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ABSTRACT

Background: The existence of emerging contaminants namely pharmaceuticals, personal
care products, steroids hormones and pesticides in water sources is largely unregulated by
legislation and they do not have to be extremely tenacious to cause environmental health
effects as their decay is counterbalanced by their incessant introduction. The accumulation
and detection of levels of these emerging contaminants in water sources has reduced water
guality that makes water risky for aquatic and human life. Their quantity is likely to upsurge
in water sources as a result of the rise in population density, which is a serious concern to
our communities. Exposure to emerging contaminants has been reported to lead to health
implications such as endocrine disruption, immunotoxicity, neurological disorders, reductions
in fertility, spontaneous abortions, birth defects, poisoning of genes, sexual organs

annoyance, resistance of antibiotics and congenital disorders, even at low concentrations.

Aim: The aim of this study was to assess the environmental and health risks of potential
emerging contaminants identified from water sources around Bloemfontein in the Free State

province of South Africa.

Methodology: In order to identify and monitor the presence of emerging contaminants in
water sources around Bloemfontein, samples (n=72) were collected randomly by using the
grab sampling method from various water sources such as rivers (n=5), dams (n=5), treated
drinking water (n=2), wastewater influent (n=3) and wastewater effluent (n=3) during the
spring, summer, autumn and winter seasons. The solid phase extraction cartridges were
used for extraction of samples. The analysis was performed on a high performance liquid
chromatography linked to a hybrid triple quadrupole ion trap mass spectrometer.
Environmental risk assessment of individual compounds were estimated by a risk quotient
(RQ) method, while risk quotient mixture (RQmix) and toxic unit sum (TUsum) methods were
adopted to assess mixture risks of targeted emerging contaminants. The human health risk
assessment method was adopted to estimate the carcinogenic and non-carcinogenic risks of
selected pesticides. Moreover, multivariate statistical methods such as the Pearson
coefficient correlation, the principal component analysis, and the hierarchical cluster analysis

were used to trace the sources of pollution in water sources around Bloemfontein.

Results: The results of qualitative screening revealed the occurrence of various classes of
emerging contaminants such as stimulants, non-steroidal anti-inflammatory drugs, lllicit

drugs, lipid regulators, antiepileptics, antibiotics, antidepresents, antidiabetics, betablockers,
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antivirals, diuretics, herbicides, fungicides and insecticides in rivers, dams, treated drinking
water, wastewater influents and effluents around Bloemfontein. From these groups of
emerging contaminants, herbicides and stimulants were the most commonly detected
contaminants. The quantitative analysis of targeted compounds such as acetaminophen,
carbamazepine, ibuprofen, triclosan, atrazine, metolachlor, simazine, terbuthylazine, 17-
alpha-ethinyl-estradiol, estradiol, progesterone and testosterone showed the mean
concentrations of 17-alpha-ethinyl-estradiol to be the highest in all water sources in all
seasons. Generally, the autumn season recorded the highest mean concentrations of
emerging contaminants in all selected water sources except in treated drinking water. The
results of the environmental risk assessment indicated that the majority of targeted
compounds have the possibility to contribute to high risks. The risks of simazine, ibuprofen,
17-alpha-ethinyl-estradiol, atrazine and carbamazepine were most remarkable on all aquatic
species in all water sources. Moreover, both RQmix and TUsum proved that the mixture of
the targeted compounds is likely to contribute to high environmental risks. In addition, the
non-carcinogenic risks of all selected herbicides in all water sources showed RQ values
below one for the entire population, signifying that the population is safe. Atrazine is the only
contaminant that showed high carcinogenic risk to the adult group in river water during the
summer season. Multivariate statistical analysis pinpointed wastewater effluent discharge,
illegal dumping, domestic sewage overflow, stormwater runoff and agricultural runoff as the

possible sources of emerging contaminants in water sources around Bloemfontein.

Conclusion: Assessing the environmental health risks of emerging contaminants in water
sources around Bloemfontein for the first time brings to an end the dearth of data on
emerging contaminant pollution and its associated risk in the region. The project has shed
light that water sources around Bloemfontein are vulnerable to pollution by emerging
contaminants as a result of anthropogenic activities and their occurrence is likely to cause
high ecological and human health risks. The outcomes of this study may be relevant for the
prioritisation of hazardous substances in addressing suitable monitoring campaigns and any
necessary countermeasures to be adopted for water sustainability, environmental and
human health protection. This work may also facilitate the management of existing and

future sources of emerging contaminant pollution in water sources around Bloemfontein.

Keywords: Emerging contaminants, environmental health, environmental risk, human health

risk, pesticides, risk assessment, source apportionment, water sources
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CONCEPTUAL DEFINITIONS

Acute toxicity, in this study, describes the
adverse effects of an emerging contaminant
that results either from a single exposure or
from multiple exposures in a short period of
time (USEPA, 2004).

Algae: A simple, non-flowering and typically
aquatic plant of a large group that includes

seaweeds and many single-celled forms.

Analyte: In this study, an analyte refers to a
potential emerging contaminant that was the

subject of chemical analysis.

Chronic toxicity, in this study, is defined as
the development of adverse effects as a
result of long-term exposure to an emerging
contaminant (USEPA, 2004).

Dam: A dam is a wall-like construction placed
over a river or creek to stop water from

flowing through the surrounding area.

Daphnids: Any member of Daphnia or a
related genus, many of which are used as

feed for aquarium fish.

Environmental risk assessment is the
process for evaluating how likely it is that the
environment may be impacted as a result of
exposure to one or more environmental
stressors, which in this study is emerging

contaminants (Duarte et al. , 2022).

XXil

Emerging contaminants are man-made or
naturally occurring organic compounds that
are not commonly investigated or regulated
by legislation but have the possibility to
the
environment and public health (Morin-Crini
et al., 2022).

trigger  serious  implications  to

Fish are aquatic, craniate, gill-bearing

animals that lack limbs with digits.

Herbicides are chemical substances widely
used in agricultural production and other
areas such as in forestry, parks, golf courts
and sports grounds (Wang etal.,, 2022;

Medkova et al., 2023).

Human health risk assessment is defined
as the process of estimating the nature and
likelihood of adverse health effects in humans
who may have been exposed to emerging
contaminants in water sources or may be

exposed in the future (Kamunda et al., 2018).

Non-target screening is an analytical
analysis that permits the finding of unknown
compounds with no necessity of any prior

information (Abafe et al., 2023).

Pharmaceuticals are considered to be
recommended, non-prescription, and animal
salutary medications utilised to inhibit, or for
treatment of ailments in human beings and

mammals (Pei et al., 2022).
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Personal care products are regarded as

chemical compounds utilised mostly to
increase grooming throughout day-to-day life

(Huang et al., 2023).

River: A river is a body of water that
resembles a ribbon and moves downward
under the

2016).

influence of gravity (Adeleye,

Steroid hormone: Natural or synthetic
compounds widely used as contraceptives
and for growth promotion in humans and

animals (La Merrill et al., 2020).

Surface water: The water found on the
earth’s surface is known as surface water. It
consists of marshes, lakes, rivers, reservoirs
and streams with a small percentage (0.26%)
of the world’s freshwater (Tufenkji etal.,

2002; Bella-Atangana et al., 2023).

Technal

XVii

Target analysis, in this study, refers to the

identification of known emerging
contaminants that are carefully chosen before
the sample analysis and for which analytical
standards are commercially obtainable (Celi¢

et al., 2020).

Treated drinking water, in this study, refers
to tap water that has undergone processing

to meet a specified end use.

Wastewater treatment plants is character-
ised as a facility that combines a number of
physical, biological and chemical processes
to clean up wastewater and turn it into
effluent that can be recycled back into the
water cycle (Gosset etal., 2021; Nannou

et al., 2022).

