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ABSTRACT 

The main aim of the study was to investigate the occurrence and removal of 

microplastics in wastewater treatment processes in Ekurhuleni and Midvaal in South 

Africa. The amount of microplastics and chemical composition discharged into the river 

pose a threat to aquatic systems and human health. The wastewater samples were 

collected using 24 h autosamplers between 2021 December to 2022 September. The 

in-situ measurements for pH and temperature were conducted using an advanced 

digital HACH HQ40d multi-meter. The analysis for chemical oxygen demand (COD) 

and suspended solids (SS) was done through colorimetric and gravimetric methods. 

Analysis for heavy metals was done using inductively coupled plasma mass 

spectrometry (ICP-MS). The polarized light microscopy (POM) was used to generate 

high-resolution images and Fourier Transform Infrared Spectroscopy (FTIR) identified 

polymers and functional groups. The quantification of microplastics was done through 

image J 1.53 K to determine the microplastics particles (MPs) counts and removal 

efficiencies. The mass of microplastics was obtained and the loading rate was 

estimated based on the flow rate. The Pearson correlation coefficient was used to 

establish the relationships between physicochemical water quality, metals and MPs 

concentrations and loading. The chemical oxygen demand (COD) and SS showed a 

small positive correlation with r-value ranging between 0.1-0.3. Temperature and pH 

showed a negative correlation with MPs concentration. Toxic metals and non-metallic 

parameters monitored in the influent and effluent of WWTWs also did not correlate 

significantly, only chloride, Fe, S and SO4
2− showed a smaller correlation at r=0.1-0.3. 

The MPs vary between 0.01-0.02 mm in the influent and 0.01-0.05 mm in the effluent. 

The microplastics identified across four seasons were dominated by angular fibres 

(white), fragments (blue, black and red films (translucent) with concentrations ranging 

between 145-180 MPs/L in summer, 399-401 MP/L in autumn, 119-798 MPs/L in 

winter and 152-402 MPs/L in spring. The highest concentrations and loading were 

observed at WWTW B. The FTIR analysis showed presence of polyethylene (PE), 

polyethylene terephthalate (PET), polyacrylamide (PAM), polymethyl methacrylate 

(PPM), polymethyl methacrylate (ABS), polystyrene (PS), polypropylene carbonate 

(PPC) and thermoplastic vulcanizates (TPV) polymers while the spectra represent 

functional groups such as saturated aliphatic, alcohol and hydroxyl compounds, 
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carbonyl and alkenes. The scanning electron microscopy/energy dispersive x-ray 

(SEM/EDX) analysis resulted in carbon and oxygen ranging between 52-73.46% and 

15.9-26% with the composition of MPs additives such as Cr, Ca, Fe, Al, Na, Mg, Zn, 

Cl, P, S and silicone. Continuous monitoring and regulations of MPs is required to 

minimize microplastics pollution and adverse impact in the environment.  
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CHAPTER 1:   

INTRODUCTION 

1.1. Background  

Water quality is one of the most critical challenges faced globally and amongst other 

African countries; South Africa is facing similar problems. According to (du Plessis, 

2017), 2.4 billion people worldwide live without access to proper sanitation yet poor 

sanitation is a major contributor to water pollution. Global statistics suggest that one 

in nine people have access to safe and improved drinking water (William and Loucks, 

2015). These global statistics are getting worse every year, putting water security at 

risk for future generations. The world figures on the scale of water pollution are 

intriguing. On average, 90% of sewage globally is discharged untreated into rivers, 

estuaries, and oceans-leaving the environment exposed to different forms of pollutants 

(Malik et al., 2011). Therefore, there is a need to safeguard water for the provision of 

water security for future use. 

Globally, an average of 400 megatons of industrial and domestic waste are discharged 

into wastewater treatment works annually (Abd-Elhamid et al., 2021). In South Africa 

alone, 5.12 billion litres of wastewater is collected from industries and domestic 

activities and 95% of this volume is discharged into rivers while 5% gets disposed of 

as sludge from Wastewater Treatment Works (WWTW) (du Plessis, 2017; Martin 

Zhuwakinyu., 2012). The wastewater from the industrial and domestic activities 

contain different pollutants such as heavy metals, endocrine disrupters, personal care 

products (PCPs), pharmaceutical product, disinfectants by-products (DBPs)  and 

emerging pollutants (Grassi et al., 2012). 

Emerging pollutants are increasingly becoming a global challenge in terms of detection 

and removal in WWTW (Singh & Gupta, 2017). To date, endocrine disruptors, 

personal care products (PCPs), pharmaceutical products, disinfectants by-products 

(DBPs), and microplastics find their way into WWTW where they have shown to 

accumulate (Tanjung, Hamuna, and Alianto, 2019). This may pose risks to organisms 

that live or depend on freshwater for a living. Such risk include increased toxicity, 
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hormonal disorders, deformation of organs as well as increased mortality on aquatic 

organisms (Rosala., 2010; Archer, 2018).  

South Africa has a huge plastic industry with limited complimentary recycling place 

thus contributing millions of tons of plastic disposed into waste management facilities 

such as landfills (Adeniran and Shakantu, 2022). Very little is known about 

microplastics in South African WWTW because of the limited research in the area of 

microplastics (Verster, Minnaar, and Bouwman, 2017). Studies in microplastics in the 

South African context are focused on coastal areas while in Europe and Asia they are 

focused on wastewater and surface water (Verster, Minnaar and Bouwman, 2017; 

Long et al., 2019, Naidoo et al., 2015). Despite being limited, these studies have 

confirmed the presence of microplastics in both coastal areas and WWTWs. 

According to various studies conducted across the world, WWTWs have been 

identified as one of the significant sources of microplastics due to the huge quantity of 

sewage influent received from both domestic and industrial wastewater (Conley et al., 

2019a; Kang et al., 2018a; Talvitie et al., 2017a). Among the few studies that have 

been done in South Africa, is one by Long et al. (2019) which has confirmed that most 

conventional WWTWs are not designed to remove microplastics-leading to the 

discharge of microplastics-laden effluent into the rivers. Similar findings have been 

made by several other researchers (Adiloğlu et al., 2012; Maraqa, Meetani, and 

Alhalabi, 2020; Thakali et al., 2020). 

The chemical properties of microplastics vary due to the composition of polymer raw 

materials and additives (Tarasyuk et al., 1991). Chemical compounds found in 

microplastics such as bisphenol A (BPA), polychlorinated biphenyls (PCBs), polycyclic 

aromatic hydrocarbons (PAHs), phthalates, and heavy metals have been proven to be 

endocrine disruptors, carcinogens, liver poisons, mutants of deoxyribonucleic acid 

(DNA) and reproduction retardants if inhaled or consumed by people (Katyal et al., 

2020). Microplastics and toxic chemicals are discharged in wastewater by 

fragmentation process caused by waves and currents during conveyance to WWTWs. 

The inherent chemical composition of wastewater is complex and contains toxic 

chemicals such as heavy metals and persistent organic compounds (POCs) (World 

Health Organization, 2015). In the presence of microplastics in wastewater toxic 



3 

 

chemicals such as PCBs and heavy metals are adsorbed onto the surface of 

microplastics. In this way, the microplastics act as contaminant pathways for the 

pollutants into the environment (Claudia Campanale, Massarelli, et al., 2020).  

While the research on the availability of microplastics in drinking water is still at its 

inception, there is already evidence of microplastics occurring in rivers that are the 

major source of drinking water (Luis et al., 2018). There is also evidence that 

microplastics affect aquatic species. For example, traces of microplastics have been 

found in the digestive tracts of fish and sea birds and that this adversely affects their 

health and increases mortality (Gewert, Plassmann, and Macleod, 2015; Katyal, Kong, 

and Villanueva, 2020). 

Sewage sludge is a major source of microplastics for the soil with additional millions 

of tons of microplastics being disposed into the environment through the application 

of agricultural fertilizers (Choy et al., 2020). A study done by Enyoh (2019) 

demonstrated that microplastics are eventually sequestered from the contaminated 

soil into fruits and vegetables Therefore, fruits and vegetables are becoming an 

exposure pathway for human beings to microplastics-with dosages of up to 80 g/kg of 

body mass. Microplastics can exist in soil for over 100 years and can eventually find 

their pathway to ground and surface water thus posing a threat to the freshwater 

ecosystem (Choy et al., 2020, Edo, 2020).  

Various sludge applications and treatment options pose different threats to the 

environment. In other areas sludge is not added into agricultural land, instead, 

incineration becomes an option. During the incineration of sludge, toxic chemicals that 

are added during plastic manufacturing and those adsorbed on the surface of the 

plastic may be released into the atmosphere (Mahon et al., 2017; Simon, Vianello, and 

Vollertsen, 2019). There is limited information on microplastics globally and in South 

Africa (Edo, 2020). This study seeks to highlight the presence of microplastics in the 

influent and final effluent of WWTWs A and B. Recommendations of this study will be 

shared with the Department of Water and Sanitation, concerned industries and the 

general public to raise awareness on the significance of microplastics pollution and 

the role of the sewage conveyance system in transferring microplastics to wastewater 

and the environment. 
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1.2. Problem statement 

Wastewater treatment works (WWTWs) are supposed to give solutions to reduce 

pollution by microplastics into the environment. On the contrary, WWTWs are 

considered sources of microplastics for the aquatic environment because treated 

water continuously is discharged into the receiving environment in large quantities 

(Sun et al., 2019). Although WWTWs consists of primary, secondary and even tertiary 

processes with advanced technologies, microplastics are still not eliminated 

completely (Hidayaturrahman and Lee, 2019). The WWTWs A and B are conventional 

activated sludge processes that were not initially designed for the removal of 

microplastics as it is not mentioned in the design manual (WWTW A manual, 2015; 

WWTW B manual, 2015). Microplastics removal requires advanced treatment 

processes such as membrane filtration, ultra-filtration (UF) and reverse osmosis (RO) 

(Poerio, 2019). The presence of microplastics in wastewater also serves as an 

indication of pollutants sources. The treatment of wastewater occurs upstream and 

then the treated water gets discharged into surface water bodies where it is collected 

downstream for further water treatment (Xu et al., 2020).  

Microplastics contain chemicals that are toxic, carcinogenic and act further as carriers 

of contaminants. Therefore, if not fully removed from drinking water they may pose a 

threat to human health (Yuan et al, 2022). In a country like South Africa there are 

informal settlements built close to riverbeds downstream of WWTWs (Weimann and 

Oni, 2019). Communities from such settlements utilise the contaminated wastewater 

discharged from WWTWs.  The detection of microplastics in human stool demonstrate 

that microplastics are present in human bodies. Danopoulos et al. (2020) further stated 

that treated drinking water is contributing to the introduction of microplastics into the 

human body. This can be true if WWTWs are not capable of removing microplastics 

that end up in surface water bodies where abstractions for portable water treatment 

and irrigations take place. 

Microplastics absorb and or adsorb toxic water contaminants onto their surfaces via 

passive adsorption and then transmit these toxins to animals and human beings, 

leading to an increased incidence of immune or neurodegenerative diseases (Correia 

et al., 2020). These effects can strike a single cell, a group of cells, an organ system, 
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or the entire body (Duncan et al., 2017). Among these chemicals, are carcinogens, 

DNA mutants, endocrine disruptors and reproduction retardants. Most of these 

chemicals are recalcitrant, therefore tend to bio-accumulate in bodies of living 

organisms with increasing concentration as the trophic levels increase (Gasperi et al., 

2019; Nelms et al., 2015). The internal organs that are most commonly affected are 

the liver, the kidneys, the heart, the nervous system (including the brain) and the 

reproductive system (Campanale et al. 2020). 

Many studies have shown that microplastics also enter the food web, leading to human 

beings being exposed to their potential harm (Davidson and Dudas, 2016, 

(Westphalen and Abdelrasoul, 2018, Duncan et al., 2017). A study reported by 

Davidson and Dudas (2016), investigated the presence of microplastics in Manila 

clams in British Columbia. The study found that every clam analysed had at least 

pieces of microplastics and the concentration in individual clams ranged from 0.07 to 

5.5 particles per gram of body mass (Davidson and Dudas, 2016). In Brazil, an 

investigation conducted by Miranda detected significant amounts of microplastics in 

the stomachs of two important edible species of fish (Westphalen and Abdelrasoul, 

2018). Human beings consume microplastics from edible aquatic species and crops 

capable of adsorbing microplastics (Duncan et al., 2017). The presence of 

microplastics in the human body causes digestive systems problems and accumulates 

in the appendix leading to appendicitis (Gasperi et al., 2019). 

The impacts of microplastics on aquatic ecosystems include negative effects on 

microbes, invertebrates, fish and other animals such as birds, turtles and marine 

mammals (World Health Organization, 2015). Microplastics are also ingested by 

animals into the stomach, leading to them feeling full and therefore, eating less than 

the amount of food they need to stay alive. Microplastics also cause internal damage 

to the digestive tract. In addition, many kinds of microplastics have hydrophobic 

surfaces that adhere to common pollutants like polychlorinated biphenyls (PCBs) 

(Lasee et al., 2017). These chemicals would rather be stuck to surfaces like plastic 

than in the water itself. If these compounds are highly concentrated on plastic, and 

then ingested by animals, the chemicals can desorb in the low oxygen environment 

inside the gut (Seidensticker et al., 2018). This could expose the animal to high 

concentrations of potentially toxic compounds.  
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1.3. Justification 

It is estimated that the global production of plastics surpasses 407 million tonnes 

annually by 2015, which is a significant increase from 270 million tonnes recorded in 

2010 (Geyer et al., 2017). This amount includes plastics used in a variety of processes 

which including the production of pharmaceutical products, PCPs, household 

products, industrial products, and other production processes of plastics (Simon et al., 

2019). The estimated amount of waste plastic generated and disposed of to the 

environment in the world is 302 million tonnes, which is 74% of the total plastics 

produced. In 2010, four to twelve million tonnes of plastics found their pathways into 

the ocean through littering, wastewater discharge, erosion, storm water, and industrial 

discharge, this is a global concern (Lebreton et al., 2018). A study done by  

Jambek et al. (2015) showed that more than 630 000 metric tonnes of plastic debris 

were found in South African coastal areas, making the country to be the 11th most 

significant plastic pollution contributor in the world. 

In South Africa little is known about the number of microplastics entering WWTWs and 

surface water. More studies focused on the availability of microplastics in coastal 

areas with some particles greater than 5 mm (Bouwman et al., 2018, Nel and Frontman 

2015, Naidoo et al., 2015, Ryan et al., 2014). Substantial amounts of microplastics 

may reach WWTWs through municipal sewage, industrial discharges, and stormwater 

drainage. According to Toxopeus (2019), it was reported that South Africa has a total 

number of 824 wastewater treatment works across 152 municipalities with a collective 

design capacity of 6.5 billion litres. On estimate, 5.12 billion litres of wastewater are 

collected by WWTWs with the discharge of over 95% of wastewater received. The 

amount and quantity of microplastics entering and discharged with wastewater 

quantities are not well understood in South Africa and the study area. 

There is no wastewater treatment process in place that leads to zero discharge of 

microplastics (Sun et al., 2019). Water from dewatering sludge and water used for 

cleaning in the plants is recyclable back into the influent yet it carries appreciable 

amounts of microplastics (Corradini et al., 2019). Much of the microplastics end up in 

the sludge (Habib et al., 2020). Therefore, contamination of the sludge will determine 

the fate of the available microplastics in soil and groundwater (Bouwman et al., 2018). 
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Therefore, the aim of the current study is to determine the removal efficiency of 

microplastics and recommended solutions to mitigate exposure of soil and 

downstream waters to highly mobile plastics and their constituent compounds. 

Particular attention will be on activated sludge processes in the study area. 

Studies such as Gies et al., (2018), Murphy et al., (2017), Olmos et al., (2016) have 

confirmed that advanced wastewater treatment such as membrane processes can 

reduce up to 97-99% of microplastics in water. However, in conventional treatment 

processes, the removal efficiency varies from plant to plant due to the physical and 

chemical properties of microplastics (Long et al., 2019). In studies carried out by (Long 

et al., 2019 and Magni et al., 2019) removal efficiency of 79.33% was reported in one 

plant and 64% in another plant. The concentration of microplastics discharged into the 

rivers varies in different wastewater treatment works and there is a need to conduct a 

study in other locations. 

Aquatic animals may ingest microplastics which can affect their respiratory tracts and 

lead to death (Deocaris et al., 2019). People may indirectly consume microplastics 

from eating aquatic species such as fish and seafood and this may lead to health-

related problems such as cancer or organ failure (Elvis et al., 2019). Further 

accumulation of microplastics in rivers may affect water reuse such as drinking water 

from conventional water treatment where toxic chemicals attached to microplastics 

may be consumed (Sun et al., 2019). Significant amounts of microplastics have been 

detected in sewage sludge. However, more is yet to be understood on the interaction 

of microplastics with other compounds during treatment, disposal in the soil, and 

incineration of sludge (Mahon et al., 2017, Piehl et al., 2018 Rolsky et al., 2020). 

Archer 2018 focused on emerging micro-pollutants such as endocrine disruptors, 

PCPs, and pharmaceutical contaminants in South Africa as well as the study area. 

The study left a gap in the availability of microplastics as emerging pollutants in 

WWTW. According to Lee and Kim (2018), it is recommended that future research 

should focus on the identification and monitoring of microplastics in regions like those 

in Africa where there is limited data published.  
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1.4. Research aims and objectives. 

1.4.1. Research aim 

The study aims to investigate the occurrence and removal efficiencies of microplastics 

from wastewater treatment processes in Ekurhuleni and Midvaal municipalities in 

South Africa. 

1.4.2. Research objectives 

• To collect wastewater samples from influent and effluent of WWTW A and 

B. 

• To perform physicochemical tests such pH, temperature, suspended solids 

(SS), and chemical oxygen demand (COD) and toxic metals analysis 

(Aluminium, Cadmium, Chloride, Lead, Iron, Manganese, Fluoride, Sodium, 

Sulphates and Zinc). 

• To analyse samples from selected points in the wastewater to characterise 

microplastics in terms of morphology, chemical composition, and 

quantification (concentration & loading rate). 

• To determine the removal efficiencies of microplastics by the biological 

nutrient’s removal processes at WWTW A and to compare with WWTW B. 

• To determine the correlation between pH, SS, and COD to microplastics 

concentration and loading rate. 

• To determine statistical correlations between the concentration of 

microplastics and toxic metals (Aluminium, Cadmium, Chloride, Lead, Iron, 

Manganese, Fluoride, Sodium, and Zinc) and their potential health effects. 

• To make output-dependent recommendations about monitoring and the 

potential health effects of microplastics presence in wastewater effluent. 

 

1.5. Research Questions 

1.5.1. Main Research questions 

• Do microplastics occur in wastewater treatment plants? 
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• What is the removal efficiency of microplastics in wastewater treatment 

plants? 

1.5.2. Subsidiary questions 

• What tests can be done to evaluate the presence of microplastics 

quantitatively and qualitatively? 

• What are the morphological characteristics, chemical compositions & 

quantities (concentration & loading rate) of microplastics in wastewater 

treatment works (WWTW)? 

• To what extent does the biological nutrient’s removal process in WWTW A 

and WWTW B remove microplastics? 

• To what extent does the physicochemical parameters such as pH, 

temperature, SS, and COD correlate with the presence of microplastics in 

wastewater? 

• To what extent does the presence of microplastics correlate with toxic 

metals (Zinc, Chromium, Lead, Copper, Cadmium, Iron, Manganese, and 

Aluminium) in wastewater? 

• What are the potential health impacts associated with the presence of 

microplastics and toxic metals (Zinc, Chromium, Lead, Copper, Cadmium, 

Iron, Manganese, and Aluminium) in wastewater? 

 

1.6. Delimitations and limitations 

This section provide the delimitations and limitations in the current study. 

1.6.1. Delimitation   

Although there are scientific methods proposed in various scientific guidelines and 

papers for the sampling and analysis of microplastics, there are no standards methods 

for microplastics assessments, therefore researcher can explore various techniques 

and methods which can also results in development of new scientific body of 

knowledge. 
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1.6.2. Limitations 

Due to COVID19 Ekurhuleni, the Water Care laboratory was only testing essential 

samples as a result of staff limitations, the situation extended beyond the research 

sampling period, and the time frames set for research plans such as sampling and 

analysis were affected. The microscopic analysis method for microplastics requires 

precision and experience, performing this analysis without experience and knowledge 

may lead to errors in results and leading to false conclusive remarks on the subject 

matter under investigation.  

1.7. Ethical consideration 

Ethical clearance for the study was obtained from the UNISA College of Agriculture 

and Environmental Sciences following the college ethics procedures. As part of the 

ethics clearance requirements, consent was obtained from Ekurhuleni Water Care 

Company (ERWAT) and their laboratory (ERLAB). The ethical clearance approval 

letter are presented in Appendix H and G.  
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CHAPTER 2:   

LITERATURE REVIEW 

2.1.  Introduction 

The encroachment of plastics on surface water resources such as ocean, rivers, 

estuaries, dams and sea has escalated over the years (Govender et al., 2020). 

Globally, plastics have been responsible for the loss of marine aquatic life species, a 

phenomenon that results in the disruption of the marine biodiversity  

(Thushari & Senevirathna, 2020). Due to growing concerns about plastic pollution in 

the ocean, there has also been a shift of paradigm to focus on the smallest particles 

referred to as microplastics. Research in Europe and other countries outside the 

African continent has focused on microplastics in the ocean and inland surface water 

bodies, including their occurrence in wastewater treatment (Verster, Minnaar and 

Bouwman, 2017; Long et al., 2019, Naidoo et al., 2015). However, in South Africa 

research has focused on microplastics occurrence in the ocean due to its noticeable 

impact on aquatic life, there has been limited research on Wastewater Treatment 

Works (WWTW) (Bouwman et al., 2018). 

Although the occurrence of microplastics in wastewater has not been fully studied in 

South Africa, it is important to characterize them to determine removal efficiencies and 

distribution into the environment (Bayo et al., 2021). There are various sources of 

microplastics in wastewater treatment. Different authors have highlighted the 

prevalence of microplastics in WWTW as an attribute to discharged industrial effluent, 

domestic effluent and stormwater drainage into municipal sewage conveyance 

systems (Conley et al., 2019a; Michalkiewicz, 2019; Tagg et al., 2020). There are 

different classifications of microplastics as well as their types. These classifications 

are based on whether the microplastics are degradable or not as well as the 

composition polymer of the microplastics (Siegfried et al., 2017). 

The WWTWs in South Africa are governed by the Water Use Licences (WUL) and 

Section 21 of the National Water Act (NWA) which does not include microplastics 

guidelines (Bouwman et al., 2018). Therefore, the monitoring programmes in WWTW 

do not include microplastics on discharged effluent. The fate and removal of 
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microplastics in most WWTW in South Africa is not well documented (Verster et al., 

2017a). 

The prevalence of microplastics in WWTW is linked with disruption of treatment 

processes such as settling, biological nutrients removal (BNR), anaerobic sludge 

treatment and disinfection of wastewater treatment (Iyare et al., 2020a; W. Liu et al., 

2021a). The inability of WWTW to completely remove microplastics makes WWTW 

regarded as one of the major sources of surface water and the ocean (Habib, 

Thiemann and Al Kendi, 2020; Long et al., 2019). Although some microplastics are 

removed from wastewater through physical processes, the degraded microplastics 

release contaminants into the water, therefore contributing to water quality 

degradation (Kjeldsen et al., 2019). The encroachment and penetration of 

microplastics into the food web also present public health concerns (Rana Zeeshan 

Habib et al., 2020). Classification and quantification of microplastics in wastewater aid 

in knowledge and information required in WWTW monitoring programs, process 

optimization for their removals as well as tracking their pathways into the environment. 

The subsequent sections of the literature review surveys the research conducted by 

different authors on the occurrence and removal options of microplastics WWTW in 

South Africa and across the world. An overview of existing knowledge relating to 

microplastics in WWTW is provided with identification of theoretical framework, 

methodology and gaps in the research previously done, research in progress and 

research on its inceptions. 

2.2. Introduction of microplastics to environment 

2.2.1. Origin and classification of microplastics  

There are various origins of microplastics particles and these include pharmaceutical 

products, health care products, clothes and the weathering of large plastics particles, 

to name a few (Sukrita and Prasongsom, 2020). The use of polymer for different 

purposes also gives rise to plastic particles of different sizes-some of which fall in the 

category of microplastics. Natural processes such weathering and biological 

processes also alter plastic particles into different sizes (Mason et al., 2022; Duan et 

al., 2021). It is also paramount to understand the different categories used for 
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microplastics classifications as well as different types of polymers and their 

composition as stated by Kosovssky (2022).  

Since the existence of humankind, plastic has always been manufactured from 

materials sourced from plants and animals (Guan et al., 2020). With the development 

in science, the production and processing of natural plastic materials such as rubber, 

nitrocellulose and collagen involved the addition of chemicals to strengthen them 

(GESAMP, 2015). The past century has seen a rise in the volumes of synthetic 

polymers due to the growing demand for plastic use. Over the last 50 years, the 

manufacturing of synthetic plastics has increased by approximately 8.7%  

(OECD, 2018). The life cycle of microplastics before the 19th century was short due to 

use of natural materials that are easily decomposed and weathered by biological and 

physical processes (Chalmin, 2019). In the early 19th the synthesis of plastics from 

fossil fuels gained prominence and these synthetic plastics had longer life cycles in 

the environment due to their resistance to chemical and physical processes  

(Zhu, 2020). Around the same time, such plastics as Bakelite also took centre stage 

and added to the environmental load of plastics. 

To date, there are growing concerns over the long life cycle of synthetic plastics that 

has resulted in 8 million metric tons of plastics ending up in the coastal environment 

and 25% inland surface water bodies (Geyer et al., 2017). These plastics ending in 

the environment include different polymers which are divided into two groups: naturally 

occurring and synthetic polymers. Naturally occurring polymers such as cellulose, 

lignin, chitin, wool and starch can be found in man-made products such as food and 

clothes (Lusher et al., 2017). (Frias & Nash, 2019). Due to additives such as 

plasticizers that are included in the production of plastics, synthetic polymers such as 

thermoplastics and thermoset are complex and diverse (Hahladakis et al,. 2018). 

Polymers such as polyethylene (PE), polyester (PES), polyvinyl chloride (PVC), and 

polyethylene terephthalate (PET) are the most common thermoplastics used for 

manufacturing plastic bottles, pipes, textiles, bags, cigarette butts and other insulation 

materials (Peng et al., 2017). Thermoplastics pellets are not resistant to heat-they melt 

and reshape when exposed to heat (GESAMP, 2015). Thermoset plastics are 

synthetic polymers with interconnected chains bonded to ensure any form of 

resistance from reshaping, remoulding and heat (Lusher, 2015). The most common 
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thermosets are polyurethanes (PU), epoxy and alkyd, which are used in products such 

as insulations, adhesives, tires and other products (ter Halle et al., 2017). Polymers 

occurring in their original manufacturing state are referred to as plastics  

(Wagner et al., 2014).  

Plastics particles that end up in the environment vary in such characteristics as size 

and shape (Pinto Da Costa et al., 2020). Such differences in particle sizes and shapes 

are attributed to evolution in synthetic polymers (Khan et al., 2019). Different authors 

argued that during the new era of synthetic polymers, industrial manufacturing 

processes started to add plastics to different products such as PCPs, food staff as well 

as pharmaceutical products, the addition is to providing scrubbing properties in PCPs 

primarily (Hahladakis et al., 2018; National Research Council, 1994; Pinto Da Costa 

et al., 2020). The particles such as resin pellets added to products are 5 mm or less 

and are regarded as primary microplastics (Eerkes-Medrano et al., 2019). 

Microplastics are particles less than 5 mm but greater than 0.00001 mm and can be 

seen through microscopy as shown in Table 2-1 (Murphy et al., 2016).  The table also 

includes the sizes and classification of the plastics ranging from macro plastics, meso 

plastics and mega plastics.  
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 Table 2-1: Sizes and classification of microplastics 

Size Nano<0.00001m Micro<5 mm<0.00001m Meso<2.5 cm Macro<1m Mega>1 m Reference 

Source Primary nano plastics. 

Fragmentation of 

microplastics 

Primary microplastics. 

Secondary fragmentation 

of large plastics 

Direct and indirect 

items abandoned 

and waste 

Direct and indirect 

items abandoned 

and waste 

Direct and indirect 

items abandoned 

and waste 

Lusher, 

Hollman 

and 

Mandoza-

Hill, (2017) 

Examples Primary: Added 

nanoparticles. 

Secondary: Fragmented 

microplastics. 

Primary: Resin pellets. 

Secondary: 

fragmentation. 

Bottle caps and 

other fragmented 

plastic. 

Plastic bags, 

packaging or 

fragments. 

Abandoned plastics 

from different 

materials, e.g., car 

tires, rubbers, 

plastic films, ropes, 

household 

appliances, and 

medical equipment. 

Pinto Da 

Costa et al. 

(2020) 
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Although microplastics are primarily added to products such as pharmaceutical 

products, food and health care products; larger particles of plastics with a long life 

cycle in the environment also generate microplastics if weathered or decomposed by 

environmental conditions (Reddy et al., 2021). Larger plastic particles such as tires, 

paint products and normal clothing wear and tear physically which results in small 

particles of plastics, referred to as secondary microplastics (Andrady, 2017) relate if 

they link to microplastics development. Other physical processes that result in 

microplastics are the fragmentation that occurs due to physical promoters such as UV 

light, mechanical friction or waves. This process allows for large particles of plastics 

to disintegrate and break into small pieces (Ziajahromi, 2017).  

Some plastic materials are biodegradable, meaning they can be broken down into 

small pieces through microbial processes and mineralization (Gago et al., 2019). 

Biodegradation of polymers may follow two-step processes, which include hydrolysis 

where plastic is broken down into fragments which results in monomers and oligomers 

(Besley et al., 2017). Subsequently, the plastic fragments undergo mineralization by 

microorganisms to evolve such gases as carbon dioxide and methane (Lusher, 2015). 

The mineralization process decomposes microplastics and their chemical compounds, 

more specifically biopolymers into organic materials in which nutrients are also 

generated (Hahladakis et al., 2018). The oligomers and monomers in the microplastics 

can also produce toxic chemicals (Lusher et al., 2017a). The most common type of 

biodegradable plastics is aliphatic polyester and aliphatic-aromatic polyester with 

common examples such as polybutylene adipate-co-butylene terephthalate (PBAT), 

semi-crystalline polycaprolactone (PCL), polylactide (PLA), polyglycolide, and 

polyhydroxyalkanoates (Frias & Nash, 2019). The current study is looking at the 

presence of microplastics and removal in wastewater.  

2.2.2. Fate of microplastics  

Wastewater treatment introduce microplastics into the environment through different 

routes such as discharge of final effluent into the river, application of sludge into the 

soil as well as irrigation ( Liu et al., 2021). Microplastics released in the environment 

may cause problems due to various process that occur during wastewater treatment 

and in the natural environment such as fragmentation, biodegradation and weathering 
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(Kelly et al., 2021). The release of microplastics into the environment is associated 

with water quality deterioration, death of aquatic species, soil and groundwater 

contamination as well as human health impacts (Issac & Kandasubramanian, 2021).  

Wastewater treatment is characterised by diverse microbial communities such as 

ciliates, amoeba, flagellates and protozoan which are responsible for the oxidation of 

contaminants (Babko et al., 2016). The diversity and dynamics of microbial 

communities render biodegradable plastics to be broken down partially and some 

completely. The biggest concern is that during the production of some plastics, 

additives and monomers are added which has toxicological effects (Claudia 

Campanale, Massarelli, et al., 2020). 

Most common plastics additives are phthalates, calcium carbonate, silica, calcium 

sulphate, flammable chemicals containing bromine as well as stabilizers of high 

temperatures on plastics (Llorca & Farré, 2021). Some plastic colorants are made up 

of heavy metals such as Zn, Pb, Cr, Co and Cd. The biodegradation of microplastics 

during wastewater treatment also introduces the chemicals which were initially added 

to the microplastics (Iv, 2021). A study done by Gallo et al., (2018) found that the 

quality of the wastewater effluent contained chemicals such as polybrominated 

diphenyl ethers, Bisphenol A and organophosphates, which are linked to the 

processing of microplastics. The release of final wastewater treated effluent is 

associated with the introduction of chemicals linked to microplastics that may further 

degrade the environment when released. The most common environmental problems 

are degraded quality of surface water and introduction of emerging pollutants which 

are not included in water quality monitoring programmes ( Kumar et al., 2020). 

2.3. Distribution of microplastics into wastewater treatment. 

Wastewater treatment works (WWWs) have been identified as one of the end routes 

of microplastics into the environment, however, it is not regarded as the primary source 

of microplastics (Iyare et al., 2020b). The wastewater conveyance systems are 

connected to industrial discharges, domestic sewage networks as well as stormwater 

drainages (Mrowiec, 2018). Industrial effluent, domestic effluent and stormwater 

drainages are regarded as primary sources of microplastics in wastewater (Fältström 

et al., 2021; Kjeldsen et al., 2019; Wagner & Lambert, 2018). 
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The production of various product in the industries include the addition of microplastics 

for different uses such PCPs and pharmaceutical products. (Frias & Nash, 2019). 

Across the globe, the production of health care products, PCPs, abrasive cleaning 

products and clothing entails the addition of microplastics (Murphy et al., 2016). During 

industrial production, the wash water from production processes may contain 

microplastics emanating from process chains (Stevens, 2018). Industrial processes 

require high-quality water for processes such as production, cooling systems, 

fabricating, cleaning and processing of products. The by-products of production 

processes such as lubricants, clothes, food, rubbers and other plastics are introduced 

into wastewater stream through wash water. The by-products are composed of 

plastics particles such as polystyrene (PS), acrylic and PES added during production 

processes (GESAMP, 2016).  

In addition to microplastics pollution, heavy metals are also associated with industrial 

effluent. A study conducted in South Africa by Iloms et al., (2020), confirms a 

correlation of five industrial plants with wastewater treatment plant effluent indicating 

that Zn, Cu and Pb were major contaminants from both systems. The presence of 

pollutants such as heavy metals in wastewater is a major concern due to microplastics 

ability to adsorb and transport contaminants into surface water and soil (Torres et al., 

2021). 

Apart from the industrial processes, a variety of domestic products feed microplastics 

into the WWTWs (Rana Zeeshan Habib et al., 2020). Such household products include 

PCPs such as toothpaste, cosmetics as well as health products that after use may end 

up in WWTWs (Andrady, 2017). In cosmetic products, micro beads are used as 

scrubbers or to transform products into emulsions while acrylonitrile butadiene styrene 

(ABS) has been added globally (Eerkes-Medrano et al., 2019). However, these end 

up in the WWTWs through sewage conveyance from showers or improper disposal 

into the sewer networks (Iyare et al., 2020b). The use of different pharmaceutical 

products in the household such as medication that could be eaten or inhaled e.g. nano 

capsules make the constituent microplastics to find their route to municipal sewage 

systems (Atugoda et al., 2021). The other domestic source of microplastics is laundry. 

fibres (Gaylarde et al., 2021). When laundry machines are being used for washing 

clothes or other related textiles, fibres wear and tear releasing the fibre fragments into 
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sewer networks (De Falco et al., 2019). A summary of industrial and household 

activities that serve as end routes of microplastics in municipal wastewater systems is 

given in Table 2-2.  

Table 2-2: Industrial and household use that serves as end route of microplastics 
into wastewater treatment. 

Studies done by Sun (2019) and Lee and Kim (2019) showed that a substantial 

amount of microplastics detected in municipal wastewater influent was attributed to 

Uses of microplastics Products Reference 

Abrasion Cosmetics, exfoliating creams, toothpaste, 

detergents, industrial abrasives 

Scudo et al. 

(2017) 

Emulsifying Cosmetics, detergents and paints Eerkes-Medrano 

et al. (2019) 

Filler Construction Scudo et al. 

(2017) 

Ingredients Medical products, cosmetics, fertilizers, 

detergents 

Atugoda et al. 

(2021) 

Surface coating Papermaking and polishing agents Scudo et al. 

(2017) 

Improve resistance Coating, paints and plastic cement Gaylarde et al. 

(2021) 

Absorbance Nappies, water retainer, agriculture  Scudo et al. 

