This was further followed by 

molecular identification of bacterial species, and genes resistant to specific antimicrobial 

agents were identified.  

4.2.1 Prevalence Of Bacterial Species in Wastewater and Urban Receiving Water 

Macro-morphological characteristics of different bacteria were identified and analyzed, as 

presented in Fig. 10. The MacConkey agar was used for isolation and differentiation of Gram 

negative bacteria (Agyarkwa et al., 2022). The current study used wastewater and urban 

receiving water from Themi WSPs and urban receiving water. The observed greenish colonies 

(Fig. 10C), which were medium to large with cattle eye appearance, indicates the presence of 

non-lactose fermenters when sub-cultured in MacConkey agar. Gram staining revealed gram-

negative short rod bacteria arranged in singles. These colonies were oxidase-positive when 

tested with oxidase strips (Islam et al., 2018; Kollaran et al., 2019; Uzair et al., 2018). The 

conventional identification characteristics revealed that the bacterium was Pseudomonas 

aeruginosa, as reported by previous scholars (Islam et al., 2018; Kollaran et al., 2019; Uzair et 

al., 2018). Some bacteria in MacConkey agar had pinkish, smooth, shiny mucoid colonies 

ranging from medium to large, as indicated in Fig. 10B. Blood agar displayed no haemolysis 

to these bacteria; however, some bacterial isolates showed swarming characteristics.  

All bacterial isolates in this group were gram-negative of varying cell sizes and arranged in 

singles. Furthermore, all isolates suspected of Pseudomonas aeruginosa were oxidase-positive, 

Proteus spp. were urease-positive (Fig. 10D), and those suspected of Escherichia coli or 

Klebsiella spp. (Fig. 10A), responded positively according to their Indole, Methyl red, Voges-

Proskauer, and Citrate (IMViC) and Triple Sugar Iron Agar (TSI) tests, as reported by previous 
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researchers (Herridge et al., 2020; Islam et al., 2018; Kollaran et al., 2019; Salah et al., 2019; 

Shehu et al., 2021; Sun et al., 2020; Uzair et al., 2018).  

Fluorescent pseudomonads isolate of Pseudomonas aeruginosa were categorized as mucoid or 

non-mucoid morphotypes (Herridge et al., 2020; Islam et al., 2018; Kollaran et al., 2019; Uzair 

et al., 2018). Their pinkish, smooth, shiny, and mucoid colonies in Fig. 10, ranged in size from 

medium to large on MacConkey agar for several bacteria. These bacteria showed no 

haemolysis on blood agar, confirming its identification (AKbar et al., 2022; Carvalhaes et al., 

2022; CLSI, 2020; Elgendy et al., 2022; Idrees et al., 2022). On the other hand, some bacterial 

isolates exhibited swarming behavior (Agusi et al., 2022; Herridge et al., 2020; Idrees et al., 

2022; Sun et al., 2020). All the bacteria were gram-negative with different cell sizes and were 

grouped in singles (Agusi et al., 2022; Herridge et al., 2020; Idrees et al., 2022; Sun et al., 

2020).  

 
Figure 10:   Macro-morphological characteristics of different bacteria; Klebsiella spp. 

(Fig. 10A), Escherichia coli (Fig. 10B), Pseudomonas aeruginosa (Fig. 10C) 
and Proteus spp. (Fig. 10D) 

Isolates suspected of Pseudomonas aeruginosa and Proteus spp. were urease positive and those 

suspected of Escherichia coli or Klebsiella spp. responded favorably to their IMViC, and TSI 
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Results of the amplification of 20 gram-negative bacterial isolates using universal primers 

targeting the 16SrRNA gene showed that all positive isolates (Amplicons) appeared at 1500 

bp, as shown in Fig. 11. This confirms the presence of identified microbes (Agusi et al., 2022; 

Fauzi et al., 2021; Guo et al., 2022; Kayode & Okoh, 2022). The 16S rRNA gene is a highly 

conserved region in the bacterial genome with specific variable regions that allow for the 

identification and classification of bacteria at the molecular level (Srinivasan et al., 2015). 

Sequencing this gene provides valuable information about the evolutionary relationships 

between different bacterial species (Srinivasan et al., 2015). Pathogens and multi-resistant 

bacteria, which may be released into the environment via effluent from WWTPs, are collected 

from several sources that can impact ecosystem health (Garner et al., 2017; Igwaran et al., 

2018; Li et al., 2022; Mohammadali & Davies, 2017). This implies that WWTPs are hotspots 

and wastewater effluents may be a source of resistant pathogenic microorganisms that may 

deteriorate ecosystem health.  

4.2.4 Occurrences and Composition of Resistance Genes 

The detection of antibiotic-resistant genes on 20 bacterial isolates showed that Escherichia coli 

harboured more resistance genes (39%), followed by Klebsiella spp., 22%. Other bacterial 

species (Pseudomonas and Proteus) contained no resistant genes analyzed in this study, as 

shown in Table 9. Eleven isolates out of 20 contained sulphonamide-resistant genes as follows: 

Sul 1 (n = 4) and Sul 2 (n = 7), making up 55% of the total resistant gene analyzed in this study 

(Fig. 12 and Table 8). This indicates that these drugs' potential for managing diseases caused 

by these microbes will be impaired, therefore challenging the clinical settings (Pan, 2022; Pearl 

et al., 2022). This investigation showed that phenotypic resistance to tetracyclines and 

macrolides encoded by tet(M) and erm(B) was common among Enterococcus spp., independent 

of the source.  