Water sources, in this study, refers to rivers,
dams, treated drinking water, wastewater
and effluents

treatment influents

(Malewandja, 2018; Ojemaye, 2020).
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CONTRIBUTION OF THE STUDY

The study contributed immensely to the discipline of environmental health by expanding the limited
knowledge and understanding of the presence and risks of emerging contaminants in water
sources around Bloemfontein and the Free State province as a whole. The research is unique
since it is the first study to focus on environmental and health risks of emerging contaminants in
the Free State province. The project yielded a large data set that may aid regulators in identifying
priority actions for the management and sustainability of water bodies around Bloemfontein. The
study will not only raise awareness on the presence of emerging contaminants and their potential
health impacts but communicate risks to the relevant stakeholders for analysis and making
decisions regarding risk mitigation. Additionally, it will serve as a starting point for future research
and add to the body of knowledge on earlier studies conducted outside the Free State region.
Several research outputs from this study were disseminated for possible use at international,
national, provincial and local level through publications of a book, book chapter and journal articles.

The results of the study were also presented at international conferences as listed below:

Books
1. Oke, S.A and Mugudamani, I. (2023). An overview of emerging contaminants in water
sources: A global outlook. BP International, 2023, pp. 1-100.

https://doi.org/10.9734/bpi/mono/978-81-19761-78-4
Book chapter

2. Mugudamani, I., Oke, S.A., Gumede, T.P., Senbore, S. (2024). Monitoring of emerging
contaminants in selected wastewater treatment works around Bloemfontein, South Africa:
Initiative for environmental protection. In: Xu, H. (Eds.), The 6th International Symposium on
Water Resource and Environmental Management. WREM 2023. Environmental Science and
Engineering. Springer, Cham. https://doi.org/10.1007/978-3-031-55989-1_3

Journal articles

3. Mugudamani, I., Oke, S.A., Gumede, T.P., Senbore, S. (2024). Risk assessment of emerging
contaminants in urban and natural water sources around Bloemfontein, South Africa:
Implication for environmental sustainability. Current Analytical Chemistry, 20(8), 1-21.
https://doi.org/10.2174/0115734110306162240527050732

4. Mugudamani, I., Oke, S.A., Gumede, T.P., Senbore, S. (2023). Herbicides in water sources:
Communicating potential risks to the population of Mangaung Metropolitan Municipality, South
Africa. Toxics, 11, 538. https://doi.org/10.3390/toxics11060538
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5. Oke, S.A., Mugudamani, ., Gumede, T.P., Senbore, S. (2023). Environmental risk
assessment of exposure to selected emerging contaminants in dams and wastewater effluent
around the City of Bloemfontein, South Africa. Journal of Harbin Engineering University,
44(12): 1077-1082.

https://harbinengineeringjournal.com/index.php/journal/article/view/2407/1574
Conference/Abstract presentation

6. Oke, S.A., Gumede, T.P., Senbore S., Mugudamani, I. (2023). The investigation and
monitoring of emerging contaminants from point sources on the Modder River catchment
system in Free State, South Africa (Abstract presented at Persistent, Emerging and Organic
Pollution in the Environment (PEOPLE 2023)-international conference on collaborative
solution to environmental problems under climate change, 7-11 August 2023. Montreal,

Quebec, Canada).

7. Oke, S.A., Gumede, T.P., Senbore S., Mugudamani, |. (2023). Environmental risk assessment
of exposure to selected emerging contaminants in dams and wastewater effluent around the
city of Bloemfontein, South Africa. International Conference on Global Warming, Climate
Change and Pollution Control (GWCCPC-23). Montreal, Canada, 14th - 15th December
2023.

Manuscripts under review

8. Oke, S.A; Mugudamani |. Water quality and emerging contaminants pollution in the Modder

River catchment in Free State, South Africa. Discover Water.

9. Mugudamani, |, Oke, S.A., Kemp, G. Qualitative screening of emerging contaminants in
urban and natural waters of Mangaung District of the Free State province of South Africa.

Discover Environment.
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Chapter 1
INTRODUCTION

This chapter gives the background information regarding this study. The problem statement,
aim and objectives, hypothesis, research questions, justification and significance, as well as
the scope and study limitations are discussed, ending with a short presentation of the outline

of the thesis.

1.1 Background of the study

Water is a valuable and limited resource that is essential for the survival of all known life
forms (Bonecker etal., 2020). Dams, rivers, wetlands and lagoons are important water
sources for both human welfare and aquatic life (Isah et al., 2013). They are critical for
domestic use, agricultural endeavours, industrial growth, leisure and aquatic habitation and
reproduction (Ma et al., 2020). The majority of urban areas such as Bloemfontein were built
on or near freshwater sources (Bonecker et al., 2020). As a result of industrialisation and
population growth, various organic chemicals from manufacturing, wastewater treatment
plants (WWTPs), agricultural practises and household tasks find their way into water
sources, contaminating and degrading their quality (Wang et al., 2015). The recent advances
in methods of detection of organic chemicals in water sources has steered the detection of a
high quantity of contaminants together with their end products, which formerly were
unidentified in water sources and are currently recognised as emerging contaminants
(Vasilachi et al., 2021).

Emerging contaminants are natural or synthetic tenacious organic substances that are not
typically examined in the environment but have the possibility to cause effects on the
surrounding areas and people’s health (Vasilachi et al., 2021). Emerging contaminants
comprise an extensive collection of organic substances, such as pesticides, personal and
domestic care products, pharmaceuticals, steroid hormones and brominated flame
retardants that are used universally and are essential for contemporary civilisation
(Odendaal et al., 2015; Karpinska and Kotowska, 2021). The presence of these emerging
contaminants in water sources may cause acute or chronic effects such as carcinogenic,
mutagenic and teratogenic effects, depending on their concentration and exposure level.
Their mixtures in water sources may also be extremely hazardous to human and aquatic life
(Visca et al., 2021). Galindo-Miranda et al. (2019) also stated that the end products of these

compounds are frequently more noxious than the original compounds.

1
© Central University of Technology, Free State



Q)

Central University of
Technology, Free State
i T

The existence of emerging contaminants in water sources not only endangers aquatic and
human life, but also restricts access to safe water for drinking, and impedes public and
monetary development (Ma et al., 2020). The countries with the most limited access to
drinking water are primarily those in sub-Saharan Africa, including South Africa (World
Health Organization [WHO], 2017). Water resources in South Africa are scarce and
unevenly distributed. It is expected that competition for water among users will intensify in
the near future. South Africa currently uses mostly surface water, with groundwater
accounting for only 15% of total water consumption (Sililo et al., 2001; WHO, 2017). The
issue of emerging pollutants is a constant challenge (Vasilachi et al., 2021), because their
numbers are increasing all the time (Patel et al., 2019). Given their incessant introduction
into the water resources and the effect on aquatic life and human health, continuous
monitoring of these compounds in water sources is seriously needed, particularly in water-

stressed countries such as South Africa.

In South Africa, most studies on emerging contaminants only monitor known or targeted
compounds in aqueous environments (Matongo et al., 2015; Sorensen et al., 2015; Wood
etal.,, 2015; Agunbiade and Moodley, 2016; Wanda etal., 2017; Archer etal.,, 2017;
Madikizela and Chimuka, 2017; Sibeko et al., 2019; Mhuka et al., 2020; Ncube et al., 2021;
Spath et al., 2021), with few reports in the country focusing on qualitative analysis of a wide
range of emerging contaminants (Odendaal et al., 2015; Rimayi et al., 2019; Abafe et al.,
2023). Monitoring of emerging contaminants based on target compounds, according to
Brack et al. (2019), fails to account for the majority of unforeseen and unknown chemicals
that may also cause adverse environmental health risks. They further stated that qualitative
screening of unknown analytes allows for comprehensive detection and such information
can be used for target analysis in pollution monitoring studies. The majority of these
guantitative and qualitative studies were conducted in specific provinces such as Gauteng
and KwaZulu-Natal, with data in the Free State province being scarce. Moreover, in the Free
State province, which is the host of the city of Bloemfontein, there is no published work on

environmental health risks of emerging contaminants.

Therefore, this study, which is the first in Bloemfontein, was piloted with the aim to assess
the environmental health risks of emerging contaminants in various water sources, namely
rivers, dams, treated drinking water and wastewater treatment plants (WWTPSs). This aim
was achieved by (i)investigating and monitoring emerging contaminants based on
gualitative and quantitative analysis; (ii)assessing the environmental health risks of
emerging contaminants; and (iii) determining their possible sources in order to put forward

possible mitigation measures. Monitoring and assessing risks of emerging contaminants in

2
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water sources around Bloemfontein will not only raise awareness on their concentrations
and the potential health impacts but communicate risks to relevant stakeholders for analysis
and making decisions regarding risk mitigation. Furthermore, it is essential for the
management and sustainability of the water bodies in this region of Free State. Additionally,
it will serve as a starting point for future research and add to the body of knowledge on
earlier studies conducted outside the Free State region.