(2017) 
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industrial and domestic sources. The most common microplastics identified in 

wastewater are pellets, fibre fragments and granules (Pries et al., 2013). Microplastics 

classification is very complex; they vary due to size, shape and colour. Polymers such 

as polypropylene (PP), PE, polystyrene (PS), PET, ethylene copolymer and polyamide 

(PA) are the most kind of classified microplastics in wastewater works  

(Dychenka et al., 2017). In a study done by Sun et al. 2019 it was observed that fibres 

constitute 52.7% of microplastics observed in wastewater. Although the source of 

fibres could not be verified, it is believed that 60% of the plant inflow was domestic 

and might have been a contributing factor to the abundance of this type of 

microplastics. 

There is limited research done on the microplastics contribution by stormwater 

drainage systems due to the lack of complex collection systems where sampling can 

be done. However, it is known that the end route is into municipal wastewater systems 

(Sedlak et al., 2017).  

According to a study done by Bonthuys (2018), 66% of microplastics in the ocean are 

contributed by road runoff which also end up in the storm water drainage. Various 

plastic items end up on the surfaces such as coatings, fluid absorbance, polishing 

agents and some plastic materials that wear and tear against the surface  

(Lassen et al., 2015). These may end up in the storm water drainages which feed into 

wastewater treatment. In San Francisco Bay, 7 trillion tire particles have been 

identified and were attributed to surface runoff (Sedlak et al., 2017). 

Although the distribution of microplastics into wastewater treatment has been linked 

with industrial effluent and domestic sewage, there have also been reports of illegal 

dumping of plastics into municipal sewer networks that end up in wastewater treatment 

(Chaukura et al., 2021). In the United States of America, one million metric tons of 

plastics end up in the environment through illegal dumping, which is transported into 

the sewage systems through storm water (Law et al., 2020). The larger particles give 

rise to microplastics through fragmentation (Ziajahromi, 2017). In South Africa there is 

limited recycling and most plastics material end up in landfill sites. However, illegal 

dumping has been experienced more especially in informal settlements  

(Rodseth et al., 2020). The improper management of plastics and illegal dumping lead 



21 

 

to larger plastics in sewer systems, through physical processes, microplastics are 

formed and dispersed into wastewater treatment (Magalhães et al., 2020). 

2.4. Factors influencing the occurrence of microplastics in wastewater 

treatment. 

2.4.1. Organic loading 

Organic matter is found almost in all water resources ranging from low to high 

concentration (Nkambule et al., 2012). Organic matter is derived from the 

decomposition of products of plant material, bacteria, human faeces and other 

dissolved and soluble materials in wastewater (Kim et al., 2015). The presence of high 

organic matter promotes the aggregation of microplastics which influences the 

transport into the WWTWs. These properties of aggregation also promote the 

transport of particles in the sediments of receiving water bodies (Wang et al., 2021 

and Santchi et al., 2021). High organic content in wastewater is associated with high 

COD and SS. SS loading rate and COD are considered the most factors, which 

influence the presence of microplastics by shielding microplastics particles. According 

to a study done by Long et al. (2018) the presence of microplastics correlated highly 

with variation in organic loading such as SS and COD.  

In a study by Long et al. (2018), further emphasis is given on the directly proportional 

relationship between the presence of microplastics and organic loading such as SS 

and COD can be used to measure the abundance of microplastics in wastewater. The 

study by Long et al. (2018) also further highlighted the monitoring and measurements 

of SS and COD as a simpler procedure, which can save time and cost as compared 

to microplastics measurements.  

2.4.2.  Hydraulic loading 

Hydraulic loading is defined as the amount of water entering wastewater treatment 

units. There is seasonal variations on the inflow received in the wastewater treatment 

attributed to dry and wet weather patterns. During wet seasons, there is high flows 

entering WWTWs while in dry seasons the flows drop drastically. Microplastics can be 

estimated based on flow distribution into the WWTWs and discharged effluent (Kwon 
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et al., 2022). All designated unit processes in wastewater are designed to handle the 

specific incoming flow. Variation in wastewater incoming flow is associated with the 

presence of microplastics (Kim et al., 2015). High flows are associated with high 

microplastics loading rate while lower flows is linked with lower loading rate in WWTWs 

(Blair et al., 2019). This is because the high flows create turbulence and flow currents 

that are capable of physically breaking down microplastics. This results into more 

particle presence in water. When the plant is operating above its hydraulic capacity, 

unit processes such as primary settling tanks and secondary settling tanks do not 

perform well-resulting in SS escaping to downstream processes. SS shield a 

significant amount of microplastics, which can end up being discharged with the final 

effluent (Ory et al., 2020). 

2.5. Wastewater treatment processes and removal efficiencies of 

microplastics. 

Wastewater treatment facilities put in place processes to remove pollutants such as 

physicochemical and microbial contaminants in wastewater. The sources of 

wastewater that enters the plant could be industrial, domestic or storm water which 

finds the pathways to the treatment works through conveyance systems  

(Magnusson et al., 2016). Wastewater treatment can be classified as a conventional 

or advanced system based on the type of technology (membranes filtrations, sand 

filtration, activated carbon) and the efficiency to remove contaminants  

(Gatidou et al., 2019). Several studies have been done to determine the efficiencies 

of both conventional and advanced processes in the removal of microplastics  

(Sigh et al., 2021). According to literature by Singh and Gupta (2017), Long et al. 

(2019), and Campanale et al. (2020), advanced processes such as RO, membrane 

bioreactors (MBR), UF and activated carbon (AC) are efficient in the removal of 

microplastics while conventional processes like activated sludge processes are 

affected by various operational factors such as hydraulic loading, organic loads, 

design capacities and level of plant optimization. 

2.5.1. Conventional wastewater treatment and the removal of microplastics 

Conventional wastewater treatment is the most common and simple way of removing 

physical, chemical and microbial pollutants in wastewater for safe disposal in the 
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environment (Murphy et al., 2016). These may include various processes such as 

physical processes, chemical addition, and the use of microbial activities for the 

removal of pollutants. Most common pollutants in wastewater involve nutrients, 

organic and inorganic matter, physical contaminants such as electrical conductivity 

and pH as well as microbial contaminants (Talvitie et al., 2015). The conventional 

process involves three-stage treatment composed of preliminary, primary and 

secondary treatment (Figure 2-1 below) present a typical three stage treatment 

process. 

 

Figure 2-1: Three stage wastewater treatment process (WISA, 2002) 

2.5.1.1. Preliminary treatment 

Preliminary treatment happens in the inlet works when wastewater enters the 

treatment plant through conveyance pipes. Wastewater contains large materials such 

as debris, old scraps, plastics, rags, food particles, sand and gravel which makes up 

grit when combined with other small particles (Peng et al., 2017). These materials 

require preliminary treatment to remove them to protect downstream process units and 

equipment. The first process is the use of screens that block these object from entering 

the WWTWs and the compaction of screened materials to recover water before 

disposal into the bins and collection and transportation to landfill site  

(Lares et al., 2018a). This is followed by the removal of sand and gravel known as grit 

when combined with small particles. The process of grit removal occurs in the 
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degritting chambers where the velocity is lowered to enable settling of the grits that is 

periodically removed by blowing and compressing air in the chambers, this is regarded 

as the final stage of initial treatment (Mahon et al., 2017). During degritting some of 

the microplastics do settle and are removed as well while some are transported with 

the water to next stage. The grit removed are stored in the bins and transported to 

landfill sites together with removed microplastics. Microplastics often get broken down 

to releases toxic chemicals such as PCBs and endocrine disrupting contaminants 

(EDCs) due to biochemical processes in the landfills (Siddiqua et al., 2021). 

2.5.1.2. Primary Treatment 

Primary treatment is the second stage in conventional wastewater treatment aimed at 

the reduction of organic materials that bypassed the grit removal such as SS and 

microplastics (Cristaldi et al., 2020). This stage involves the settling of colloidal solids. 

This process occurs in primary sedimentation tanks which allow the settling of solids 

with the reduction of pollutants such as nutrients, metals, and organic loading to BNR 

(Simon et al., 2019). Conley et al., (2019a) stated that this process was not designed 

to remove complex pollutants such as persistent organic matter and emerging 

pollutants like microplastics, but they can be attached to organic matter and other 

settleable materials and get removed as well to anaerobic processes  

(Lofty et al., 2022). However, in the primary settling tanks, some microplastics escape 

due to poor overflow rate and poor settling as well as poor desludging and over 

capacity (Maraqa et al., 2020). Such factors contribute to a significant amount of 

microplastics bypassing downstream processes and ultimately escaping from 

wastewater treatment with discharged effluent into the environment  

(Alst & Vollertsen, 2018). The settled sludge in the PSTs contain microplastics due to 

aggregation of solids, which are transferred to the next treatment stage of sludge 

streams such as drying beds, anaerobic digestion or filter belt pressers  

(Lvleva et al., 2019).  

2.5.1.3. Secondary treatment 

The third stage of treatment is BNR which involves the breaking down of organic 

materials through microorganisms (Long et al., 2019). This involves anaerobic and 

aerobic bacteria like phosphates-accumulating bacteria, Acinetobacter, and nitrifies 
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like nitrobacteria and Nitrosomonas which oxidise nutrients and break down colloidal 

organic matter (Sun et al., 2019). There are several conventional plant configurations 

such as the University of Cape Town (UCT), Ludzack Etinger process, Budenpho, 3 

stage Pheredox, Johannesburg process, and A2O process; these are commonly used 

in South Africa. This processes all uses microbial interaction to oxidise organic 

compounds in the presence of oxygen (Sizirici and Yildiz, 2020). However, activated 

sludge processes is able to breakdown biodegradable microplastics, thereby releasing 

contaminants such as heavy metals from plastics additives (Kelly et al., 2020).  

Other conventional processes include tricking filters, which use media and microbes 

for wastewater treatment (Ziajahromi et al., 2017). The trickling filters provide the 

filtration mechanisms to remove an estimated 79% of microplastics when used as post 

treatment for activated sludge effluent (Liu et al., 2020). Microplastics are trapped 

through the media, however the disadvantages can be the continuous accumulation, 

resulting into ponding in the treatment unit. Due to limited dissolved oxygen in the 

trickling filters, the removal of microplastics through microbial processes is difficult, 

oxidation is influenced by aeration. 

It is difficult to biodegrade microplastics through trickling filters due to poor microbial 

communities, some bacteria’s that degrade microplastics are not in abundance in 

trickling filters processes (Estahbanati & Fahrenfeld, 2016). Biopolymers are 

biodegradable by tricking filters, through hydrolysis and mineralization, this results in 

toxic chemicals released in the effluent increasing contaminants concentration in the 

receiving environment (Sedlak et al., 2017). Some microplastics like thermoplastics 

and thermosets are not easily degraded, thus a large amount of these plastics are 

transferred from trickling filters to the clarification stage, where they can escape into 

the environment (Dyachenko et al., 2017). The availability of non-biodegradable 

microplastics also influences the transport of contaminants such as heavy metals, 

nutrients and pathogens through their biofilm (Ziajahromi et al., 2016).  

2.5.1.4. Disinfection 

The wastewater effluent is disinfected using various chlorine products such as chlorine 

gas, calcium hypochlorite, sodium hypochlorite and advance processes such as UV 

light and Ozone (Gelete et al., 2020). The biggest challenge is the reaction of chlorine 
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with various compounds including microplastics to form DBPs (Miao et al., 2022). 

Chlorination also has the ability to degrade low density polymers such PS. However, 

high density polymers such as PE are resistant to chlorination (Nandakumar et al., 

2022). 

2.5.1.5. Sludge treatment  

The sludge withdrawn from the primary settling tank contains high concentrations of 

microplastics (Lofty et al., 2022). From the settling tank, the sludge is then sent to 

anaerobic digestion for treatment. The anaerobic sludge treatment involves heating, 

mixing and methanogenisis for degradation of organic compounds and production of 

methane and carbon dioxide (Meegoda et al., 2018). Microplastics present in sludge 

and biological treatment sections may not be completely degraded by microorganisms 

and thermal processes (Lv et al., 2019). This is because most plastics are partially 

biodegradable and resistant to thermal hydrolysis due to additives such as flame 

retardants that gives strength to microplastics (GESAMP, 2015). 

Settled sludge in secondary clarifiers is treated through various dewatering techniques 

such as filter belt presses and gravity thickeners (Talvitie et al., 2015). The settling 

and drying processes also does not remove microplastics from sludge-therefore, large 

amounts of microplastics are present. The discharged final effluent in wastewater has 

become the main pathway for microplastics into rivers, streams, estuaries and the 

ocean. Microplastics from this pathway account for 25% of microplastics present in 

surface water globally (Verster et al., 2017). Sludge from WWTWs is occasionally 

disposed in landfills or incinerated and some used as fertilisers while the water may 

be used for irrigation (Mokonyama et al., 2017). Application of sewage sludge and 

irrigation of final effluent in the agricultural field has been documented to introduce 

microplastics in the soil, which ultimately encroach on water resources through surface 

groundwater interaction and erosion (Milojevic et al., 2021). 
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Table 2-3: Reference studies on microplastics occurrence and removal of conventional processes. 

Conventional 

treatment 

Microplastics in 

particles/L 

MPs Classification Removal efficiencies in 

(%) 

Reference 

Primary & Secondary 1.05 Fibres 99 Lares et al., 2018 

Primary & Secondary 91 Fibres 72 Leslie et al., 2017 

Primary & Secondary 3.7, 17.6 & 17.2 Fibres 97.6, 85.2 & 

85.5 

Conley et al., 2019 

Primary & Secondary 1.73 Fibres, pellets, granules & 

fragments 

97.8 Long et al., 2019 

Primary & Secondary 50 Fibres 83 Dries et al., 2015 

Secondary 33 Fibres, fragments 73 Gundogdu et al., 

2018  

Primary & Secondary 0.4 Fibres, fragments, pellets 84 Magni et al, 2019 

primary 159 Fibres 66 Ziajahromi et al. 

2017 
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Removal of microplastics from wastewater treatment plants is carried out via physical 

processes or through biodegradation (Rana Zeeshan Habib et al., 2020). The physical 

processes do not completely remove microplastics, therefore, leading to distribution 

into the surface water with final effluent (Park and Park, 2021). The failures of complete 

removal of microplastics from conventional processes is due to the initial designs 

which did not consider the removal of micro particles in wastewater (Kwon et al., 2022. 

2.5.2. Advanced wastewater treatment and the removal of microplastics 

Advanced wastewater entails tertiary treatment and integrated wastewater treatment 

which may include physical, chemical and biological processes in a single treatment 

unit (Al-Rekabi et al., 2007). Following the conventional wastewater treatment, 

additional process units may be included to enhance further removal of pollutants 

(Lares et al., 2018b). Such additional process units are considered tertiary processes. 

The most common post-treatment processes in wastewater in South Africa are sand 

filtration and AC adsorption (Guyer, 2011). The purpose of sand filtration and AC 

adsorption is to remove the remaining pollutants to meet specific regulatory 

requirements such as WUL, resource quality objectives (RQOs) and SANS241. The 

use of AC can reduce persistent organic materials and emerging pollutants such as 

endocrine-disrupting chemicals which are not removed through a normal conventional 

treatment process (Talvitie et al., 2017a).  

Advanced treatment processes (tertiary) such as membrane filtrations, MBR, AC, 

ozone and other treatment unit such as RO are common in industrial wastewater 

treatment and water reclamation plants which may combine processes such as UF, 

RO and bioreactors (Talvitie et al., 2017a). Table 2-4 below summarises studies done 

on testing the removal efficiencies of advance treatment processes. 
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Table 2-4: Reference studies on microplastics occurrence and removal using membrane processes  

 Advanced 

treatment 

Microplastics in 

particles/L 

MPs Classification Removal 

efficiencies in 

(%) 

Reference 

Tertiary 90 Fragments & fibres 99 Carr et al., 2016 

Tertiary 0.3 Beads, fragments & 

fibres 

99 Talvitie et al., 2017 

Tertiary 70 Fibres 95.6 Talvitie & Henonein 

2014 

Tertiary 13.5 Fibres & fragments 97.6 Talvitie et al., 2015 

Tertiary 10.1 Synthetic fibres 97 Minting et al., 2017 

Tertiary 59 Fibres, fragments &  99 Michaelson et al., 

2016 

Tertiary (MBR) 13 Fibres & fragments 99.5 Lv et al., 2019 
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2.5.2.1. Membrane processes 

Membrane processes are pressure-driven processes which have been used in 

industrial processes and are now been preferred in the water and wastewater sector 

due to the diversity of emerging pollutants (Yoon, 2015). Membranes can be classified 

as synthetic and biological depending on their origin, but the most commonly used 

membranes are synthetic membranes (Ganiyu et al., 2015). Although membranes 

serve the same purpose, which is to remove organic and inorganic contaminants, they 

are made up of different materials, which distinguish them from each other (Moreira et 

al., 2017). Membrane materials are susceptible to destruction if exposed to chlorine, 

acidic pH and high alkalinity water, thus water may require some form of pre-treatment 

before being exposed to membrane processes (Ory et al., 2020). Conventional 

treatment processes such as screening, clarification, disinfection, dechlorination, 

adjustment of pH and addition of scale inhibitors may be required to protect 

membranes and increase their life spans (Talvitie et al., 2015). The subsequent 

subsections describe the most common membrane method used in water and 

wastewater and their history in microplastics removal: 

Microfiltration (MF) 

Microfiltration is a separation process with membrane sizes which ranges from 0.05 to 

10 µm. They normally operate under pressure ranging between 140-200 Kpa for the 

removal of viruses, larger colloidal particles, precipitates and coagulants. 

Microfiltration has been widely used as pre-treatment for RO feed because of its ability 

to remove problematic fine particles, which causes RO membranes fouling (See 

Figure 2-2, typical fouled membrane). According to a study done by Talviet et al. 

(2017), Magnusson, and Wahlberg (2014) microfiltration was successfully used to 

remove 98% of microplastics in wastewater. 
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Figure 2-2: Fouled membrane  

Ultrafiltration (UF) 

UF is a separation membrane process with pore sizes ranging at 10 to 1000 nm. The 

membranes operate under pressure ranging between 200 to 300 Kpa. The membrane 

is likely to remove colour, proteins and dissolved organic material in water. UF has a 

molecular weight cut off range of 1000 to 100 000 kDa with typical transmembrane 

pressure of 100 to 700 Kpa. Concerning the study done by Ma et al. (2018) UF was 

used in conjunction with the aid of a coagulant. The coagulant removed 15% of 

microplastics while UF removed 90.9% of microplastics. UF has not been largely used 

in microplastics removal; thus, it has been used dominantly as RO pre-treatment. 

Although UF is utilised as a pre-treatment, it is capable of removing 96.97% of 

microplastics (Tadsuwan and Babel, 2022) 

Membrane Bioreactor (MBR) 

MBR is a common advanced wastewater treatment processes where biological 

treatment is combined with membrane filtrations. Membranes are configured to 

replace the clarification of effluent to produce high-quality effluent. MBR has been 

seen to benefit wastewater treatment across the world by reducing the need for more 

equipment while removing substantial amounts of suspended and colloidal solids. The 

significant benefit of MBR is that wastewater treatment capacity is improved without 

the requirements of more reactors. MBR can operate in the range 10000 to 12 000 

mix liquor SS providing effective retention of SS. According to a study by Lvleva et al. 

(2018) in China, MBR removed 99.5% of microplastics in a feed influent of  
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13 particles/L. Further emphasis was also given to MBR in a study done by  

Lares et al. (2018) where the MBR was operated at a pilot scale with feed water 

containing 1.05 particles/L combined with activating sludge process. The average 

removal efficiencies were 99%-therefore, demonstrating the significance of advanced 

processes in microplastics removal.  

2.6. The impact of microplastics in the environment. 

The current section discusses the impact posed by microplastics on different 

environmental components and human health. Due to end route of discharged WWTW 

effluent containing microplastics into rivers, various environmental components are 

linked which ultimately affect human health. The impact of microplastics on surface 

water, aquatic systems, drinking water, soil, ground water and human health are 

discussed in this section.  

2.6.1.  Impact of microplastics on surface water quality 

In recent reports, polychlorinated phenols (CPs) have been detected in sediments, 

surface water in Western Europe and Asia, more specifically in the USA originating 

from microplastics pollution (Jing et al., 2018; Lloyd-smith, 2018). In Southern Africa, 

the presence of CPs in the surface water occurs in low concentrations as compared 

to Europe and Asia (Kampire & Rubidge, 2017; Moodley et al., 2016). Although 

microplastics are known for containing chemicals such as PCBs, they are also known 

to have the ability to adsorb toxic substances such as metals (Aluminium, Cadmium, 

Chloride, Lead, Iron, Manganese, Fluoride, Sodium, Sulphates and Zinc) and 

pathogens (virus, protozoa and bacteria) on their surface which is influenced by pH 

variation and organic loading in surface water bodies (Desforges et al., 2014, Wu et 

al. 2017, Seidensticker, 2018). In Japan, resin pellets were collected from the surface 

water for analysis of contaminants and results showed that microplastics surfaces also 

contained traces of endocrine disrupting chemicals such as PCBs, phenoxybenzoic 

acids (PBAs), phthalates and polybrominated diphenyl ethers (PBDE) (Wirnkor et al., 

2019). 

The presence of microplastics in rivers changes the water quality regime and 

contribute to increasing toxicity. A study conducted by Ziajahromi (2018) indicated high 



33 

 

mortality rate of C. dubia when exposed to PET and PE fibres. Table 2-5 below present 

chemical compounds and toxicity description in water. 

Table 2-5: Summary of toxicological impact of chemical composition of microplastics 

Chemicals Toxicity  Impact Reference 

PCBs -Carcinogenicity  

-Immunotoxicity 

-Neurotoxicity 

-Mutagenicity 

Cancer Kumar et al., 

2020 and Choi 

et al., 2004) 
PBAs Diseases 

PBDE Brain damage 

Heavy metals Genetic mutation 

Microplastics also increases the pathogenic organisms in rivers by acting as carriers 

from effluent discharged (Walker et al., 2022). The presence of pathogenic organisms 

such as E.coli, faecal coliforms and total coliforms indicate that water has microbial 

contaminants (Khan, 2020). 

2.6.2. Impact of microplastics on aquatic species  

Although microplastics are associated with water quality deterioration, their presence 

in surface water also causes problems in the aquatic biota  

(Issac & Kandasubramanian, 2021). The microplastics that accumulate in surface 

water end up in the aquatic food chain at both lower and higher trophic levels cite. 

Aquatic species ingest microplastics for their day-to-day food sources due to their 

shapes and sizes (Anderson et al., 2016). Yu et al. (2020) studied several nematode 

species and their microplastics ingestion, focusing on the PS, the organisms showed 

injuries and damage within their stomach leading to poor metabolism and shock. It is 

also proven that injuries associated with ingestion of microplastics are also caused by 

polymers such as PES, PA, PP, PE, ethylene terephthalate, nurdles, pellets, and PVC 

ingested by aquatic species such as fish (Lei et al., 2018).  

Microplastics does not only cause intestinal damage in aquatic life, but they are also 

responsible for liver and kidney problems as well as reduced food intake and starvation 

in species such as turtle, Mollusca, fish and nematode (Hossain et al., 2019; Banaee 
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et al., 2020 and Lo and Chan 2018). In Europe and Asia, there is evidence that edible 

aquatic species have traces of microplastics in their bodies, which affect their health 

(Nelmas et al., 2016, Santillo 2017). 

2.6.3.  Impact of microplastics on soil and groundwater  

Thermo-tolerant microplastics are resistant to treatment such as thermal hydrolysis 

and methanogenisis, therefore, are disposed of with the sludge used for fertilizers on 

arable land (Buta et al., 2021). Biodegradable microplastics such as 

Polyhydroxyalkanoates (PHAs) and non-heat resistance microplastics generated from 

polymers such as PVC release chemicals during methanogenisis and thermal 

hydrolysis (Quecholac-Piña et al., 2020). Chemical contaminants such as bisphenol 

A, phthalates, flame retardants and heavy metals released also end up in the soil when 

sludge is used as fertilizers (K. Kumar et al., 2017). Through soil sorption and 

infiltration, contaminants reach groundwater in fractured zones. In South Africa, the 

presence of microplastics identified in groundwater systems of four boreholes in 

Potchefstroom is associated with sludge application in the agricultural field (Bouwman 

et al., 2018). 

Mineralization also occurs in the soil through microbial activities such as fungi and 

other organisms capable of decomposing organic and inorganic compounds, this 

leads to the release of contaminants into the soil and sorption by the plant (Kumar et 

al., 2017). According to literature such as Pathan et al. (2020) and Wang et al. (2021), 

there are various biodegradable microplastics which release contaminants into the soil 

and groundwater. According to Su et al. (2021), microplastics were detected in soil 

and groundwater at Jiaodong in Peninsula. The study by Su et al. (2021) showed a 

positive correlation between the microplastics detected in the soil as well as 

groundwater with PE being dominant polymer.  

2.6.4.  Impact of microplastics on drinking water quality.  

The source water for drinking water is rivers which already contain chemical 

compounds linked to microplastics such as endocrine disrupters and heavy metals 

(Singh et al., 2022). The water treatment processes cannot fully remove contaminants 

such as PCBs, BPAs and heavy metals presence in source water, therefore, final 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/polyhydroxyalkanoates
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treated water may contain traces of microplastics and their contaminants. 

Microplastics are known to carry microorganisms, therefore, accumulations of 

pathogens may result in the formation of biofilms in distribution networks and 

reservoirs (Cholewinska et al., 2022 and Chen et al., 2022). 

Microplastics have been identified in drinking water treatment plants in metropolitan 

municipalities such as (Ekurhuleni, Mbombela, Tshwane, and Tlokwe) in South Africa 

with an average of 4 to 15 particles per litre (Bonthuys, 2018). The origin and sources 

of microplastics in these regions are still unknown.  

2.6.5.  Impact of microplastics on human health  

Since microplastics and their associated chemicals are reported in surface water, 

groundwater, seafood and drinking water, their impact on human health remains a 

major concern (Claudia Campanale, Massarelli, et al., 2020). The direct effects of 

microplastics on human health are still debatable due to limited data. However, 

research has shown that when microplastics are consumed with water and foodstuffs, 

they result in toxicity and affect the functioning of the immune system (Hirt & Body-

Malapel, 2020). According to Issac & Kandasubramanian (2021), microplastics are 

associated with human health impacts such as infertility, hormone disorder, cancer, 

respiratory failures, stomach damage as well as skin irritation. The human health 

impact is linked to chemical toxicity such as additives (plasticizers) as well as toxic 

substances adsorbed in microplastics surfaces (Heavy metals).  

Particles of microplastics ingested can also accumulate microbial pollutants in humans 

and animals (Hwang et al., 2020). The accumulation of microplastics fibres in veins of 

the pulmonary artery has been reported in the human body, this can be linked with 

lung and heart conditions (Kannan & Vimalkumar, 2021). Leslie et al. (2022) also 

studied the presence of different polymers in 22 volunteers and the results showed 

that an average of 1.6 µg/ml of plastic particles were present in human blood. The 

particles may travel through veins and cause inflammations and heart disorders. The 

evidence of human stool containing microplastics particles is also an indication that 

they accumulate in the human body and cause inflammatory diseases (Mohamed Nor 

et al., 2021). 
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Microplastics chemicals such as PVC and heavy metals such as lead are of high alert 

in water and food products (Wirnkor et al., 2019). Chemical contaminants linked with 

microplastics cause health effects such as endocrine disruption, hormonal disorders, 

cancers, obesity, cardiovascular diseases and coronary heart diseases in humans 

(Gasperi et al., 2018, Campnale 2019). 

Aquatic species such as fish forms a larger part of the food chain in Asian countries 

and coastal areas, therefore microplastics can be transferred from seafood to humans. 

Ingestion of food and drinking water contaminated with microplastics may render 

contaminants to the human body, which can be detrimental to people living with 

underlying conditions such as cardiovascular conditions and Human Immune Virus 

(HIV) (Lehner et al., 2018, Wright et al., 2017, Toussaint et al. 2019, Cox et al., 2019). 

South Africa has 14% of people living with HIV in 2017, People living with HIV are 

immunocompromised (Zuma et al., 2017). Consuming water, crops and aquatic 

animals contaminated by microplastics, and adsorbed chemicals may further 

exacerbate their conditions. (Naidoo et al., 2020). 

2.7. Methods used for sampling and characterization of microplastics. 

Microplastics sampling and characterization are comprised of different methods. In 

this section, different techniques used for collecting microplastics samples and 

characterization are discussed. The microplastics samplings entail systematic 

procedures followed in collecting water samples such as grab samples, net or plankton 

and filtration pumps. Although there are no uniform methods for the analysis of 

microplastics, researchers are still urged to follow methods in published research work 

to avoid errors and inconclusive results. It is, therefore, important to ensure that there 

are no organic materials that interfere with the analysis of microplastics samples. To 

eliminate organic materials and other particles, pre-treatment processes such as 

filtration, digestion and density separations are used before identification and analysis 

of microplastics (Xiang et al., 2022). Characterization of microplastics can be done 

through identification and analytical methods. The identification of microplastics is 

done to determine the physical characteristics while analytical methods are used to 

determine the chemical characteristics of microplastics (Woo et al., 2021). The 
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subsequent subsections give detailed description of sampling and characterization 

methods: 

2.7.1. Microplastics samples collection 

To decide on the most suitable sampling technique for the collection of water samples 

in WWTW, it is important to consider the objectives of the research and other 

characteristics such as designated sampling points. There are no harmonized 

sampling techniques. However, depending on the objectives of the study, researchers 

have opted to use methods such as composite sampling, grab sampling, plankton 

(Net) and filtration sampling (Claudia Campanale, Savino, et al., 2020; Hung et al., 

2021). Most researchers in WWTW are concerned with the occurrence of 

microplastics during low flows and high flows. This has influenced the systematic 

procedures that need to be followed when sampling microplastics in WWTW.  

The most common methods for the collection of samples in wastewater are grab 

samples and auto samplers. The grab samples are usually collected from a point in 

WWTW at a specific period representing a single sample (Barrows et al., 2017). The 

limitation of grab samples is that they are not representative of the actual conditions 

over 24-h period as the sample is collected once off for a period not exceeding 15 min 

(See Table 2-6). Grab samples are collected by lowering a bucket connected with a 

chain into the wastewater inflow, outflow or any other sampling points in the WWTW 

(Shan et al., 2022). When water samples are collected, further treatment is done for 

the removal of organic materials to enable the analysis of microplastics. The grab 

sampling technique has been used widely by many researchers. However, to 

determine the microplastics quantities such as loading rate, a 24 h representative 

sample is more accurate and reliable (Branch et al., 2022). Auto samplers have been 

used in the collection of microplastics samples because of their ability to provide 

representative samples. The sampling of microplastics in wastewater is done through 

auto samplers through a pipe submerged into the water between 0.5m to 1m in depth 

connected to a smaller vacuum pump which creates suction and allows water to be 

transferred to sampling bottles at different intervals over 24 h. Studies such as  

Hung et al., (2021) and Talvitie et al. (2017) have successfully used grab sampling 

and auto sampling methods in surface water and wastewater samples. Although grab 
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samples can be used in the collection of wastewater samples, in the current study auto 

samplers were used to collect samples to ensure that the estimation of loading rate is 

based on the incoming flow over 24 h. 

Apart from grab and auto sampling, pump filtration and net (trawl) sampling are also 

utilised in the collection of wastewater samples. The use of manta trawl nets is 

common in the collection of microplastics samples in surface water such as rivers and 

oceans (Claudia Campanale, Savino, et al., 2020). Hung et al., (2021) used trawl nets 

to collect surface water samples. The manta trawl nets are made up of an aperture 

shaped in a box form with two wings tightened on the inside of the frame to lift the net 

frames to allow for efficient collection of samples on the surface water column 

(Karlsson et al., 2020). The trawl sampling was also not considered because of its 

inability to collect a representative sample. 

Filtration pumps are also common methods for microplastics sampling. As stated by 

Murphy et al, 2016 and Talvitie et al, 2016 using pump filtration can improve the 

number of microplastics collected from wastewater. However, due to its suitability to 

collect microplastics samples in larger surface water systems, the sampling method 

was not considered. The pump filtration method collects samples using a peristaltic 

pump which collects the water samples from surface water samples between 0-60 cm 

depth and passes them through various stainless steel sieves (Martin et al., 2018). 

This technique enables the collection of samples at different flow rates.  
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Table 2-6: Summary of sampling methods for microplastics 

Sampling methods Advantages Limitations References 

Manta trawl nets -It is easy to collect microplastics 

samples using trawl nets 

-Larger particles of microplastics 

can be collected in a short space 

of time. 

-Trawl nets can collect 

microplastics to the smallest 

sizes up to 0.1 mm. 

-Samplers require a boat to move 

across the sampling points in 

surface water sources, this is 

regarded as expensive. 

-The nets are susceptible to 

clogging. 

(Claudia Campanale, Savino, et 

al., 2020; Haris et al., 2020; Hung 

et al., 2021; Sedlak et al., 2017; 

Shan et al., 2022). 

Filtration pumps -Larger quantities of microplastics 

were collected. 

-Minimizes the sampling handling 

procedure. 

-Eliminate possible 

contamination. 

-May require to be fitted in the 

boats for collection of large 

quantities of microplastics in 

oceans and rivers. 

-Samples may not be 

representative. 

(Haris et al., 2020; Hung et al., 

2021; Talvitie et al., 2017b) 
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-Good in alternating sampling 

locations in a flexible manner. 

-Logistics are required for the 

transportation of samples. 

Composite auto samplers -Samples collected are 

representative. 

-Eliminate contamination. 

-sampling handling is easy. 

-Volume of samples collected is 

well defined. 

-Auto samplers are expensive 

equipment. 

-Installations require 

professionalism. 

-Maintenance is extensive and 

requires an instrument technician 

-The operations require an 

energy source. 

(Claudia Campanale, Savino,  

et al., 2020; Talvitie et al., 2017b) 

Grab samples -Easy to sample and fast to 

collect samples. 

-Cheap sampling methods, 

requires less technical expertise. 

- Samples are not 

representative. 

- Possible cross contamination 

of samples. 

- Not suitable for conditions 

where contaminants fluctuate. 

(Barrows et al., 2017; Hung et al., 

2021; Shan et al., 2022) 
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2.7.2. Microplastics pre-treatment 

Wastewater contains different contaminants which may interfere with the identification 

and analysis of microplastics (Martinho et al., 2022). The most common contaminants 

in wastewater are organic materials such as SS which may shield microplastics and 

create opaque conditions which make it difficult to characterize microplastics using 

techniques such as microscopy (Woo et al., 2021). Therefore, it is very essential to do 

pre-treatment of samples to isolate microplastics particles. According to Masura et al. 

(2015), microplastics sample pre-treatment is done through filtering, sieving, digestion 

and separation of particles using methods such as density separator (Park & Park, 

2021).  

Filtration or sieving are primary methods used for microplastics pre-treatment. The 

filtering is done to ensure that the targeted particles <5 mm are captured to distinguish 

them as micro-particles (Leslie et al., 2022). Various filters can be used to filter 

microplastics, the most common ones used are the Whatman fibre class filters, 

polycarbonate filters and stainless steel sieves (Halfar et al., 2021). To ensure that 

there are fewer interferences with sample analysis, most researchers are promoting 

the use of polymer-free techniques such as the use of stainless steel sieves or drying 

the sample after density separation or isolation of microplastics (Lenz et al., 2021). 

Wastewater samples are high in contaminants; therefore, it is necessary to remove 

impurities that may affect the identification and quantification of microplastics particles.  

Before the microplastics are identified and analysed, digestion of organic materials is 

done through methods such as enzymes, alkaline and acid digestion  

(Xiang et al., 2022). The most common method used for wastewater samples is wet 

peroxide oxidation (WPO) which is followed by density separation to isolate 

microplastics from contaminants (Masura et al., 2015a). The WPO is done by the 

addition of 30% of hydrogen peroxide (H2O2) in the sample and acid/iron sulphate to 

speed up the oxidation reaction, the process will digest organic material  

(Zobkov et al., 2020). Some researchers opted to use potassium hydroxide; however, 

it caused degradation of microplastics, therefore limiting the concentrations of 

microplastics in the samples (Schrank et al., 2022). The use of enzymes is limited 

because of the stringent conditions of pH and temperature which need to be 
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maintained. The process is also viewed as time-consuming due to experimental 

procedures to keep the conditions required. Therefore, the WPO was considered in 

the current research. The WPO is followed by density separation which allows 

microplastics to float on the surface of samples and can be easily collected for drying 

and further analysis (Nguyen et al., 2022). 