Table 9:     Occurrence of antibiotic-resistant genes detected on four bacterial species 

Bacterial species n Sul1 Sul2 Tet A Tet B Tet D CTXM SHV MDR genes 
(%) 

Pseudomonas spp. 1 0 0 0 0 0 0 0 0% 

Klebsiella spp. 11 3 4 4 1 2 1 2 22% 

E. coli 4 1 3 0 0 3 2 2 39% 

Proteus spp. 4 0 0 0 0 0 0 0 0% 

%Resistant genes  20 35 20 5 25 15 20  
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(Klatte et al., 2017), and conjugation between bacteria, which may transfer antibiotics 

resistance genes occurring on plasmids and transposons (Klatte et al., 2017).  

 
Figure 13:   The PCR amplification of tetracycline resistance genes (Tet B and Tet D) and 

Tet A 

M is a 100 bp marker, and lanes 1-20 are samples, where lane 12 is a positive sample of the 

resistance gene for Tet B and lanes 6, 11, 14, 18, and 19 are positive samples for the resistance 

gene for Tet D, and first positive control is for Tet B and the second for Tet D. In Tet A; M is 

a 100 bp marker, and lane 1-13, 16-20 are samples, where lane 8, 9, 10, 12, are positives and 

lane 14 and 15 are positive and negative controls respectively as presented by Fig. 13.  

Microbes can develop resistance to multiple families of antibiotics due to their ability to acquire 

multiple AMR traits. Once within the microbial population, AMR traits can be transferred 

vertically when the next generation inherits the ARGs and horizontally when bacteria share or 

exchange sections of genetic material with other bacteria, which may even occur among 

different bacterial species. The dissemination or transfer of AMR in the environment occurs as 

the microbes are transported among the various environmental compartments such as soil, air, 

water, humans and animals (Guo et al., 2022; Li et al., 2022). Since wastewater systems, 

including urban wastewater collection and treatment plants, receive diverse wastewater from 

households, pharmaceutical industries, and medical facilities, they are potential distribution 

roots for antibiotic-resistant microbes, which later compromise treatment. An increasing body 

of literature shows that wastewater contain a complex mixture of emerging contaminants, 

including illicit and prescription drugs, pesticides, and pharmaceutical and personal care 

Tet B and D Tet  A
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products (Miraji et al., 2021), the release of contaminated effluents may impair ecological 

health through the food chain.  

Previous scholars reported that isolates from broiler chickens harbored a higher prevalence of 

antibiotic-resistant Escherichia coli relative to scavenging local chickens, including 

sulfamethoxazole (80.3 versus 34%), trimethoprim (69.3 versus 27.7%), tetracycline (56.8 

versus 20%), streptomycin (52.7 versus 24.7%), amoxicillin (49.6 versus 17%), ampicillin 

(49.1 versus 16.8%), ciprofloxacin (21.9 versus 1.7%), and chloramphenicol (1.5 versus 1.2%) 

(Rugumisa et al., 2016), indicating possible use of antibiotics in chicken farm which may 

impair public health. Similarly, slaughter operations are named as foci for dissemination of 

antimicrobial-resistant bacteria via food products with larger slaughter operations having more 

health risk compared to small operations (Mwanyika et al., 2016). Further, studies revealed the 

highest resistance in ampicillin (100%), whereas the lowest resistance was recorded for 

gentamicin (10.3%), with 86.76% of isolates being multidrug-resistant (Kiiti et al., 2021). The 

AMR in Escherichia coli to four classes of antimicrobial agents was the highest in this study 

(31.1%) (Kiiti et al., 2021). With only 2.9% of tested isolates were resistant to the seven classes 

of antimicrobial agents (Kiiti et al., 2021). Results further indicated that 100% of isolates 

expressed blaTEM genes and only two isolates expressed blaCTX-M gene (Kiiti et al., 2021). The 

isolates displayed high resistance to commonly used antimicrobial agents in veterinary and 

human medicine, indicating anthropogenic activities are the main source of pollution. These 

practices may potentially accelerate AMR in the production of the sampled birds and therefore 

integration of appropriate use of antimicrobial agents and other measures that curb the spread 

of resistant genes is necessary to ensure ecological safety.  

4.3 Adsorbent Properties and Remediation of Ciprofloxacin and Lamivudine 

This section represents the results of objective three and is divided in two sections. Section 1, 

which is based on the investigation of the physical, chemical, and structural properties of 

biochar adsorbents made from JS biomass and Section 2, based on the assessment of the 

capability of biochar materials in the remediation of ciprofloxacin and Lamivudine from 

synthetic solution using RSM optimization.  

4.3.1 Properties of JS Biochar Adsorbent 

This section presents the results of objective three (Part 1) which investigated the physical, 

chemical, and structural properties of JS biochar adsorbent made from JS biomass.  
































































































































































