1.2 Problem statement

Organic substances (e.g. emerging contaminants) are an essential part of everyday life, with
over 100 000 different chemicals produced and used by industries (Sanchez and Egea,
2018). Organic chemicals, according to Bwapwa and Jaiyeola (2019), enable the
development of new technologies while also improving living standards and quality of life.
They are regularly used for domestic purposes, agricultural activities, industrial applications,
as well as human and animal healthcare (Llamas et al., 2020). Despite their importance in
daily life, many chemicals (e.g. emerging contaminants) are discharged into the aqueous
environment (Sanchez and Egea, 2018) after they have served their primary purpose
(Wilkinson et al., 2017; Bagheri, 2021). The issue of emerging contaminant pollution is a
constant challenge (Vasilachi et al., 2021), because their numbers are increasing all the time
(Patel et al., 2019). Their presence in water sources may cause acute or chronic effects
such as carcinogenic, mutagenic and teratogenic effects, depending on their concentration
and exposure level (Visca et al., 2021). Galindo-Miranda et al. (2019) also stated that the
transformation products of these compounds are frequently more toxic than the original
compounds. Moreover, their mixtures in water sources may also be extremely hazardous to
human and aquatic life (Visca et al., 2021). Therefore, due to incessant introduction of these
contaminants into the aqueous environment, and the associated environmental health risks,
their continuous monitoring in water sources is seriously needed, particularly in provinces
such as the Free State where information on emerging contaminants is dearth. To fill in the
gap, the study assessed the environmental and health risks of potential emerging
contaminants in rivers, dams, treated drinking water and WWTPs around the city of

Bloemfontein.

1.3 Aim and objectives

The aim of this study was to assess the environmental health risks of potential emerging

contaminants identified from water sources around Bloemfontein in the Free State province

3
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of South Africa. The following specific objectives were framed to achieve the aim of the

study:

e To compile a comprehensive overview of emerging contaminants in water sources

around the world.

e To investigate and monitor potential emerging contaminants in water sources around

Bloemfontein in the Free State province.

e To assess individual and a mixture of environmental risks of emerging contaminants in

selected water sources.

e To assess carcinogenic and non-carcinogenic risks ensuing from exposure to pesticides

in selected water sources.

o To identify possible sources of the targeted emerging contaminants in water sources and

put forward control measures based on their sources identified in this study.

1.4 Research hypothesis

The study hypothesised that emerging contaminants are present in water sources around
Bloemfontein, and their concentrations have a potential to contribute to environmental and

human health risks.

1.5 Research questions
The research sought to address the following questions:

1. What are the potential emerging contaminants in water sources around Bloemfontein?

2. Does the concentration level of emerging contaminants in water sources around

Bloemfontein have the potential to contribute to environmental and human health risks?

3. What are the sources of potential emerging contaminants in water sources around

Bloemfontein?

4. Are there any possible mitigation measures to control emerging contaminant pollution in

water sources?

1.6  Justification and significance of the study

The introduction of new chemicals, their expanding uses for health, agriculture and
households, and the limited effectiveness of traditional purification processes used in

wastewater treatment have caused the continuous discharge of emerging contaminants into

4
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soil and water sources (Llamas et al., 2020; Bagheri, 2021; Karpinska and Kotowska, 2021).
The existence of organic emerging contaminants in water sources at residual quantities
ranging from nanograms to micrograms per litre can have detrimental impacts on aquatic
animals and human health (Barbosa et al., 2018; Ghernaout and Elboughdiri, 2019; Reyes
et al., 2021). These include eco-toxicological effects such as chemo-sensitisation; endocrine
disruption; disruption of the production of platelets, red and white blood cells; antibiotic
resistance of microorganisms and insomnia (Wanda et al., 2017; Pei et al., 2022). As of yet,
there is not any long-term solutions put up to deal with the issues brought on by emerging
contaminant pollution in many places of the world, including South Africa (Wanda et al.,
2017). Therefore, it is critical to monitor their occurrence in water sources and assess their
associated risks. In South Africa, studies on quantitative analysis of emerging contaminants
(Matongo et al., 2015; Sorensen et al., 2015; Wood et al., 2015; Agunbiade and Moodley,
2016; Archer et al., 2017; Madikizela and Chimuka, 2017; Wanda et al., 2017; Sibeko et al.,
2019; Ncube et al., 2021; Mhuka et al., 2020; Spath et al., 2021) and qualitative analysis of
emerging contaminants (Odendaal, et al., 2015; Rimayi et al., 2019; Abafe et al., 2023) were
conducted mostly in specific provinces such as Gauteng and KwaZulu-Natal, with a dearth of
information in the Free State province. Monitoring and assessing the risks of emerging
contaminant in water sources around Bloemfontein will not only raise awareness on their
concentrations and the potential health impacts but communicate risks to relevant
stakeholders for analysis and making decisions regarding risk mitigation (Vasilachi et al.,
2021). This will also reduce the level of pollution and improve the quality of water resources
around the city of Bloemfontein thus addressing sustainable development goal number six
(clean water and sanitation). Furthermore, assessing the risks of emerging contaminants in
water sources is essential in protecting aquatic ecosystem and other living organisms which
is in agreement with sustainable development goal number fourteen (life below water). The
outcomes of this project will also serve as a starting point for subsequent research and add

to knowledge from earlier studies conducted in South Africa and other regions of the world.

1.7 Scope of the study

Although water sources may contain several pollutants, the study focused only on emerging
contaminants (pharmaceutical, personal care products, steroid hormones and pesticides)
identified from rivers, dams, treated drinking water, as well as wastewater influent and

effluent during all seasons of the year.
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Limitation of the study

Although this study closed an important data gap on emerging contaminant pollution, their

sources and possible risks in Bloemfontein, it has some limitations:

1.9

This study was limited to the water sources around Bloemfontein and areas such as
Botshabelo and Thaba Nchu.

The potential emerging contaminants in groundwater as a source of water were not

monitored in this study.

The physicochemical, hydro-chemical and microbiological parameters were not analysed
in this study.

The study also monitored only a few groups of emerging contaminants as a result of lack
of finances and laboratory standards for some compounds.

The main challenges in risk assessment included limited occurrence of data about
toxicological tests assays, chronic and acute toxicity data of some emerging
contaminants. The predicted non-effect concentration values are centred on presently
accessible data and may vary as more dependable data becomes accessible.

Because of a lack of slope factors and reference doses of some organic contaminants,
the human health risk assessment was conducted only for the identified pesticides.

Moreover, this study did not seek to implement the means of mitigation, but only to
inform local inhabitants, WWTP managers, farmers and relevant authorities of the
sources of emerging contaminants to their water sources and also the possibilities
around decreasing the ill-effects of emerging contaminants through various mitigation

treatments.

Thesis outline

This thesis is made up of eight separate chapters outlined as follows:

Chapter 1: Introduction

Chapter 1 covers the background to the problem, problem statement, research questions,

research hypotheses, aims and objectives, significance, scope and limitations of the study.

Chapter 2: An overview of emerging contaminants in water sources: A global outlook

The chapter is published as a complete book under Book Publisher International, which

provides an overview of emerging contaminants in water sources around South Africa and

other parts of the world.
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Chapter 3: Description of the study area: Bloemfontein

It describes the area where the study was conducted, the study location, environmental

attribute and socio-economic status.

Chapter 4: Methodology

This chapter provides detailed information on the methods adopted to gather the data
required to answer the research questions of the study. Information on collection of samples
and laboratory analysis are discussed. The chapter also describes the methods used to

determine the removal efficiency of WWTPs, sources and risks of emerging contaminants.

Chapter 5: Investigation and monitoring of emerging contaminants in water sources

This chapter describes the investigation and monitoring of emerging contaminants in rivers,
dams, treated drinking water and WWTPs, which was achieved by conducting both non-

target screening and quantitative analysis of emerging contaminants.