2.7.3. Methods used for characterization of microplastics 

Microplastics morphology is complex, although some particles can be seen through 

the naked eye their shapes and sizes are different (Boyle & Örmeci, 2020). Some 

microplastics particles require the application of various techniques to describe their 

features and distinguished nature (Zhang et al., 2018). To identify and classify 

microplastics, their characterization is essential. Microplastics have been identified in 

surface water, drinking water, groundwater, wastewater, sludge and other 

environmental parameters such as biota (Toussaint et al., 2019; Ubomba-Jaswa & 

Kalebaila, 2020). The sizes and shapes of microplastics identified are very distinctive, 

therefore, this makes their characterization even more complex (Miller et al., 2021). A 

detailed discussion of microplastics characterization methods. 

Various techniques have been applied in the characterization of microplastics which 

involves identifying the polymer class as well as the type (ALusher et al., 2017). 

Microplastics classes include fibres, biofilms, micro-beads and pellets  

(McCormick et al., 2016). The classes of microplastics are made up of different types 

of polymers which also requires rigorous analysis for their quantification in water 

samples (Rana Zeeshan Habib et al., 2020). Microplastics identification methods and 

analytical methods are different and unique (Rana Zeeshan Habib et al., 2020). Over 

the years, the identification of microplastics has been done through the use of 

microscopy while analytical methods such as spectroscopy and thermal analysis were 

used minimal due to cost. 

The dissecting microscopy is used for microplastics analysis due to its ability to 

perform analysis on the three dimensions, allowing the observation of microplastics in 

two different ranges and angles providing a competitive advantage to obtain more than 

one image (Marine & Environmental Research Institute, 2015). At very low 

magnification, microplastics can be observed using light reflection. Most researchers 
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have detailed dissection microscopy as a fast and easy technique to use which allows 

the identification of the shape, sizes and colours of microplastics  

(Hamilton et al., 2021). The dissecting microscopy, however, does not provide the 

polymer composition and the microplastics morphology (Wightman, 2020). 

Yoganandhan et al. (2019) successfully used dissecting microscopy to analyse and 

measure particle sizes in the water samples coupled with motic image plus analysis 

application. In the study by Yoganandhan et al. (2019), visual images were generated 

and dominantly fibres of different sizes were identified on the raw water samples and 

the final effluent samples. Other studies which used dissecting microscopy for the 

identification of microplastics include (Hamilton et al., 2021; Stolte, 2014; Wightman, 

2020). 

Another common technique used is scanning electron microscopy (SEM) which is 

capable of giving data on the formation and shapes of microplastics generating visual 

images with clear resolution of the microplastics surfaces (Mariano et al., 2021). The 

SEM uses the image pixel, map resolution and magnification. This technique is used 

to provide the chemical composition of microplastics, sometimes equipped with energy 

dispersive spectroscopy (EDS) with primary and secondary electrons (Ricciardi et al., 

2021). The elements detection in the samples is the key in the image generation that 

provide the morphology of microplastics. in a recent study done in the united kingdom, 

microscopy and elemental characterization were performed using the SEM (Blair et 

al., 2019). Although Blair et al. (2019) successfully identified different microplastics 

such as fibres and fragments, micro-pellets were deemed non-plastics due to the 

abundance of silica. Microscopy is deemed a common method for the identification of 

microplastics, some techniques are more suitable for investigating the toxicological 

effects on aquatic health (Dąbrowska et al., 2021). The use of transmission electron 

microscopy (TEM) is a perfect example of a technique which has been used to assess 

growth inhibition, chemical content as well as elemental efficiencies and reaction 

generation with nitrogen and oxygen (Mariano et al., 2021).  

Contrary to microscopy, analytical methods such as Fourier transform infrared 

spectroscopy (FTIR) and Raman spectroscopy are used for polymer quantification 

(Veerasingam et al., 2021). FTIR spectroscopy is an analytical method which has been 

used in majority of times in the microplastics characterization through chemical bonds 
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(Jung et al., 2018). The application of FTIR to particle characterization involves four 

procedures, namely: transmission, reflectance, adsorption as well as attenuated total 

Reflection (ATR) (Tagg et al., 2015). The FTIR is non-destructive and enables the 

detection of chemicals that microplastics contain accurately (Cowger et al., 2020). 

Another analytical method is Raman spectroscopy which uses the radiation and 

material which interact with each other producing a spectrum. Similar to FTIR, Raman 

spectroscopy is also a non-destructive technique with the capability of visualizing 

microplastics (Asamoah et al., 2021). The setbacks of Raman microscopy are 

interferences and the cost of instrument maintenance coupled with the lengthy 

procedure which requires more time (Eberhardt et al., 2015). 

Researchers have also resorted to the use of thermal techniques due to the complexity 

of microplastic particles and thermal tolerance (Ivleva, 2021b). The main reason 

behind thermal methods is to enable the investigation of the changes in microplastics’ 

physical and chemical characteristics which distinguish polymers from each other 

(Frigione et al., 2021). The degradability of particles allows the identification of 

polymers. The most common thermal processes include differential scanning 

calorimetry (DSC), thermogravimetric analysis (TGA) and pyrolysis-gas 

chromatography-mass spectrometry (py-GC-MS) (Teh et al., 2021).  

DSC is the most common method applicable for thermal analysis studies. It has been 

used for the chemical characterization of microplastics, more concerned with the 

physical properties of microplastics (Fernández et al., 2022). The changes in crystal 

and fluctuations in temperatures as well as enthalpy and entropy play a crucial role in 

determining the morphological characteristics of microplastics (Woo et al., 2021). The 

limitations of DSC are detailed in Table 2-7 which were considered when opting for 

FTIR in the current study.  

The thermographic analysis is essential because it can qualitatively and quantitatively 

analyse samples by observing the changes in the mass of samples when exposed to 

higher temperatures through heating under specific atmospheric pressures  

(Mansa & Zou, 2021). Due to its limitation on polymer detection, TGA was not 

considered in the current study. Wastewater is composed of diverse types of polymers 

due to different sources such as industrial and domestic activities, therefore employing 
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a technique that is limited to specific polymers was not applicable. Although TGA alone 

has limitations, it can be coupled with various methods such as TGA-FTIR, TGA-DSC, 

TGA-MS and a combination of TGA-FTIR-GC/MS, this can enable the identification of 

various polymers (Nel et al., 2021). There is a complex combinations required to 

analyse microplastics using TGA, therefore FTIR was considered. 

The Py-GC-MS which analyses gases pyrolysed to determine the presence of 

polymers in the samples (Woo et al., 2021). The analysis of pyrolysed gases is 

contrasted to the standard polymers to confirm the presence of microplastics in the 

samples (Mariano et al., 2021). The method is limited to the identification of PS, 

therefore could not be considered in the current study. A detailed summary of 

identification, analytical and thermal methods are given below in Table 2-7: 
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Table 2-7: Summary of microplastics characterization methods 

Methods Advantages Disadvantages References 

Identification 

methods 

Dissecting 

microscopy 

-It is simple and produces results fast. 

-Efficient in morphological characterization. 

-It enables the provision of chemical or 

elementary composition analysis of 

microplastics. 

-The plastic particles require further 

confirmation. 

(Mariano et al., 

2021) 

SEM -It provides high-quality pictures which can be 

used for microplastic quantification. 

-High-resolution pictures can be used for the 

morphology of microplastics. 

-Elemental composition of microplastics is 

achieved if used with EDX. 

-Very costly method. 

-Can not provide detailed information on 

polymers. 

-Systematic procedures for analysis are 

lengthy. 

(Mariano et al., 

2021; Woo et al., 

2021) 

TEM -Provide resolution that allows for the detection 

of nanoparticles. 

-Identification and analysis procedure is 

lengthy. 

(Mariano et al., 

2021; Woo et al., 

2021) 
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-It can provide the chemical composition of 

polymers if coupled with EDS. 

-Extensive sample preparation is 

required on nanoparticles. 

-Expensive method and costly to 

maintain. 

-Can not be used for polymer 

identification, an additional method is 

required. 

POM -Unlike another microscopy, POM has been 

successfully used for polymer analysis. 

-POM can not be used for samples that 

are dark or contain contaminants. 

-Polarized light intensity can be affected 

by the structure of polymers and 

thickness. 

(Woo et al., 

2021). 

Analytical 

methods 

FTIR -Simple to operate and high level of accuracy 

-The polymer library is diverse enabling 

instruments with high detection limits. 

- FTIR analysis requires more time. 

-Can not detect particles >0.02 mm. 

-Not suitable for the detection of aged 

particles. 

(Mariano et al., 

2021; Woo et al., 

2021; Xiang et 

al., 2022) 
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-Spectrums can be used to identify functional 

groups linked to the presence of microplastics. 

-Not suitable for inhomogeneous 

material. 

-Expensive methods. 

Raman 

spectroscopy 

-Not affected by interference from water. 

-Spatial resolution is very high. 

-Contaminants affect analytical 

efficiency. 

-Samples pretreatment is highly 

recommended 

(Mariano et al., 

2021; Woo et al., 

2021; Xiang et 

al., 2022) 

Thermal 

methods 

DSC -DSC can be coupled with TGA for microplastic 

identification. 

-Enthalpy and entropy are distinguishing 

features that enable confirmation of physical 

properties of polymers, highly recommended 

over other methods. 

-Limited to microplastics such as PE and 

PP. 

-Polymers with similar melting 

temperatures result in overlap in DSC. 

(Fernández et al., 

2022; Mariano et 

al., 2021; Woo et 

al., 2021) 

TGA -Can be used for qualitative and quantitative 

analysis. 

 

-Phase transitions may overlap, 

therefore limiting the identification of 

polymers. 

(Mansa & Zou, 

2021; Nel et al., 

2021; Woo et al., 
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2021; Xiang et 

al., 2022) 

py-GC-MS -Sample volume can be as small as possible. 

-Can be used for both qualitative and 

quantitative analysis. 

-No addition of reagent is required, therefore 

reducing chemical costs. 

-The experimental conditions are strict. 

-Limited to the identification of 

polystyrene (PS) derivatives. 

-Limited microplastics can be detected. 

(Mariano et al., 

2021; Woo et al., 

2021; Xiang et 

al., 2022) 

Visual 

observation 

 -Cheap and easy method for microplastic 

identification. 

 

-Only particles >1 mm can be visualised. 

-Organic contaminants may 

interferences. 

-Validity and reliability are questionable. 

(Xiang et al., 

2022) 

 



50 

 

2.8.  Legislation and guideline managing plastics  

The responsibilities of municipalities is to enforce municipal bylaws which include the 

discharge of industrial effluent into municipal sewer systems (Hansen, 2015). The 

municipal bylaws, however, are more focused on physicochemical water quality 

parameters-the monitoring and standard for microplastics are not included. This 

results in large amount of microplastics find their way into municipal WWTWs  

(Booth et al., 2020). The WWTWs are managed and regulated through WUL which 

stipulate the requirements for treated effluent discharged into the rivers (NEMA, 1998). 

The WUL standards as guided by NWA does not include the monitoring and standards 

for microplastics. Similarly, there is no microplastics standards for water intended for 

irrigation use in South Africa (Bouwman et al., 2018). 

Globally, there are no standards regulating the discharge of wastewater in the 

environment. However, through section 116376 of health and safety in the California 

Safe Drinking Water Act the state water boards starting from 2020 are compelled to 

analyse microplastics in drinking water (Health and Safety Code: 116376, 2018). The 

results on microplastics must be made available to the public for awareness. 
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CHAPTER 3:   

RESEARCH METHODOLOGY 

3.1. Preamble 

The current study aims to assess the occurrence and removal options of microplastics 

in wastewater treatment processes. During the assessments of microplastics, 

sampling locations, sampling techniques and analysis methods play a pivotal role in 

the quality and reliability of the results. 

In the current section, the study location which includes the sampling sites and their 

characteristics such as present economic activities, demographics and catchment 

conditions are described. Information on economic activities such as industrialization 

and urbanization is important in identifying the possible sources of microplastics 

pollution. Qualitative and quantitative research approaches have been widely used as 

the most common methods for data collection and analysis in this study. Data 

collection methods and sampling techniques are also described, including the 

justification for choosing specific procedures over the other ones.  

After data is collected, it is significant for data to be analysed using scientific 

instruments, mathematical formulas, and statistical approaches. A brief description of 

microscopic analysis for microplastics characterization including a method for 

physicochemical analysis of water samples are described in the current chapter. In 

light of quantitative analysis, the statistical approach plays an important role in 

signifying the potential correlation and relationships across research variables, 

therefore it was also necessary to describe the statistical approach used. 

Ethical clearance for the study was obtained from the UNISA College of Agriculture 

and Environmental Sciences (CAES) following the college ethics procedures. As part 

of the ethics clearance requirements, consent was obtained from Ekurhuleni Water 

Care Company (ERWAT) and their laboratory (ERLAB).  

Due to COVID19 and the resultant staff limitations, Ekurhuleni Water Care Laboratory 

(ERLAB) was only testing essential samples. UNISA laboratories were operating 

under strict regulations for a period that extended beyond the research sampling 
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period. As such, the time frames set for research plans such as sampling and analysis 

were affected. The Council for Scientific and Industrial Research (CSIR) laboratories 

were utilised during this period. 

3.2. Description of the study area 

In the current section, a description of the study area is explained. This includes the 

geographic location of two WWTWs i.e., WWTW A and WWTW B. In addition to the 

location, the general description of the study sites such as sampling points, treatment 

technology, design capacity, operational capacity, water quality, catchments and 

potential sources of pollution such as industries connected to WWTW is explained. 

3.2.1. Study site location 

3.2.1.1. WWTW A 

The WWTW A is Located at portion 4 of the farm 17IR in the East of Kempton Park at 

East Rand R25 (Bapsfontein Road). The community represented by the study area is 

Norkem Park which falls within the DD3 drainage district. The main catchment is the 

Limpopo Water Management Area (LWMA) in which the upper part of quaternary 

catchment number A21A is located (WWTW A Biomonitoring Report, 2022). The 

geographic coordinates of the area are (S26º 01’ 25.8 / E28º 17’ 10.0). See Figure 3-

1 for a detailed map of the location (Arc GIS, 2010). 
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3.2.1.2. WWTW B 

The WWTW B is Located in portion 50 of the farm 150 IR in the South of 

Johannesburg, on the Midvaal R59 Road. DD6 drainage district of Vaal River 

Catchment (WMA) covers the study location. Klip River is the mainstream that drains 

into the Vaal River at Vereeniging, which is a tributary of the Orange River (WWTW B 

Water Quality Report, 2021). The geographic coordinates of the area are (S26º 01' 

25.8 / E28º 17' 10.0). See figure 3-2 for a detailed map of the location (Arch GIS, 

2010). 

Figure 3-1: Map of the study area for WWTW A (Arc GIS, 2010). 
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Figure 3-2: Map of the study area for WWTW B (Arch GIS, 2010) 

3.2.2. General description of the study area and sample locations 

3.2.2.1. General description of WWTW A 

The WWTW A was designed to treat 63 ML/d, during the last financial year of 

2021/2022, the works operated at 63 ML/d which is 100% of its capacity utilised 

(WWTW A Water Quality Report, 2021). Although the work operated at its design 

capacity, it is at risk of exceeding its design capacity. The treatment works receive its 

influent from 51 industries scattered around Kempton Park and 53 777 households 

with a population of 171 575 in Kempton Park. The influent is received in a proportion 

of 60% domestic and 40% industrial wastewater (WWTW A Manual, 2015). There is 

a potential source of microplastics from industrial and domestic influent which is 

received in the WWTW. 

The WWTW A utilises a conventional treatment technology. It is comprised of inlet 

works equipped with three mechanical fine screens and degritting chambers for the 
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screen, sand and grit removals as a preliminary treatment process (WWTW A Manual. 

2015). Preliminary treatment is followed by four primary settling tanks (PST) aimed at 

solid and COD reduction to reduce the loading into the activated sludge processes 

(Archer, 2018). The supernatant from PST overflows into activated sludge processes 

which are configured as University of Cape Town (UCT configuration) in treatment 

Section 1-3 and Modified Ludzac Etinger processes in treatment section 4 (WWTW A 

Manual, 2015). Although treatment configurations are different in the sections, the 

secondary treatment of the BNR process remains the same across the treatment units. 

In the secondary treatment, microorganisms are used to oxidise nutrients and organic 

matter. Overflow from the BNR is subjected to tertiary treatment using final settling 

tanks (FSTs). This is the final polishing step for the removal of SS before the effluent 

is disinfected using chlorine gas (WWTW A Water Quality Report, 2021). The 

wastewater residue such as waste activated sludge (WAS) and primary sludge from 

PSTs is treated in cold open digesters equipped with rotor mixers. However, the 

anaerobic digestion process is not heated (Eustina Musvoto, Nomvuselelo Mgwenya, 

Hazel Mangashena, 2018). 

The final effluent and sludge treated at WWTW A are expected to comply with the 

Water Use License (WUL) granted in terms of the National Water Act (Act 36 of 1998) 

under Section 21. Although there is WUL in place, microplastics are not regulated. The 

final effluent treated at WWTW A is discharged to Rietspruit River which is a tributary 

of Hennops River draining to Rietvlei dam (WWTW A Biomonitoring report, 2022). 

Downstream of the Rietvlei dam, there is the Rietvlei water treatment which supplies 

drinking water to the City of Tshwane. The Hennops River and Rietvlei dam is 

experiencing deteriorating water quality with eutrophic conditions being the most 

prevalent (DWS, 2021). Microplastics are not regulated, but according to several 

authors, their presence in freshwater presents many problems in drinking water 

(Koelmans et al., 2019; WHO, 2019). Similarly, sludge at the works is irrigated on land, 

it is known that a high percentage of microplastics are present in sludge (Lusher et al., 

2017). This has the potential to contaminate groundwater and surface water through 

interactions (Re, 2019). The WWTW A was selected as one of the study sites because 

it is connected to 51 industries and 53 777 households, which are potential sources of 

microplastics in wastewater.  
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3.2.2.2. WWTW A sampling points location 

The WWTW has two sampling points located at the inlet works (See section 1 of Figure 

3-3) and a second sampling point located at the final effluent after the chlorine contact 

tank (See section 25 in Figure 3-3). The geographic coordinates for the sampling 

points are presented in Table 3-1 below. 

 

Table 3-1: Coordinates for sampling points. 

Site name Position Location 

 Latitude (S) Longitude (E)  

Influent 26°01’.160'’ 28°16.977'’  WWTW A 

Final 

effluent 

2600’58.6872”,  28017’10.3488” WWTW A 

Figure 3-3: Aerial photo of the study area (Water Quality Report, 2021) 
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3.2.2.3. General description of WWTW B 

WWTW B is designed to treat a maximum of 155 ML/d from primarily domestic 

households with an average population of 111 612 and 38046 households (WWTW B 

Water Quality Report, 2021). Only 5.41 ML/d (4%) of wastewater is contributed by 

industries. The wastewater treated is from domestic households in Everton and 

surrounding communities. The plant is comprised of four treatment modules with three 

each treating 35 ML/d and one treating 50 ML/d. The treatment process employed is 

conventional treatment with primary, secondary, and tertiary treatment mainly as the 

final stage (WWTW B Water Quality Report, 2021). Primary treatment consists of six 

mechanical screens and six pre-screen grit for screen and debris removal. It is also 

equipped with six grit chambers for sand and grit removal (WWTW B Process Audit, 

2019). Four modules comprised of four primary settling tanks for further removal of SS 

and sand which escaped from grit chambers. Solids settle as raw sludge and are 

further treated in an anaerobic hydrolysis process, filter belt pressers' and paddies. 

The activated sludge process is used for secondary treatment for oxidation of nutrients 

in the presence of microorganisms (Eustina et al., 2018). It also entails secondary 

clarification for further removal of SS and polishing of final effluent. The last treatment 

process is disinfection for the removal of microorganisms using chlorine gas.  

The WWTW B is also regulated by the WUL. The final effluent discharged into Klip 

River must comply with the conditions of WUL (WWTW B WUL audit report, 2021). 

Klip River is a tributary of Vaal River Catchment. In the Vaal River, the water quality 

has deteriorated and the aesthetic impacts can be seen visible by unaided human eye. 

The water is brownish, showing evidence of pollution from partially treated sewage 

(Kruger-Frank, 2019). The study location was chosen because it discharges into a 

sensitive catchment prone to pollution, therefore making it important to safeguard the 

catchment from further deterioration. 

3.2.2.4. WWTW B sampling points location 

The WWTW B has two sampling points located at the inlet works (See section A1 of 

Figure 3-4) and a second sampling point located at the final effluent after the chlorine 
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contact tank (See sections 1 and 2 in Figure 3-4). The geographic coordinates for the 

sampling points are presented in Table 3-2 below. 

 

Table 3-2: Coordinates for sampling points. 

Site name Position Location 

Latitude (S) Longitude (E)  

Influent 26°26.212' 28°06.124' WWTW B 

Final 

effluent 

2600’58.6872”,  28017’10.3488” WWTW B 

3.3. Research method 

In the current research, both qualitative and quantitative methods were used for data 

collection and analysis, this is often referred to as a mixed method. The mixed method 

was used because it uses systematic procedures that enables data collection and 

Figure 3-4: Aerial photo of the study area (Water Quality Report, 2021). 
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analysis using both qualitative and quantitative methods in one study to solve research 

problems as stated by Timans et al. (2019). To use mixed methods effectively, it was 

important to understand both qualitative and quantitative research methods. 

The purpose of using quantitative experiments was for the generation of numerical 

water quality data and microplastics quantities which were analysed statistically and 

using mathematical formulas and software such as Pearson correlation component of 

Statistical Package for Social Sciences (SPSS). Quantitative analysis was also used 

to determine the chemical composition of microplastics particles (MPs) to confirm the 

presence of polymers and elements linked to the presence of microplastics in 

wastewater. To perform a quantitative analysis through a statistical approach, data 

need to be assessed for whether the data is distributed normally or not as stated by 

Franzese and Iuliano (2018). Data may be described as normal or not normally 

distributed. In the current research, Pearson correlation was considered for correlation 

analysis for the data that is normally distributed. In the case of data that is not normally 

distributed, a non-parametric statistical method can be used to determine if the 

significance level of p is within the range of <0.05 as shown by Sedlak et al. (2017). 

A qualitative method was also utilized to identify and classify microplastics according 

to sizes, shapes and colours in the water samples. This was done through microscopic 

analysis at the selected laboratory. MPs were evaluated by observations under the 

microscope following the procedure stated by Masura et al. (2015). Relationships 

between microplastics identified and water quality were established. 

3.4. Research design 

A research design can be described as a formulation of research questions in order to 

ensure that the results obtained adequately address the research problems (Lewis, 

2015). The most common research designs used are causal-comparative design, 

explanatory design, correlational design, descriptive design, exploratory and the 

convergent parallel designs which are described in details by authors such as (Suter, 

2014; Creswell, 2018 and Berman, 2017). 

Although there are various research designs methods, the convergent mixed parallel 

design was used for the analysis of data. The convergent mixed parallel design 
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enables the researcher to collect and analyse both quantitative and qualitative data 

simultaneously to solve research problems and answer the research question as 

stated by Dawadi et al. (2021). The convergent parallel design was used because both 

the qualitative and quantitative methods in the current research had equal value in 

understanding and solving the research problem. Both the qualitative and quantitative 

data were collected and analysed followed by linking the results and interpretation to 

establish the relationships between research variables. Figure 3-5 is a diagram 

showing the sequence of convergent mixed parallel design: 

3.5. Sample collection 

To sample water quality and microplastics, a standard guide for scientists investigating 

the occurrence of microplastics across matrices was used as described in Brander et 

al. (2020). Across the world, it is common to use auto samplers for wastewater sample 

collection in WWTWs as a standard method that guarantees homogeneity. 

Subsections 3.5.1 and 3.5.2 give a detailed description of the target parameters and 

sample collection method. 

3.5.1. Microplastics Sampling at WWTW 

Samples were collected from December 2021 to September 2022 to give 

representative samples over four seasons of the year i.e., summer, autumn, winter 

Figure 3-5: Systematic procedure for convergent parallel design (Schoonenboom & 
Johnson, 2017). 
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and spring. A total of 32 samples were collected across WWTWs. Each season, 4 

samples were collected in each WWTW A and B influent and final effluent, making a 

total of 8 samples per season and 32 samples over 4 seasons. 

The microplastics sampling was done using the MS 10 composite auto sampler which 

is equipped with a 3-litre sampling bottle. Auto samplers were located at the inlet and 

outlet of two WWTW to collect samples from influent and final effluent. The MS 10 

composite auto sampler was equipped with a vacuum pump which allowed the suction 

of water at 10-20 min intervals. The sampler timer was set to collect an equivalent of 

2.5 litres of the representative sample over 24 h. A sample volume equivalent to 1 L 

was collected by opening the auto sampler dispenser pipe to fill up the glass bottle to 

its maximum capacity. The samples were preserved in a cooler box and transported 

to the CSIR laboratories for further analysis.  

3.5.2. Physicochemical sampling at WWTW 

A volume of 100 mL for analysis of each physicochemical sample was collected from 

the initial 1 L samples of microplastics to test for physicochemical parameters. The 

sample was collected from the initial samples to ensure uniformity and homogeneity 

in the sample representation. Precaution was taken was to ensure that the samples 

were stored in a cooler box maintained at 4 ֠ °C between sample collection and analysis 

and that analysis at ERLAB was done within 6 h from the time of collection. Samples 

were collected from December 2021 to September 2022 to give representative 

samples over four seasons of the year i.e., summer, autumn, winter and spring. 

3.6. Data collection  

In this section a step-by-step systematic procedure followed for analysis of preliminary 

test, physicochemical and microplastics analysis is discussed. 

3.6.1. Temperature and potential hydrogen (pH) analysis 

Temperature and pH were measured onsite/in-situ using a digital HACH HQ40d multi-

meter following the instrument instructions. The measurements of temperature were 

taken by switching on the instrument and putting it in temperature mode. The probe 

was submerged in the water sample and the values of temperature were recorded in 
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degree Celsius once the readings were stable on the meter display screen. The 

instrument mode was switched to pH to take measurements to continue with the 

analysis of water samples. To measure pH, the values on the instrument display 

screen were allowed to be stable while the probe is submerged in the water sample. 

The values on the instruments display screen were recorded allowing in-situ 

measurements of pH. 

3.6.2.  Physicochemical samples analysis 

The physicochemical analysis parameters that were measured included SS, COD, 

inorganic ions and metallic ions concentration (Al, Cd, Cl-, Pb, Fe, Mn, F-, Na, and Zn). 

A detailed description of the COD, SS and metals procedure followed for wastewater 

sample analysis is discussed in the subsections below: 

3.6.2.1. Total Suspended Solids analysis  

SS analysis was done using the standard method 2540 D for water and wastewater 

23rd edition by Rice et al. (2017). To perform SS analysis 100 mg/L standard solution 

was prepared using distilled water with conductivity <0.5 mS/m. The standard solution 

was used to do a quality control test for SS. The 1 L glass bottle was shaken to mix 

the sample. A volume of 250 mL of sample was transferred from a 1 L bottle to a 500 

mL glass tube. The Rundfilter MN 85/90 filter papers with a diameter of 110mm and 

pore opening of 0.5µm purchased from Merck group were prepared and placed on the 

filtration unit with the wrinkled side placed side up. The filter was washed with 20 mL 

of deionised water three times using a vacuum in the filtration unit. The volume of 250 

mL of sample was shaken and poured in through the filter while the vacuum is sucking 

the water entering the filtration unit. The filter was taken from the filtration unit using 

forceps and placed in the oven for 1 hour at 105 °C. The dried filter was allowed to 

cool down for 30 min inside the desiccator. The dried filter and the filter without dried 

particles were placed on an analytical balance and weighted to the nearest 0.001g. 

The SS was calculated using equation 3-1:  

𝑆𝑆 =
(𝑚1−𝑚𝑏)×1000000

𝑉
             Equation 3-1 

Where: 
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mb= mass of filter paper in g; 

m1= mass of filter paper plus dry residue in g; 

V= volume of sample used in mL. 

The SS results were reported as mg/L (at 105 °C). 

3.6.2.2. Chemical Oxygen Demand (COD) analysis  

A colorimetric method was used for the analysis of COD following the standard guide 

for water and wastewater by Rice et al., (2017). A 100 mL Sample from a 1 L glass 

bottle was transferred to a 100 mL tube. The solution of potassium acid phthalate 

(KPH) was prepared by adding 85 g of previously dried chemical at 120 ֠ °C in 1 L of 

distilled water. The solution was allowed to dissolve. This was followed by the addition 

of 2 mL of KPH solution into a 100 mL tube containing the sample. A volume of 3 mL 

of COD2 reagent was added. The sample was heated for 2 h and allowed to cool to 

room temperature. Dichromate ions Cr2O7
2−) were reduced to green chromic ions 

(Cr3+). The sample tube was placed in the adapter of the colorimeter and COD 

measurements were taken.  

3.6.2.3. Toxic metals analysis 

To confirm the presence of heavy metals in wastewater, ICP-MS was used as a tool 

for data analysis. This spectrometry tool used the ionization capacity to analyse the 

water samples (Wilschefski & Baxter, 2019). It created an atomic ion that allowed the 

detection of non-metals and metals on the samples. This tool was used due to its 

capacity to precisely detect metals without alteration from non-metals. 

Toxic metals analysis (Al, Cd, Cl-, Pb, Fe, Mn, F-, Na, and Zn) were done using the 

standard method 2540 D for water and wastewater 23rd edition by Rice et al. 2017. 

The stock solution for Al, Cd, Cl, Pb, Fe, Mn, F, Na and Zn was prepared by pipetting 

50 mL of the stock solution into a 500 mL A-grade volumetric flask. A volume of 5 mL 

of HNO3 was added to the A-grade volumetric flask containing the stock solution. The 

deionised water was added to make up the volume of the A-grade volumetric flask to 

full. The solution was used to calibrate the Inductively Coupled Plasma Mass 
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Spectrometry (ICP-MS). A volume of 50 mL of sample was transferred from a 1 L 

bottle to an Erlenmeyer flask. A volume of 10 mL of concentrated HNO3 was added to 

a 50 mL sample inside the Erlenmeyer flask. The sample was digested on a hotplate 

to a volume ranging at 10-20 mL before precipitation happened. The concentrated 

HNO3 was added while heating the sample continuously until the solution was light 

and clear. The clear solution was removed from the hotplate and allowed to cool down. 

A volume of 50 mL of the solution was transferred to the volumetric flask. The ICP-MS 

was warmed up for 20 min prior to loading the sample. The sample tubing was placed 

from the peristaltic pump into the rinse solution, the pump started up automatically 

after clicking the plasma button on the ICP-MS. The ICP-MS analysed each sample 

by ionizing the sample, which creates atomic ions that were detected to process metal 

analysis. The results of each metal analysis were reported in mg/L. 

3.6.3. Analysis for microplastics  

In this section a step-by-step systematic procedure followed for analysis of 

microplastics in wastewater is discussed in detail below and presented in Figure 3-6. 

3.6.3.1. Microplastics samples pre-treatment  

The steps for microplastics pre-treatment are given below: 

I. Step 1: Filtering the sample in the laboratory  

Samples collected from an auto sampler in 1 L glass bottles were filtered into the glass 

beaker using the Millipore xx2004708 stainless steel sieve with 5 mm pores purchased 

at Merck group. Materials retained from a 5 mm stainless steel sieve were discarded. 

The filtering of samples was done to remove particles greater than 5 mm which are 

not considered microplastics. Stainless steel sieves were used because they do not 

contain plastic materials that may contaminate the samples. 

II. Step 2: Wet peroxide oxidation (WPO) 

The WPO procedure for removal of organic contaminants to isolate microplastics in 

wastewater samples was done as stated by Masura et. al (2015) and Saipolbahri et 

al. (2020). The removal of organic materials was done to reduce interferences which 
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may cause errors during microplastics identification. To remove organic contaminants, 

100 mL of wastewater sample was taken from initial filtered water in step 1 of pre-

treatment. The 100 mL volume of wastewater samples was transferred into a 250 mL 

glass beaker. To catalyse the reaction, 20 mL of iron sulphate at (0.05 M of Fe (II)) 

was added to a 250 mL beaker containing a 100 mL water sample. Then 20 mL of 

H2O2 at 30% concentration was added. The mixture was allowed to stand for 5 min at 

room temperature prior to heating at 75֠ °C on a hotplate. The beaker was removed 

from the hotplate as soon as gas bubbles were observed, and the sample was allowed 

to stand for 30 min. The organic compounds were degraded and only microplastics 

remained due to their resistance to peroxide oxidation. The H2O2 was continuously 

added whenever the organic material remains visible on the sample, more especially 

the influent wastewater. For safety precautions mask and gloves were used when 

handling the H2O2 reactive mixture. 

III. Step 3: Separation and recovery of microplastics 

After the removal of organic contaminants, the solution of wet H2O2 was transferred 

into a density separator and allowed to settle over 24 h. The settled organics were 

discarded, and the clear sample was transferred into the 250 mL glass beaker for 

drying. 

IV. Step 4: Drying the microplastics samples 

The 250 mL glass beaker containing microplastics sample free from organic material 

was placed in the Memmert vacuum oven-PM400 at 90°C for 72 h to ensure proper 

drying. The MPs remained on the surface of the glass beaker.  
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Figure 3-6: Microplastics pre-treatment and WPO (Masura et al., 2015) 

3.6.3.2. Characterization of microplastics  

The characterization of microplastics included the morphological and chemical 

properties of microplastics as well as their quantities in wastewater samples. 

Morphological characterization was done using the SEM and the polarized light 

microscope (POM). To do an elementary analysis of microplastics, FTIR was used to 

identify polymers and the SEM coupled with EDX was used to perform an elementary 

analysis of MPs. 

I. Morphological Characterization 

To identify and classify microplastics under POM and SEM microscope, the 

procedures by Carolina & Crime, (2015) and Frandsen, (2016) were used as detailed 

below. 

(a) Morphological characterization using POM. 

 

POM was used for the identification of microplastics based on the shapes and colour 

of the observed particles. POM can rapidly identify microplastics in wastewater 

(Nguyen et al., 2021). Due to its optical capacity which allows less magnification of 
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samples analysis, the POM allowed light reflection on microplastics surfaces for better 

identification. The high level of credibility of the results was vested in the instrument 

due to its ability which provided several viewing angles on both sides of observation 

eyepieces. Microplastics were observed and identified on a three-dimensional view to 

allow more accurate and precise observations. The step by step working procedure 

for POM is described below: 

Step 1: Magnification of the POM microscope was adjusted to 40X using the top light. 

Step 2: The MPs were placed on the POM microscope stage micrometre with a 

rectangular size of 25 mm × 75 mm. 

Step 3: Two ocular lenses of the microscope were adjusted through the bottom object 

lens until the MPs on the micrometre were seen. 

Step 3: The objective lens was used to observe the specimen (micrometre with dried 

MPs), this is often referred to as rough focus which was used to compensate for any 

variance in strength by alternating left and right eyes to obtain the best image focus. 

Step 4: The dried MPs on the micrometre were observed and images were taken to 

categorise microplastics based on the colour and shapes of fragments, fibre, film, 

micro-beads, and foam.  

(b) Morphological characterization using Scanning Electron Microscope 

(SEM/EDX). 

For physical identification of shapes and sizes of microplastics, scanning electron 

microscope was used. The first procedure was to open the specimen chamber on the 

scanning electron microscope to allow the specimen stage to be visible. Microplastics 

particles were transferred from petri dish into the specimen stage of scanning electron 

microscope coated with carbon at 50 nm to avoid conflicting with peaks of other 

compounds. The chamber on the scanning electron microscope containing specimen 

was closed and the pressure equalization was maintained by switching on the vacuum 

pumps for 5-10 seconds at 10-3 Torr. The scanning electron microscope coupled with 

energy dispersive X-ray was operated at 15 kV voltage. To produce primary electron, 

the magnification was set between 400-6400× and the sample was scanned with a 
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beam at high energy with map resolution of 512 by 384. The scanning electron 

microscope coupled with energy dispersive X-ray was operated at backscattered 

imaging mode where the primary electron produced was allowed to interact with the 

samples to produce secondary electrons, backscattered electrons and X-rays. 

Scanning electron microscope and X-ray detectors were allowed to collect signals 

from electrons and X-rays to create images at pixel size of 0.06 µm and maximum 

magnification of 5200 which were displayed on the computer monitor. Below is a step 

by step systematic procedure for SEM/EDX analysis: 

Step 1: The specimen chamber on the SEM/EDX was opened to allow the stage to 

be visible. 

Step 2: The MPs were placed on the specimen stage and the chamber was closed. 

Step 3: Vacuum pumps were switched on for 5-10 s to perform pressure equalization 

inside the specimen chamber and MPs were focused on the electromagnetic lens 

inside the column for electron beam generation. 

Step 3: The magnification was set between 400-6400× and the sample was scanned 

with a beam at high energy to produce primary electron. 

Stage 4: The primary electron was allowed to interact with the samples to produce 

secondary electrons, backscattered electrons and X-rays.  

Step 5: The SEM detector and X-ray detectors were allowed to collect signals from 

electrons and X-rays to create images which were displayed on the computer monitor. 

II. Chemical characterization 

A detailed discussion of the step-by-step systematic procedure for chemical 

characterization is discussed below: 

(a) Polymer identification 

To characterise the spectra of samples, Perkin Elmer Spectrum 100 spectrometer was 

used. It was also important to achieve the required signal-to-noise ratio, therefore the 

FTIR spectra of all microplastics samples were measured in the range of  
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550-4000 cm-1 and 32 scans were made per spectra which were co-added and 

averaged. In all the samples, the spectra resolution was maintained at 16 cm-1. The 

FTIR was composed of various reference spectra of polymer which included PE low 

density, PVC, polycarbonate carboxylic acid amine salt film and other spectra not 

identified on the samples. Below is a step-by-step systematic procedure used for 

polymer identification using FTIR as stated by Kovač Viršek et al. (2016): 

Step 1: To avoid contamination, the detection unit was cleaned with alcohol and a 

clean cloth free from fibre to avoid contamination. 

Step 2: The MPs were placed on the glass micrometre with a rectangular size of 25 

mm×75 mm. 

Step 3. The control joystick was used to position the specimen and MPs were scanned 

on the sample table. 

Step 4: The optical photo was taken and the location where the sample was 

characterised was marked. 

Step 5: The upper spectrum representing the measured particle against the lower 

spectrum representing the searched substance was read on the database. Then the 

polymer types identified were recorded. 

(b) Functional group identification using the FTIR spectra 

To identify the functional groups for each polymer identified in the wastewater 

samples, the FTIR wavelength peaks between 1500-4000 cm-1 were identified and 

linked to IR correlation tables. The FTIR functional group region ranges between 1500-

4000 cm-1 which was used to identify alcohol, hydroxy compounds, acids, saturated 

aliphatic (alkyne) and olefinic (alkene) mostly composed of single, double and triple 

bonded compounds.  

(c) Elemental particle analysis 

The elemental analysis was done using the SEM/EDX analysis. This was done to 

identify elements such as heavy metals that are linked to the presence of microplastics 

in water. The presence of elements such as Chloride, Aluminium, Manganese, Zinc, 
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Iron, Silicon and heavy metals on microplastics present the potential of microplastics 

to distribute contaminants. The step-by-step systematic procedure for SEM/EDX has 

been explained above on morphological characterisation. The identification of 

elements was based on the reaction of primary electrons which interacted with 

samples to create secondary electrons, scattered electrons and X-rays. The X-ray 

detector was used to detect elements as stated by Hamm et al. (2018).  

3.6.3.3. Quantification of microplastics. 

The gravimetric method adapted from Masura et al. (2015) was used to determine 

microplastics loading while the ImageJ 1.53K adapted from Houck (2019) was used 

to quantify microplastics concentration. Below is a step-by-step systematic procedure 

followed for the quantification of microplastics using the gravimetric method and 

ImageJ 1.53K.  

I. Gravimetric method 

The gravimetric analysis was done by determining the mass of microplastics which 

was used to calculate the Loading rates.  

II. Mass of microplastics 

The mass difference between the beaker and the dried microplastics particles was 

calculated to eliminate the weight of the beaker. Firstly, the beaker without MPs was 

weighted on the analytical balance and the beaker with microplastics particles was 

also weighted. The mass of microplastics was reported in mg/L. Equation 3-2 from 

Masura et al. (2015) was used to calculate the total mass of microplastics:  

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 (𝑀𝑖𝑐𝑟𝑜𝑝𝑙𝑎𝑠𝑡𝑖𝑐𝑠 𝑖𝑛
𝑚𝑔

𝑙
) =

(𝐴−𝐵)×1000

𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑜𝑙𝑢𝑚𝑒,𝑚𝐿
    Equation 3-2 

Where: 

A= Mass of the beaker with dried solids 

B= Mass of the tarred beaker  
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III. Microplastics Loading 

Equation 3-3 below was used to determine the microplastics loading. The mass of 

microplastics to average flow received per day and discharged by the WWTW was 

calculated to determine the loading to the WWTWs and receiving water bodies. 

𝑀𝑖𝑐𝑟𝑜𝑝𝑙𝑎𝑠𝑡𝑖𝑐𝑠
𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑖𝑛 (

𝑘𝑔

/𝑑
)

= 𝑀𝑚𝑖𝑐𝑟𝑜𝑝𝑙𝑎𝑠𝑡𝑖𝑐𝑠 × 𝐴    Equation 3-3 

Where: 

M= Mass of microplastics in mg/L 

AF= Average flow in ML/d 

IV. ImageJ 1.53K particle count 

The ImageJ 1.53K java-based application by the National Institute of Health (NIH) of 

the USA was used to perform particle counts to determine the microplastics 

concentration in the influent and final effluent of WWTW. Below is a step-by-step 

systematic procedure followed to count MPs on SEM and POM images: 

Step 1: Import the image from the computer. 

The ImageJ 1.53K software installed on the computer was opened from the desktop 

taskbar. Once the software is running, the file tab was used to navigate to import 

images. The sequence images were imported from the saved file in the computer and 

uploaded to ImageJ 1.53K. The image was displayed below the software taskbar for 

easy editing. 

Step 2: Editing the image. 

The image was edited to ensure that the MPs on the image are visible enough for 

processing and particle counts. The image was edited by setting the threshold colour 

to white and saturation ranges of 120 to 255. The image size was interpolated as 

bilinear at a pixel width of 481 and height of 332 with a constrained aspect ratio and 

average when downsizing. The image contrast and colour balance were adjusted to 

50%. 
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Step 3: Processing and analysing particles. 

The particles were processed by setting the image to smooth and sharpened mode. 

The edges on the image particles were determined automatically on the ImageJ 

application. The particles were analysed by setting the pixel from 0 to infinity and 

circularity ranging between 0.001 to 1. The application analysed the particles 

automatically by pressing an ok button and the results summary table was displayed 

with particle counts of microplastics in MP/L.  

Step 5: Exporting the edited image from the application. 

The edited image was exported and saved on the computer file to compare with the 

original image from POM and SEM microscope. 

3.6.4. Removal efficiencies of microplastics 

To determine the removal efficiencies of WWTW for microplastics, the concentration 

and loading of microplastics quantified at the influent and effluent were used. Equation 

3-4 was used to determine the removal efficiency of microplastics based on the 

microplastics concentration, adapted from Conley et al., (2019) while Equation 3-5 

was used for the calculation of removal efficiencies based on the microplastics loading 

rate. 

𝑅𝐸 = [
𝐶𝑀𝑃,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡−𝐶𝑀𝑃,𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡

𝐶𝑀𝑃,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
] × 100%     . Equation 3-4 

Where: 

RE= Removal efficiency. 

CMP, influent= Concentration of microplastics in the inflow into the plant in MPs/L and 

mg/L. 

CMP, effluent =Concentration of microplastics in the final effluent discharged into the 

environment in MPs/L and mg/L. 

𝑅𝐸 = [
𝐿𝑀𝑃,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡−𝐿𝑀𝑃,𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡

𝐿𝑀𝑃,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
] × 100%     .Equation 3-5 

Where: 
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RE= Removal efficiency. 

LMP, influent= Loading of microplastics in the inflow into the plant in kg/d. 

LMP, effluent = Loading of microplastics in the final effluent discharged into the 

environment in kg/d. 

3.6.5. Statistical analysis of microplastics and correlation between organic 

loading and physicochemical parameters 

The statistical analysis was performed on physicochemical water quality and metal 

concentrations to establish the existing correlations from samples collected in the 

influent and effluent of WWTW A and B. The Origin pro 2022 with correlation plot 

software v1.31 was used to determine the correlation coefficient and its P-values. The 

Pearson correlation coefficient value (r) was used to determine the strength and 

direction of the relationship between data i.e., microplastics and physicochemical 

water quality. The strength and direction of relationship was determined by comparing 

the actual Pearson correlation coefficient (r) calculated values to the standard (r) 

values ranging from smaller (0.1-0.3), medium (0.3-0.5) and high (>0.5). The Pearson 

correlation coefficient was also used to determine the significance between correlated 

data i.e., physicochemical water quality, metals to microplastics concentrations. For 

all the r values showing positive correlation, the significance P-values was considered 

to be above 0.05. 

3.7.  Validity and reliability 

Validity and reliability of results were done by ensuring that the laboratory instruments 

used are calibrated and testing is done at an approved laboratory (ERLAB and 

CSIRLAB). This was achieved by doing instrument calibration using standard 

samples.  The guidelines for sampling were followed and samples were preserved to 

ensure no deviation from the time of sampling to the analysis at laboratory. The 

contamination of samples was avoided by wearing the required sample handling 

clothing such as latent gloves. A Series of blank samples were also conducted during 

sample analysis at the laboratory. The procedure for microplastics blanks as stated by 

De Witte et al. (2014) was followed for microplastics. An air filter to avoid air-borne 
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contamination was used to vacuum the sample analysis environment. The observation 

of microplastics and their presence were confirmed using polymer standards loaded 

in the FTIR library. Reliability was also done through the Statistical Package for Social 

Sciences (SPSS) using the component of the ANOVA F test. 
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CHAPTER 4:   

RESULTS AND DISCUSSIONS 

4.1.  Introduction 

This chapter reports on the results of primary data collected from wastewater samples 

at two selected WWTW (i.e., WWTW A and B) at the influent and final effluent. The 

preliminary physicochemical tests results conducted during sample collection such as 

temperature, pH, COD and SS are first to be presented and discussed in this chapter 

followed by the results interpretation and discussions for heavy metals. Thereafter, 

microplastics characterization in terms of morphology, chemical properties and 

quantification is discussed. After the quantification of microplastics, the removal 

efficiencies of two activated sludge processes for WWTW A and B are determined, 

results and discussions are presented in the current section. Finally, the statistical 

analysis results are also discussed in this chapter to determine the influence of 

preliminary test as well metals on microplastics concentrations and loadings. The 

empirical findings of the current research are also compared with the available 

literature of studies done in South Africa and across the world. Most importantly, 

literature pertaining the occurrence and removal of microplastics in wastewater and 

the impact therefore to the receiving environment as well as implications to human 

health. 

4.2.  Preliminary physicochemical tests for wastewater 

The preliminary physicochemical tests done include temperature, COD, SS and pH on 

the influent and final effluent of wastewater samples on selected WWTW. 

4.2.1. pH test results 

The results are presented in Figure 4-1 using bar graph to show seasonal 

concentrations i.e., summer, autumn, winter and spring. Figure 4-1 shows the 

seasonal variations of pH for WWTW A and WWTW B. During summer season, pH at 

WWTW A ranged between 7-7.1 in the influent and 7.6-7.7 in the final effluent while 

at WWTW B ranged were between 6.8-7.1 in the influent and 7.7-7.8 in the final 
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effluent. There was a slight variation of pH in the influent and effluent between the two 

WWTWs.  

During autumn season there was a slight decrease in the influent pH at WWTW A 

ranging between 6.6-7.5, however the effluent ranged between 7.1-7.5 also showing 

slight decrease as compared to summer. The influent pH for WWTW B in autumn 

ranged between 6.8 and 6.9 while for the final effluent was 7-7.4, there was a decrease 

in the effluent pH in autumn as compared to summer.  

The WWWT A showed a similar pattern of pH in winter and spring, with more acidic 

pH in the influent ranging between 6.6-6.7 and 6.8 respectively, the final effluent was 

still comparable to summer and autumn with ranges between 7.5-7.6. For WWTW B 

there was variation in pH over winter and spring seasons. The influent pH was in the 

range of 6.8.-7 in winter and 6.3-6.7 in spring, however the final effluent for both 

seasons ranged between 7.4 –7.3-7.5. Although pH seems to vary in the influent and 

effluent of wastewater, it is noticeable that the influent is more acidic except at  

WWTW B during the summer season. 

According to Seidensticker et al. (2018), microplastics have the ability to adsorb 

contaminants onto their surfaces and the pH ranging 6-7 is has been identified as the 

Figure 4-1: Seasonal pH for WWTW A and B influent and effluent for the period 
December 2021 to September 2022. 
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optimal for the ma transfer of the pollutants from the with liquid to the surface of the 

microplastics. Therefore, it is important to monitor the seasonal variations of pH in 

order to determine the possible hydrophobic conditions in wastewater samples. Across 

summer, autumn, winter and spring, pH ranged between 6.6-7.1 in the influent and 

7.1-7.8 in the final effluent. The influent pH is within the ranges stated by Seidensticker 

et al (2018), therefore likely to create sorption conditions for contaminants. 

4.2.2. Temperature test results  

Figure 4-2 shows that the temperature of influent and final effluent ranges between 

18-19 °C except at WWTW B influent were a maximum of 20 °C was noticeable in 

winter season. There is no huge variation in temperature of influent and effluent at 

WWTW A and B, all seasons showed similar patterns.  

 

Due to variation of MPs concentrations during hot and cold seasons, it is important to 

monitor temperature in wastewater (Dalu et al., 2021). The variations in temperatures 

of wastewater influent and discharged effluent also influences transport and uptake of 

microplastics (Williams, 2020). 

Figure 4-2: Seasonal Temperature for WWTW A and B influent and effluent for the 
period December 2021 to September 2022. 
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4.2.3.  Chemical oxygen demand (COD) test results 

Figure 4-3 shows COD seasonal pattern. The WWTW A showed high COD 

concentrations in the influent across four seasons with ranges of 185-1139 mg/L 

(Summer), 669-1009 mg/L (autumn), 579-669 mg/L (winter) and 640-778 mg/L 

(spring) in the influent. However, the effluent concentrations are lower than influent 

which is attributed to treatment processes such as primary settling and secondary 

settling tanks that removes large amount of organic material contributing to high COD. 

In summer, the effluent COD ranged between 10-25 mg/L as opposed to autumn, 

winter and spring where ranges were between 35-45 mg/L, 45-98 mg/L and 45-59 

mg/L respectively. Although there is a peak of 98 mg/L of COD, the final effluent is 

lower than influent COD for WWTW A seasonal samples.  

The WWTW B has low influent COD as compared to WWTW A, this was attributed to 

the fact that WWTW B is not connected to industries, while WWTW A is connected to 

large industrial grid with total of 51 industries.  The COD for WWTW B INFLUENT 

ranged between 10-432 mg/L (summer), 482-500 mg/L (autumn), 482-682 mg/L 

(winter) and 570-863 mg/L (spring) most likely higher than final effluent. The final 

effluent COD for WWTW B on most occasions across autumn and winter is lower than 

the concentrations at WWTW A except in the summer and spring seasons where it 

Figure 4-3: Seasonal COD for WWTW A and B influent and effluent for the period 
December 2021 to September 2022. 
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ranged between 38-43 mg/L and 48 mg/L. It is noticeable that during spring, the final 

effluent COD at WWTW B was influenced by high COD concentrations in the influent. 

The WWTW A receives high COD during summer, autumn, and winter WWTW B 

receives high COD during spring. The variation of COD concentrations in the influent 

shows a direct impact in the final effluent COD, there is direct proportional 

relationships between influent and final effluent concentrations. 

According to Kwon et al (2022), COD is regarded as an indicator of organic content 

that is directly linked to various microbes and microplastics. Kwon et al (2022) further 

highlighted that organic elements associated with high COD are removed in activated 

sludge processes, microplastics are also reduced, and this is likely due to particles 

hydrophobic characteristics. Nikolopoulou et al (2023) stated that microplastics 

present various bacteria’s when discharged to the environment, this is mainly due to 

degradation in processes that takes place in the bioreactors or such as filtration 

processes. 

4.2.4. Suspended solids (SS) test results 

Figure 4-4 present the seasonal variations in the SS concentrations for influent and 

effluent at WWTW A and B. The WWTW A has high concentration of SS across all the 

seasons in the influent with ranges between 105-257mg/L (summer), 189-215 mg/L 

(autumn), 166-215 mg/L (winter) and 117-146 mg/L (spring), contrary to high SS at 

influent WWTW A can reduce SS in the final effluent with a range recorded between 

10-15 mg/L across all seasons.  

Figure 4-4: Seasonal SS for WWTW A and B influent and effluent for the period December 
2021 to September 2022. 



80 

 

The WWTW B influent SS ranges between 83-359 mg/L (summer), 223-230 (autumn) 

223-230 mg/L (winter) and 289-335 mg/L (spring). Influent SS concentrations at 

WWTW B is higher than WWTW A across all seasons. The final effluent SS 

concentration is low in WWTW B ranging between 17-26 mg/L (summer), 11-10 mg/L 

(autumn, winter and spring). The final effluent SS concentrations at WWTW B is higher 

than WWTW A during summer, this attributed to high flows which the plant receives 

with operational capacity reaching maximum of 389 ML/d and above during wet 

seasons, resulting into high weir overflow rate in the final settling tanks which lead to 

solid carry overs. 

SS is also an important parameters that indicate the organic concentrations and 

loading. According to Kwon et al (2022) SS in wastewater is known to contain large 

amounts of microplastics and other non-plastics particles, therefore a positive 

correlation suggest that the discharge of effluent with high SS is an indication of 

microplastics contamination. 

4.2.5. Toxic inorganic parameter analysis for wastewater 

A total of six metallic species (Al, Cd, Pb, Fe, Mn and Zn) and 2 non-metallic species 

(Cl- andSO4
2−) were analysed at WWTW A. While at WWTW B, a total of one metal and 

three non-metallic species were monitored and analysed, amongst them include Cl-, 

S, SO4
2− and F-. Figure 4-5, 4-6 and 4-7 below present the seasonal results obtained 

for analysis of non-metallic parameters and heavy metals at influent and effluent of 

WWTW A and B.  

 

4.2.5.1. Non-metallic parameters for WWTW A 

Figure 4-5 presents the seasonal concentrations for Cl and SO4
2− at WWTW A influent 

and effluent. The concentrations of Cl− and SO4
2− are high as compared to Al and Cd 

and this is attributed to 40% influent emanating from domestic households, with a 

potential to contain high levels of chlorides and sulphates. The concentrations of Cl− 

in the influent ranged between 51-52 mg/L (summer), 53 mg/L (autumn), 49-50 mg/L 

(winter and spring). The effluent concentrations for Cl− ranged between 48-51 mg/l 

(summer), 54 mg/L (autumn), 45-48 mg/L (winter) and 47-53 mg/L (spring). There is 
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a slight decrease of Cl− concentrations from influent to final effluent at WWTW A. 

According to Figure 4-5, WWTW A has high concentrations of SO4
2− in the influent with 

a slight decrease in the final effluent. The influent concentrations of SO4
2− ranged 

between 75-146 mg/L (summer), 72 mg/L (autumn), 70-114 mg/L (winter) and 72-92 

mg/L (spring) while the effluent concentrations ranged between 34-56 mg/L (summer), 

63 mg/L (autumn), 50-55 mg/L (winter) and 50-63 mg/L (spring).  

 

4.2.5.2. Metallic analysis for WWTW A  

Figure 4-6 presents the results for Al and Cd for both influent and effluent. The 

concentration of Al in the influent ranged between 0.2-0.34 mg/L (summer) and  

0.2-0.4 mg/L (autumn, winter, and spring). The effluent Al concentration at WWTW A 

was 0.1 mg/L across all seasons. The concentration of Cd in the influent and effluent 

was 0.04 mg/L across all seasons at WWTW A. 

Figure 4-5: Seasonal non-metal concentrations for WWTW A influent and effluent for the 
period December 2021 to September 2022. 
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The influent and effluent Pb concentrations was recorded to be 0.05 mg/L at WWTW 

A across four seasons. Fe concentrations were slightly variable across four seasons 

in the influent with concentrations ranging between 0.3-0.4 mg/mg/L (summer), 0.2 

mg/mg/L (autumn), 0.2-0.23 mg/L (winter) and 0.2 mg/L (spring). The Fe 

concentrations in the effluent was slightly lower during summer and autumn ranging 

between 0.15-0.16 mg/L. There was an increase in the effluent concentrations for Fe 

in winter and spring to 0.23 mg/L and 0.48 mg/L respectively at WWTW A. The 

concentrations of Mn and Zn in the influent was ranging between 0.1-0.2 mg/L across 

all four seasons, there was only single peak of 0.3 mg/L recorded in the final effluent 

of WWTW A. All monitored heavy metals shows higher concentrations in the influent 

and a slight decrease in the effluent concentrations. There is not much variation 

between influent and effluent concentrations, therefore the WWTW biological 

processes do not fully remove heavy metals. 

4.2.5.3 Non-metallic analysis for WWTW B 

Figure 4-7 presents the results for WWTW B non-metallic concentrations over 

summer, autumn, winter and spring. According to Figure 4-7, chloride and sulphur are 

highly variable in the influent and effluent of WWTW B. The concentration of Cl- in the 

Figure 4-6: Seasonal metal concentrations for WWTW A influent and effluent for the 
period December 2021 to September 2022. 
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influent ranged between 91-103 mg/L (summer), 82-101 mg/L (autumn), 82-84 mg/L 

(winter) and 88 mg/L (spring) while the effluent concentration ranged between 57-97 

mg/L (summer), 54-95 mg/L (autumn), 45-82 mg/L (winter) and 94-103 mg/L (spring). 

There is slight drop in chloride concentrations in the effluent accept in the spring where 

effluent is higher than influent at WWTW B. The concentration of sulphur varies across 

the seasons in the influent with concentrations ranging between 102-124 mg/L 

(summer), 106-109 (autumn), 78-87 mg/L (winter) and 89-105 mg/L (spring). The 

effluent concentrations of sulphur ranged between 102-103 mg/L (summer), 67-80.4 

mg/L (autumn), 89-95 mg/L (winter) and 80-124 mg/L (spring). The concentrations of 

sulphur on the effluent are slightly higher than influent during winter and spring at 

WWTW B. 

The concentrations of sulphates ranged between 91-103 mg/ mg/L (summer),  

86-101 mg/ mg/L (autumn), 82-84 mg/ mg/L (winter) and 88 mg/ mg/L (spring). During 

summer, autumn and spring, the effluent concentrations of SO4
2− is slightly higher than 

the influent. The concentrations ranged between 57-97 mg/L (summer),  

54-95 mg/L (autumn), 45-82 mg/L (winter) and 103 mg/ mg/L (spring). Seasonal 

concentrations of fluoride ranged between 2.5-1.8 mg/ mg/L (summer), 0.3-2.4 mg/L 

(autumn), 0.1-0.13 mg/L (winter) and 0.13-0.18 mg/L (spring). The hghest influent 

concentrations are recorded in summer and autumn seasons while winter and spring 

shows lower concentrations. The effluent concentrations of fluoride are lower than the 

Figure 4-7: Seasonal non-metal concentrations for WWTW B influent and effluent for the 
period December 2021 to September 2022 
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influent, the concentrations are ranging between 0.21-0.24 mg/L (summer), 0.31-0.44 

(autumn), 0.14-0.18 mg/L (winter) and 0.2-0.21 mg/L (spring). Overall, there is higher 

concentrations of metals in the influent and recorded lower concentrations in the 

effluent of WWTW B. Some concentrations of non-metals are slighly higher on the 

effluent as compared to influent, more specifically sulphur and chloride. 

Microplastics can be carrier of heavy metals due to hydrophobic characteristics, the 

wastewater discharged may posed threat to receiving waters ecological regime and 

through interaction in the environment, the wellbeing of humans can be compromised 

(Liu et al., 2021). At WWTW A and B, heavy metals were detectable in the influent and 

effluent of wastewater, the likelihood of metal distribution by microplastics was high 

due to their occurrence even after the wastewater has been treated. A study 

conducted by Liu et al., (2022) tested the ability of different polymers such as PP, PS 

and PVC to adsorb metals such as Pb, Cu, Cr and Cd. The results indicated that 

microplastics can adsorb contaminants and promote microbial inhibition. Ultimately, 

the microplastics end up in the environmental waters, soil and the food chain through 

consumption of food and drinking water (Amobonye et al., 2021). 

Some concentrations of heavy metals such as Al, Cd, Mn, Zn, and Fe show the same 

trend in the influent and effluent of WWTW A. Only SO4
2− and Cl showed some 

fluctuations across four seasons which are non-metallic parameters. The WWTW B 

showed a difference in the heavy metals’ concentrations across summer, autumn, 

winter and spring with fluctuations in fluoride and non-metallic species such as 

chloride, sulphur and sulphates. The minimal change in heavy metals and non-metallic 

parameters concentrations from influent to final effluent may indicate two factors: (1) 

inability of activated sludge to remove contaminants, and (2) the distribution of 

contaminants by microplastics. A study done by Nkosi et al (2022) indicated high 

concentrations of metals such as Zn, Cu and arsenic analysed from samples 

containing microplastics were observed. 

4.3. Microplastics concentrations and quantification 

This section presents the results and discussions on the microplastics concentrations 

and quantification on the influent and final effluent of WWTW A and B. 
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4.3.1. Seasonal microplastics concentrations  

The concentrations of microplastics were obtained through adjusting and processing 

of POM images to determine the particle counts on image J 1.53 K. The seasonal 

concentrations of microplastics for influent and effluent at WWTW A and B are 

presented in Figure 4-8. Detailed descriptions of microplastics shapes and their 

concentrations are also presented in Table 4-1 and 4-2 for both WWTWs. 

The concentrations of microplastics vary seasonally across the sampling points. 

According to Figure 4-8 and Table 4-1, during summer season the influent 

concentrations at WWTW A contained 145 MPs/L fibres and 148 MPs/L fragments 

while the effluent contained 54 MPs/L fibres and 138 MPs/L fragments. The 

composition of WWTW B did not vary in the influent during summer; the influent 

concentrations ranged between 79-180 MPs/L and a total of 180 MPs/L were fibres 

(See Table 4-1). The effluent at WWTW B during summer contained 78 MPs/L 

fragments and 21 MPs/L fibres. During summer both WWTWs influent and effluent 

were composed of fragments and fibres. The concentrations of microplastics are 

generally higher in the influent and lower in the effluent across all sampling points with 

WWTW A receiving higher concentrations of MPs during summer season. 

Figure 4-8: Seasonal microplastics concentration for influent and effluent at WWTW A 
and WWTW B. 
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The concentrations of microplastics during autumn slightly increased in the influent 

and effluent of both WWTW A and B. With reference to Figure 4-8 and Tables 4-1 and 

4-2, the influent concentrations of microplastics at WWTW A during autumn season 

ranged between 219-180 MPs/L, in which a total of 399 MPs/L composed of 

fragments. The effluent concentration ranged between 129-138 MPs/L and a total of 

298 MPs/L were observed as fragments. The WWTW B influent microplastics 

concentrations ranged between 170-231 MPs/L, with a total of 401 MPs/L composed 

of fragments. The effluent concentration also consisted of 210 MPs/L predominantly 

fragments. During autumn, the concentrations of MPs were only composed of 

fragments in both WWTWs. The influent microplastics concentrations for WWTW B 

was higher than WWTW A. 

Table 4-1: Seasonal MPs concentrations based on shapes for WWTW A influent and 
effluent. 

Sample id Seasons Shapes 

Angular Fragments fibres Film 

Influent Summer 0 148 145 0 

 Autumn 0 399 0 0 

 Winter 250 0 203 0 

 Spring 402 271 0 0 

Effluent Summer 0 138 54 0 

 Autumn 0 258 0 0 

 Winter 134 0 189 0 

 Spring 296 0 0 211 
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During winter, the concentrations of microplastics continued to increase on the influent 

and effluent of WWTW A and B, with the highest peaks being 250 MPs/L and  

798 MPs/L in the influent and 189 MPs/L and 316 MPs/L in the effluent. A morphology 

analysis showed that he influent at WWTW A contained 250 MPs/L angular and  

203 MPs/L fibres shaped particles. Although the effluent concentrations dropped, the 

angular and fibre shaped particles were identified with concentrations of 134 MPs/L 

and 189 MPs/L respectively. The WWTW B influent microplastics concentrations was 

354 MPs/L angular and 798 MPs/L fibrous particles. Of these concentrations, the 

effluent microplastics were also composed of angular and fibre shaped particles with 

concentrations of 119 MPs/L and 316 MPs/L respectively. During winter season, 

WWTW B received the highest influent concentrations of microplastics resulting in high 

effluent concentrations. This is likely due to activated sludge processes unable to 

handle higher MPs loading. 

The spring season was accompanied by slight drop in the influent concentrations. 

However, the effluent concentrations remained high in both WWTWs. The influent 

microplastics concentrations at WWTW A comprises of 271 MPs/L fragments and  

402 MPs/L angular shaped particles while the final effluent comprises of 211 MPs/L 

films and 296 MPs/L angular particles. The WWTW B influent in spring comprises of 

287 MPs/L angular and 420 MPs/L fragmented particles. The concentrations dropped 

in the effluent with 152 MPs/L angular and 225 MPs/L fragmented particles. Both 

WWTWs load of microplastics were consisting of angular and fibres at the influent and 

effluent. Across the four seasons, films were only noticeable during spring season at  

WWTW A. The concentrations of microplastics at WWTW A influent was higher than 

WWTW B. However, WWTW A recorded highest concentrations in the final effluent 

indicating insufficient treatment of microplastics. 
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Table 4-2: Seasonal MPs concentrations based on shapes for WWTW B influent and 
effluent. 

The microplastics concentrations were quantified based on the particle count of 

different shapes such as angular, fragments, fibres and film. According to literature, 

various shapes of microplastics concentrations has be detected in the influent and 

effluent of WWTWs (Conley et al. 2019; Kang et al., 2018). Although various studies 

used similar techniques, the concentrations of microplastics observed were different. 

In a study done by Conely et al. (2019) the MPs concentrations in the influent had a 

difference factor 2.5 count/L while the effluent factor was 4.8 count/L. There was no 

seasonal variations observed. The findings in the current study show variation in the 

MPs influent and effluent concentrations. However, lower concentrations were 

observed in summer and autumn while high concentrations were observed in winter 

and spring. Conely et al. (2019) did not quantify microplastics based on their shapes 

while the current study quantified the number of angular, fragments, fibres and films 

identified seasonal as shown in Tables 4-3 and 4-4.  

Sample id Seasons Shapes 

Angular Fragments Fibres 

Influent Summer 0 0 180 

 Autumn 0 401 0 

 Winter 354 0 798 

 Spring 287 420 0 

Effluent Summer 0 78 21 

 Autumn 0 210 0 

 Winter 119 316 0 

 Spring 152 225 0 
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Long et al. (2019) reported the MPs concentrations ranging from 1.57-13.69 items/L 

and 0.2-1.73 items/L in the influent and final effluent respectively. Long et al (2018) 

further quantified the concentrations based on shapes such as pellets, fragments, 

fibres and granules. The study done by Long et al. (2019) is comparable to the findings 

of the current study in that the concentration of microplastics were high in the influent 

and lower in the final effluent with different shapes identified. Although the two studies 

are comparable, the microplastics samples in the study done by Long et al. (2019) 

were collected over 2 days in September- therefore seasonal differences in the 

concentrations could not be quantified. The reported high concentrations in the influent 

and low concentrations in the effluent suggest that MPs are reduced in other treatment 

units of activated sludge process. 
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Table 4-3: Summary of sizes, shapes and colours of MPs identified at WWTW A. 

Sample id Seasons Particle size (mm) Shape Colour 

Angular Fragments Fibres Film White Blue Black Red 

Influent Summer 0.01  ✓ ✓  ✓   ✓ 

Autumn 0.01  ✓    ✓   

Winter 0.05 ✓  ✓  ✓ ✓   

Spring 0.01  ✓     ✓  

 0.002 ✓    ✓    

Effluent Summer 0.01  ✓ ✓  ✓ ✓   

Autumn 0.01  ✓    ✓   

Winter 0.05 ✓  ✓  ✓ ✓   

Spring 0.002 ✓   ✓ ✓    

=particle or colour not identified, ✓=particle or colour identified 
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Table 4-4: Summary of sizes, shapes and colours of MPs identified at WWTW B. 

Sample id Seasons Particle size (mm) Shape Colour 

Angular Fragments Fibres White  Black Brown Red 

Influent Summer 0.01   ✓ ✓     

 Autumn 0.01  ✓     ✓  

 Winter 0.01 ✓  ✓   ✓   

 Spring 0.01  ✓    ✓   

 0.002 ✓   ✓     

Effluent Summer 0.01   ✓ ✓     

  0.02   ✓     ✓ 

 Autumn 0.01  ✓    ✓   

 Winter 0.01 ✓ ✓    ✓   

 Spring 0.002 ✓   ✓  ✓   

 0.005  ✓    ✓   

 =particle or colour not identified, ✓=particle or colour identified
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According to Tables 4-3 and 4-4, the size of MPs ranged between 0.01 mm to 0.02 

mm in the influent and 0.01 mm to 0.005 mm in the effluent. Angular, fragments and 

fibres were dominant across all four seasons. Rosal (2021) stated that fragments and 

fibres are amongst most reported shapes of MPs in most studies. Most angular and 

fibrous shaped MPs occurred in white colour with some showing fouling in the recent 

study. Some of the fragmented materials appeared blue and reddish in colour similar 

to the current study. Angular and fibrous shaped particles were observed across all 

four seasons in the influent and effluent of both WWTWs, except for film shaped 

particles which were only observed in spring. The results of the current study were 

comparable with the findings of Rosal (2021) where dominant MPs identified were 

fragments and fibres with various colours ranging from white, blue and black, however 

the differences were observed in the sizes of MPs which ranged between 0.0016-5 

mm. 

4.3.2. Seasonal microplastics loading 

Figure 4-9 below presents the results for seasonal microplastics loading rate for 

WWTW A and B. The microplastics loading varied across the two samplings sites with 

higher loading rate observed on the influent and effluent of WWTW B. During period 

of summer, WWTW A microplastics loading rate in the influent ranged between  

154-175 kg/d while effluent was between 78-136 kg/d. There were higher observed 
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loadings at WWTW B with influent ranging between 1031-1452 kg/d and effluent 

between 671-868 kg/d. 

During autumn season, the influent loading rate at WWTW A observed ranged 

between 188-510 kg/d while the effluent was between 125-242 kg/d. The WWTW B 

influent recorded microplastics loading rate ranging between 1398-1539 Kg/d while 

effluent was 607-542 kg/d. The WWTW B recorded the highest loading rate in the 

autumn season. 

During winter seasons there was an increase in the influent and effluent loading rate 

of microplastics at WWTW A and B. The microplastics loading at WWTW A influent in 

winter ranged between 510-766 kg/d and 121-242 kg/d in the effluent. The influent 

loading rate at WWTW B ranged between 852-1648 kg/d and 703-904 kg/d in the final 

effluent. Although there was a slight drop in the loading rate during summer season, 

highest peak of 2343 kg/d was observed at WWTW B influent. The loading rate during 

spring at influent and effluent of WWTW A ranged between 528-674 kg/d and 251-502 

kg/d respectively. The influent at WWTW B was ranging between 942-2343 kg/d and 

594-1206 kg/d in the effluent. The highest peak loading of 2343 kg/d was recorded at 

WWTW B influent in spring season. The microplastics loading rate at WWTW B 

Figure 4-9: Seasonal microplastics loading for influent and effluent at WWTW A and 
B for the period from December 2021 to September 2022. 
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remained higher across summer, winter, autumn and spring, this is due to high 

hydraulic loading received.  

The microplastics loading was quantified in kg/d based on the inflow and outflow 

measured in ML/d. The microplastics loading rate were estimated in order to determine 

the possible mass entering and leaving the WWTWs. The loading rate patterns 

indicated that WWTW B is distributing more MPs into the environment across four 

seasons i.e., summer, autumn, winter and spring. The high loading rate at WWTW B 

was attributed to the average operational flow capacity at 389 ML/d as opposed to 63 

ML/d at WWTW A WWTW.  

Conley et al. (2019) confirmed the high microplastics loading using measured inflows 

and outflows in the WWTWs and microplastics concentrations which were measured 

in counts/L. The study was able to estimate a maximum of 0.68 g of microplastics 

annual per capita discharged from WWTWs accounting for 500-1000 MPs/d. Schmidt 

et al. (2020) then reported 7×1012 MPs/year in the wastewater in Germany. The two 

studies confirms that large quantities of MPs are distributed into the environment. 