Chapter 6: Environmental health risk assessment of emerging contaminants in water

sources

The results and discussion of the risks ensuing from exposure to emerging contaminants in
water sources are presented in this section. It discusses the results of individual and a
mixture of environmental risks of emerging contaminants in water sources around
Bloemfontein. The results of human health risks of selected pesticides are also covered in
this chapter.

Chapter 7: Source apportionment of emerging contaminant pollution in water sources

and their mitigation strategies

The sources of emerging contaminants in water sources around Bloemfontein are presented
and discussed in this segment. Possible mitigation strategies related to the sources of

emerging contaminants are also discussed.

Chapter 8: Conclusions and recommendations

This chapter provides conclusions on the findings of the study and the recommendations for

future studies.
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Chapter 2
OVERVIEW OF EMERGING CONTAMINANTS IN WATER
SOURCES: A GLOBAL OUTLOOK

This chapter provides an overview of emerging contaminants in water sources at a global scale and
has been published as a book. For the sake of the thesis, only minor changes were made to grammar
and spelling.

Oke, S.A. and Mugudamani, 1. 2023. An overview of emerging contaminants in water sources: A
global outlook. India/United Kingdom: BP International. https://doi.org/10.9734/bpi/mono/978-81-
19761-78-4

Abstract

Advance in methods of detection for some organic chemicals in water sources has steered
the screening and quantification of a high quantity of contaminants collectively with their end
products, which formerly were not identified in water sources and are currently recognised
as emerging contaminants. The accumulation and discovery of levels of these emerging
contaminants in water sources has reduced water quality and made it unsafe for aquatic and
human life. Exposure to these organic contaminants may trigger serious health effects. The
aim of this chapter is to give a comprehensive review of global occurrence of emerging
contaminants in various water sources such as surface water, groundwater, treated drinking
water and wastewater influent and effluent. The chapter introduces the audience to concepts
of water sources, emerging contaminants, point sources and nonpoint sources of emerging
contaminants. It offers a glimpse of international and South African case studies on the
occurrence of emerging contaminants, specifically herbicides, pharmaceuticals, steroid
hormones and personal care products in water sources as well as in WWTPs. The analytical
and removal methods of emerging contaminants in water sources are also covered.
Moreover, information on possible environmental health impacts ensuing from exposure to
emerging contaminants and their possible mitigation measures (such as classification and
labelling methods; point source separation methods; and regulating the release of emerging
contaminants) are discussed. It can be concluded that emerging contaminants pollution is a
global problem. The occurrence of emerging contaminants around the world (Africa,
America, Asia, Europe and Oceania) is likely to upsurge in water sources and WWTPs as a
result of the rise in population, which is a public health concern. Therefore, more studies that
report on the widespread of emerging contaminants in water sources and their associated
environmental health risks are needed to help regulators in establishing priority measures for
management of water resources.
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Keywords: Emerging contaminants; herbicides; pharmaceuticals and personal care
products; steroid hormones; water sources

2.1 Introduction

The increase in the universal inhabitants (to 8.0 billion as of 2022), manufacturing activities
(pharmaceuticals) and the usage of chemical goods in households (plastics, cosmetic
products, toothpaste, toys), tourism, industrial manufacturing, agricultural activities, as well
as in human and animal health care are producing considerable volumes of chemical waste
that pollute our surroundings (Torres-Padron et al., 2020). Pollution caused by chemicals is
regarded as one of the world’s utmost threats to the aquatic ecosystem andhuman life
(Barton-Maclaren et al., 2022) and water as an indispensable resource for life in the world, is
most vulnerable to these types of pollution. The advancement in methods of detection of
some organic chemicals in the water sources recently has steered the detection of high
guantity of contaminants together with their end products, which formerly were unidentified in
water sources and are currently recognised as emerging contaminants (Vasilachi et al.,
2021).

Emerging contaminants are regarded as natural or man-made organic chemicals commonly
not scrutinised in water sources or controlled by regulation, however, have the prospect to
trigger serious implications to aquatic and human life (Miraj et al., 2016; Morin-Crini et al.,
2022). Many of these organic chemicals include herbicides, personal care products, steroid
hormones and pharmaceuticals (Liu et al., 2020a; Medkova et al., 2023). Pharmaceuticals
are considered to be recommended, non-prescription and animal salutary medications are
utilised to inhibit or for treatment of ailments in human being and mammals, whereas
personal care products are regarded as chemical compounds utilised mostly to increase
grooming throughout day-to-day life (cosmetics, fragrance, skin care, dental products) (Liu
et al., 2020b).

Steroid hormones are natural or synthetic compounds widely used as contraceptives and for
growth promotion in humans and animals (Bexfield et al., 2019). Herbicides are chemical
substances widely used in agricultural production (e.g. crop farming) (Wang et al., 2022) and
other areas such as in forestry, parks, golf courts and sports ground (Slevanovic et al., 2019;
Mugudamani et al. 2023) to either kill or severely injure undesirable plants (Casida, 2019;
Ganaie et al., 2023). These organic contaminants enter the water sources at a very low level
ranging from nanograms per litre (ng/f) to hundred micrograms per litre (ug/f) (Li et al., 2015)

via several pathways such as WWTPs, roadways runoff, agricultural runoff, recreational
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activities, deposition from atmosphere, animal feeding activities, sewage seepage and
landfill tank leachates (Selwe et al., 2022; Liu et al., 2023).

The existence of emerging pollutants in water sources is largely unregulated by legislation
and they do not have to be extremely tenacious to cause environmental health effects as
their decay is counterbalanced by an incessant introduction (Llamas et al., 2020). The
accumulation and detection of levels of these emerging contaminants in water sources has
reduced water quality and made water risky for aquatic and human life (Gozzo et al., 2023).
The quantity of these emerging contaminants is likely to upsurge in water sources as a result
of the rise in population density (Tijani et al., 2013), which is a community health problem.
Organic pollutant exposure has been testified to lead to health implications such as
endocrine disruption, immunotoxicity, neurological disorders, reductions in fertility,
spontaneous abortions, birth defects, poisoning of genes, sexual organ annoyance,
resistance of antibiotics and congenital disorders, even at low concentrations (Ramirez-
Malule et al., 2020).

The rise in usage of synthetic compounds around the world, their level of occurrence in an
agueous environment and possible ecological and health implications highlight the need for
constant monitoring and reporting of emerging contaminants in water sources (Selwe et al.,
2022). Therefore, an extensive review that scrutinises the current state of emerging
contaminants in water sources is necessary. In this chapter, the concepts of water sources,
emerging contaminants and their pathways are discussed. Furthermore, analytical
procedures, removal mechanisms, adverse health effects and mitigation measures of

emerging contaminants are examined.

2.1.1 Water sources

The most crucial resource on earth is water and it represents 70% of the globe (Malewandja,
2018). It is a necessity for existence of all living organisms (e.g. animals and human beings)
(Inyinbor et al., 2018). Water offers sustenance and enables the circulation of oxygen within
living cells such as mitochondria (Moses, 2006). It also serves as a habitation for aquatic
organisms and a reproduction home for some terrestrial organisms (Fawell and
Nieuwenhuijsen, 2003). According to Adeleye (2016), continuous safe and clean water
supplies are requirements for a decent and healthy living. Rivers, dams, lakes, canals and
groundwater are the main sources of required fresh water which are recharged by rainwater
(Ojemaye, 2020). Furthermore, wastewater may be a viable water resource, which when

effectively managed, is crucial for future water security (Edokpayi et al., 2017).
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2.1.1.1 Surface water as a water source

Any body of water that is exposed to the atmosphere and susceptible to runoff from the land
is referred to as surface water. As it accumulates on the ground or in a stream, river, lake,
reservoir or ocean, surface water is the most easily accessible type of water (Tufenkji et al.,
2002). The WHOQO'’s (2017) approximations are that 144 million persons around the globe are
dependent on surface water for survival. Drinking water and other public uses such as
irrigation and the thermoelectric power industry to cool electricity-generating equipment are
the main uses of surface water. It is very likely that surface water sources will contain
microorganisms because the same surface water serves as a natural habitat for numerous
living things. Additionally, surface water sources are frequently susceptible to contamination

from humans, animals, storms or heavy rains (Bwire et al., 2020).

In addition, anthropogenic pollution is transported through rivers and lakes far from
populated areas. This pollution can enter water resource systems as “point” discharges from
industrial and/or urban activities, typically through a discharge pipe or as “diffuse” pollution
from many sources within the hydrological catchment area (Jonsson, 2005). Particularly for
society, the “effluent transport” function of rivers present a probable threat to downstream
ecosystems and community health. The utility of the available water volume is significantly
decreased by biological, chemical, thermal and possibly radiological pollution of the world’s

water resources (Blackstock and Richards, 2007).

2.1.1.2 Groundwater as a water source

Water that is found underground in voids and fissures in rock, sand and soil is known as
groundwater. It is a scarce but important resource, making up about 37% of the non-ocean
water on Earth, compared to 63% of ice and less than 0.5% of surface water (rivers, lakes).
The hydrologic cycle includes groundwater as a key player because it interacts with surface
water bodies and the atmosphere. The ocean, lakes, rivers and springs are fed by
groundwater discharge (Trenberth et al.,, 2007). Rain and snow melt and seeps into the
voids and crevices beneath the surface of the land and replenishes or recharges
groundwater supplies. Water and air are present in the open spaces or pores of the
unsaturated zone, which is immediately below the surface of the land. Underlying the
unsaturated zone is the saturated zone, which is a region where water fills all of the pores

and rock fractures (Beckie, 2013).

In many countries, groundwater is already preferred as a source of drinking water because it
is more dependable than surface water (Carrard et al., 2019). It is typically free of the

majority of pathogens and less susceptible to surface-derived contamination than surface
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water. Since there is no land used for surface impoundments, losses due to evaporation are
minimal. A stable, dependable supply can be provided by large aquifers. Around 50% of the
world’s drinking water is derived from groundwater (Zektser and Evertt, 2004). The majority
of groundwater contamination begins at the surface of the land. Pollutants can easily enter
groundwater supplies in areas where the material above the aquifer is permeable. Landfills,
septic tanks, leaky underground petrol tanks and excessive fertiliser and pesticide use are
among the sources of groundwater pollution. Groundwater will no longer be suitable for
drinking if it is contaminated. In addition, contaminated surface water that recharges an

aquifer will contaminate the groundwater (Beckie, 2013).

2.1.1.3 Wastewater as a water source

When significant amounts of solids, particulate matter, microorganisms, nutrients, heavy
metals and micropollutants have negatively contaminated water, it is regarded as waste. In
order to prevent further contamination of water sources, it must be treated before being
released into another body of water. Every day, a large amount of wastewater is produced
worldwide from a variety of sources. Industrial, municipal, stormwater, surface runoff and
agricultural activities are some of the sources of wastewater. Rain and runoff that travels
through street gutters and is eventually treated at a wastewater facility are referred to as
stormwater. Municipal wastewater is the term for the liquid waste discharged by both
residential and commercial properties that is contaminated with washing water, urine,

faeces, and other substances (Warwick et al., 2013).

The different dissolved chemicals, and occasionally colours, found in industrial wastewater
come from a variety of industrial processes, including food processing, the iron and steel
industry, mines and quarries and textile factories. A high concentration of organic matter
from animal and vegetable sources, microorganisms and different chemicals used to control
pests and diseases are all present in agricultural effluents. Before being discharged into
another body of water, wastewater must be treated to prevent further contamination of water
sources. Before wastewater can be recycled or safely released into the environment, it
needs to be properly treated (Adeleye, 2016).

Consequently, this can be accomplished using a range of wastewater treatment techniques,
such as secondary treatment, waste stabilisation ponds and artificial or constructed wetlands
(Edokpayi et al., 2017). Water security in the future depends on the wise management of
wastewater, which is a usable water resource. Reclaimed and treated wastewater can be
used for a variety of tasks, including flushing toilets, industrial processes, irrigation of
gardens and other areas (Garcia and Pargament, 2015).
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2.2 Methodology

This chapter aimed at comprehensively reviewing the literature related to emerging
contaminants in water sources and their associated risks around the world. Theses,
dissertations, essays, original articles, reviews, scientific reports and book chapters were
used to retrieve relevant information. The information was mostly sourced from works
focusing on surface water, groundwater and drinking water. Published articles or studies
targeting wastewater treatment plants were also considered in this study. Keywords such as
emerging contaminants, pharmaceuticals, herbicides, steroid hormones, water sources,
personal care products and health impacts were used for literature search. Moreover, words
such as analytical procedure, removal mechanisms and risk mitigations were also used
during the literature search. The retrieved articles, student reports, scientific reports and
book chapters only written in English were then scrutinised and only articles that reported

primarily on emerging contaminants were included.

2.3 Results and discussion

After thorough analysis of theses, dissertations, essays, original articles, reviews, scientific
reports and book chapters, only studies focusing on the occurrence of emerging
contaminants in water sources such as surface water, groundwater, drinking water and
wastewater influents and effluents were selected. Some of the concepts related to emerging
contaminant pollution are discussed under (1) emerging contaminants; (2) sources and
pathways of emerging contaminants; (3) their occurrence in water sources; (4) a global
perspective; (5) a South African perspective on water sources; (6) analytical procedure for
detection of emerging contaminants; (7) other analytical techniques; (8) removal
mechanisms; (9) advanced treatment of emerging contaminants; (10) environmental health
impacts of emerging contaminants; and (11) mitigation of risks associated with emerging

contaminants.

2.3.1 Emerging contaminants

Organic compounds that were not recognised as important in freshwater and are currently
being detected due to the improvement of analytical techniques, are referred to as emerging
contaminants (Miraj et al., 2020). They are well known as man-made or naturally occurring
organic compounds or microorganisms not presently examined in the environment or
regulated by legislation; however, they possess the possibility to trigger serious implications

to the environment and public health (Miraj et al., 2016).
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Ojemaye (2016) described emerging contaminants as a sub-group of microcontaminants
occurring in the environment at low level with perfect chemical properties, arrangements,
application ranges and effects. The author further stated that emerging contaminants are
compounds introduced late into the environment; compounds that were existing in the
environment for a long period but were then only recently identified owing to the
development of new analytical devices and chemical compounds whose adverse health

implications are just showing.

Emerging pollutants in general are categorised as either nanomaterial; pharmaceutical; food
additives; pesticides; personal care products; industrial chemicals; illicit and non-controlled
drugs or endocrine disrupting compounds (Lodeiro et al., 2019). Their hastily growing use in
homes, hospices, manufacturing, transport and farming activities leads to their introduction
into surface water, groundwater and WWTPs at an increasing level (Oluwole et al., 2020).
Depending on consumption patterns and places, their concentration can vary hourly, daily,

seasonally, geographically, chronologically and socio-economically (Patel et al., 2019).

Pollution of water sources by organic chemicals is a serious community hazard that
necessitates continuous monitoring (Malewandja, 2018). Many types of emerging
contaminants are mostly identified in water sources. To deliver pragmatic and valued
evidence, the study was confined only to the occurrence of herbicides, pharmaceuticals,
steroid hormones and personal care products in water sources, including wastewater influent
and effluent. The international and South African case studies are also covered in this

chapter.

2.3.1.1 Herbicides

Pesticides are chemicals or chemical compounds manufactured with the intention to destroy,
prevent, or control pests, unwanted kinds of plants or animals. The Food and Agricultural
Organisation of the United Nations (2006), described pesticides as chemicals used in the
production, processing, storage, transport of food, farm produce, animal feedstuffs, wood
and wood commodities or chemicals used to control insects and pests in animal bodies.
Generally, pesticides are aimed at controlling the growth of unwanted weeds or the presence
of pests, insects and bacterial strains that may interfere with agricultural activities or cause
the spread of diseases (Mugudamani etal., 2023). They are classified as herbicides,
insecticides and fungicides. The widely known type of pesticides is herbicides and account

for roughly 80% of all pesticides in application (Ojemaye et al., 2020).