These studies agree with the findings of the current study. In addition, Troost (2021) 

put more emphasis on monitoring microplastics in single location over time in order to 

determine the seasonal loading trends-which is in support with the computed seasonal 

loading trends in the current study. The continuous loading of microplastics into the 

environment may cause physical damage and death of aquatic species through 

ingestion. Chemical additives such as PCBs may cause toxicity while the adsorbed 

contaminants such as Zn, Pb and Cd on microplastics surfaces increase toxicity of the 

river systems (H. Zhao et al., 2022).  

4.4. Polymer identification and their functional groups  

Figure 4-10 and 4-11 below present the FTIR spectra for all polymers and their 

functional groups identified in summer seasons. According to figure 4-10 (a) and (c) 

and Figure 4-11 (a) and (c) the influent at WWTW A contained microplastics consisting 

of PE and ABS while WWTW B influent contained PE and PET. The functional groups 

identified linked to polymers identified include alcohol, hydroxy compound, methylene 

(>CH2), methyl (−CH3), carbonyl compound, olefinic (alkene), silicon-oxy compound, 
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aromatic ring (Aryl), nitrogen-oxy compounds, inorganic ion and ether and oxy 

compound.  

The polymers identified in the effluent during summer period for WWTW A and B are 

presented in Figure 4-10. (b) and (d) and Figure 4-11 (b) and (d). The FTIR library 

indicates that at WWTW A effluent, PAM and ABS were identified in summer while PE 

and polycarbonate were identified at WWTW B effluent. Due to the polymers identified 

in the influent being similar to those in the effluent, the FTIR peaks identified are similar 

and are composed of compounds linked to polymers such as normal polymeric –OH 

stretches, esters, carboxylate, silicone and vinyl 
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Figure 4-10: FTIR analysis Influent and effluent of WWTW A & B, (a) S1HART-A influent, (b) S1HART-A effluent and (c) S3 WART-
B influent, (d) S4 WART-B effluent (summer). 
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Figure 4-11: FTIR analysis, (a) S5HART-A influent, (b) S6HART-A effluent, (c) S7WART-B influent and S8WART-B effluent 
(summer). 

(b) 

(d) 
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The polymers and functional groups identified in autumn are presented in the FTIR 

spectra in Figure 4-12 and 4-13 for both WWTW A and B. Figure 4-12 (a) and (c) and 

Figure 4-13 (a) and (c) shows the polymer identified and functional groups in the 

influent during autumn. The WWTW A influent was composed of ABS and PAM while 

WWTW B was composed of poly(ethyl cyanoacrylate) (PECA) and poly(methyl 

methacrylate) (poly(methyl methacrylate) (PPM). The functional groups associated 

with polymers identified in the influent during autumn include alcohol and hydroxy 

compound, methylene (>CH2) methyl (−CH3), carbonyl compound, olefinic (alkene) 

and aromatic ring (Aryl).  

Figure 4-12 (b) and (d) and Figure 4-13 (b) and (d) presented below show the polymers 

identified in the final effluent during autumn season. According to the FTIR library and 

spectra on the graphs, the effluent at WWTW A was composed of only ABS, while the 

composition at WWTW B was calcium pantothenate and PMM. Similar functional 

groups identified in the effluent were detected in the final effluent for both WWTW A 

and B. Mainly common compounds identified include polymeric –OH stretch, aromatic 

ring stretch, esters, amine, carboxylic acid salts and rest of functional groups identified 

in the influent as described above for autumn season. 
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Figure 4-12: FTIR analysis, (a) S9HART-A influent, (b) S10HART-A effluent, (c) S11WART-B influent and S12WART-B effluent 
(autumn). 

(a) (b) 
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Figure 4-13: FTIR analysis, (a) S13HART-A influent, (b) S14HART-A effluent, (c) S15WART-B influent and S16WART-B effluent 
(autumn).

(a) (b) 

(c) (d) 
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The winter season was composed of very unique and complex polymers as compared 

to summer and autumn; all polymers identified during the winter season were not 

present in the summer and autumn seasons. The polymers and functional groups 

identified during summer seasons for influent and effluent are presented in  

Figure 4-14 and 4-15. Figure 4-14 (a) and (c) and Figure 4-15 (a) and (c) present the 

influent FTIR spectra and functional groups for WWTW A and B. The WWTW A influent 

in winter was characterized by acrylic, PPC, PET, thermoplastic rubber (TPV), PE, and 

PS while WWTW B was only composed of PS. There is a distinct composition of 

polymers between the two WWTW in the influent in winter, this could be attributed to 

WWTW A receiving 40% industrial effluent, which is dominant during dry seasons. The 

main functional groups identified in the influent include Methylene (>CH2), methyl 

(−CH3), methyne (>CH–) carbonyl compound, olefinic (alkene), normal polymeric –OH 

stretches. Figure 4-14 (b) and (d) and Figure 4-15 (b) and (d) present the effluent 

results for FTIR spectra and identified polymers. During winter season, effluent at 

WWTW A was composed of PP and PPC while WWTW B was composed of PP glass 

fibre and hydropropyl cellulose (HPC). The functional groups identified were mainly 

methylene (>CH2), methyl (−CH3), methyne (>CH–) carbonyl compound, olefinic 

(alkene), normal polymeric –OH stretches which are similar to the influent. 
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Figure 4-14: FTIR analysis, (a) S17HART-A influent, (b) S18HART-A effluent (c) S19WART-B influent, (d) S20WART-B effluent 

(c) 
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Figure 4-15: FTIR analysis, (a) S21HART-A influent, (b) S22HART-A effluent (c) S23WART-B influent, (d) S24WART-B effluent 
(winter) 

(a) (b) 
(d) 
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During the spring season the influent at WWTW A was composed of PS (medium 

impact)-(PS-MI) and PET while WWTW B was composed of PAM and carboxyl 

modified. The influent FTIR spectra and functional groups are presented below in 

Figure 4-16 (a) and (c) and Figure 4-17 (a) and (c). The Effluent at WWTW A was 

composed of polycarbonate and PP (glass filled). The WWTW B effluent in spring was 

composed of cellulose and PS, which are completely different polymers from these 

identified in the influent. Figure 4-16 (b) and (d) and Figure 4-17 (d) shows the FTIR 

transmittance spectra of the polymers identified in the effluent and functional groups 

for both WWTW. The most common functional groups identified were similar to those 

identified in summer, autumn and spring with most prevailing being methylene (>CH2), 

methyl (–CH3), Methyne (>CH–) carbonyl compound, olefinic (alkene), alcohol and 

hydroxy compounds. 

Across the four seasons it can be noted that winter was composed of different 

polymers as compared to summer, autumn and spring. This could be attributed to 

change in consumer behaviour due to seasonal change, which is likely to introduce 

different types of microplastics, for example consumers use more fiber clothes in 

winter as opposed to summer (Fältström et al,. 2021). The FTIR functional groups 

which are linked to polymers seems to be the same across the seasons. The functional 

group region was used to identify the compounds ranging from 1500-4000 cm-1. 
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Figure 4-16: FTIR analysis, (a) S25HART-A influent, (b) S26HART-A effluent (c) S27WART-B influent, (d) S28WART-B effluent 
(spring). 

(b) 

(d) 
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Figure 4-17: FTIR analysis, (a) S29HART-A influent, (b) S30HART-A effluent (c) S31WART-B influent, (d) S32WART-B effluent 
(spring)..
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In the current study, different polymers were identified from the FTIR library while the 

spectra were used to identify the functional group region. According to Bayu et al. 

(2019) there are two regions of FTIR spectra which is the finger print region (between 

600-1500 cm-1) and the functional group region. However, the functional group is 

comprised of single bond region (2500-4000 cm-1), triple bonds (2000-2500 cm-1) and 

double bond region (1500-2000 cm-1) wavelength. The finger print region is complex 

and is comprised of large number of peaks, therefore it was not used as opposed to 

functional group region (Aurelio Ramírez-Hernández & Universidad, 2019). In this 

study the fictional group regions were between 1500-3400 cm-1 as in the results 

obtained by FTIR. 

Williams et al. (2020) conducted a study on microplastics quantification comparing two 

WWTWs. The findings of the study revealed that the two studied WWTWs contained 

polymers such as PP, PE, PET and silicon in the influent and effluent over 10 months 

of monitoring. The current study showed a complex range of polymers identified in the 

influent and effluent of WWTW A and B. The influent and effluent of two WWTWs in 

the current study were comprised of polymers such as PE, ABS, polyacrylamide 

(PAM), polymethyl methacrylate (PPM), PS, cellulose, acrylic, polypropylene 

carbonate (PPC), thermoplastic vulcanizates (TPV), PECA and PMM. Contrary to 

Williams et al. (2020), the current study showed that the microplastics polymer types 

observed in the influent and effluent tend to vary seasonally. Studies such as Olesen 

et al. (2017); Stockin et al., 2021 and Yuvedha et al., 2019 showed similar finding to 

the current study. 

The functional groups identified represented various compounds such as ethylene 

(>CH2), methyl (−CH3), methyne (>CH−) carbonyl compound, olefinic (alkene), alcohol 

and hydroxy compound identified between 1500-4000 cm-1 wavelength. The functional 

groups identified are regarded as monomers from which polymers are derived. The 

monomers such as methyl and methyne are regarded as hydrocarbons and may 

contribute to water quality changes in the receiving environment. According to 

Shekoohiyan & Akbarzadeh (2022) microplastics particles can be consumed by fauna 

and may end up in human bodies through the hierarchy of food web and this is likely 

to affect the health of human beings. The identified saturated aliphatic, alcohol and 
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hydroxyl compounds as well as alkene in the current study forms part of polymer 

synthetic and are regarded as microplastics additives substances. 

Kang et al. (2018) observed that the occurrence of such polymer types as PS in 

wastewater may indicate domestic sewage as the main source since it is largely fibres 

that disintegrate during washing of laundries. Although the currents studies did not 

monitor the industrial streams and domestic streams separately at WWTW A, the 

combined wastewater from both domestic and industrial showed diverse types of 

polymers as opposed to WWTW B which is only receiving domestic effluent. Fältström 

et al. (2021) further indicates that polymers such as acrylic, PE and PP may originates 

from laundries in WWTW fed from domestic sources.  
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4.5. Analysis of microplastics particles using (SEM/EDX) 

Elemental analysis of particles was done to determine the composition of MPs using 

SEM coupled with EDX (SEM/EDX). Figures 4-18 below present the SEM images and 

graphs for elementary analysis for influent and effluent samples collected at WWTW 

A and B. Table 4-6 summarises the results obtained for elements identified. The 

SEM/EDX was performed for samples which were composed of PE low density PAM 

previously identified using the FTIR library of polymer standards. 

Figure 4-18 (a) shows the SEM images for influent at WWTW A with particle sizes at 

0.005 mm (5 µm). The sample was composed of PE low density showing fibrous 

shaped MPs. According to Figure 4-19 (a) and Table 4-5 below, a total of 13 elements 

were identified in the influent sample for WWTW A. The elements dominating the 

samples were C and O at 73.46% and 15.90%. Other peaks noticeable such as Cr, 

Mg, Cl, Fe, Al, Si, P and S were between the KeV ranges 0-4.  

Figure 4-18 (b) Shows the SEM image for effluent at WWTW A with particle sizes at 

0.05 mm (50 µm). The shapes of particles are long translucent fibres and fragmented 

materials containing PAM polymer. The elemental analysis shows peaks of high 

intensity between 0-4 KeV which are indexed to the elements C, O, P, Na, Mg and Cl. 

The most intense peak occurs in the range 2.5-3.0 KeV peak and is due to Cl followed 

the peaks due to Na and P between 1-2 KeV. The O and C peaks were noticeable 

between 0-1 KeV. The elements dominating the effluent sample at WWTW A were C 

at 58%, O at 26.9%, Cl at 8.73% and Na at 8.66% (See Table 4-6). The influent and 

effluent at WWTW A are composed of elements that can be linked to presence of 

microplastics, with heavy metals prevailing in the analysed samples which contain PE 

and PAM polymers. The influent shows higher percentages of O and C elements as 

compared to effluent. 

Figure 4-18 (C) shows the SEM images for influent at WWTW B with particle sizes 

averaging at 0.025 mm (25 µm). The MPs appear to be thick fibres of PE low density. 

Elementa composition shows that the influent at WWTW B is composed of C (52.26%), 

O (19.92%), Cl (8.73%) and Na (8.6%) (Table 4-7). The most intense peaks were 

identified in the range 0-4 KeV indicating the abundance of C, O, Na, Si, S, Cl and P 

in the microplastics. Other elements identified at lower peaks include Fe, Mg and Ca. 
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The presence of C, O and Cl provide evidence of polymer presence in the samples 

and associated metal.  

The SEM image for effluent at WWTW B confirms the presence of fibrous particles, 

but the fibres appear to be bio fouled, this could be attributed to microplastics having 

passed through different treatment stages in the activated sludge processes such as 

anaerobic zone, anoxic zone and aeration. Similar to the influent, the polymer 

composition of the effluent sample was PE low density as shown by the SEM image 

(See Figure 4-18 (c)) for reference. Figure 4-19 (d) present the elemental peaks in the 

samples, with the highest peaks occurring between 0 and 4 KeV. The highest peaks 

recorded in order are Cl between 2.8-3 KeV, Na between 1-1.5 KeV, Si between 1-2 

KeV and the O and C between 0-1 KeV. Other elemental peaks recorded include Mg, 

Al, P and S. According to Table 4-8, the effluent at WWTW B was predominantly 

composed of elements such as C (58.31%), O (22.01%) and Cl (6.38%). Other 

elements such as Mg, Al, Si, P, and S were prevalent in smaller percentages. 
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Figure 4-18 Shows SEM images for WWTW A & B, (a) HART-A Influent SEM image, (b) HART-A influent elementary analysis graph, 
(c) WART-B effluent SEM image, (d) WART-B effluent elementary analysis graph 
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Figure 4-19: SEM/EDX analysis for influent and effluent at WWTW A & B, (a) HART-A Influent SEM image, (b) HART-A influent 
elementary analysis graph, (c) WART-B effluent SEM image, (d) WART-B effluent elementary analysis graph
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Table 4-5: Details of microplastics particle composition from EDX analysis for Figure 
4-19 (b) HART-A effluent. Details of microplastics particle composition from EDX 
analysis for figure 23 (a) HART-A influent. 

Sampling 

point 

Atoms Weight % from EDX analysis Error % Reference 

spectrum 

Raw 

Influent 

sample 1 

HART 

C 73.46 +- 0.35 Polyethylene 

low density 

(PE) 
O 15.90 +- 0.26 

Cr 0.19 +- 0.01 

Fe 0.41 +- 0.03 

Mg 0.61 +- 0.03 

Al 0.86 +- 0.03 

Si 0.37 +- 0.03 

P 1.23 +- 0.03 

S 0.41 +- 0.01 

Cl 1.47 +- 0.02 

K 0.50 +- 0.02 

 Ca 0.55 +- 0.02 

 Na 4.02 +- 0.05  

Total 100  
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Table 4-6: Details of microplastics particle composition from EDX analysis for Figure 
4-19 (b) HART-A effluent. 

Sampling 

point 

Atoms Weight % from 

EDX analysis 

Error % Reference 

spectrum 

Final 

effluent 

sample 2 

HART 

C 58 0.42 Polyacrylamide 

(PAM) 
O 26.9 0.22 

Fe 0.09 0.02 

Mg 1.06 0.02 

Si 2.26 0.03 

P 0.77 0.01 

S 1.66 0.03 

Cl 8.73 0.03 

K 4.41 0.03 

 Ca 0.40 0.02 

 Na 5.19 0.05  

Total 100  
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Table 4-7: Details of microplastics particle composition from EDX analysis for Figure 
4-19 (c) WART-B influent. 

Sampling 

point 

Atoms Weight % from EDX 

analysis 

Error % Reference 

spectrum 

Raw influent 

sample 3 

WART 

C 52.26 +- 1.34 PE low density  

O 19.92 +- 0.51 

Fe 1.23 +- 0.09 

Mg 1.21 +- 0.04 

Al 0.18 +- 0.03 

Si 0.52 +- 0.03 

P 3.2 +- 0.08 

S 0.49 +- 0.04 

Cl 8.73 +- 0.12 

K 1.39 +- 0.08 

 Ca 2.21 +- 0.10 

 Na 8.66 +- 0.05  

Total 100  
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Table 4-8: Details of microplastics particle composition from EDX analysis for Figure 
4-19 (d) WART-B effluent. 

Sampling 

point 

Atoms Weight % from EDX 

analysis 

Error % Reference 

spectrum 

Final effluent 

sample 4 

WART 

C 58.31 +- 0.43 PE low density  

O 22.01 +- 0.19 

Mg 0.63 +- 0.03 

Al 0.21 +- 0.01 

Si 2.31 +- 0.02 

P 0.48 +- 0.01 

S 0.64 +- 0.01 

Cl 6.38 +- 0.04 

K 2.09 +- 0.02 

Total 100  

SEM imaging was used to generate high resolution micrographs which were used to 

differentiate the microplastics from organic materials. EDX was used to determine 

elements present in the MPs. Woo et al., (2021) further explained that elements such 

Al, Calcium, Mg, Na and Si are regarded as components of colorants, plasticizers and 

flame retardants in which microplastics are manufactured. In the current study, heavy 

metals related to microplastics additives were observed on polymers such as PAM 

and PE. The analysis of samples containing PE and PAM showed a high ratio of C 

and O which can be linked to fibres and fragments observed in the current study.  
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4.6. Microplastics removal efficiencies at WWTW A and B influent and final 

effluent. 

The removal efficiencies of microplastics were obtained by getting the difference 

between influent and effluent concentrations. The removal efficiencies were calculated 

seasonal based on microplastics concentrations quantified. Figure 4-20 shows the 

seasonal variation in the removal efficiencies of microplastics by two WWTWs utilising 

activated sludge processes. During summer season, WWTW A MPs removal 

efficiencies ranged between 6-62% while WWTW B ranged between 22-73%. There 

were high removal efficiencies at WWTW B during summer season. During autumn 

season, WWTW MPs A removal efficiencies ranged between 28-41% while WWTW B 

ranged between 38-66%, once again WWTW B removal efficiencies for microplastics 

remained high. During winter season, removal efficiencies at WWTW A ranged 

between 6-46% while WWTW B was between 60-66%. During spring season, the 

removal efficiencies for both WWTWs dropped, with WWTW A ranging between  

22-26% and WWTW B between 46-47%. The removal efficiencies across four 

seasons for WWTW A is highly variable while WWTW B shows similar trends. There 

is high removal rate of microplastics at WWTW B across four seasons as compared 

to WWTW B. 
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Microplastics removal in wastewater is key to limit the accumulation in the river and 

environment. The seasonal patterns in the microplastics removal efficiencies were 

determined at WWTW A and B. Figure 4-20 indicates that WWTW B has higher 

removal efficiencies than WWTW B across all the seasons attributed to hydraulic 

capacity and treatment configuration. A study done by Fernández et al. (2022) 

compared three different WWTWs, the WWTW 1 only do primary treatment, the water 

is then disposed to the sea while WWTW 2 and 3 has both primary and activated 

sludge treatment. The removal efficiencies for WWTW 1 were 58.2% while WWTW 2 

and 3 was 90%, the finding suggest that different plant configurations have influence 

on the amount of microplastics removed. The WWTW A removed less MPs than 

WWTW B, the differences in the treatment technology are noted. The WWTW A is 

using Modified University of Cape Town (UCT) configurations while WWTW B uses 3 

stage Pheredox. 

The design of plant configurations with various treatment stages aid in removal of 

microplastics. The study done by Ho et al. (2021) identified that various treatment unit 

in the wastewater work plays an important role in the removal of MPs .  

Figure 4-20: Seasonal microplastics removal efficiencies for WWTW A & B based on 
influent and effluent concentrations in MPs/L. 



119 

 

4.7.  Physicochemical test and microplastics statistical analysis 

The preliminary physicochemical test analysed were pH, temperature (T), COD and 

SS on the influent and effluent of WWTW. Microplastics concentrations and loadings 

were monitored and analysed across four seasons from 2021 December to 2022 

September. The purpose of this section was to perform statistical analysis to 

determine statically correlations between physicochemical parameters and 

microplastics concentrations and loading rate in wastewater influent and effluent. 

4.7.1. Statistical correlation between physicochemical test and microplastics 

concentrations 

The strength of association between physicochemical parameters and MPs was 

determine through Pearson correlation at p<0.05 and the coefficient of variation (r) 

ranging between 0.1-0.3 (small correlation), 0.3-0.5 (Medium correlation) and 0.5-1 

(large correlation) for all determined positive correlations. According to Figure 4-21 (a) 

there was a negative correlation between influent COD and influent MPs for WWTW 

A (r=0.04), however the effluent COD and effluent MPs showed a large correlation 

(r=0.6). There was also a medium correlation between influent COD and influent MPs 

for WWTW B (r=0.32). However, it can be noted that the effluent COD and MPs 

showed negative correlation (Figure 4-21 (b)). It can also be noted in Figure 4-22 (a) 

and (b) that for both WWTW A and B, there was a negative correlation in the influent 

and effluent SS and MPs concentrations. Figure 4-23 (a) and (b) also showed a 

negative correlation between MPs and pH in both WWTW A and B. The temperature 

and MPs correlated minimal with MPs (r=0.3) for WWTW A influent concentrations, 

however the effluent correlation was negative (see Figure 4-24 (a) and (b). 
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Figure 4-21: Correlation analysis between COD & MPs WWTW A & B, (a) WWTW A correlation, (b) WWTW B correlation 
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Figure 4-22: Correlation analysis between SS & MPs WWTW A & B, (a) WWTW A correlation, (b) WWTW B correlation 
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Figure 4-23: Correlation analysis between pH & MPs WWTW A & B, (a) WWTW A correlation, (b) WWTW B correlation  
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Figure 4-24: Correlation analysis between Temperature & MPs WWTW A & B, (a) WWTW A correlation, (b) WWTW B correlation 
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Microplastics in various studies have been observed to have positive correlations with 

physical and chemical parameters such as SS, COD and pH (Dalu et al., 2021; Kwon 

et al., 2022; Shekoohiyan & Akbarzadeh, 2022). The results of the study conducted 

by Kwon et al. (2022) using the IBM Statistical Package for Social Sciences (SPSS) 

shows that at 0.05 significance level, there is a positive correlation between COD, SS 

and MPs influent and effluent of WWTWs. In the current study COD had a positive 

correlation with MPs, but contrary to the study done by Kwon et al., (2022) there was 

a negative correlation between SS and MPs. Studies such as Dalu et al. (2021) and 

Seidensticker et al (2018) also confirmed that temperature and pH correlate with MPs 

concentrations. Contrary to the current study, temperature and pH in the influent and 

effluent did not correlate significantly. The poor correlation between pH and 

microplastics is likely to indicate a poor adsorption of polar and non-polar compounds 

in wastewater (Menéndez-Pedriza and Jaumot 2020).  

The positive correlation between microplastics and organic parameters such as COD 

and SS suggest that higher microplastics are likely to be discharged with effluent 

containing high organic concentrations, this is likely to increase turbidity and toxicity in 

the receiving waters (Kim et al 2023; Kwon et al 2022). 
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4.7.2. Correlation between organic loading (COD & SS) and microplastics 

loading. 

The COD, SS and MPs organic loading were obtained by multiplying the 

concentrations with the average flows received and discharged by WWTW A and B. 

From Figure 4-25 (a) and (b) it can be noted that there is a negative correlation 

between influent COD and microplastics loading (r=-0.2 and 0.003) for WWTW A and 

B. There was a smaller correlation between effluent COD loading and MPs loading 

(r=0.3 and 0.4) for WWTW A and B respectively. According to Figure 4-26 (a) there 

was a negative correlation between influent SS and MPs loading for WWTW A  

(r=-0.3). The effluent SS and MPs loading showed a smaller correlation (r=0.2) for 

WWTW A. The correlation for WWTW B is different from plant A, where the influent 

SS and MPs loading showed a smaller correlation and the effluent resulted in a 

negative correlation (See Figure 4-26 (b). 
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Figure 4-25: Correlation analysis between COD & MPs loading WWTW A & B, (a) WWTW A correlation, (b) WWTW B correlation  

(a) (b) 
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Figure 4-26: Correlation analysis between SS & MPs loading WWTW A & B, (a) WWTW A correlation, (b) WWTW B correlation 
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The COD and SS loading rate were obtained through recorded inflow rates which were 

also used to estimate MPs loading rate from the observed mass. The overall 

correlation analysis showed that there is no correlation between influent COD and MPs 

loading for most of the times, the effluent COD and MPs shows a smaller positive 

correlation while the influent and effluent SS loading showed a smaller correlation. 

Although the COD and SS loading rate were correlated to MPs loading in the current 

study, there was limited literature correlating COD and SS loading in kg/d and MPs in 

kg/d. Most studies reported a correlation of microplastics in counts/d or items/d 

comparing it to COD and SS in mg/L, therefore the studies compared MPs loading 

and organic concentrations which is different to the findings of the current study. The 

examples of studies such as Kwon et al. (2022) and Long et al. (2019) did a 

comparison of COD and SS concentrations to microplastics load, however, did not 

consider the mass of MPs. The overall results are evidence that a holistic approach to 

microplastics quantification is required to get comparable results. 

Although there is limited literature on SS and COD loading correlations, it is known 

that high COD and SS loading is associated with presence of microplastics in the 

surface water or receiving water bodies of wastewater effluent.  
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4.7.3.  Statistical correlation between the concentration of microplastics, toxic 

metals, non-metallic parameters and their potential health effects. 

The total of seven heavy metals and four non-metallic parameters were monitored and 

analysed at WWTW A and B and microplastics concentrations were determined at the 

influent and effluent each WWTWs. Microplastics are known to adsorb organic 

materials on their surfaces. The WWTWs has various sources of influent which include 

industries, storm water drainage, health facilities, pharmaceutical companies and 

domestic wastewater. The diverse source of influent makes the wastewater complex 

and contain different contaminants like heavy metals, microplastics and their additives. 

Therefore, it was essential to establish the statistical correlation between presence of 

microplastics and heavy metals. 

Figure 4-27 (a) and (b) indicate that only chloride has a small positive correlation with 

influent and effluent microplastics concentrations (r=0,29 and 0.15) respectively. 

There was also a smaller correlation between Zn and Fe and MPs in the effluent for 

WWTW A (r=0.51 and 0.16). Other trace metals such as Al, Mn, Cd, Fe, Pb and non-

metallic parameter SO4
2−

 did not correlate with MPs concentrations, this is likely due to 

the less concentrations detected in the influent and final effluent of WWTW A. The 

correlation coefficient values are presented in Figure 4-28 (a) and (b). Overall, there 

is no positive correlation between trace metals and MPs at WWTW A. However, the 

metals are detected in lower concentrations and may accumulate in the surface of 

microplastics and accumulate in the rivers. 

Figure 4-28 below present the correlation coefficient for non-metallic parameters such 

as Cl-, S, SO4
2− and F- detected at WWTW B. Only Cl- showed a small positive 

correlation (r=0.48 and 0.6) with influent and effluent MPs concentrations for WWTW 

B, non-metallic species such as Cl-, S and SO4
2− showed a negative correlation for 

WWTW B more specifically at the influent. Although S and SO4
2−

 correlated negatively 

with influent MPs concentrations, the non-metallic species showed a small positive 

correlation on the final effluent. The correlation of non-metals on the final effluent is 

likely due to increased concentrations attributed to the breaking down of organic and 

inorganic materials that maybe composed of different chemical composition detected 

in wastewater as well as microplastics samples.



130 

 

 

Figure 4-27: Correlation analysis between non-metallic parameter, metals & MPs concentrations WWTW A.

(a) (a) 
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Figure 4-28: Correlation analysis between non-metallic parameter, metals and MPs 
concentrations for WWTW B 

The heavy metals and non-metallic parameters were monitored in the influent and 

effluent for both WWTW A and B. According to the results obtained, it was evidence 

that only Cl- correlated positively with both influent and effluent MPs concentrations, 

while S, SO4
2− and Fe only showed positive correlation with effluent MPs 

concentrations. Although other parameters did not correlate statistically, their 

availability in water even in small concentrations can lead to accumulation and 

changes toxicity of the rivers (Ziajahromi, 2018). 

The study done by Nkosi et al. (2022) confirmed the presence of heavy metals such 

as As, Cu and Zn on the MPs. The presence of heavy metals on the final effluent 

containing microplastics is an indication of contaminants distribution into the rivers and 

other receiving environment. The presence of microplastics and heavy metals can 

cause adverse effects on the ecological status of the river by changing the water 

quality and ingestion by aquatic species is more detrimental to their health (Kwon et 
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al., 2022). The accumulation of heavy metals in aquatic species and surface water 

present danger in the food chain (Liu et al. 2021). It is likely that human beings may 

consume aquatic food and drinking water from source heavily polluted by microplastics 

which poses health risk.  

A number of studies have reported the presence of microplastics that have 

accumulated in fish species and other sea food (Beer et al., 2018; J. Zhao et al., 2018). 

There are various routes in which microplastics may find their way into the human 

body, the most common exposure routes is through eating food and inhaling air 

contaminated with microplastics (Yuan et al., 2022). Accumulated microplastics in the 

human body may results in the deformation of cells, raising up the inflammatory levels 

in the body, this can lead to ultimate death to human beings (Bhuyan, 2022). The study 

done by Wu et al. (2019) showed that microplastics in the human body reduces the 

growth Caco-2 cells and affect cell membranes such as mitochondria, the reported 

polymer for such adverse effects was PS. The exposure of people with compromised 

immune systems to microplastics, may further affect their wellbeing. Many studies 

have reported the adverse effects of microplastics such as stomach disorders, bowel 

disorder, brain damages, metabolic disorders and cancer (Bhuyan, 2022; Wu et al., 

2019; Xu et al., 2022; Yuan et al., 2022, 2022). 

Bhuyan (2022) further cited that the combined effects of microplastics with 

contaminants such as heavy metals (Pb, Cd and Zn) also contribute to hormonal 

disorders. Heavy metals are usually adsorbed to the surfaces of microplastics leading 

to the distribution of the contaminants in the human body through the consumption of 

food and liquids containing microplastics. Leslie et al. (2022) confirmed the presence 

of PS, PE and PET in human blood, continuous research on microplastics and human 

health implications is necessary to prevent health risk to human beings.  



133 

 

CHAPTER 5:   

CONCLUSION AND RECOMMENDATIONS 

This chapter conclude the findings obtained from the investigation of the occurrence 

and removal options of microplastics in wastewater treatment processes. The overall 

objectives achieved, and results are summarised in this chapter and the detailed 

description of answered research questions is presented. Furthermore, based on the 

findings and discussions, recommendations are provided for future research and 

improvements in the monitoring and management of microplastics in WWTWs. 

5.1. Summary of results 

The physicochemical water quality test done such as pH, temperature, SS and COD 

showed a higher concentration in the influent and effluent, except for temperature 

which did not change across all seasons. Heavy metals were also monitored in the 

two WWTWs. However, the concentrations of metals detected did not show much 

difference in the influent and effluent. Statistically, the overall correlation between the 

physicochemical parameters and trace metals such as Al, Cd, Chloride, Pb, Fe, Mn, 

Na, and Zn showed a negative or smaller correlation for both WWTW A and B. Only 

COD and Cl concentrations showed high correlation with MPs concentrations. There 

was a small correlation between COD and SS loading and microplastics in kg/d. 

Microplastics quantifications were done by determining the concentrations and loading 

in the influent and effluent of WWTWs. The influent concentrations and loadings of 

MPs were observed to be higher than the effluent MPs across summer, autumn, winter 

and spring. Lower concentrations were observed in the summer and autumn, while 

higher concentrations were observed in winter and spring. The removal efficiencies 

ranged between 6-66% at WWTW A and 46-66% at WWTW B. Although the two 

WWTWs removes microplastics, an estimated 34% of MPs are discharged into rivers. 

The characterization of microplastics was done in order to determine the sizes, shapes 

colours and chemical properties of microplastics. The microplastics sizes ranged 

between 0.01-0.02 mm in the influent and 0.01-0.05 in the final effluent with majority 

of fibres, fragments and angular shaped particles observed with colours ranging from 
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white, blue, red and black. The chemical characterisation entailed the identification of 

polymers and elementary analysis. The different polymers identified in the influent and 

effluent of WWTWs include PE, PET, PAM, PPM, ABS, PS, PPC and TPV. The 

elementary analysis of microplastics confirmed the presence of additives such as Al, 

Mg, Na, Zn, S, Si and abundance of O and C atoms which can be linked to presence 

of polymers such as PE and PAM. The functional group indicated by the FITR spectra 

confirmed the –OH polymeric bonds and the presence of methylene, ethylene and 

esters which are linked to microplastics additives.  

5.2. Conclusions  

The occurrence and removal options of microplastics in the activated sludge 

processes at WWTW A and B was investigated. The physicochemical parameters 

such as pH, temperature, SS and COD are important in the determination of 

microplastics concentrations. Although temperature and pH did not show a significant 

correlation with MPs concentrations, it is important to continuously monitor them in 

wastewater as it is documented that they have influence of microplastics and transport 

of contaminants. The presence of SS and COD has influence on the microplastics 

loading rate and organic loading, the positive Pearson correlations suggest that the 

two parameters can be used as indicators of MPs pollution in WWTWs. 

The analysis of heavy metals in the wastewater samples indicated the presence of 

trace metals such as Al, Cd, Cl-, Pb, Fe, Mn, F-, Sodium, and Zn. Although the overall 

correlation of metals and MPs concentrations is weak, their presence in the influent 

and effluent of WWTW A and B presence risk to the environment, as microplastics act 

as their vector to the environment. 

The microplastics identified in WWTWs vary in terms of concentrations and loading 

rate across different locations, based on the current study WWTW A had smaller 

capacity than WWTW A. WWTW B showed high concentrations and loading of 

microplastics as compared to WWTW A. This conclude that WWTWs with high 

operational hydraulic and organic loading receive more microplastics. The removal 

efficiency of microplastics is higher in WWTWs with sufficient hydraulic design 

capacity, WWTW A had smaller design hydraulic capacity as compared to WWTW B 

which remove more microplastics. Although the design of WWTWs plays an important 
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role in MPs concentrations and loading, the seasonal changes showed that from 

summer to autumn concentrations are slightly low as compared to winter and spring, 

this is attribute to high organic concentrations during dry seasons and high dilutions 

factors of wastewater in the wet seasons. 

The shapes, colours, and sizes of microplastics are not different across WWTWs, the 

physical properties of microplastics in WWTW A and B were similar across four 

seasons. However, the occurrence of diverse types of polymers at WWTW A indicates 

that wastewater connected to large industrial grids are prone to microplastics pollution 

as compared to WWTW B which only receives domestic sewage. The chemical 

composition of polymers were dominated by trace metals and organic compounds 

such as hydroxyl compounds, Alcohol, saturated aliphatic, polymeric –OH stretches 

which confirms the presence of plastics particles in the samples. 

5.3. Recommendations 

In line with the findings of the current study and empirical evidence gathered from 

literature, the following recommendations are suggested: 

• The water quality monitoring programmes in the Water Use Licences (WUL) 

should make provisions for inclusion of microplastics to track their 

distribution into the environment. 

• The current study was focused on the occurrence of microplastics in the 

influent and effluent of WWTWs, larger fractions of microplastics end up in 

the sludge process, it is therefore recommended that a broader study can 

be done focused on the assessments of microplastics in the sludge, soil, 

groundwater, influent, effluent, upstream and downstream in order to trace 

microplastics over the entire treatment process chain. 

• The eco-toxicological impacts of microplastics discharged with WWWTs 

final effluent need further investigations to ascertain researchers on the 

toxicity associated with the particles.  

• The municipal bylaws do not include the restrictions of disposal of plastics 

particles into the WWTWs-therefore municipalities should consider the 
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amendments of bylaws to reduce plastics loading which impact on the 

treatment processes. 

• The designs for WWTWs should make a provision for microplastics removal 

to limit the high loadings and accumulations into the receiving environment. 
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APPENDICES 

APPENDIX A. APPENDIX A: SEM/EDX IMAGES  

 

Figure A 1: SEM analysis for influent and effluent WWTW A: (a) S1HART-A influent, (b) S1HART-A influent, (c) S2HART-A 
effluent and (d) S2HART-A effluent (summer).  
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Figure A 2:SEM analysis for influent and effluent WWTW B: (a) S3WART-B influent, (b) S3WART-B influent, (c) S4WART-B 
effluent and (d) S4WART-B effluent (summer).   
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APPENDIX B. APPENDIX B: POM IMAGES (SUMMER) 

 

Figure A 3: POM analysis: (a) S1HART-A influent, (b) S2HART-A effluent, (c) S3WART-A influent and (d) S4WART-A effluent 
(summer). 
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Figure A 4: POM analysis: (a) S5HART-A influent, (b) S6HART-A effluent, (c) S7WART-A influent and (d) S8WART-A effluent 
summer.  
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APPENDIX C. APPENDIX C: POM IMAGES (AUTUMN) 

 

Figure A 5: POM analysis: (a) S9HART-A influent, (b) S10HART-A effluent, (c) S11WART-A influent and S12WART-A effluent 
autumn.  



142 

 

 

Figure A 6: POM analysis: (a) S13HART-A influent, (b) S14HART-A effluent, (c) S15WART-A influent and S16WART-A effluent 
(autumn). 
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APPENDIX D. APPENDIX D: POM IMAGES (WINTER) 

 

Figure A 7: POM analysis: (a) S17HART-A influent, (b) S18HART-A effluent, (c) S19WART-B influent & (d) S20WART-B effluent 
(winter). 
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Figure A 8: POM analysis: (a) S21HART-A influent, (b) S22HART-A effluent (c) S23WART-B influent, (d) S24WART-B effluent 
(winter). 
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APPENDIX E. APPENDIX E: POM IMAGES (SPRING) 

 

Figure A 9:POM analysis: (a) S25HART-A influent, (b) S26HART-A effluent (c) S27WART-B influent, (d) S28WART-B effluent 
(spring). 
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Figure A 10:POM analysis: (a) S29HART-A influent, (b) S30HART-A effluent (c) S31WART-B influent, (d) S32WART-B effluent 
(spring). 
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APPENDIX F. APPENDIX F: CONSENT FORM 
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APPENDIX G. APPENDIX G: ETHICS CLEARANCE LETTER 

 

  



150 

 

REFERENCES 

Abd-Elhamid, H. F. Abd-Elmoneem, S. M. Abdelaal, G. M. Zeleňáková, M. Vranayova, 

Z. & Abd-Elaty, I. (2021). Investigating and Managing the Impact of Using Untreated 

Wastewater for Irrigation on the Groundwater Quality in Arid and Semi-Arid Regions. 

International Journal of Environmental Research and Public Health, 18(14).1-34 

https://doi.org/10.3390/ijerph18147485 

Adeniran, A.A. and Shakantu, W. (2022). The Health and Environmental Impact 

of Plastic Waste Disposal in South African Townships: A Review. International 

Journal Environmental Research & Public Health. Jan 11;19(2):1-779. doi: 

10.3390/ijerph19020779.  

Adiloğlu, S. I, Yu, C. Chen, R., Li, J. J., Drahansky, M., Paridah, M. ., Moradbak, A., 

Mohamed, A. ., Owolabi, FolaLi, H. abdulwahab taiwo, Asniza, M., Abdul Khalid, S. H. 

., Sharma, T., Dohare, N., Kumari, M., Singh, U. K., Khan, A. B., Borse, M. S., … 

Reading, F. (2012). We are IntechOpen , the world ’ s leading publisher of Open 

Access books Built by scientists , for scientists TOP 1 %. Intech, i(tourism), 1-13. 

https://doi.org/10.1016/j.colsurfa.2011.12.014 

Al-Rekabi, W. S. Qiang, H. & Qiang, W. W. (2007). Improvements in wastewater 

treatment technology. Pakistan Journal of Nutrition, 6(2), 104–110. 

https://doi.org/10.3923/pjn.2007.104.110 

Alst, N. Van, & Vollertsen, J. (2018). Quanti fi cation of microplastic mass and removal 

rates at wastewater treatment plants applying Focal Plane Array ( FPA ) -based 

Fourier Transform Infrared ( FT-IR ) imaging. 142, 1–9. 

https://doi.org/10.1016/j.watres.2018.05.019  

Amobonye, A. Bhagwat, P. Raveendran, S. Singh, S. & Pillai, S. (2021). 

Environmental Impacts of Microplastics and Nanoplastics: A Current Overview. 

Frontiers in Microbiology,12(December),1–21. 

https://doi.org/10.3389/fmicb.2021.768297 

Anderson, J. C. Park, B. J. & Palace, V. P. (2016). Microplastics in aquatic 

https://doi.org/10.3390/ijerph18147485
file:///C:/Users/eshongtn/Downloads/0
file:///C:/Users/eshongtn/Downloads/0
https://doi.org/10.1016/j.colsurfa.2011.12.014
https://doi.org/10.3923/pjn.2007.104.110
https://doi.org/10.1016/j.watres.2018.05.019
https://doi.org/10.3389/fmicb.2021.768297


151 

 

environments: Implications for Canadian ecosystems. Environmental Pollution, 218, 

269–280. https://doi.org/10.1016/j.envpol.2016.06.074 

Archer, E. (2018). Interaction of pharmaceutical & personal care products (PPCPs) 

and endocrine disrupting contaminants (EDCs) with microbial communities in South 

African wastewater treatment works and environmental waters (Issue March 2018). 1-

244. University of Stellenbosch. Date accessed: 2020/10/15 

chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://core.ac.uk/download/pdf/18822

2264.pdf 

Asamoah, B. O. Uurasjärvi, E. Räty, J., Koistinen, A. Roussey, M. & Peiponen, K. E. 

(2021). Towards the development of portable and in-situ optical devices for detection 

of micro and nanoplastics in water: A review on the current status. Polymers, 13(5), 

1–30. https://doi.org/10.3390/polym13050730 

Atugoda, T. Vithanage, M. Wijesekara, H. Bolan, N. Sarmah, A. K. Bank, M. S. You, 

S. & Ok, Y. S. (2021). Interactions between microplastics, pharmaceuticals and 

personal care products: Implications for vector transport. Environment International, 

149(February), 106367. 1-22. https://doi.org/10.1016/j.envint.2020.106367 

Aurelio Ramírez-Hernández, C. A. & Universidad. (2019). Fingerprint analysis of FTIR 

spectra of polymers containing vinyl Análisis en la huella dactilar de espectros FTIR 

de polímeros que contienen etileno. 86(209), 1–9. 

https://doi.org/10.15446/dyna.v86n209.77513 

Babko, R. Kuzmina, T. & Lagod, G. (2016). Anaerobic Ciliates in Activated Sludge 

Communities. Environmental Protection, 18(September), 733–745. Date accessed: 

2022/11/23 

https://www.researchgate.net/publication/309320229_Anaerobic_Ciliates_in_Activat

ed_Sludge_Communities/link/5809c17808aeef21df0ee460/download 

Bakir, A., Galloway, T. and Ganther, S. (2022) ‘A critical review of microbiological 

colonisation of nano- and microplastics ( NMP ) and their significance to the food chain 

https://doi.org/10.1016/j.envpol.2016.06.074
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.3390/polym13050730
https://doi.org/10.1016/j.envint.2020.106367
https://doi.org/10.15446/dyna.v86n209.77513
https://www.researchgate.net/publication/309320229_Anaerobic_Ciliates_in_Activated_Sludge_Communities/link/5809c17808aeef21df0ee460/download
https://www.researchgate.net/publication/309320229_Anaerobic_Ciliates_in_Activated_Sludge_Communities/link/5809c17808aeef21df0ee460/download


152 

 

FSA Funded Project FS307021’, (February), 1–184. doi: 

https://www.food.gov.uk/research/foodborne-disease/a-critical-review-of-

microbiological-colonisation-of-nano-and-microplastics-nmps-and-their-significance-

to-the-food-chain. 

Barrows, A. P. W. Neumann, C. A. Berger, M. L., & Shaw, S. D. (2017). Grab: Vs. 

neuston tow net: A microplastic sampling performance comparison and possible 

advances in the field. Analytical Methods, 9(9), 1446–1453. 

https://doi.org/10.1039/c6ay02387h 

Bayo, J. Olmos, S. & López-Castellanos, J. (2021). Assessment of microplastics in a 

municipal wastewater treatment plant with tertiary treatment: Removal efficiencies and 

loading per day into the environment. Water (Switzerland), 13(10), 1–14. 

https://doi.org/10.3390/w13101339 

Bayu, A. Nandiyanto, D. Oktiani, R. & Ragadhita, R. (2019). Indonesian Journal of 

Science & Technology How to Read and Interpret FTIR Spectroscope of Organic 

Material. Science and Technology, 4(1), 97–118.  

http://ejournal.upi.edu/index.php/ijost/ 

Beer, S., Garm, A. Huwer, B. Dierking, J. & Nielsen, T. G. (2018). No increase in 

marine microplastic concentration over the last three decades – A case study from the 

Baltic Sea. Science of the Total Environment, 621, 1272–1279.  

https://doi.org/10.1016/j.scitotenv.2017.10.101 

Berman, E. (2017). An Exploratory Sequential Mixed Methods Approach to 

Understanding Researchers’ Data Management Practices at UVM: Integrated 

Findings to Develop Research Data Services’, Journal of eScience Librarianship, 6(1), 

1104-1106. doi: 10.7191/jeslib.2017.1104. 

Besley, A. Vijver, M. G. Behrens, P. & Bosker, T. (2017). A standardized method for 

sampling and extraction methods for quantifying microplastics in beach sand. Marine 

Pollution Bulletin, 114(1), 77–83. https://doi.org/10.1016/j.marpolbul.2016.08.055 

Bhuyan, M. S. (2022). Effects of Microplastics on Fish and in Human Health. Frontiers 

https://www.food.gov.uk/research/foodborne-disease/a-critical-review-of-microbiological-colonisation-of-nano-and-microplastics-nmps-and-their-significance-to-the-food-chain.
https://www.food.gov.uk/research/foodborne-disease/a-critical-review-of-microbiological-colonisation-of-nano-and-microplastics-nmps-and-their-significance-to-the-food-chain.
https://www.food.gov.uk/research/foodborne-disease/a-critical-review-of-microbiological-colonisation-of-nano-and-microplastics-nmps-and-their-significance-to-the-food-chain.
https://doi.org/10.1039/c6ay02387h
https://doi.org/10.3390/w13101339
http://ejournal.upi.edu/index.php/ijost/
https://doi.org/10.1016/j.scitotenv.2017.10.101
file:///C:/Users/eshongtn/Downloads/0
https://doi.org/10.1016/j.marpolbul.2016.08.055


153 

 

in Environmental Science, 10(March), 1–17. 

https://doi.org/10.3389/fenvs.2022.827289 

Blair, R. M. Waldron, S. Phoenix, V. R. & Gauchotte-Lindsay, C. (2019). Microscopy 

and elemental analysis characterisation of microplastics in sediment of a freshwater 

urban river in Scotland, UK. Environmental Science and Pollution Research, 26, 

12491–12504. https://doi.org/10.1007/s11356-019-04678-1 

Bonthuys, J. (2018). Death in a drop : Study explores microplastic pollution. February, 

12–15.  

chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://journals.co.za/doi/pdf/10.10520

/EJC-c3504ac4b 

Booth, A. M. & Tiller, RachelBooth, A. M. (2020). Handbook of Microplastics in the 

Environment. In Handbook of Microplastics in the Environment (Issue October). 44-58 

https://doi.org/10.1007/978-3-030-10618-8 

Bouwman, H. Minnaar, K. Bezuidenhout, C. & Verster, C. (2018). Microplastics in 

freshwater water environments a scoping study Report to the Water Research 

Commission. In Scoping report Water Research Commission (Issue 2610). 1-85 

www.wrc.org.za 

Boyle, K. & Örmeci, B. (2020). Microplastics and nanoplastics in the freshwater and 

terrestrial environment: A review. Water (Switzerland), 12(9). 1-45 

https://doi.org/10.3390/w12092633 

Branch, R. Maurer, B. Garavelli, L. Yang, Z. & Miller, L. (2022). Riverine Plastic 

Pollution : Sampling and Analysis Methods (Issue March, 1–38). USA Department of 

energy.  

chromeextension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.osti.gov/servlets/p

url/1863833#:~:text=Grab sampling collects more microplastic,loads than net 

sampling studies. 

Brander, S. M. Renick, V. C. Foley, M. M. Steele, C. Woo, M. Lusher, A. Carr, S. Helm, 

https://doi.org/10.3389/fenvs.2022.827289
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/12491–12504.%20https:/doi.org/10.1007/s11356-019-04678-1
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.1007/978-3-030-10618-8
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/www.wrc.org.za
https://doi.org/10.3390/w12092633
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1


154 

 

P. Box, C. Cherniak, S. Andrews, R. C. & Rochman, C. M. (2020). Sampling and 

Quality Assurance and Quality Control: A Guide for Scientists Investigating the 

Occurrence of Microplastics Across Matrices. Applied Spectroscopy, 74(9), 1099–

1125. https://doi.org/10.1177/0003702820945713 

Burchett, N. (2014). Book Review: Qualitative Inquiry and Research Design: Choosing 

among Five Approaches. British Journal of Occupational Therapy, 8(77), 435. 

https://doi.org/10.1177/030802261407700807 

Busetto, L., Wick, W., & Gumbinger, C. (2020). How to use and assess qualitative 

research methods. Neurological Research and Practice, 2(1). 1-21 

https://doi.org/10.1186/s42466-020-00059-z 

Buta, M., Hubeny, J., Zieliński, W., Harnisz, M., & Korzeniewska, E. (2021). Sewage 

sludge in agriculture – the effects of selected chemical pollutants and emerging 

genetic resistance determinants on the quality of soil and crops – a review. 

Ecotoxicology and Environmental Safety, 214, 1–14. 

https://doi.org/10.1016/j.ecoenv.2021.112070 

Campanale, C., Massarelli, C., Savino, I., & Locaputo, V. (2020). A Detailed Review 

Study on Potential Effects of Microplastics and Additives of Concern on Human Health. 

International Journal of Environmental Research and Public Health, 17(1212), 1–26. 

doi: 10.3390/ijerph17041212 

Campanale, Claudia, Massarelli, C., Savino, I., Locaputo, V., & Uricchio, V. F. (2020). 

A detailed review study on potential effects of microplastics and additives of concern 

on human health. International Journal of Environmental Research and Public Health, 

17(4), 1–26. https://doi.org/10.3390/ijerph17041212 

Campanale, C. Savino, I. Pojar, I. Massarelli, C. & Uricchio, V. F. (2020). A practical 

overview of methodologies for sampling and analysis of microplastics in riverine 

environments. Sustainability (Switzerland), 12(17). 

https://doi.org/10.3390/SU12176755 

Carolina, N., & Crime, S. (2015). Technical Procedure for Scanning Electron 

Microscope/ Energy Dispersive X-Ray System (SEM/EDX) for GSR Casework 

https://doi.org/10.1177/0003702820945713
https://doi.org/10.1177/030802261407700807
https://doi.org/10.1186/s42466-020-00059-z
https://doi.org/10.1016/j.ecoenv.2021.112070
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.3390/ijerph17041212
https://doi.org/10.3390/SU12176755


155 

 

Purpose. 7(2018), 1–9.  

chromeextension://efaidnbmnnnibpcajpcglclefindmkaj/https://forensicresources.org/w

p-content/uploads/2019/07/SEM-EDX-GSR-07-27-2018.pdf 

Casula, M. Rangarajan, N. & Shields, P. (2021). exploratory research. Quality & 

Quantity, 55(3), 1703–1725. https://doi.org/10.1007/s11135-020-01072-9 

Chaukura, N. Kefeni, K. K. Chikurunhe, I., Nyambiya, I. Gwenzi, W. Moyo, W. 

Nkambule, T. T. I. Mamba, B. B. & Abulude, F. O. (2021). Microplastics in the Aquatic 

Environment—The Occurrence, Sources, Ecological Impacts, Fate, and Remediation 

Challenges. Pollutants, 1(2), 95–118. https://doi.org/10.3390/pollutants1020009 

Chen, X., Lian, X. ying, Wang, Y., Chen, S. Sun, Y. ran, Tao, G. lin, Tan, Q. wen, & 

Feng, J. chun. (2023). Impacts of hydraulic conditions on microplastics biofilm 

development, shear stresses distribution, and microbial community structures in 

drinking water distribution pipes. Journal of Environmental Management, 325(PA), 

116510. https://doi.org/10.1016/j.jenvman.2022.116510 

Cholewińska, P. Moniuszko, H. Wojnarowski, K. Pokorny, P. Szeligowska, N., Dobicki, 

W. Polechoński, R. & Górniak, W. (2022). The Occurrence of Microplastics and the 

Formation of Biofilms by Pathogenic and Opportunistic Bacteria as Threats in 

Aquaculture. International Journal of Environmental Research and Public Health, 

19(13), 1–20. https://doi.org/10.3390/ijerph19138137 

Choy, C. A. Robison, B. H. Gagne, T. O. Erwin, B. Firl, E. Halden, R. U. Hamilton, J. 

A. Katija, K. Lisin, S. E. Rolsky, C. & Van Houtan, K. S. (2020). Author Correction: The 

vertical distribution and biological transport of marine microplastics across the 

epipelagic and mesopelagic water column (Scientific Reports, (2019), 9, 1, (7843), 

10.1038/s41598-019-44117-2). 1-32 https://doi.org/10.1038/s41598-020-57573-y 

Cleland, J. A. (2017). The qualitative orientation in medical education research. 

Korean Journal of Medical Education, 29(2), 61–71. 

https://doi.org/10.3946/kjme.2017.53 

Conley, K. Clum, A. Deepe, J. Lane, H. & Beckingham, B. (2019a). Wastewater 

file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
https://doi.org/10.1007/s11135-020-01072-9
https://doi.org/10.3390/pollutants1020009
https://doi.org/10.1016/j.jenvman.2022.116510
https://doi.org/10.3390/ijerph19138137
https://doi.org/10.1038/s41598-020-57573-y
https://doi.org/10.3946/kjme.2017.53


156 

 

treatment plants as a source of microplastics to an urban estuary: Removal efficiencies 

and loading per capita over one year. Water Research X, 3, 100030.1-9 

https://doi.org/10.1016/j.wroa.2019.100030 

Corradini, F. Meza, P. Eguiluz, R. Casado, F. Huerta-Lwanga, E. & Geissen, V. (2019). 

Evidence of microplastic accumulation in agricultural soils from sewage sludge 

disposal. Science of the Total Environment. 411-420 

https://doi.org/10.1016/j.scitotenv.2019.03.368 

Correia, J. João, P. Lopes, I., Duarte, A. C. & Rocha-santos, T. (2020). Environmental 

exposure to microplastics : An overview on possible human health effects. Science of 

the Total Environment, 702(134455), 1-24. 

https://doi.org/10.1016/j.scitotenv.2019.134455  

Cowger, W. Gray, A. Christiansen, S. H. DeFrond, H. Deshpande, A. D., 

Hemabessiere, L. Lee, E., Mill, L. Munno, K. Ossmann, B. E., Pittroff, M. Rochman, 

C. Sarau, G. Tarby, S. & Primpke, S. (2020). Critical Review of Processing and 

Classification Techniques for Images and Spectra in Microplastic Research. Applied 

Spectroscopy, 74(9), 989–1010. https://doi.org/10.1177/0003702820929064 

Creswell, J. W. and Creswell, J. D. (2018) Research and Design Qualitative, 

Quantitative and Mixed Methods Approaches, Thousand Oaks California. 1-44. Date 

accessed: 2023/06/17 

chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.ucg.ac.me/skladiste/blog_

609332/objava_105202/fajlovi/Creswell.pdf 

Cresswell, S. L. & Eklund, R. C. (2007). Athlete burnout: A longitudinal qualitative 

study. Sport Psychologist, 21(1), 1–20. https://doi.org/10.1123/tsp.21.1.1 

Cristaldi, A. Fiore, M. Zuccarello, P., Conti, G. O. Grasso, A. Nicolosi, I. Copat, C. & 

Ferrante, M. (2020). Efficiency of wastewater treatment plants (Wwtps) for microplastic 

removal: A systematic review. International Journal of Environmental Research and 

Public Health, 17(21), 1–23. https://doi.org/10.3390/ijerph17218014 

https://doi.org/10.1016/j.wroa.2019.100030
https://doi.org/10.1016/j.scitotenv.2019.03.368
https://doi.org/10.1016/j.scitotenv.2019.03.368
https://doi.org/10.1016/j.scitotenv.2019.134455
https://doi.org/10.1177/0003702820929064
file:///C:/Users/eshongtn/Downloads/0
file:///C:/Users/eshongtn/Downloads/0
file:///C:/Users/eshongtn/Downloads/0
https://doi.org/10.1123/tsp.21.1.1
https://doi.org/10.3390/ijerph17218014


157 

 

Dąbrowska, A. Gniadek, M. & Machowski, P. (2021). The proposal and necessity of 

the numerical description of nano- and microplastics’ surfaces (Plastisphere). 

Polymers, 13(14), 1–20. https://doi.org/10.3390/polym13142255 

Dalu, T. Banda, T. Mutshekwa, T. Munyai, L. F. & Cuthbert, R. N. (2021). Effects of 

urbanisation and a wastewater treatment plant on microplastic densities along a 

subtropical river system. Environmental Science and Pollution Research, 28(27), 

36102–36111. https://doi.org/10.1007/s11356-021-13185-1 

Danopoulos, E. Twiddy, M. & Rotchell, J. M. (2020). Microplastic contamination of 

drinking water : A systematic review. PLOS ONE, 15(7), 1–23. 

https://doi.org/10.1371/journal.pone.0236838 

Dawadi, S. Shrestha, S. & Giri, R. A. (2021). Mixed-Methods Research: A Discussion 

on its Types, Challenges, and Criticisms. Journal of Practical Studies in Education, 

2(2), 25–36. https://doi.org/10.46809/jpse.v2i2.20 

De Falco, F. Di Pace, E. Cocca, M. & Avella, M. (2019). The contribution of washing 

processes of synthetic clothes to microplastic pollution. Scientific Reports, 9(1), 1–11. 

https://doi.org/10.1038/s41598-019-43023-x 

Deocaris, C. C. Allosada, J. O. Ardiente, L. T. Bitang, L. G. G. Dulohan, C. L. Lapuz, 

J. K. I. Padilla, L. M. Ramos, V. P., & Padolina, J. B. P. (2019). Occurrence of 

microplastic fragments in the Pasig River. H2Open Journal, 2(1), 92–100. 

https://doi.org/10.2166/h2oj.2019.001 

uan, J. Bolan, N. Li, Y. Ding, S., Atugoda, T., Vithanage, M., Sarkar, B., Tsang, D. C. 

W., & Kirkham, M. B. (2021). Weathering of microplastics and interaction with other 

coexisting constituents in terrestrial and aquatic environments. Water Research, 196, 

117011. 1-15. https://doi.org/10.1016/j.watres.2021.117011 

du Plessis, A. (2017). Freshwater Challenges of South Africa and its Upper Vaal River: 

Current State and Outlook. 4(8), 65–76. https://doi.org/10.1007/978-3-319-49502-6_4 

Duncan, E. M. Botterell, Z. L. R. Broderick, A. C. Galloway, T. S. Lindeque, P. K. Nuno, 

A. & Godley, B. J. (2017). REVIEW A global review of marine turtle entanglement in 

https://doi.org/10.3390/polym13142255
https://doi.org/10.1007/s11356-021-13185-1
https://doi.org/10.1371/journal.pone.0236838
https://doi.org/10.46809/jpse.v2i2.20
https://doi.org/10.1038/s41598-019-43023-x
https://doi.org/10.2166/h2oj.2019.001
https://doi.org/10.1016/j.watres.2021.117011
https://doi.org/10.1007/978-3-319-49502-6_4


158 

 

anthropogenic debris : a baseline for further action. 34, 431–448.DOI: 

https://doi.org/10.3354/esr00865 

DWS. (2021). National State of Water Report for South Africa. 1-14. 

https://doi.org/WII/IWS/NSoW 19/20-0921 

Dyachenko, A. Mitchell, J. & Arsem, N. (2017). Extraction and identification of 

microplastic particles from secondary wastewater treatment plant (WWTP) effluent. 

Analytical Methods, 9(9), 1412–1418. https://doi.org/10.1039/c6ay02397e 

Rice E.W. R.B. Baird, A. D. E. (2017). Standard Methods for examination of water and 

wastewater. In Encyclopedia of Forensic Sciences: Second Edition. 43-44. 

https://doi.org/10.1016/B978-0-12-382165-2.00237-3 

Eberhardt, K. Stiebing, C., Matthaüs, C. Schmitt, M. & Popp, J. (2015). Advantages 

and limitations of Raman spectroscopy for molecular diagnostics: An update. Expert 

Review of Molecular Diagnostics, 15(6), 773–787. 

https://doi.org/10.1586/14737159.2015.1036744 

Edo, C. González-Pleiter, M. Leganés, F. Fernández-Piñas, F. & Rosal, R. (2020). 

Fate of microplastics in wastewater treatment plants and their environmental 

dispersion with effluent and sludge. Environmental Pollution, 259(14), 1–17. 

https://doi.org/10.1016/j.envpol.2019.113837 

Eerkes-Medrano, D. Leslie, H. A. & Quinn, B. (2019). Microplastics in drinking water: 

A review and assessment. In Current Opinion in Environmental Science and Health 

(pp. 22–44). https://doi.org/10.1016/j.coesh.2018.12.001 

Estahbanati, S. & Fahrenfeld, N. L. (2016). Influence of wastewater treatment plant 

discharges on microplastic concentrations in surface water. Chemosphere, 162(1), 

277–284. https://doi.org/10.1016/j.chemosphere.2016.07.083 

Eustina, M.N. Mgwenya, H.l. Mangashena, A. M. (2018). Energy recovery from 

wastewater sludge. Water Research Commission, 752(8), 1–125. 

https://doi.org/10.16309/j.cnki.issn.1007-1776.2003.03.004 

Fältström, E. Olesen, K. B. & Anderberg, S. (2021). Microplastic types in the 

https://doi.org/10.3354/esr00865
https://doi.org/WII/IWS/NSoW%2019/20-0921
https://doi.org/10.1039/c6ay02397e
https://doi.org/10.1016/B978-0-12-382165-2.00237-3
https://doi.org/10.1586/14737159.2015.1036744
https://doi.org/10.1016/j.envpol.2019.113837
https://doi.org/10.1016/j.coesh.2018.12.001
https://doi.org/10.1016/j.chemosphere.2016.07.083
https://doi.org/10.16309/j.cnki.issn.1007-1776.2003.03.004


159 

 

wastewater system—a comparison of material flow-based source estimates and the 

measurement-based load to a wastewater treatment plant. Sustainability 

(Switzerland), 13(10), 1–14. https://doi.org/10.3390/su13105404 

Fernández, J. H. Cano, H., Guerra, Y. Polo, E. P. Ríos-Rojas, J. F. Vivas-Reyes, R. & 

Oviedo, J. (2022). Identification and Quantification of Microplastics in Effluents of 

Wastewater Treatment Plant by Differential Scanning Calorimetry (DSC). 

Sustainability (Switzerland), 14(9). 1-18 https://doi.org/10.3390/su14094920 

Frandsen, A. F. (KSC-B. (2016). Polarized Light Microscopy. Standard Guide, 3(321), 

1–31. Date accessed: 2020/09/11 

chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://ntrs.nasa.gov/api/citations/201

70000349/downloads/20170000349.pdf 

Franzese, M. & Iuliano, A. (2018). Descriptive statistics. In Encyclopedia of 

Bioinformatics and Computational Biology: ABC of Bioinformatics. 1–33. 

https://doi.org/10.1016/B978-0-12-809633-8.20354-3 

Frias, J. P. G. L. & Nash, R. (2019). Microplastics: Finding a consensus on the 

definition. Marine Pollution Bulletin, 138(2), 145–147. 

https://doi.org/10.1016/j.marpolbul.2018.11.022 

Frigione, M. Marini, G. & Pinna, M. (2021). A thermal analysis-based approach to 

identify different waste macroplastics in beach litter: The case study of aquatina di 

frigole natura 2000 site (it9150003, Italy). Sustainability (Switzerland), 13(6), 1–15. 

https://doi.org/10.3390/su13063186 

Gago, J. Windsor, F. M. Durance, I. Horton, A. A. Thompson, R. C. Tyler, C. R. 

Ormerod, S. J. Vazquez, A. Carlos, J. Zeferino, A. Thompson, R. C., Olson, Y. Mitchell, 

R. P. Davis, A. Rowland, S. J., John, A. W. G., McGonigle, D., Russell, A. E. Thiel, M. 

Ovando, F. (2019). Standardised protocol for monitoring microplastics in seawater. 

Marine Pollution Bulletin, 44(3), 90–96. https://doi.org/10.1016/j.wsee.2020.08.001 

Gallo, F. Fossi, C. Weber, R. Santillo, D. Sousa, J. Ingram, I. Nadal, A. & Romano, D. 

https://doi.org/10.3390/su13105404
https://doi.org/10.3390/su14094920
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.1016/B978-0-12-809633-8.20354-3
https://doi.org/10.1016/j.marpolbul.2018.11.022
https://doi.org/10.3390/su13063186
https://doi.org/10.1016/j.wsee.2020.08.001
https://doi.org/10.1016/j.wsee.2020.08.001


160 

 

(2018). Marine litter plastics and microplastics and their toxic chemicals components : 

the need for urgent preventive measures. Environmental Sciences Europe, 30(13), 1–

14. https://doi.org/10.1186/s12302-018-0139-z 

Ganiyu, S. O. Van Hullebusch, E. D. Cretin, M. Esposito, G. & Oturan, M. A. (2015). 

Coupling of membrane filtration and advanced oxidation processes for removal of 

pharmaceutical residues: A critical review. Separation and Purification Technology, 

156(1), 891–914. https://doi.org/10.1016/j.seppur.2015.09.059 

Gasperi, J. Wright, S. L. Dris, R. Collard, F. Guerrouache, M. Langlois, V. Kelly, F. J. 

Gasperi, J. Wright, S. L. Dris, R. Collard, F. & Mandin, C. (2019). Microplastics in air : 

Are we breathing it in ? To cite this version : HAL Id : hal-01665768 Microplastics in 

air : are we breathing in it ? DOI : 10.1016/j.coesh.2017.10. 

Gatidou, G., Arvaniti, O. S., & Stasinakis, A. S. (2019). Review on the occurrence and 

fate of microplastics in Sewage Treatment Plants. Journal of Hazardous Materials, 

367(1), 504–512. https://doi.org/10.1016/j.jhazmat.2018.12.081 

Gaylarde, C. Baptista-Neto, J. A. & da Fonseca, E. M. (2021). Plastic microfibre 

pollution: how important is clothes’ laundering? Heliyon, 7(5), 07-105. 

https://doi.org/10.1016/j.heliyon.2021.e07105 

Gelete, G. Gokcekus, H. Ozsahin, D. U. Uzun, B. & Gichamo, T. (2020). Evaluating 

disinfection techniques of water treatment. Desalination and Water Treatment, 

177(May 2019), 408–415. https://doi.org/10.5004/dwt.2020.25070 

GESAMP. (2015). Science for Sustainable Oceans. 1-28 www.imo.org 

GESAMP. (2016). Sources, fate and effects of microplastics in the marine 

environment: part 2 of a global assessment. (IMO, FAO/UNESCO-

IOC/UNIDO/WMO/IAEA/UN/UNEP/UNDP). In: Kershaw, P.J. (Ed.), Rep. Stud. 

GESAMP No. 90 (96 pp). Reports and Studies GESAMP, No. 93, 96 P., 93(1–220). 

Date accessed: 2022/12/13 

chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/http://www.gesamp.org/site/assets/file

https://doi.org/10.1186/s12302-018-0139-z
https://doi.org/10.1016/j.seppur.2015.09.059
https://dx.doi.org/10.1016/j.coesh.2017.10.002
https://dx.doi.org/10.1016/j.coesh.2017.10.002
https://doi.org/10.1016/j.jhazmat.2018.12.081
https://doi.org/10.1016/j.heliyon.2021.e07105
https://doi.org/10.5004/dwt.2020.25070
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/www.imo.org
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0


161 

 

s/1275/sources-fate-and-effects-of-microplastics-in-the-marine-environment-part-2-

of-a-global-assessment-en.pdf 

GESAMP Joint Group of Experts on the Scientific Aspects of Marine Environmental 

Protection. (2015). Sources, fate and effects of microplastics in the marine 

environment: a global assessment”. Reports and Studies GESAMP, 54(3), 90–96. 

Date accessed: 2022/12/13 

chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://ec.europa.eu/environment/mari

ne/good-environmental-status/descriptor-

10/pdf/GESAMP_microplastics%20full%20study.pdf 

Gewert, B. Plassmann, M. M. & Macleod, M. (2015). Environmental Science 

Processes & Impacts Pathways for degradation of plastic polymers fl oating in the 

marine environment. Environmental Scienceprocesses and Impacts, 17(1513), 1513–

1521. https://doi.org/10.1039/c5em00207a 

Geyer, R. Jambeck, J. R. & Law, K. L. (2017). Production, use, and fate of all plastics 

ever made. Science Advances, 3(7), 3–8. https://doi.org/10.1126/sciadv.1700782 

Girão, A. V. Caputo, G. & Ferro, M. C. (2017). Application of Scanning Electron 

Microscopy–Energy Dispersive X-Ray Spectroscopy (SEM-EDS). Comprehensive 

Analytical Chemistry, 75(June), 153–168. 

https://doi.org/10.1016/bs.coac.2016.10.002 

Grassi, M. Kaykioglu, G. Belgiorno, V. & Lofrano, G. (2012). Removal of emerging 

pollutants from water and wastewater by adsorption process. Natural and Solar Based 

Treatment, 5(18), 15–37. https://doi.org/10.1007/978-94-007-3916-1_2 

Guyer, P. (2011). An Introduction to Advanced Wastewater Treatment. Engineers 

Edge, LLC PDH & Professional Training, 877, 1–6. 

http://www.cedengineering.com/courseoutline.asp 

Guan, Q. F., Yang, H. Bin, Han, Z. M., Ling, Z. C., & Yu, S. H. (2020). An all-natural 

bioinspired structural material for plastic replacement. Nature Communications, 11(1), 

file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.1039/c5em00207a
https://doi.org/10.1016/bs.coac.2016.10.002
https://doi.org/10.1007/978-94-007-3916-1_2
http://www.cedengineering.com/courseoutline.asp


162 

 

1–7. https://doi.org/10.1038/s41467-020-19174-1 

Habib, R. Z. Thiemann, T. & Al Kendi, R. (2020). Microplastics and Wastewater 

Treatment Plants — A Review. Journal of Water Resource and Protection, 2020(12), 

1–35. https://doi.org/10.4236/jwarp.2020.121001 

Habib, R.Z. Thiemann, T. & Al Kendi, R. (2020). Microplastics and wastewater 

treatment plants-a review. Journal of Water Resource and Protection, 12(01), 1–35. 

https://doi.org/10.4236/jwarp.2020.121001 

Hahladakis, J. N. Velis, C. A. Weber, R. Iacovidou, E. & Purnell, P. (2018). An overview 

of chemical additives present in plastics: Migration, release, fate and environmental 

impact during their use, disposal and recycling. Journal of Hazardous Materials, 344, 

179–199. https://doi.org/10.1016/j.jhazmat.2017.10.014 

Halfar, J. Brožová, K. Čabanová, K. Heviánková, S. Kašpárková, A. & Olšovská, E. 

(2021). Disparities in methods used to determine microplastics in the aquatic 

environment: A review of legislation, sampling process and instrumental analysis. 

International Journal of Environmental Research and Public Health, 18(14). 23-44 

https://doi.org/10.3390/ijerph18147608 

Hamilton, B. Rochman, C. Hoellein, T. Robison, B. Van Houtan, K., & Choy, C. (2021). 

Prevalence of microplastics and anthropogenic debris within a deep-sea food web. 