Herbicides are chemical substances widely used in agricultural production (Wang et al.,

2022) and other areas such as in forestry, parks, golf courts and sports ground (Slevanovic
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et al.,, 2019) to either kill or severely injure undesirable plants (Casida, 2019). Herbicides
may be classified as alachlor, metolachlor, butachlor, simazine, atrazine, 2,4-
Dichlorophenoxyacetic acid (2,4-D), terbuthylazine, atraton, prometryn, terbutryn, diuron,
propyzamide, haloxyfop, 2-methyl-4-chlorophenoxyacetic acid (MCPA) and oxyfluorfen
(Ojemaye, 2020; Wang et al., 2022).

2.3.1.2 Pharmaceuticals

They are anthropogenic or natural chemical compounds used as a life supplement, to
diagnose, treat, or prevent an ailment in both persons and animals. In people and animal
bodies, pharmaceuticals are known to have dissimilar chemical structures, behaviour,
applications and metabolism (Jiang et al., 2013). They are designed as specific bioactive
compounds which interact with receptors in the human body and in animals or to target
specific infectious organisms and induce specific biological responses at low doses (Galus
et al., 2013a). According to Kanama et al. (2018), pharmaceuticals are used for alteration of
physiology and biochemical processes in humans and animals in order to treat, diagnose or
prevent ailments. They are classified as non-steroidal anti-inflammatory drugs (NSAIDs) (i.e.
acetaminophen); antibiotics (such as ampicillin); beta-blockers (such as atenolol); lipid
regulators (such as clofibrate); antiepileptic drugs (such as carbamazepine); anti-psychotic
(such as thioridazine); antivirals (such as lamivudine) and human indicators or psychomotor
stimulants (such as caffeine).

The widespread usage of pharmaceuticals by human beings and for animals has contributed
to their detection in the environment (Kummerer, 2010). These pollutants are firm and
manufactured to be robust, which make it impossible to be broken down by the current
wastewater treatment processes. Furthermore, their polar and non-volatile nature leads to
their partial elimination in wastewater treatment plants and subsequently in their discharge
into the natural water resources (Baker and Kasprzyk-Hordern, 2013). They are regarded as
pseudo-persistent contaminants, which frequently enter the water environment at
concentrations stretching from ng/f-1 to low pg/f-1 (Gogoi et al., 2018). Their frequent

release may cause health effects to aquatic organisms and humans (Lindberg et al., 2007).

2.3.1.3 Personal care products

Personal care products are considered to be chemical compounds found mostly in customer
products sold for human body use (Barcelé and Petrovic, 2007). Jiang et al. (2013) indicated
that personal care products are manufactured for external human body use and not for
ingestion in most cases. These chemicals are found mostly in cosmetics, skin care, dental

products, hair care products, sunscreen agents, soaps, antibacterial products, fragrances
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and insect repellents (Barcel6 and Petrovic, 2007). They are classified into compounds such
as fragrance (e.g. polycylic musks), preservatives (e.g. parabens), antiseptics (e.g. triclosan)
and sun screen (e.g. benzophenone) (Ojemaye, 2020).

Personal care products are non-recommended products and as a result they are overused
and directly discharged into the aqueous environment. Their direct discharge into the
environment is mainly through consistent usage in showering, spraying, washing of clothes,
swimming, sunbathing and improper disposal (Miraj et al., 2016). They are released into
wastewater and advance toward WWTPs in their original or biologically transformed
structures (Gogoi et al., 2018). Effluents and surface water have been found to contain
concentrations of personal care products and their metabolites as a consequence of their
lipophilic nature and non-biodegradability (Jiang et al., 2013).

2.3.1.4 Steroid hormones

Steroid hormones are natural or synthetic compounds widely used as contraceptives and for
growth promotion in humans and animals (Bexfield et al., 2019). Steroid hormones can be
classified into estrogens, androgens, progestogens, glucocorticoids and mineralocorticoids.
Natural steroids mainly originated from the excretion (faeces and urine) of humans,
livestock, and aquaculture. Some natural and synthetic steroids have also been used as
pharmaceuticals in human daily life for many reasons, such as contraception and human
therapy and as growth promoters in farm animals to inhibit and treat sicknesses, stimulate
development and maximise productivity. These steroids and their metabolites may pose high
risks to aquatic organisms at very low environmental concentrations as they are constantly
introduced into the environment (Ying et al., 2013). These compounds have the ability to
mimic or hinder hormones, altering normal bodily functions (Gogoi etal., 2018),
consequently causing serious medical implications such as cancer, reproductive impairment,
cognitive deficits and obesity (La-Merrill et al., 2020).

2.3.1.5 Flame retardants

Flame retardants are defined as substances that can delay or prevent combustion (Roca,
2016). Chemical Safety Facts (CSF, 2021) described flame retardants as chemicals that are
added in flammable materials to inhibit fire ignition or slow its blow-out. Flame retardants are
classified based on their chemical structures and properties (Collaborative on Health and the
Environment [CHE], 2019). For the flame retardants to work effectively, different chemistries
with various properties and molecular structures are regularly mixed (Kasprzyk-Hordern,

2008). According to Rocca (2016), flame retardants fall into groups such as halogenated
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organics, phosphorus-based, nitrogen-based, other inorganic compounds and mineral

compounds.

Halogenated flame retardants is characterised by chlorinated flame retardants and
brominated flame retardants. These types of compounds are mainly used in safeguarding
plastics and textiles. The chlorinated organophosphate include tributyl phosphate and
tris(1,3-dichloro—-2-propyl)phosphate as essential agents. Chlorinated flame retardants are
tenacious but more soluble in agueous environment than brominated compounds (Ojemaye,
2020). The brominated compounds are divided into polybrominated diphenyl ether,
tetrabromobisphenol A, hexabromocyclodecane, and decabromodiphenyl ether (Ojemaye,
2020; Roca, 2016). This group of compounds are produced at a high rate because they are
cost-efficient. They are applied in plastic casings that cover electric and electronic
components (CSF, 2021). In highly flammable foam, a combination of brominated and non-

halogen flame retardants, known as Firemaster 550, is used (CHE, 2019).

Phosphorus flame retardants are frequently used in polyurethane foams to make fire-
resistant furniture, mattresses and thermal insulation. It is also used in electronics and high-
temperature polymers, which are used to make switches and connectors. Nylons,
polyolefins, polyurethane foams and fire-resistant paints, fabrics and wallpapers all benefit
from nitrogen-based flame retardants. Plastics, foams, textiles and wood products all contain
inorganic and mineral compounds, as well as other elements (CSF, 2021). These chemicals
are not soluble in water environments, they abide to particles, accumulates in river beds and
lake sediments (CHE, 2019). As a result of their persistence, bioaccumulation and potential
toxicity in animals and humans are regarded as chemicals of environmental concerns (Roca,
2016).

2.3.1.6 lllicit drugs and non-controlled drugs

lllicit and non-controlled drugs include drugs such as cocaine, heroin, cannabinoids and
amphetamine-like stimulants. These drugs are now considered emerging contaminants
because of their high level of production and usage (Kasprzyk-Hordern, 2008). Excreted as
either the parent compound or as metabolites, they have been reported to persist into the
wider environment (Paciuszkiewicz et al., 2019) and their concentration level in wastewater
and surface water has been detected mostly ranging from a nanogram to low micrograms
per litre (Kasprzyk-Hordern, 2008). Although they occur at low concentrations and their
effects are less known, they are presumed as being toxic to aquatic organisms (Miraj et al.,
2016).
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2.3.1.7 Food additives

Food additives have also been considered as important emerging contaminants as a result
of their possible negative impacts on the environment and to human health (Moritz, 2014).
Artificial sweeteners, which are included in thousands of food products, are the most widely
used food ingredient. Saccharin, cyclamate, aspartame, acesulfame, sucralose, alitame,
neotame and dihydrochalcone are the most common artificial sweeteners. Among the
sulfamates, cyclamate is the most advanced artificial sweetener, followed by saccharin.
Foods, beverages, desserts, chewing gums, pastries and breads all include artificial

sweeteners (Naik et al., 2021).

Furthermore, drugs, sanitary products, personal care and pharmaceutical products also
contain certain amounts of artificial sweeteners. They are regarded as emerging
contaminants as a result of their persistent occurrence and world-wide presence in various
water matrices. Atrtificial sweeteners may cause serious toxic effects in the ecosystem, plant
growth and aquatic organisms because of the incapability of current wastewater treatment
processes to completely eliminate them. Depending on their concentration level, persistence
and bioaccumulation potential, artificial sweeteners may cause serious toxic effects in the

ecosystem, plant growth and aquatic organisms (Naik et al., 2021).