Marine Ecology Progress Series, 675, 23–33. https://doi.org/10.3354/meps13846 

Hansen, K. (2015). Overview of Wastewater Treatment in South Africa. In AWARD 

Tech Report Series.1-63. Date accessed: 2022/11/01 chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://award.org.za/wp/wp-

content/uploads/2020/07/AWARD-Tech-Report-42-Overview-of-waste-water-

treatment-in-South-Africa-2015-v1.pdf 

Hamm, T. Lorenz, C. & Piehl, S. (2018). Youmares 8 – Oceans Across Boundaries: 

Learning from Each Other, 2017. 1-14 https://doi.org/10.1007/978-3-319-93284-2 

Haris, A. Hadiyanto, H. & Muhammad, F. (2020). Sampling methods of microplastics 

in freshwater and seawater envionment. E3S Web of Conferences, 202, 0–5. 

https://doi.org/10.1038/s41467-020-19174-1
https://doi.org/10.4236/jwarp.2020.121001
https://doi.org/10.4236/jwarp.2020.121001
https://doi.org/10.1016/j.jhazmat.2017.10.014
https://doi.org/10.3390/ijerph18147608
https://doi.org/10.3354/meps13846
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.1007/978-3-319-93284-2


163 

 

https://doi.org/10.1051/e3sconf/202020206012 

Hidayaturrahman, H. & Lee, T. (2019). A study on characteristics of microplastic in 

wastewater of South Korea : Identification , quantification , and fate of microplastics 

during treatment process. Marine Pollution Bulletin, 146(May), 696–702. 

https://doi.org/10.1016/j.marpolbul.2019.06.071 

Hirt, N. & Body-Malapel, M. (2020). Immunotoxicity and intestinal effects of nano- and 

microplastics: a review of the literature. Particle and Fibre Toxicology, 17(1), 1–22. 

https://doi.org/10.1186/s12989-020-00387-7 

Ho, K. Tang, D. & Hadibarata, T. (2021). Microplastics removal through water 

treatment plants : Its feasibility , efficiency , future prospects and enhancement by 

proper waste management. Environmental Challenges, 5(July), 100264. 1-43. 

https://doi.org/10.1016/j.envc.2021.100264 

Horton, A. A. & Barnes, D. K. A. (2020). Microplastic pollution in a rapidly changing 

world: Implications for remote and vulnerable marine ecosystems. Science of the Total 

Environment, 738, 140349. 1-23. https://doi.org/10.1016/j.scitotenv.2020.140349 

Houck, B. (2019). Identification and Characterization of Microfibers in Wastewater 

Discharging into Lake Erie (Issue May). Bowling Green State University. 1-33. Date 

Accessed: 2021/09/12  

chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://etd.ohiolink.edu/apexprod/rws_

etd/send_file/send?accession=bgsu1555701070926725&disposition=inline 

Hung, C. Klasios, N. Zhu, X. Sedlak, M. Sutton, R. & Rochman, C. M. (2021). Methods 

Matter: Methods for Sampling Microplastic and Other Anthropogenic Particles and 

Their Implications for Monitoring and Ecological Risk Assessment. Integrated 

Environmental Assessment and Management, 17(1), 282–291. 

https://doi.org/10.1002/ieam.4325 

Hwang, J. Choi, D. Han, S., Jung, S. Y. Choi, J. & Hong, J. (2020). Potential toxicity 

of polystyrene microplastic particles. Scientific Reports, 10(1), 1–12. 

https://doi.org/10.1051/e3sconf/202020206012
https://doi.org/10.1016/j.marpolbul.2019.06.071
https://doi.org/10.1186/s12989-020-00387-7
https://doi.org/10.1016/j.envc.2021.100264
https://doi.org/10.1016/j.scitotenv.2020.140349
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.1002/ieam.4325


164 

 

https://doi.org/10.1038/s41598-020-64464-9 

Iloms, E. Ololade, O. O. Ogola, H. J. O., & Selvarajan, R. (2020). Investigating 

industrial effluent impact on municipal wastewater treatment plant in vaal, South 

Africa. International Journal of Environmental Research and Public Health, 17(3), 1–

18. https://doi.org/10.3390/ijerph17031096 

Issac, M. N. & Kandasubramanian, B. (2021). Effect of microplastics in water and 

aquatic systems. Environmental Science and Pollution Research, 28(16), 19544–

19562. https://doi.org/10.1007/s11356-021-13184-2 

IUCN. (2020). The legal, policy and institutional framework governing marine plastics 

in South Africa. Environmental Law, 148, 148–162. 

Ivleva, N. P. (2021a). Chemical Analysis of Microplastics and Nanoplastics : 

Challenges , Advanced Methods , and Perspectives. Chemical Review, 121, 11886–

11936. https://doi.org/10.1021/acs.chemrev.1c00178 

Ivleva, N. P. (2021b). Chemical Analysis of Microplastics and Nanoplastics: 

Challenges, Advanced Methods, and Perspectives. Chemical Reviews, 121(19), 

11886–11936. https://doi.org/10.1021/acs.chemrev.1c00178 

Iyare, P. U. Ouki, S. K., & Bond, T. (2020a). Microplastics removal in wastewater 

treatment plants: A critical review. Environmental Science: Water Research and 

Technology, 6(10), 2664–2675. https://doi.org/10.1039/d0ew00397b 

Iyare, P. U. Ouki, S. K. & Bond, T. (2020b). Microplastics removal in wastewater 

treatment plants: A critical review. Environmental Science: Water Research and 

Technology, 6(10), 2664–2675. https://doi.org/10.1039/d0ew00397b 

Jing, R. Fusi, S. & Kjellerup, B. V. (2018). Remediation of Polychlorinated Biphenyls ( 

PCBs ) in Contaminated Soils and Sediment : State of Knowledge and Perspectives. 

Environmental Science, 6(July), 1–17. https://doi.org/10.3389/fenvs.2018.00079 

Joelene Govender, T. N. Sershen, A. B.  &  Anusha Rajkaran, S. C. (2020). Towards 

Characterising Microplastic Abundance ,. Water, 12(2802), 1–24. 

https://doi.org/10.3390/w12102802 

https://doi.org/10.1038/s41598-020-64464-9
https://doi.org/10.3390/ijerph17031096
https://doi.org/10.1007/s11356-021-13184-2
https://doi.org/10.1021/acs.chemrev.1c00178
https://doi.org/10.1021/acs.chemrev.1c00178
https://doi.org/10.1039/d0ew00397b
https://doi.org/10.1039/d0ew00397b
https://doi.org/10.3389/fenvs.2018.00079
https://doi.org/10.3390/w12102802


165 

 

Jones, E. R. Van Vliet, M. T. H. Qadir, M. & Bierkens, M. F. P. (2021). Country-level 

and gridded estimates of wastewater production, collection, treatment and reuse. 

Earth System Science Data, 13(2), 237–254. https://doi.org/10.5194/essd-13-237-

2021 

Joo, S. H. Liang, Y. Kim, M. Byun, J. & Choi, H. (2021). Microplastics with Adsorbed 

Contaminants : Mechanisms and Treatment Submitted to. In Environmental 

Challenges. Elsevier B.V. 1-15. https://doi.org/10.1016/j.envc.2021.100042 

Masura, J. Baker, J. Foster, G. and Arthur3, C.  (2015). Laboratory Methods for the 

Analysis of Microplastics in the Marine Environment: Recommendations for 

quantifying synthetic particles in waters and sediments (Issue July). 1-39. Date 

accessed: 2022/01/10 

chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://marinedebris.noaa.gov/sites/de

fault/files/publications-files/noaa_microplastics_methods_manual.pdf 

Jung, M. R. Horgen, F. D. Orski, S. V. Rodriguez C. V. Beers, K. L. Balazs, G. H. 

Jones, T. T. Work, T. M. Brignac, K. C. Royer, S. J. Hyrenbach, K. D. Jensen, B. A. & 

Lynch, J. M. (2018). Validation of ATR FT-IR to identify polymers of plastic marine 

debris, including those ingested by marine organisms. Marine Pollution Bulletin, 

127(November 2017), 704–716. https://doi.org/10.1016/j.marpolbul.2017.12.061 

Kampire, E. & Rubidge, G. (2017). Characterization of polychlorinated biphenyls in 

surface sediments of the North End Lake , Port Elizabeth , South Africa. WatervSA, 

43(4), 646–654. http://dx.doi.org/10.4314/wsa.v43i4.12  

Kang, H.-J. Park, H.-J. Kwon, O.-K. Lee, W.-S. Jeong, D.-H., Ju, B.-K., & Kwon, J.-H. 

(2018). Occurrence of microplastics in municipal sewage treatment plants: a review. 

Environmental Health and Toxicology, 33(3), e2018013. 

https://doi.org/10.5620/eht.e2018013 

Kannan, K. & Vimalkumar, K. (2021). A Review of Human Exposure to Microplastics 

and Insights Into Microplastics as Obesogens. Frontiers in Endocrinology, 12(August), 

1–19. https://doi.org/10.3389/fendo.2021.724989 

https://doi.org/10.5194/essd-13-237-2021
https://doi.org/10.5194/essd-13-237-2021
https://doi.org/10.1016/j.envc.2021.100042
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
https://doi.org/10.1016/j.marpolbul.2017.12.061
http://dx.doi.org/10.4314/wsa.v43i4.12 
https://doi.org/10.5620/eht.e2018013
https://doi.org/10.3389/fendo.2021.724989


166 

 

Karlsson, T. M. Kärrman, A. Rotander, A. & Hassellöv, M. (2020). Comparison 

between manta trawl and in-situ pump filtration methods, and guidance for visual 

identification of microplastics in surface waters. Environmental Science and Pollution 

Research, 27(5), 5559–5571. https://doi.org/10.1007/s11356-019-07274-5 

Katyal, D. Kong, E. & Villanueva, J. (2020). Microplastics in the environment: impact 

on human health and future mitigation strategies. Environmental Health Review, 63(1), 

27–31. https://doi.org/10.5864/d2020-005 

Kelly, J. J. London, M. G. McCormick, A. R. Rojas, M. Scott, J. W. & Hoellein, T. J. 

(2021). Wastewater treatment alters microbial colonization of microplastics. PLoS 

ONE, 16(1 January), 1–19. https://doi.org/10.1371/journal.pone.0244443 

Khan, I. Saeed, K. & Khan, I. (2019). Nanoparticles: Properties, applications and 

toxicities. Arabian Journal of Chemistry, 12(7), 908–931. 

https://doi.org/10.1016/j.arabjc.2017.05.011  

Khan, F. M. & Gupta, R. (2020). Escherichia coli (e. coli) as an indicator of fecal 

contamination in groundwater: A review. Environmental Science and Engineering, 

February, 225–235. https://doi.org/10.1007/978-3-030-45263-6_21 

Kim, I. S. Chae, D. H. Kim, S. K. Choi, S. B., & Woo, S. B. (2015). Factors Influencing 

the Spatial Variation of Microplastics on High-Tidal Coastal Beaches in Korea. 

Archives of Environmental Contamination and Toxicology, 69(3), 1–77. 

https://doi.org/10.1007/s00244-015-0155-6 

Kjeldsen, A. Price, M. Lilley, C. Guzniczak, E. & Archer, I. (2019). A Review of 

Standards for Biodegradable Plastics with support from. In Industrial Biotechnology 

Innovation Centre IBioIC. 1-16. Date accessed: 2022/09/15 

chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://assets.publishing.service.gov.u

k/government/uploads/system/uploads/attachment_data/file/817684/review-

standards-for-biodegradable-plastics-IBioIC.pdf 

Koelmans, A. A. Mohamed Nor, N. H. Hermsen, E., Kooi, M. Mintenig, S. M. & De 

https://doi.org/10.1007/s11356-019-07274-5
https://doi.org/10.5864/d2020-005
https://doi.org/10.1371/journal.pone.0244443
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1007/978-3-030-45263-6_21
https://doi.org/10.1007/s00244-015-0155-6
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0


167 

 

France, J. (2019). Microplastics in freshwaters and drinking water: Critical review and 

assessment of data quality. Water Research, 155(2019), 410–422. 

https://doi.org/10.1016/j.watres.2019.02.054 

Kosovsky, L. (2022). The Chemical Characterization of Microplastic Polymer 

Composition from Various Littoral Environments on Cape Cod , Massachusetts The 

Chemical Characterization of Microplastic Polymer Composition from Various Littoral 

Environments on Cape Cod , Massachuset. 1–103. Chemistry commons. 

https://digitalcommons.conncoll.edu/chemhp 

Kovač Viršek, M. Palatinus, A. Koren, Š., Peterlin, M. Horvat, P. & Kržan, A. (2016). 

Protocol for Microplastics Sampling on the Sea Surface and Sample Analysis. Journal 

of Visualized Experiments : JoVE, 118(4), 1–66. https://doi.org/10.3791/55161 

Krüger-Franck, E. (2019). Anthropocentric impacts on the ecology and biodiversity of 

the natalspruit watercourse and its associated wetlands by (Issue July) [South Africa]. 

1-39. chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://uir.unisa.ac.za/bitstream/handl

e/10500/25806/dissertation_kruger_franck_e.pdf?sequence=1&isAllowed=y 

Kumar, K. Hundal, L. S. K. B. R., & Ben, D. (2017). Land Application of Biosolids: 

Human Health Risk Assessment Related to Microconstituents. Water Environment 

Federation,1–10. 

https://patentimages.storage.googleapis.com/41/b5/ca/69ffeea861af61/US8949899.

pdf 

Kumar, M. Sarma, D. K. Shubham, S. & Kumawat, M. (2020). Environmental 

Endocrine-Disrupting Chemical Exposure : Role in Non-Communicable Diseases. 

Public Health, 8(September), 1–28. https://doi.org/10.3389/fpubh.2020.553850 

Kwon, H. J. Hidayaturrahman, H. Peera, S. G., & Lee, T. G. (2022). Elimination of 

Microplastics at Different Stages in Wastewater Treatment Plants. Water 

(Switzerland), 14(15), 1–14. https://doi.org/10.3390/w14152404 

Laca, A. Laca, A. & Mario, D. (2021). Microplastics in Wastewater and Drinking Water 

Treatment Plants : Occurrence and Removal of Microfibres. Applied Science, 11(2), 

https://doi.org/10.1016/j.watres.2019.02.054
https://digitalcommons.conncoll.edu/chemhp
https://doi.org/10.3791/55161
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
https://patentimages.storage.googleapis.com/41/b5/ca/69ffeea861af61/US8949899.pdf
https://patentimages.storage.googleapis.com/41/b5/ca/69ffeea861af61/US8949899.pdf
https://doi.org/10.3389/fpubh.2020.553850
https://doi.org/10.3390/w14152404


168 

 

1–25. https://doi.org/10.3390/app112110109 

Lares, M. Ncibi, M. C. Sillanpää, M. & Sillanpää, M. (2018a). Occurrence, identification 

and removal of microplastic particles and fibers in conventional activated sludge 

process and advanced MBR technology. Water Research, 133(January), 236–246. 

https://doi.org/10.1016/j.watres.2018.01.049 

Lares, M. Ncibi, M. C. Sillanpää, M. & Sillanpää, M. (2018b). Occurrence, identification 

and removal of microplastic particles and fibers in conventional activated sludge 

process and advanced MBR technology. Water Research, 133(January), 236–246. 

https://doi.org/10.1016/j.watres.2018.01.049 

Lasee, S. Mauricio, J. Thompson, W. A. Karnjanapiboonwong, A. Kasumba, J. 

Subbiah, S. Morse, A. N. & Anderson, T. A. (2017). Microplastics in a freshwater 

environment receiving treated wastewater effluent. In Integrated Environmental 

Assessment and Management. https://doi.org/10.1002/ieam.1915 

Lassen, C. Hansen, S. F. Magnusson, K. Noren, F. Hartmann, N. I. B. Jensen, P. R. 

Nielsen, T. G. & Brinch, A. (2015). Summary of Environmental Project No. 1793, 2015: 

Microplastics - Occurence, effects and sources of release to the environment in 

Denmark (Issue 1793). 

http://mst.dk/service/publikationer/publikationsarkiv/2015/nov/rapport-om-mikroplast/ 

Law, K. L. Starr, N. Siegler, T. R., Jambeck, J. R. Mallos, N. J. & Leonard, G. H. (2020). 

The United States’ contribution of plastic waste to land and ocean. Science Advances, 

6(44), 1–8. https://doi.org/10.1126/sciadv.abd0288 

Lebreton, L. Slat, B., Ferrari, F. Sainte-Rose, B. Aitken, J. Marthouse, R. Hajbane, S. 

Cunsolo, S. Schwarz, A., Levivier, A. Noble, K., Debeljak, P. Maral, H. Schoeneich-

Argent, R. Brambini, R. & Reisser, J. (2018). Evidence that the Great Pacific Garbage 

Patch is rapidly accumulating plastic. Scientific Reports, 8(1), 1–15. 

https://doi.org/10.1038/s41598-018-22939-w 

Lenz, R. Enders, K. Fischer, F. Brandt, J. Fischer, D., & Labrenz, M. (2021). Measuring 

impacts of microplastic treatments via image recognition on immobilised particles 

below 100 μm. Microplastics and Nanoplastics, 1(1), 1–21. 

https://doi.org/10.3390/app112110109
https://doi.org/10.3390/app112110109
https://doi.org/10.1016/j.watres.2018.01.049
https://doi.org/10.1016/j.watres.2018.01.049
https://doi.org/10.1002/ieam.1915
http://mst.dk/service/publikationer/publikationsarkiv/2015/nov/rapport-om-mikroplast/
https://doi.org/10.1126/sciadv.abd0288
https://doi.org/10.1038/s41598-018-22939-w


169 

 

https://doi.org/10.1186/s43591-021-00012-0 

Leslie, H. A. van Velzen, M. J. M. Brandsma, S. H. Vethaak, A. D. Garcia-Vallejo, J. 

J., & Lamoree, M. H. (2022). Discovery and quantification of plastic particle pollution 

in human blood. Environment International, 163(December 2021), 107-199. 

https://doi.org/10.1016/j.envint.2022.107199 

Lewis, S. (2015). Qualitative Inquiry and Research Design: Choosing Among Five 

Approaches’, Health Promotion Practice, pp. 23–36. doi: 

10.1177/1524839915580941. 

Liu, L. (2016). Using Generic Inductive Approach in Qualitative Educational Research: 

A Case Study Analysis. Journal of Education and Learning, 5(2), 129. 

https://doi.org/10.5539/jel.v5n2p129 

Liu, S. Shi, J. Wang, J. Dai, Y. Li, H. Li, J. Liu, X. Chen, X. Wang, Z. & Zhang, P. 

(2021). Interactions Between Microplastics and Heavy Metals in Aquatic 

Environments: A Review. Frontiers in Microbiology, 12(April), 1–14. 

https://doi.org/10.3389/fmicb.2021.652520 

Liu, W. Zhang, J. Liu, H., Guo, X. Zhang, X. Yao, X. Cao, Z. & Zhang, T. (2021). A 

review of the removal of microplastics in global wastewater treatment plants: 

Characteristics and mechanisms. Environment International, 146, 106277. 1-23. 

https://doi.org/10.1016/j.envint.2020.106277 

Liu, F. Nord, N. B. Bester, K. & Vollertsen, J. (2020). Microplastics removal from 

treated wastewater by a biofilter. Water (Switzerland), 12(4), 1–11. 

https://doi.org/10.3390/W12041085 

Liu, Q. Wu, H. Chen, J. Guo, B. Zhao, X. Lin, H. Li, W., Zhao, X. Lvleva, S. & Huang, 

C. (2022). Adsorption mechanism of trace heavy metals on microplastics and 

simulating their effect on microalgae in river. Environmental Research, 214(P1), 

113777. 1-28. https://doi.org/10.1016/j.envres.2022.113777 

Llorca, M. & Farré, M. (2021). Current Insights into Potential Effects of Micro-

Nanoplastics on Human Health by in-vitro Tests. Toxicology, 3(September), 1–24. 

https://doi.org/10.1186/s43591-021-00012-0
https://doi.org/10.1016/j.envint.2022.107199
file:///C:/Users/eshongtn/Downloads/0
file:///C:/Users/eshongtn/Downloads/0
https://doi.org/10.5539/jel.v5n2p129
https://doi.org/10.3389/fmicb.2021.652520
https://doi.org/10.1016/j.envint.2020.106277
https://doi.org/10.3390/W12041085
https://doi.org/10.1016/j.envres.2022.113777


170 

 

https://doi.org/10.3389/ftox.2021.752140 

Lloyd-smith, M. (2018). Ocean pollutants guide toxic threats to human health and 

marine life (Issue October). 1-18. 

chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://ipen.org/sites/default/files/docu

ments/ipen-ocean-pollutants-v2_1-en-web.pdf 

Lofty, J. Muhawenimana, V. Wilson, C. A. M. E. & Ouro, P. (2022). Microplastics 

removal from a primary settler tank in a wastewater treatment plant and estimations 

of contamination onto European agricultural land via sewage sludge recycling. 

Environmental Pollution, 304(March), 119198. 1-14. 

https://doi.org/10.1016/j.envpol.2022.119198 

Long, Z. Pan, Z., Wang, W. Ren, J. Yu, X. Lin, L., Lin, H. Chen, H. & Jin, X. (2019). 

Microplastic abundance, characteristics, and removal in wastewater treatment plants 

in a coastal city of China. Water Research, 155, 255–265. 

https://doi.org/10.1016/j.watres.2019.02.028 

Lusher, A. (2015). Microplastics in the marine environment: Distribution, interactions 

and effects. In Marine Anthropogenic Litter (pp. 245–307). https://doi.org/10.1007/978-

3-319-16510-3_10 

Lusher, A. Hollman, P. & Mandoza-Hill, J. (2017). Microplastics in fisheries and 

aquaculture. In FAO Fisheries and Aquaculture Technical Paper (Vol. 615, Issue July). 

1-148. http://www.fao.org/3/a-i7677e.pdf 

Lusher, A. L. Hurley, R. R. Vogelsang, C. Nizzetto, L., & Olsen, M. (2017). Mapping 

microplastics in sludge. 7215, 55. 1-24. https://doi.org/10.13140/RG.2.2.25277.56804 

Lusher, A. L. Welden, N. A. Sobral, P. & Cole, M. (2017). Sampling, isolating and 

identifying microplastics ingested by fish and invertebrates. Analytical Methods, 9(9), 

1346–1360. https://doi.org/10.1039/c6ay02415g 

Lvleva, X. Dong, Q. Zuo, Z., Liu, Y. Huang, X. & Wu, W. M. (2019). Microplastics in a 

https://doi.org/10.3389/ftox.2021.752140
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.1016/j.envpol.2022.119198
https://doi.org/10.1016/j.watres.2019.02.028
http://www.fao.org/3/a-i7677e.pdf
https://doi.org/10.13140/RG.2.2.25277.56804
https://doi.org/10.1039/c6ay02415g


171 

 

municipal wastewater treatment plant: Fate, dynamic distribution, removal efficiencies, 

and control strategies. Journal of Cleaner Production, 225, 579–586. 

https://doi.org/10.1016/j.jclepro.2019.03.321 

Magalhães, S. Alves, L. Medronho, B. Romano, A. & da Graça Rasteiro, M. (2020). 

Microplastics in Ecosystems: From Current Trends to Bio-Based Removal Strategies. 

Molecules, 25(17), 1–19. https://doi.org/10.3390/molecules25173954 

Magnusson, K. Eliasson, K. Fråne, A. Haikonen, K. Hulten, J. Olshammar, M. 

Stadmark, J. Voisin, A. & IVL Svenska Miljöinstitutet. (2016). Swedish source and 

pathways for microplastics to the marine environment - A review of existing data. In 

Number C 183, IVL Swedish Environmental Research Institute. 1-22. Date accessed: 

2022/07/23 

chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.ivl.se/download/18.3016a

17415acdd0b1f4616/1491392836533/C183.pdf 

Mahon, A. M. O’Connell, B. Healy, M. G. O’Connor, I. Officer, R., Nash, R. & Morrison, 

L. (2017). Microplastics in sewage sludge: Effects of treatment. Environmental 

Science and Technology, 51(2), 810–818. https://doi.org/10.1021/acs.est.6b04048 

Mansa, R. & Zou, S. (2021). Thermogravimetric analysis of microplastics: A mini 

review. Environmental Advances, 5, 100117. 1-12. 

https://doi.org/10.1016/j.envadv.2021.100117 

Maraqa, M. A. Meetani, M. & Alhalabi, A. M. (2020). Effectiveness of conventional 

wastewater treatment processes in removing pharmaceutically active compounds. 

IOP Conference Series: Earth and Environmental Science, 424(1), 1–38. 

https://doi.org/10.1088/1755-1315/424/1/012014 

Mariano, S. Tacconi, S. Fidaleo, M. Rossi, M. & Dini, L. (2021). Micro and Nanoplastics 

Identification: Classic Methods and Innovative Detection Techniques. Frontiers in 

Toxicology, 3(February), 1–17. https://doi.org/10.3389/ftox.2021.636640 

Marine & Environmental Research Institute. (2015). Guide to Microplastics 

https://doi.org/10.1016/j.jclepro.2019.03.321
https://doi.org/10.3390/molecules25173954
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.1021/acs.est.6b04048
https://doi.org/10.1016/j.envadv.2021.100117
https://doi.org/10.1088/1755-1315/424/1/012014
https://doi.org/10.3389/ftox.2021.636640


172 

 

Identification. 1-32. http://sfyl.ifas.ufl.edu/media/sfylifasufledu/flagler/sea-grant/pdf-

files/microplastics/MERI_Guide-to-Microplastic-Identification.pdf 

Martin, K. M. Hasenmueller, E. A. White, J. R., Chambers, L. G. & Conkle, J. L. (2018). 

Sampling, sorting, and characterizing microplastics in aquatic environments with high 

suspended sediment loads and large floating debris. Journal of Visualized 

Experiments, 2018(137), 1–9. https://doi.org/10.3791/57969 

Martin Z. (2012). Water 2012 - A review of the SA water sector. Powertech, May, 1–

28. Date accessed: 2022/09/17 

chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://static.pmg.org.za/120904revie

w.pdf 

Martinho, S. D. Fernandes, V. C. Figueiredo, S. A. & Delerue-Matos, C. (2022). 

Microplastic Pollution Focused on Sources, Distribution, Contaminant Interactions, 

Analytical Methods, and Wastewater Removal Strategies: A Review. International 

Journal of Environmental Research and Public Health, 19(9), 1–24. 

https://doi.org/10.3390/ijerph19095610 

Mason, V. G. Skov, M. W. Hiddink, J. G. & Walton, M. (2022). Microplastics alter 

multiple biological processes of marine benthic fauna. Science of the Total 

Environment, 845(July), 157362. 1-21    

https://doi.org/10.1016/j.scitotenv.2022.157362 

Masura, J. Baker, J. Foster, G. & Arthur, C. (2015a). Laboratory Methods for the 

Analysis of Microplastics in the Marine Environment. NOAA Marine Debris Program 

National, July, 1–39. https://marinedebris.noaa.gov/sites/default/files/publications-

files/noaa_microplastics_methods_manual.pdf 

McCormick, A. R. Hoellein, T. J. London, M. G. Hittie, J., Scott, J. W. & Kelly, J. J. 

(2016). Microplastic in surface waters of urban rivers: Concentration, sources, and 

associated bacterial assemblages. Ecosphere, 7(11), 1–22. 

https://doi.org/10.1002/ecs2.1556 

http://sfyl.ifas.ufl.edu/media/sfylifasufledu/flagler/sea-grant/pdf-files/microplastics/MERI_Guide-to-Microplastic-Identification.pdf
http://sfyl.ifas.ufl.edu/media/sfylifasufledu/flagler/sea-grant/pdf-files/microplastics/MERI_Guide-to-Microplastic-Identification.pdf
https://doi.org/10.3791/57969
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.3390/ijerph19095610
https://doi.org/10.1016/j.scitotenv.2022.157362
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
https://doi.org/10.1002/ecs2.1556


173 

 

Meegoda, J. N. Li, B. Patel, K. & Wang, L. B. (2018). A review of the processes, 

parameters, and optimization of anaerobic digestion. International Journal of 

Environmental Research and Public Health, 15(10), 1–16. 

https://doi.org/10.3390/ijerph15102224 

Menéndez-Pedriza, A., & Jaumot, J. (2020). Interaction of Environmental Pollutants 

with Microplastics: A Critical Review of Sorption Factors, Bioaccumulation and 

Ecotoxicological Effects. Toxics, 8(2). 1-46 https://doi.org/10.3390/toxics8020040 

Michalkiewicz, M. (2019). Wastewater treatment plants as a source of bioaerosols. 

Polish Journal of Environmental Studies, 28(4), 2261–2272. 

https://doi.org/10.15244/pjoes/90183 

Miao, M. Liu, J. Dou, Y. Hao, H. Cheng, X., Zhang, M. & Li, Y. (2022). Effects of 

microplastics on DBPs formation under the chlorination of natural organic matters. 

Chemosphere, 296(January), 134067. 1-12.  

https://doi.org/10.1016/j.chemosphere.2022.134067 

Miller, E. Sedlak, M. Lin, D. Box, C. Holleman, C. Rochman, C. M., & Sutton, R. (2021). 

Recommended best practices for collecting, analyzing, and reporting microplastics in 

environmental media: Lessons learned from comprehensive monitoring of San 

Francisco Bay. Journal of Hazardous Materials, 409(November 2020), 124770. 1-17 

https://doi.org/10.1016/j.jhazmat.2020.124770 

Milojevic, N. & Cydzik‐kwiatkowska, A. (2021). Agricultural use of sewage sludge as 

a threat of microplastic (Mp) spread in the environment and the role of governance. 

Energies, 14(19), 1–16. https://doi.org/10.3390/en14196293 

Mohamed Nor, N. H. Kooi, M. Diepens, N. J. & Koelmans, A. A. (2021). Lifetime 

Accumulation of Microplastic in Children and Adults. Environmental Science and 

Technology, 55(8), 5084–5096. https://doi.org/10.1021/acs.est.0c07384 

Moodley, B. Birungi, G. & Ndungu, P. (2016). Detection and Quantification of 

Emerging Organic Pollutants in the Umgeni and Msunduzi Rivers (Issue 2215). 1-18. 

Date accessed: 2022/07/02 

https://doi.org/10.3390/ijerph15102224
https://doi.org/10.3390/toxics8020040
https://doi.org/10.15244/pjoes/90183
https://doi.org/10.1016/j.chemosphere.2022.134067
https://doi.org/10.1016/j.jhazmat.2020.124770
https://doi.org/10.3390/en14196293
https://doi.org/10.1021/acs.est.0c07384


174 

 

chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.wrc.org.za/wp-

content/uploads/mdocs/2215-1-16.pdf 

Moreira, F. C. Boaventura, R. A. R. Brillas, E., & Vilar, V. J. P. (2017). Electrochemical 

advanced oxidation processes: A review on their application to synthetic and real 

wastewaters. In Applied Catalysis B: Environmental (pp. 44–56). 

https://doi.org/10.1016/j.apcatb.2016.08.037 

Mokonyama, S. Schalkwyk, M. & Rajagopaul, R. (2017). Guidelines and good 

practices for water treatment residues handling , disposal and reuse in south africa 

Report to the Water Research Commission by Simon Mokonyama , Megan Schalkwyk 

and Rachi Rajagopaul Umgeni Water WRC Report No . TT 738 / 17 December 20 

(Issue December). 1-33. Date accessed: 2021/08/19 

chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.wrc.org.za/wp-

content/uploads/mdocs/TT738.pdf 

Mrowiec, B. (2018). The role of wastewater treatment plants in surface water 

contamination by plastic pollutants. E3S Web of Conferences, 45(3), 1–8. 

https://doi.org/10.1051/e3sconf/20184500054 

Murphy, F. Ewins, C. Carbonnier, F. & Quinn, B. (2016). Wastewater Treatment Works 

(WwTW) as a Source of Microplastics in the Aquatic Environment. Environmental 

Science and Technology, 50(11), 5800–5808. 

https://doi.org/10.1021/acs.est.5b05416 

Naidoo, T. Rajkaran, A. & Sershen. (2020). Impacts of plastic debris on biota and 

implications for human health: A South African perspective. South African Journal of 

Science, 116(5–6), 1–8. https://doi.org/10.17159/sajs.2020/7693 

Nandakumar, V. K. Palani, S. G. & Varma, M. R. R. (2022). Interactions between 

microplastics and unit processes of wastewater treatment plants: A critical review. 

Water Science and Technology, 85(1), 496–514. https://doi.org/10.2166/wst.2021.502 

National Research Council. (1994). Polymer Science and Engineering. In Polymer 

Science and Engineering. 1-9. https://doi.org/10.17226/2307 

file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.1016/j.apcatb.2016.08.037
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.1051/e3sconf/20184500054
https://doi.org/10.1021/acs.est.5b05416
https://doi.org/10.17159/sajs.2020/7693
https://doi.org/10.2166/wst.2021.502
https://doi.org/10.17226/2307


175 

 

Nel, H. A. Chetwynd, A. J. Kelly, C. A., Stark, C. Valsami-Jones, E. Krause, S. & Lynch, 

I. (2021). An Untargeted Thermogravimetric Analysis-Fourier Transform Infrared-Gas 

Chromatography-Mass Spectrometry Approach for Plastic Polymer Identification. 

Environmental Science and Technology, 55(13), 8721–8729. 

https://doi.org/10.1021/acs.est.1c01085 

Nelms, S. E. Duncan, E. M. Broderick, A. C. Galloway, T. S., Godfrey, M. H. Hamann, 

M. Lindeque, P. K. & Godley, B. J. (2015). Plastic and marine turtles: A review and 

call for research. September. 1-22. https://doi.org/10.1093/icesjms/fsv165 

Nguyen, N. T. Nhon, N. T. T., Hai, H. T. N., Chi, N. D. T. & Hien, T. T. (2022). 

Characteristics of Microplastics and Their Affiliated PAHs in Surface Water in Ho Chi 

Minh City, Vietnam. Polymers, 14(12), 1–20. https://doi.org/10.3390/polym14122450 

Nhat Nguyen, M. Huong Nguyen, L. Phuong Nguyen, X. Hieu Le, T. Viet Pham, V. & 

Chi Minh city, H. (2021). A techno-environmental assessment from microplastic 

characterization to its removal by innovative technologies. Journal of Mechanical 

Engineering Research and Developments, 44(8), 55–68. Date accessed: 202/09/14 

chrome 

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://jmerd.net/Paper/Vol.44,No.8(2

021)/55-68.pdf 

Nikolopoulou, I. Piperagkas, O. Moschos, S. and Karayanni, H. (2023). Bacteria 

Release from Microplastics into New Aquatic Environments. Diversity, 15, 115. 1-39. 

https://doi.org/10.3390/d15010115 

Nkambule, T. I. Krause, R. W. M. Haarhoff, J. & Mamba, B. B. (2012). Natural organic 

matter (NOM) in South African waters: NOM characterisation using combined 

assessment techniques. Water SA, 38(5), 697–706. 

https://doi.org/10.4314/wsa.v38i5.7 

Nkosi, S. D. Malinga, S. P. & Mabuba, N. (2022). Microplastics and Heavy Metals 

Removal from Fresh Water and Wastewater Systems Using a Membrane. 

Separations, 9(7). 1-7.  https://doi.org/10.3390/separations9070166 

Olesen, K. B. Alst, N. Van, Simon, M. & Vianello, A. (2017). "Analysis of Microplastics 

https://doi.org/10.1021/acs.est.1c01085
https://doi.org/10.1093/icesjms/fsv165
https://doi.org/10.3390/polym14122450
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.3390/d15010115
https://doi.org/10.4314/wsa.v38i5.7
https://doi.org/10.3390/separations9070166


176 

 

using FTIR Imaging Identifying and quantifying microplastics in (Issue April 2019,  1–

7.  

https://www.agilent.com/enus/agilent404?s=www.agilent.com/cs/library/applications/

5991-8271EN_microplastics_ftir_application.pdf 

Organisation for Economic Co-operation and Development. (2018). Improving plastics 

management: trends, policy responses, and the role of international co-operation and 

trade. Environmental Policy Paper No. 12, 12, 1-20.  

http://dx.doi.org/10.1126/sciadv.1700782 

Ory, N. C. Lehmann, A. Javidpour, J., Stöhr, R. Walls, G. L. & Clemmesen, C. (2020). 

Factors influencing the spatial and temporal distribution of microplastics at the sea 

surface – A year-long monitoring case study from the urban Kiel Fjord, southwest 

Baltic Sea. Science of the Total Environment, 122(4), 736-749. 

https://doi.org/10.1016/j.scitotenv.2020.139493 

Park, H. & Park, B. (2021). Review of Microplastic Distribution, Toxicity, Analysis 

Methods, and Removal Technologies. Water Journal, 13(2736), 1–29. 

DOI:10.3390/w13192736 

Pathan, S. I.  Arfaioli, P. Bardelli, T. Ceccherini, M. T. Nannipieri, P. & Pietramellara, 

G. (2020). Soil pollution from micro-and nanoplastic debris: A hidden and unknown 

biohazard. Sustainability (Switzerland), 12(18), 1–31. 

https://doi.org/10.3390/su12187255 

Peng, J. Wang, J. & Cai, L. (2017). Current understanding of microplastics in the 

environment: Occurrence, fate, risks, and what we should do. In Integrated 

Environmental Assessment and Management . 1-44.  

https://doi.org/10.1002/ieam.1912 

Pinto Da Costa, J. Rocha Santos, T. & Duarte, A. (2020). The environmental impacts 

of plastics and micro-plastics use , waste and pollution: EU and national measures. 

European Union, October, 10–62. https://doi.org/gb5k 

https://www.agilent.com/enus/agilent404?s=www.agilent.com/cs/library/applications/5991-8271EN_microplastics_ftir_application.pdf
https://www.agilent.com/enus/agilent404?s=www.agilent.com/cs/library/applications/5991-8271EN_microplastics_ftir_application.pdf
http://dx.doi.org/10.1126/sciadv.1700782
https://doi.org/10.1016/j.scitotenv.2020.139493
http://dx.doi.org/10.3390/w13192736
https://doi.org/10.3390/su12187255
https://doi.org/10.1002/ieam.1912
https://doi.org/gb5k


177 

 

Punyauppa-Path, S. & Punyauppa-Path, P. (2020). Microplastics: Origin, 

Environmental impact, Food and Beverage contamination and Management methods. 

Naresuan University Journal: Science and Technology, 28(2), 72–80. 

https://www.journal.nu.ac.th/NUJST/article/view/Vol-28-No-2-2020-72-80 

Quecholac-Piña, X. Hernández-Berriel, M. D. C. Mañón-Salas, M. D. C., Espinosa-

Valdemar, R. M. & Vázquez-Morillas, A. (2020). Degradation of plastics under 

anaerobic conditions: A short review. Polymers, 12(1), 1–18. 

https://doi.org/10.3390/polym12010109 

Re, V. (2019). Shedding light on the invisible : addressing the potential for groundwater 

contamination by plastic microfibers. Hydrogeology, 27, 2719–2727. 

https://doi.org/https://doi.org/10.1007/s10040-019-01998-x 

Reddy, M. S. B. Ponnamma, D. Choudhary, R. & Sadasivuni, K. K. (2021). A 

comparative review of natural and synthetic biopolymer composite scaffolds. 

Polymers, 13(7). 1-22. https://doi.org/10.3390/polym13071105 

Ricciardi, M. Pironti, C. Motta, O., Miele, Y. Proto, A. & Montano, L. (2021). 

Microplastics in the aquatic environment: Occurrence, persistence, analysis, and 

human exposure. Water (Switzerland), 13(7), 1–30. 

https://doi.org/10.3390/w13070973 

Roberto R, Rodrı´gueza, A. Perdigo´n-Melo´na, J.A. Petrea, A.  Garcı´a-Calvoa E. 

Jose´ Go´mezb, M. Agu¨erab, A. R. F.-A. (2010). Occurrence of emerging pollutants 

in urban wastewater and their removal through biological treatment followed by 

ozonation. Water Research, 44(2), 578–588.  

https://doi.org/10.1016/j.watres.2009.07.004 

Rodseth, C. Notten, P. & von Blottnitz, H. (2020). A revised approach for estimating 

informally disposed domestic waste in rural versus urban South Africa and implications 

for waste management. South African Journal of Science, 116(1–2), 1–6. 

https://doi.org/10.17159/sajs.2020/5635 

Rosal, R. (2021). Morphological description of microplastic particles for environmental 

https://www.journal.nu.ac.th/NUJST/article/view/Vol-28-No-2-2020-72-80
https://doi.org/10.3390/polym12010109
https://doi.org/https:/doi.org/10.1007/s10040-019-01998-x
https://doi.org/10.3390/polym13071105
https://doi.org/10.3390/w13070973
https://doi.org/10.1016/j.watres.2009.07.004
https://doi.org/10.17159/sajs.2020/5635


178 

 

fate studies. Marine Pollution Bulletin, 171, 1–17.  

https://doi.org/10.1016/j.marpolbul.2021.112716 

Saipolbahri, N. Anak Bitlus, M. L. Ismail, N. A., Fauzi, N. M. & Subki, N. S. (2020). 

Determination of Microplastics in Surface Water and Sediment of Kelantan Bay. IOP 

Conference Series: Earth and Environmental Science, 549(1). 1-25. 

https://doi.org/10.1088/1755-1315/549/1/012059 

Santschi, P. H. Chin, W.-C. Quigg, A. Xu, C. Kamalanathan, M. & Lin, P. (2021). How 

does Natural Organic Matter (NOM) affect Micro-and Nano-Plastic Pollution in the 

Environment?-The biophysical Mechanisms leading to the formation of ‘Marine Plastic 

Snow’. Universal Journal of Engineering Mechanics, 9, 32–42. 

www.papersciences.com 

Schmidt, C. Kumar, R. Yang, S. & Büttner, O. (2020). Microplastic particle emission 

from wastewater treatment plant effluents into river networks in Germany: Loads, 

spatial patterns of concentrations and potential toxicity. Science of the Total 

Environment, 737, 139544.1-44 https://doi.org/10.1016/j.scitotenv.2020.139544 

Schoonenboom, J. & Johnson, R. B. (2017). How to Construct a Mixed Methods 

Research Design. 2(69), 107–131. https://doi.org/10.1007/s11577-017-0454-1 

Schrank, I. Möller, J. N. Imhof, H. K. Hauenstein, O. Zielke, F. Agarwal, S. Löder, M. 

G. J. Greiner, A. & Laforsch, C. (2022). Microplastic sample purification methods - 

Assessing detrimental effects of purification procedures on specific plastic types. 

Science of the Total Environment, 833(November 2021). 1-22. 

https://doi.org/10.1016/j.scitotenv.2022.154824 

Scudo, A. Liebmann, B. (EEA), Corden, C., Kreissig, J., & Warwick, O. (PFA). (2017). 

Intentionally added microplastics in products. Amec Foster Wheeler, October, 220. 1-

33. http://ec.europa.eu/environment/chemicals/reach/pdf/39168 Intentionally added 

microplastics - Final report 20171020.pdf 

Sedlak, M., Sutton, R., Box, C., Sun, J., & Lin, D. (2017). Sampling and Analysis Plan 

for Microplastic Monitoring in San Francisco Bay and Adjacent National Marine 

https://doi.org/10.1016/j.marpolbul.2021.112716
https://doi.org/10.1088/1755-1315/549/1/012059
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/www.papersciences.com
https://doi.org/10.1016/j.scitotenv.2020.139544
https://doi.org/10.1007/s11577-017-0454-1
https://doi.org/10.1016/j.scitotenv.2022.154824
http://ec.europa.eu/environment/chemicals/reach/pdf/39168%20Intentionally%20added%20microplastics%20-%20Final%20report%2020171020.pdf
http://ec.europa.eu/environment/chemicals/reach/pdf/39168%20Intentionally%20added%20microplastics%20-%20Final%20report%2020171020.pdf


179 

 

Sanctuaries FINAL. 1-9. Date accessed: 2020/03/21 

https://www.sfei.org/sites/default/files/biblio_files/FINAL%20Microplastic%20Monitori

ng%20Design%20%26%20SAP06012017.pdf 

Seidensticker, S. Grathwohl, P. Lamprecht, J. & Zarfl, C. (2018). A combined 

experimental and modeling study to evaluate pH ‐ dependent sorption of polar and 

non ‐ polar compounds to polyethylene and polystyrene microplastics. Environmental 

Sciences Europe, 1–12. https://doi.org/10.1186/s12302-018-0155-z 

Shan, W. Li, B. Zhang, H. Zhang, Z, Wang, Y. Gao, Z., & Li, J. (2022). Distribution, 

characteristics and daily fluctuations of microplastics throughout wastewater treatment 

plants with mixed domestic—industrial influents in Wuxi City, China. Frontiers of 

Environmental Science and Engineering, 16(1), 1–9. https://doi.org/10.1007/s11783-

021-1440-4 

Shekoohiyan, S. & Akbarzadeh, A. (2022). The abundance of microplastic pollution 

along the Jajroud river of Tehran : Estimating the water quality index and the ecological 

risk. Ecological Indicators, 145(October), 109629. 33-45. 

https://doi.org/10.1016/j.ecolind.2022.109629 

Siddiqua, A. Hahladakis, J. N. & Al-Attiya, W. A. K. A. (2022). An overview of the 

environmental pollution and health effects associated with waste landfilling and open 

dumping. Environmental Science and Pollution Research, 29(39), 58514–58536. 

https://doi.org/10.1007/s11356-022-21578-z 

Siegfried, M. Koelmans, A. A. Besseling, E. & Kroeze, C. (2017). Export of 

microplastics from land to sea. A modelling approach. Water Research, 127, 249–257. 

https://doi.org/10.1016/j.watres.2017.10.011 

Simon, M. van Alst, N. & Vollertsen, J. (2018). Quantification of microplastic mass and 

removal rates at wastewater treatment plants applying Focal Plane Array (FPA)-based 

Fourier Transform Infrared (FT-IR) imaging. Water Research, 142, 1–9. 

https://doi.org/10.1016/j.watres.2018.05.019 

Simon, M. Vianello, A. & Vollertsen, J. (2019). Removal of > 10 μm microplastic 

https://www.sfei.org/sites/default/files/biblio_files/FINAL%20Microplastic%20Monitoring%20Design%20%26%20SAP06012017.pdf
https://www.sfei.org/sites/default/files/biblio_files/FINAL%20Microplastic%20Monitoring%20Design%20%26%20SAP06012017.pdf
https://doi.org/10.1186/s12302-018-0155-z
https://doi.org/10.1007/s11783-021-1440-4
https://doi.org/10.1007/s11783-021-1440-4
https://doi.org/10.1016/j.ecolind.2022.109629
https://doi.org/10.1007/s11356-022-21578-z
https://doi.org/10.1016/j.watres.2017.10.011
https://doi.org/10.1016/j.watres.2018.05.019


180 

 

particles from treated wastewater by a disc filter. Water (Switzerland), 11(9).1-21 

https://doi.org/10.3390/w11091935 

Singh, R. M. & Gupta, A. (2017). Water Pollution-Sources , Effects and Control Water 

Pollution-Sources , Effects and Control. Research Gate, 5(3), 1–17. Date accessed: 

2022/05/17 

https://www.researchgate.net/publication/344591948_Water_Pollution_Causes_and

_Prevention 

Singh, S. Kalyanasundaram, M. & Diwan, V. (2021). Removal of microplastics from 

wastewater: Available techniques and way forward. Water Science and Technology, 

84(12), 3689–3704. https://doi.org/10.2166/wst.2021.472 

Singh, S. Trushna, T. Kalyanasundaram, M., Tamhankar, A. J. & Diwan, V. (2022). 

Microplastics in drinking water: a macro issue. Water Supply, 22(5), 5650–5674. 

https://doi.org/10.2166/ws.2022.189 

Sizirici, B. & Yildiz, I. (2020). Organic matter removal via activated sludge immobilized 

gravel in fixed bed reactor. E3S Web of Conferences, 191, 0–4. 

https://doi.org/10.1051/e3sconf/202019103006 

Stevens, B. (2018). An assessment report on microplastics. In North Carolina Coastal 

Federation. 1-24. 

chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.nccoast.org/wp-

content/uploads/2021/07/Assessment-Report-on-Microplastics-NCCF.pdf 

Stolte, A. (2014). The detection of microplastics in beach sediments. In MasterThesis. 

45-50. Date Accessed: 2021/04/08 

https://www.researchgate.net/publication/280329012_Microplastic_concentrations_in

_beach_sediments_along_the_German_Baltic_coast 

Su, S. Zhou, S. & Lin, G. (2021). Existence of microplastics in soil and groundwater in 

Jiaodong Peninsula. E3S Web of Conferences, 251(02045), 1–5. 

https://doi.org/10.1051/e3sconf/202125102045 

https://doi.org/10.3390/w11091935
https://www.researchgate.net/publication/344591948_Water_Pollution_Causes_and_Prevention
https://www.researchgate.net/publication/344591948_Water_Pollution_Causes_and_Prevention
https://doi.org/10.2166/wst.2021.472
https://doi.org/10.2166/ws.2022.189
https://doi.org/10.1051/e3sconf/202019103006
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://www.researchgate.net/publication/280329012_Microplastic_concentrations_in_beach_sediments_along_the_German_Baltic_coast
https://www.researchgate.net/publication/280329012_Microplastic_concentrations_in_beach_sediments_along_the_German_Baltic_coast
https://doi.org/10.1051/e3sconf/202125102045


181 

 

Sun J. Dai X. Wang Q. van Loosdrecht MCM, N. B. (2019). Sun et al., 2016 

Suplementry. Water Resource and Protection, 1(152), 21–37. 

https://doi.org/10.1016/j.watres.2018.12.050 

Sun, J. Dai, X. Wang, Q. Loosdrecht, M. C. M. Van, & Ni, B. (2019). Microplastics in 

wastewater treatment plants : Detection , occurrence and removal. Water Research, 

152, 21–37. https://doi.org/10.1016/j.watres.2018.12.050 

Suter, W. (2014). Qualitative Data, Analysis, and Design’, in Introduction to 

Educational Research: A Critical Thinking Approach, pp. 342–386. doi: 

10.4135/9781483384443.n12. 

Tadsuwan, K. & Babel, S. (2022). Microplastic abundance and removal via an 

ultrafiltration system coupled to a conventional municipal wastewater treatment plant 

in Thailand. Journal of Environmental Chemical Engineering, 10(2), 107142. 1-32. 

https://doi.org/10.1016/j.jece.2022.107142 

Tagg, A. S. Sapp, M. Harrison, J. P. & Ojeda, J. J. (2015). Identification and 

Quantification of Microplastics in Wastewater Using Focal Plane Array-Based 

Reflectance Micro-FT-IR Imaging. Analytical Chemistry, 87(12), 6032–6040. 

https://doi.org/10.1021/acs.analchem.5b00495 

Tagg, A. S. Sapp, M. Harrison, J. P. Sinclair, C. J. Bradley, E., Ju-Nam, Y. & Ojeda, 

J. J. (2020). Microplastic Monitoring at Different Stages in a Wastewater Treatment 

Plant Using Reflectance Micro-FTIR Imaging. Frontiers in Environmental Science, 

8(August), 1–9. https://doi.org/10.3389/fenvs.2020.00145 

Talvitie, J. Heinonen, M. Pääkkönen, J. P. Vahtera, E., Mikola, A. Setälä, O., & Vahala, 

R. (2015). Do wastewater treatment plants act as a potential point source of 

microplastics? Preliminary study in the coastal Gulf of Finland, Baltic Sea. Water 

Science and Technology, 72(9), 1495–1504. https://doi.org/10.2166/wst.2015.360 

Talvitie, J. Mikola, A. Koistinen, A. & Setälä, O. (2017a). Solutions to microplastic 

pollution – Removal of microplastics from wastewater effluent with advanced 

wastewater treatment technologies. Water Research, 123, 401–407. 

https://doi.org/10.1016/j.watres.2017.07.005 

https://doi.org/10.1016/j.watres.2018.12.050
https://doi.org/10.1016/j.watres.2018.12.050
file:///C:/Users/eshongtn/Downloads/0
file:///C:/Users/eshongtn/Downloads/0
https://doi.org/10.1016/j.jece.2022.107142
https://doi.org/10.1021/acs.analchem.5b00495
https://doi.org/10.3389/fenvs.2020.00145
https://doi.org/10.2166/wst.2015.360
https://doi.org/10.1016/j.watres.2017.07.005


182 

 

Talvitie, J. Mikola, A., Koistinen, A. & Setälä, O. (2017b). Solutions to microplastic 

pollution – Removal of microplastics from wastewater effluent with advanced 

wastewater treatment technologies. Water Research, 123(October), 401–407. 

https://doi.org/10.1016/j.watres.2017.07.005 

Tanjung, R. H. R., Hamuna, B., & Alianto. (2019). Assessment of water quality and 

pollution index in coastal waters of Mimika, Indonesia. Journal of Ecological 

Engineering, 20(2), 87–94. https://doi.org/10.12911/22998993/95266 

Tarasyuk, Y. A. Korobchanskij, V. I. Grebennikova, S. S. & Kochergina, N. N. (1991). 

Advanced wastewater treatment. Koks i Khimiya, 5, 48–50. 

https://doi.org/10.1201/ebk1439818886-5 

Teh, J. S. Teoh, Y. H. How, H. G. & Sher, F. (2021). Thermal analysis technologies 

for biomass feedstocks: A state-of-the-art review. Processes, 9(9). 1-23. 

https://doi.org/10.3390/pr9091610 

ter Halle, A. Ladirat, L. Martignac, M. Mingotaud, A. F. Boyron, O. & Perez, E. (2017). 

To what extent are microplastics from the open ocean weathered? Environmental 

Pollution, 227(3), 167–174.  

https://doi.org/10.1016/j.envpol.2017.04.051 

Thakali, O. Brooks, J. P. Shahin, S. Sherchan, S. P. & Haramoto, E. (2020). Removal 

of Antibiotic Resistance Genes at Two Conventional Wastewater Treatment Plants of 

Louisiana, USA. Water, 12(6), 1729-1734. https://doi.org/10.3390/w12061729 

Thomas, D. Schütze, B. Heinze, W. M. & Steinmetz, Z. (2020). Sample preparation 

techniques for the analysis of microplastics in soil—a review. Sustainability 

(Switzerland), 12(21), 1–28. https://doi.org/10.3390/su12219074 

Thushari, G. G. N. & Senevirathna, J. D. M. (2020). Plastic pollution in the marine 

environment. Heliyon, 6(8), e04709. 1-16.  

https://doi.org/10.1016/j.heliyon.2020.e04709 

Timans, R. Wouters, P. & Heilbron, J. (2019). Mixed methods research: what it is and 

https://doi.org/10.1016/j.watres.2017.07.005
https://doi.org/10.12911/22998993/95266
https://doi.org/10.1201/ebk1439818886-5
https://doi.org/10.3390/pr9091610
https://doi.org/10.1016/j.envpol.2017.04.051
https://doi.org/10.3390/w12061729
https://doi.org/10.3390/su12219074
https://doi.org/10.1016/j.heliyon.2020.e04709


183 

 

what it could be. Theory and Society, 48(2), 193–216. https://doi.org/10.1007/s11186-

019-09345-5 

Torres, F. G. Dioses-Salinas, D. C. Pizarro-Ortega, C. I. & De-la-Torre, G. E. (2021). 

Sorption of chemical contaminants on degradable and non-degradable microplastics: 

Recent progress and research trends. Science of the Total Environment, 757(143875), 

1–14. https://doi.org/10.1016/j.scitotenv.2020.143875 

Toussaint, B. Raffael, B. Angers-Loustau, A. Gilliland, D., Kestens, V. Petrillo, M., Rio-

Echevarria, I. M. & Van den Eede, G. (2019). Review of micro- and nanoplastic 

contamination in the food chain. Food Additives and Contaminants - Part A Chemistry, 

Analysis, Control, Exposure and Risk Assessment, 36(5), 639–673. 

https://doi.org/10.1080/19440049.2019.1583381 

Troost, J. (2021). Southeast Michigan wastewater treatment plants as potential 

Southeast Michigan wastewater treatment plants as potential sources of microplastic 

pollution in the Rouge River and Huron sources of microplastic pollution in the Rouge 

River and Huron River Riv [Eastern Michigan University]. 1-59. 

https://commons.emich.edu/theses 

Turner, A. (2021). Paint particles in the marine environment: An overlooked 

component of microplastics. Water Research X, 12, 100110. 1-20. 

https://doi.org/10.1016/j.wroa.2021.100110 

Ubomba-Jaswa, E. & Kalebaila, N. (2020). Framing the plastic pollution problem within 

the water quality-health nexus: Current understandings and policy recommendations. 

South African Journal of Science, 116(5–6), 6–8. 

https://doi.org/10.17159/sajs.2020/8115 

Usman, S. Abdull Razis, A. F. Shaari, K. Azmai, M. N. A. Saad, M. Z. Mat Isa, N., & 

Nazarudin, M. F. (2022). The Burden of Microplastics Pollution and Contending 

Policies and Regulations. International Journal of Environmental Research and Public 

Health, 19(11), 6773-6799. https://doi.org/10.3390/ijerph19116773 

Vargas-Bianchi, L. (2020). Qualitative theory testing by deductive design and pattern 

https://doi.org/10.1007/s11186-019-09345-5
https://doi.org/10.1007/s11186-019-09345-5
https://doi.org/10.1016/j.scitotenv.2020.143875
https://doi.org/10.1080/19440049.2019.1583381
https://commons.emich.edu/theses
https://doi.org/10.1016/j.wroa.2021.100110
https://doi.org/10.17159/sajs.2020/8115
https://doi.org/10.3390/ijerph19116773


184 

 

matching analysis. 2010, 1–5. https://doi.org/10.31235/osf.io/w4gxe 

Veerasingam, S. Ranjani, M. Venkatachalapathy, R. Bagaev, A. Mukhanov, V. 

Litvinyuk, D., Mugilarasan, M., Gurumoorthi, K., Guganathan, L., Aboobacker, V. M., 

& Vethamony, P. (2021). Contributions of Fourier transform infrared spectroscopy in 

microplastic pollution research: A review. Critical Reviews in Environmental Science 

and Technology, 51(22), 2681–2743.  

https://doi.org/10.1080/10643389.2020.1807450 

Verster, C. Minnaar, K. & Bouwman, H. (2017a). Marine and fresh microplastics 

research in South Africa. Intergrated Environmental Assessment and Management, 

13(3), 533–535. https://doi.org/10.1002/ieam.1900 

Verster, C. Minnaar, K. & Bouwman, H. (2017b). Marine and freshwater microplastic 

research in South Africa. Integrated Environmental Assessment and Management, 

13(3), 533–535. https://doi.org/10.1002/ieam.1900 

Wagner, M. & Lambert, S. (2018). Freshwater Microplastics. In Barcelo´ (Ed.), 

Handbook of Environmental Chemistry. Scott Lambert. 1-22. 

http://www.springer.com/series/698 

Wagner, M. Scherer, C. Alvarez-Muñoz, D. Brennholt, N. Bourrain, X. Buchinger, S. 

Fries, E. Grosbois, C. Klasmeier, J. Marti, T. Rodriguez-Mozaz, S. Urbatzka, R. 

Vethaak, A. D. Winther-Nielsen, M. & Reifferscheid, G. (2014). Microplastics in 

freshwater ecosystems: what we know and what we need to know. Environmental 

Sciences Europe, 26(1), 1–9. https://doi.org/10.1186/s12302-014-0012-7 

Wang, C. Yu, J. Lu, Y. Hua, D. Wang, X. & Zou, X. (2021). Biodegradable microplastics 

(BMPs): a new cause for concern? Environmental Science and Pollution Research, 

1–7. https://doi.org/10.1007/s11356-021-16435-4 

Weimann, A. & Oni, T. (2019). A systematised review of the health impact of urban 

informal settlements and implications for upgrading interventions in South Africa, a 

rapidly urbanising middle-income country. International Journal of Environmental 

Research and Public Health, 16(19), 1–17. https://doi.org/10.3390/ijerph16193608 

https://doi.org/10.31235/osf.io/w4gxe
https://doi.org/10.1080/10643389.2020.1807450
https://doi.org/10.1002/ieam.1900
https://doi.org/10.1002/ieam.1900
http://www.springer.com/series/698
https://doi.org/10.1186/s12302-014-0012-7
https://doi.org/10.1007/s11356-021-16435-4
https://doi.org/10.3390/ijerph16193608


185 

 

Weis, J. S. (2019). Improving microplastic research. AIMS Environmental Science, 

6(5), 326–340. https://doi.org/10.3934/environsci.2019.5.326 

Westphalen, H. & Abdelrasoul, A. (2018). Challenges and Treatment of Microplastics 

in Water. In IntechOpen (Ed.), Water in Water Challenges of an Urbanizing World (pp. 

71–83). IntechOpen. https://doi.org/10.5772/intechopen.71494 

WHO. (2019). Microplastics in drinking water. In World Health Organization. 1–124. 

https://www.researchgate.net/publication/269107473_What_is_governance/link/5481

73090cf22525dcb61443/download%0Ahttp://www.econ.upf.edu/~reynal/Civil 

wars_12December2010.pdf%0Ahttps://think-

asia.org/handle/11540/8282%0Ahttps://www.jstor.org/stable/41857625 

Wightman, E. (2020). The Microscopic Threat with a Macroscopic Impact : 

Microplastics Along the Southeast Florida Reef Tract Thesis of Emma Wightman 

Submitted in Partial Fulfillment of the Requirements for the Degree of Master of 

Science M . S . Marine Environmental Sciences (Issue 529). 1-11. 

https://nsuworks.nova.edu/occ_stuetd?utm_source=nsuworks.nova.edu%2Focc_stu

etd%2F529&utm_medium=PDF&utm_campaign=PDFCoverPages 

William, C, J, and Loucks, D, P. (2015). Water Resources Research Grants. Eos, 

Transactions American Geophysical Union, 66(3), 1-17.  

https://doi.org/10.1029/eo066i003p00017-03 

Williams, M. (2020). Hazard characterisation of microplastics in wastewater. 1–61. 

Commonwealth Scientific and Industrial Research Organisation 2020.  

chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.epa.nsw.gov.au/-

/media/epa/corporate-site/resources/waste/csiro-report-hazard-characterisations-of-

microplastics-in 

wastewater.pdf?la=en&hash=F990915E409188852ABCB41FC205114359D4C352 

Williams, M. Pham, K. Mulder, R. Pring, N., Hickey, M. & Mardel, J. (2020). 

Microplastic quantification in wastewater: Wastewater influent and effluent trends over 

https://doi.org/10.3934/environsci.2019.5.326
https://doi.org/10.5772/intechopen.71494
https://www.researchgate.net/publication/269107473_What_is_governance/link/548173090cf22525dcb61443/download%0Ahttp:/www.econ.upf.edu/~reynal/Civil%20wars_12December2010.pdf%0Ahttps:/think-asia.org/handle/11540/8282%0Ahttps:/www.jstor.org/stable/41857625
https://www.researchgate.net/publication/269107473_What_is_governance/link/548173090cf22525dcb61443/download%0Ahttp:/www.econ.upf.edu/~reynal/Civil%20wars_12December2010.pdf%0Ahttps:/think-asia.org/handle/11540/8282%0Ahttps:/www.jstor.org/stable/41857625
https://www.researchgate.net/publication/269107473_What_is_governance/link/548173090cf22525dcb61443/download%0Ahttp:/www.econ.upf.edu/~reynal/Civil%20wars_12December2010.pdf%0Ahttps:/think-asia.org/handle/11540/8282%0Ahttps:/www.jstor.org/stable/41857625
https://www.researchgate.net/publication/269107473_What_is_governance/link/548173090cf22525dcb61443/download%0Ahttp:/www.econ.upf.edu/~reynal/Civil%20wars_12December2010.pdf%0Ahttps:/think-asia.org/handle/11540/8282%0Ahttps:/www.jstor.org/stable/41857625
https://nsuworks.nova.edu/occ_stuetd?utm_source=nsuworks.nova.edu%2Focc_stuetd%2F529&utm_medium=PDF&utm_campaign=PDFCoverPages
https://nsuworks.nova.edu/occ_stuetd?utm_source=nsuworks.nova.edu%2Focc_stuetd%2F529&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1029/eo066i003p00017-03
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1


186 

 

a 10 month period. C (pp. 1–31). CSIRO.  

chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.epa.nsw.gov.au/-

/media/epa/corporate-site/resources/waste/csiro-report-microplastic-quantification-in-

wastewater.pdf?la=en&hash=CE61D4515119FCE2BFED31F6B27A87CCEFEAB6E

9 

Wilschefski, S. C. & Baxter, M. R. (2019). Inductively Coupled Plasma Mass 

Spectrometry: Introduction to Analytical Aspects. Clinical Biochemist Reviews, 40(3), 

115–133. https://doi.org/10.33176/AACB-19-00024 

Wirnkor, A. Christian, V. Enyoh, E. Ngozi, E. Kieran, V. & Nwarnorh, O. (2019). 

Microplastic – toxic chemical interaction : a review study on quantified levels , 

mechanism and implication. SN Applied Sciences, 1(11), 1–30. 

https://doi.org/10.1007/s42452-019-1352-0 

Water Institute of Southern Africa (WISA), (2002). Handbook for the operations of 

wastewater treatment works, 3rd edition, Volume 1.1-44. Date accessed: 18/06/2023 

https://www.worldcat.org/title/62865549 

Woo, H. Seo, K. Choi, Y. Kim, J. Tanaka, M. Lee, K. H. & Choi, J. (2021). Methods of 

analyzing microsized plastics in the environment. Applied Sciences (Switzerland), 

11(22), 1–13. https://doi.org/10.3390/app112210640 

World Health Organization. (2015). Microplastics in drinking water (Vol. 3, Issue 2). 1-

12 http://repositorio.unan.edu.ni/2986/1/5624.pdf 

Wu, B. Wu, X. Liu, S. Wang, Z. & Chen, L. (2019). Size-dependent effects of 

polystyrene microplastics on cytotoxicity and efflux pump inhibition in human Caco-

2 cells. Chemosphere, 221, 333–341.  

https://doi.org/10.1016/j.chemosphere.2019.01.056 

WWTW A. (2015). Operations manual for wastewater treatment works. 1-46 

WWTW A. (2021). Water Quality Compliance Report prepared for Wastewater 

Treatment Works for the period July 2020 – June 2021. 1-47. 

file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
file:///C:/Users/eshongtn/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/YQM4BE6V/1
https://doi.org/10.33176/AACB-19-00024
https://doi.org/10.1007/s42452-019-1352-0
https://www.worldcat.org/title/62865549
https://doi.org/10.3390/app112210640
http://repositorio.unan.edu.ni/2986/1/5624.pdf
https://doi.org/10.1016/j.chemosphere.2019.01.056


187 

 

WWTW A, (2021). Water Use License Compliance Report Prepared for ERWAT 

Wastewater Care Works for the period July 2020– June 2021. 1-32. 

 

WWTW B. (2021). Water Quality Compliance Report prepared for Wastewater 

Treatment Works for the period July 2020 – June 2021. 1-34. 

WWTW B, (2021). Water Use License Compliance Report Prepared for ERWAT 

(Wastewater Care Works) for the period July 2020– June 2021. 1-34 

 

Xiang, S. Xie, Y. Sun, X. Du, H. & Wang, J. (2022). Identification and Quantification of 

Microplastics in Aquaculture Environment. Frontiers in Marine Science, 8(January), 1–

10. https://doi.org/10.3389/fmars.2021.804208 

Xu, J. L. Lin, X. Wang, J. J. & Gowen, A. A. (2022). A review of potential human health 

impacts of micro- and nanoplastics exposure. The Science of the Total Environment, 

851(June), 158111. 1-23. https://doi.org/10.1016/j.scitotenv.2022.158111 

Yoganandhan, U. Yuvedha, S. Arun, V. R. & Salman Kuristh, S. (2019). A case study 

of identification and classification of microplastics using aluminium sulfate in 

wastewater treatment facility on the university campus. IOP Conference Series: 

Materials Science and Engineering, 561(1), 0–6. https://doi.org/10.1088/1757-

899X/561/1/012012 

Yoon, S. H. (2015). Membrane bioreactor processes: Principles and applications. In 

Membrane Bioreactor Processes: Principles and Applications. 1-34. 

Yuan, Z. Nag, R. & Cummins, E. (2022). Human health concerns regarding 

microplastics in the aquatic environment - From marine to food systems. Science of 

the Total Environment, 823(2022), 153730. 1-18. 

https://doi.org/10.1016/j.scitotenv.2022.153730 

Yuvedha, S. Yoganandhan, U. & Nampoothiri, D. N. V. N. (2019). Quantitative analysis 

of microplastics in wastewater from treatment plant by visual identification and FT-IR 

https://doi.org/10.3389/fmars.2021.804208
https://doi.org/10.1016/j.scitotenv.2022.158111
https://doi.org/10.1088/1757-899X/561/1/012012
https://doi.org/10.1088/1757-899X/561/1/012012
https://doi.org/10.1016/j.scitotenv.2022.153730


188 

 

imaging using H2O2 and FeSO4: A case study. IOP Conference Series: Materials 

Science and Engineering, 561(1), 1–8.  

https://doi.org/10.1088/1757-899X/561/1/012026 

Yuan, Z., Nag, R., & Cummins, E. (2022). Human health concerns regarding 

microplastics in the aquatic environment - From marine to food systems. Science of 

the Total Environment, 823, 153730. 1-35.   

https://doi.org/10.1016/j.scitotenv.2022.153730 

Yuvedha, S. Yoganandhan, U. & Nampoothiri, D. N. V. N. (2019). Quantitative analysis 

of microplastics in wastewater from treatment plant by visual identification and FT-IR 

imaging using H2O2 and FeSO4: A case study. IOP Conference Series: Materials 

Science and Engineering, 561(1), 1–8. https://doi.org/10.1088/1757-

899X/561/1/012026 

Zhang, S. Yang, X. Gertsen, H. Peters, P. Salánki, T. & Geissen, V. & This. (2018). A 

simple method for the extraction and identification of light density microplastics from 

soil Zhang, S., Yang, X., Gertsen, H., Peters, P., Salánki, T., & Geissen, V. Science 

of the Total Environment, 1056–1065.  

chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://edepot.wur.nl/498431 

Zhao, H. Zhou, Y. Han, Y. Sun, Y. Ren, X. Zhang, Z. & Wang, Q. (2022). Pollution 

status of microplastics in the freshwater environment of China: a mini review. Water 

Emerging Contaminants & Nanoplastics, 1(5), 1–17.  

https://doi.org/10.20517/wecn.2021.05 

Zhao, J. Ran, W. Teng, J. Liu, Y. Liu, H. Yin, X. Cao, R. & Wang, Q. (2018). 

Microplastic pollution in sediments from the Bohai Sea and the Yellow Sea, China. 

Science of the Total Environment, 640–641, 637–645.  

https://doi.org/10.1016/j.scitotenv.2018.05.346 

Zhu, X. (2021). The Plastic Cycle – An Unknown Branch of the Carbon Cycle. Frontiers 

https://doi.org/10.1088/1757-899X/561/1/012026
https://doi.org/10.1016/j.scitotenv.2022.153730
https://doi.org/10.1088/1757-899X/561/1/012026
https://doi.org/10.1088/1757-899X/561/1/012026
file:///C:/Users/ntomb/OneDrive/Documents/Zikalala/Office/Authors'%20warehouse/Tendani%20Mphanga/0
https://doi.org/10.20517/wecn.2021.05
https://doi.org/10.1016/j.scitotenv.2018.05.346


189 

 

in Marine Science, 7(January), 2019–2022.  

https://doi.org/10.3389/fmars.2020.609243 

Ziajahromi, S. Neale, P. A., & Leusch, F. D. L. (2016). Wastewater treatment plant 

effluent as a source of microplastics: review of the fate, chemical interactions and 

potential risks to aquatic organisms. Water Science and Technology. 1-22. 

https://doi.org/10.2166/wst.2016.414 

Ziajahromi, S. Neale, P. A. Rintoul, L. & Leusch, F. D. L. (2017). Wastewater treatment 

plants as a pathway for microplastics: Development of a new approach to sample 

wastewater-based microplastics. Water Research, 112(1), 93–99. 

https://doi.org/10.1016/j.watres.2017.01.042 

Ziajahromi, S. Peta A. N. Rintoul, L. & Leusch, F. D. L. (2017). Identification and 

quantification of microplastics in wastewater treatment plant effluent : Investigation of 

the fate and biological effects. Water Research, 112(January), 1-47. 

http://dx.doi.org/10.1021/acs.est.7b03574 

Zobkov, M., Zobkova, M., Galakhina, N., & Efremova, T. (2020). Method for 

microplastics extraction from Lake sediments. MethodsX, 7, 101140. 1-40. 

https://doi.org/10.1016/j.mex.2020.101140 

 Zuma, K. Simbayi, L. Zungu, N. Moyo, S. Marinda, E. Jooste, S. North, A. Nadol, P. 

Aynalem, G. Igumbor, E. Dietrich, C. Sigida, S. Chibi, B. Makola, L. Kondlo, L. Porter, 

S. & Ramlagan, S. (2022). The HIV Epidemic in South Africa: Key Findings from 2017 

National Population-Based Survey. International Journal of Environmental Research 

and Public Health, 19(13). https://doi.org/10.3390/ijerph19138125 

https://doi.org/10.3389/fmars.2020.609243
https://doi.org/10.2166/wst.2016.414
https://doi.org/10.1016/j.watres.2017.01.042
http://dx.doi.org/10.1021/acs.est.7b03574
https://doi.org/10.1016/j.mex.2020.101140
https://doi.org/10.3390/ijerph19138125