2.3.1.8 Nanomaterials

The United States Environmental Protection Agency (USEPA, 2008), defined nanomaterials
as a miscellaneous group of minor substances characterised by structural components with
less than one micrometre in at least one dimension. Fillers, catalysts, semiconductors,
textiles, microelectronics, energy storage and antifriction coatings are some of the
applications of nanomaterials. Furthermore, they are applied in cosmetics, pharmaceuticals,
and drug carriers (Moritz, 2014). The size of a nanomaterial ranges typically between one
and hundred nanometres (USEPA, 2008). Nanomaterials are made up of several diverse
base materials with different structures such as carbon, silicon and metals such as gold,

cadmium and selenium (Moritz, 2014).

The European Commission (2011) categorised nanomaterials as natural, incidental or
engineered. Engineered nanoparticles consist of carbon-based and inorganic forms, partly
with a functionalised surface (Bundschuh etal., 2018). Inorganic compounds such as
titanium dioxide and nano-silver, as well as organic compounds such as carbon nanotubes,
are classified as nanoparticles (Lin etal., 2010). Carbon nanotubes are used in the
manufacturing of tennis racquets, whereas titanium dioxides are used as a sunscreen in

cosmetics. Silver nanoparticles are used to decrease smell in outfits such as socks,
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underwear and sports clothes. In bandages, silver nanoparticles are used to inhibit bacterial
infections (Wilson, 2018).

Because of their high usage, nanoparticles end up polluting the water environment (Benn
and Westerhoff, 2008). When compared with bulk materials, nanoparticles can have totally
different physical, chemical or biological reactions in different environmental compartments
based on its class, form, size and surface. They can penetrate the body and cell more easily
as compared to bigger particles, consequently causing serious medical effects (Lin et al.,
2010).

2.3.2 Sources and pathways of emerging contaminants

Emerging contaminants are introduced into the water environment through various routes
(Janna, 2011). They can be discharged into the water environment either from a point

source or nonpoint source (Ojemaye, 2020) as depicted in Figure 2.1.
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Figure 2.1 Sources and pathways of emerging contaminants in the environment
Source: Adopted and modified from Stefanakis and Becker (2016)
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2.3.21 Point source of emerging contaminants

The point source of contamination signifies any detectable source of contamination from
which contaminants are released (Mandaric, 2018). Household waste, hospital wastewater
outflows, industrial activities, agricultural activities and wastewater effluents, which are
frequently being released to the streams and rivers, are some of the examples of point
source pollution (Stefanakis and Becker, 2016). Emerging contaminants are classified as
either natural or man-made chemical compounds. Natural chemical compounds such as
hormones are emitted from excretion of vertebrates and invertebrates groups, whereas man-
made chemical compounds are produced by manufacturing industries (Janna, 2011). In
factories or manufacturing industries such as pharmaceuticals and personal care product
industries, mining, rubber industries, corrosion inhibitors and pesticide industries,
contaminants of emerging concern are manufactured regularly or utilised as a raw material
to make other substances (Moon et al., 2007). Furthermore, effluents are also discharged
into the environment from these manufacturers or industries that contain various substances,
such as pharmaceuticals, personal care products, flame retardants, alkylphenols and

polycyclic aromatic hydrocarbons, phthalates and pesticides (Janna, 2011).

Agricultural runoff and leachates are also regarded as point source of some of the emerging
pollutants. Crop production improvement, especially with the use of pesticides, may
contribute to loading of chemicals such as endosulfan, atrazine or fluopicolide (Snow, 2010).
Animal farms are considered a good point source of a high level of estrogens such as
estrone (E1l), estradiol (E2), testosterone and androstenedione (Furuichi etal., 2006).
Stefanakis and Becker (2016) also suggested that production of waste, storing of waste in
lagoons and using of waste in concentrated animal feeding activities could lead to seepage
of veterinary antibiotics into underground aquifers. Irrigation of fields with treated wastewater
also introduces various emerging pollutants and their metabolites to the receiving water
bodies. Some of these emerging contaminants may be released into the environment again

if wastewater is reused for agricultural activities (Janna, 2011).

Another significant point source of various emerging contaminants is households. Many
pharmaceuticals and personal care products such as trimethoprim, ibuprofen, diazepam,
metoprolol, polycyclic and macrocyclic musk or benzophenone are frequently discarded from
household solid waste or flushed down in the toilet (Stefanakis and Becker, 2016). Dumping
of pharmaceuticals with household solid waste consequently leads to the introduction of
these chemical compounds in landfills leachates which also pollute groundwater. Moreover,

in regions where the water table is too high, water pollution with pharmaceuticals and
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personal care products from onsite wastewater disposal systems such as septic tanks may
occur (Stefanakis and Becker, 2016; Pal et al., 2010).

Wastewater discharged from hospitals is a potential source of emerging contaminants.
Hospital wastewater discharges contain remaining quantities of medicinal drugs together
with pharmaceutical substances and X-ray contrast media. Although the volume of hospital
wastewater discharges is low, they comprise larger quantities of pharmaceutical compounds
than municipal wastewater (Stefanakis and Becker, 2016). Many emerging pollutants reach
sewage treatment plants through households, hospitals, industrial use and occasionally
stormwater, making wastewater treatment plants a noteworthy source of contaminants of
emerging concern. These chemical compounds are not eliminated by the chemical, physical,
and biological treatment techniques and as a result they end up being discharged into the

aguatic environment in a substantial quantity (Janna, 2011; Gerber, 2019).

Furthermore, landfill sites are regarded as a noteworthy source of emerging pollutants.
Wrong selection of the location or poor design of the landfill may pollute groundwater
(Stefanakis and Becker, 2016). Other pathways through which emerging contaminants may
be introduced into the environment are burning of solid waste, metal production, bricks and
cement production, tobacco smoking, illegal waste dumping, making of textiles and cleaning

agents (Ojemaye, 2020).

2.3.2.2 Non-point source of emerging contaminants

According to Darradi et al. (2012), a nonpoint source contamination can be defined as a
diffuse pollution in nature that occurs over a wide geographic scale. They are not connected
to a particular source and cannot be readily defined in a specially or temporally obvious way
(Ncube etal.,, 2021). Although nonpoint sources are associated with lighter loads of
contaminants (Lapworth etal., 2012), they are responsible for most of the surface
contamination and are hence a serious threat to the aquatic ecosystems (Darradi et al.,
2012). Urban runoff may be regarded as a nonpoint source of emerging contaminants.
Urban run-off occurs because of impermeable surfaces such as roads, housing and
construction sites, which are typical features of urbanisation. It carries contaminants straight

into surface water, particularly during rainy seasons (Gerber, 2019).

Other examples of nonpoint sources are sediments from mining activities, lose river banks,
poorly managed construction sites and forestry. Livestock bacteria and nutrient, atmospheric
deposition and hydro-modifications are also regarded as nonpoint sources of pollution.
Furthermore, farming and forestry activities may contribute to diffusion of micro-pollutants in

the surface water and groundwater through leakages from manures used as fertilisers and
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washing away of pesticides used in agriculture and forestry (Mandaric, 2018). Discharge of
nonpoint source contaminants into the water environment is a serious threat to the entire

biosphere of an aquatic environment (Wu and Chen, 2013; Mandaric, 2018).

2.3.3 Emerging contaminants in water sources

Almost one-third of all available freshwater is used for anthropogenic purposes, including
industry, agriculture and domestic use, which simultaneously result in their contamination by
numerous different organic contaminants. Organic substances, together with their
derivatives, are eventually introduced into different water sources after serving their primary
purpose in these industries (Bagheri, 2021). Once these chemicals enter the water sources,
they put pressure on the quality of water bodies, raising concerns about the risks on
ecosystems and the population (Liu et al., 2014). Most of these contaminants are detected in
various water matrices such as hospital discharges, wastewater influents and effluents,
surface water, groundwater and drinking water and are traceable in every continent due to
human activities (Ort et al., 2010).

Manufacturing plants, hospitals, sewage deterioration, rainfall, sampling uncertainties and
analytical procedures all have a role in the production of these chemical compounds.
Depending on consumption patterns and places, their concentration can vary hourly, daily,
seasonally, geographically, chronologically and socio-economically (Ort etal., 2010).
Emerging pollutants in water matrices are detected differently in different nations and even
different locations of the same country (Ebele et al., 2017). To deliver a pragmatic and
valued evidence, the study was confined only to the occurrence of herbicides,
pharmaceuticals, steroid hormones and personal care products in water sources, including
wastewater influents and effluents. Some of the case studies related to the quantities of
emerging contaminants, such as pharmaceuticals, personal care products, herbicides and

steroid hormones, are presented in this section.

2.3.4 Case studies: Global perspective

2.3.41 Pharmaceuticals and personal care products in surface water, groundwater

and drinking water

Pharmaceuticals are a broad category of chemical pollutants that come from human
consumption, excretion and veterinary use. Most of the pharmaceuticals identified in surface
water, groundwater and drinking water are classified as NSAIDs, antibiotics, beta-blockers,
antiepileptics, antipsychotic, lipid regulators, antivirals and psychomotor stimulants (Nggwala

and Muchesa, 2020). The primary classes of personal care products are antiseptics,
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fragrances, insect repellents, preservatives and UV fillers. Several studies have detected the
concentration of pharmaceuticals and personal care products in various water matrices in
different concentrations (Petersen, 2016) and some of the scenarios of the occurrence of
pharmaceuticals and personal care products in international surface water, groundwater and

drinking water are discussed below and summarised in Table 2.1.

Non-steroidal anti-inflammatory drugs

NSAIDs are drugs utilised as antipyretic, anti-inflammatory and analgesic agents. Muscle
soreness, dysmenorrhea, rheumatic diseases, pyrexia, gout and migraines are all routinely
treated with them. Additionally, in some cases of acute trauma, they are employed as opioid-
sparing medicines. Aspirin, diflunisal, salsalate, naproxen, ibuprofen, diclofenac,
indomethacin, meloxicam, piroxicam, meclofenamate and mefenamic acid are some of the
medications that are included under NSAIDs (Ghlichloo and Gerriets, 2022). The occurrence
of these drugs has been detected in the surface water, groundwater and drinking water of
many countries. In Lagos, Nigeria, Ogah et al. (2020) conducted a study on pharmaceuticals
in the environment focusing on the quantities of selected drugs in several water matrices and
reported concentrations of NSAIDs such as diclofenac in borehole water as 0.39 mg/t,
treated drinking water as 0.17 mg/t and well water as 0.73 mg/{. In Montana, United States,
a study was conducted in the Helena valley groundwater to detect pharmaceuticals,
personal care products, endocrine disruptors and microbial indicators of faecal
contamination and reported the maximum concentration of diclofenac in groundwater as
46 ng/t (Miller and Meek, 2006).

In Germany, Ferrari etal. (2004) in their study of environmental risk assessment of six
human pharmaceuticals reported the occurrence of diclofenac in surface water at a mean
concentration of 1.2 ug/f. A pilot study along the Skaneateles Lake in New York State,
United States, reported ibuprofen at a concentration ranging from not detected (ND) to
1.16 ng/t in treated drinking water (Subedi et al., 2015). Wilkinson et al. (2017) conducted a
study on spatial distribution of organic contaminants in three rivers of Southern England
bound to suspended particulate material and dissolved in water, and recorded the
concentrations of acetaminophen and diclofenac in the upper stream at mean concentrations
of 20.8 ng/t and 11.4 ng/{, respectively. A study in the Mississippi River in New Orleans,
Louisiana in the United States, revealed contamination by ibuprofen (<1-34 ng/t),
acetaminophen (25-65 ng/f) and naproxen (<1-135 ng/t) (Zhang et al., 2006).

Choi et al. (2008) looked at the concentrations of several pharmaceutical residues in surface
water of the Han River, Korea, and detected the concentration of acetaminophen as

34.8 ng/t. In a nationwide reconnaissance of contaminants of emerging concern in source

23
© Central University of Technology, Free State



Q)

Central University of
Technology, Free State
Cents of

Tech

and treated drinking water of the United States conducted in two phases, maximum
concentration of tramadol was detected in source water as 23.04 ng/t during phase two
(Glassmeyer etal.,, 2016). Fairbairn etal. (2015), in the United States focused on
sediment-water distribution of contaminants of emerging concern in a mixed-use watershed
and detected acetaminophen in surface water stretching from 0.99-7.0 ng/f. Another study
detected several pharmaceuticals such as mefenamic acid (ND-326 ng/t) and indomethacin
(ND-33.5 ng/f) in surface water from the Mankyung River, South Korea (Kim et al., 2009b).

A preliminary study on the presence of pharmaceutically active compounds in the River
Basins and their removal in two conventional drinking water treatment plants in Chongqing,
China, detected diclofenac (ND-1.5 ng/t), ibuprofen (0.86-115.8 ng/f) and acetaminophen
(0.5-445.6 ng/f) among the NSAIDs in river water (Yan etal., 2015). Lin etal. (2015)
conducted a study on pharmaceuticals, hormones and perfluorinated compounds in
groundwater in Taiwan and reported acetaminophen, ibuprofen, naproxen and diclofenac
ranging from 0.9 to 1036 ng/t, 17.4 to 836.7 ng/t, 128.0ng/t, and 2.1 to 33.2 ngh,

respectively.

An investigation project on pharmaceuticals, personal care products and endocrine
disrupting chemicals in a tropical urban catchment of Singapore, reported concentrations of
acetaminophen (<4-159 ng/f) and naproxen (<1-10.85 ng/t) among the NSAIDs in river
water (You et al., 2015). In the mangrove ecosystems in Singapore a study was conducted
to determine pharmaceutically active compounds and endocrine disrupting chemicals in
water, sediments and mollusks and detected concentrations of diclofenac ranging from 0.04
to 1.7ng/t in surface water (Bayern etal, 2016). In Hanoi, Vietnam, ibuprofen
(0.10-0.58 ng/t), fenoprofen (<0.04-0.41 ng/t), ketoprofen (<0.04-0.45 ng/t), naproxen
(0.08-0.38 ng/t), diclofenac (0.41-0.31 ng/t), indomethacin (<0.02-0.27 ng/f) and propy-

phenazone (<0.06 ng/f) were detected among NSAIDs in surface water (Tran et al., 2014).

Chen et al. (2008) reported concentrations of ketoprofen (110-620 ng/{), ibuprofen (<12-30
ng/f) and diclofenac (24-62 ng/t) in Taiwanese rivers. Another study in Lagos, Nigeria,
reported maximum concentrations of acetylsalicylic acid (0.13 pg/f), diclofenac (0.27 ug/f),
fenoprofen (<0.02 ug/t), ibuprofen (8.84 ug/t), ketoprofen (<0.02 ug/f) and naproxen
(0.03 pg/t) in surface water (Olarinmoye et al., 2016). In urban water bodies around southern
Brazil, mean concentrations of various steroid hormones and NSAIDs in the Cancela-
Tamandai and Jodo Goulart catchments were detected (Pivetta and Gastaldini, 2019).
Among the NSAIDs, diclofenac, ibuprofen and paracetamol were detected in the Cancela-
Tamandai at a mean concentration of 0.060 ug/f, 1.266 yg/t and 2.975 ug/,

correspondingly. In the Jodo Goulart catchments, their respective mean concentrations were
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0.069 pg/t, 0.515 pg/t and 0.426 yg/f. In Hanoi, Vietman, concentrations of ketoprofen
(<40-330 ng/t), ibuprofen (100-1 100 ng/f), diclofenac (<140-310 ng/f) and naproxen
(80—380 ng/t) were reported in surface water (Tran et al., 2014).

Furthermore, in China (Beijing) concentrations of ibuprofen (<LOD-17.17 ng/{), antipyrine
(0.15-0.22 ng/t) and aminopyrine (0.17-0.64 ng/t) were detected among the NSAIDs in
treated drinking water (Cai et al., 2015). The study also detected concentrations of naproxen
(<LOD-3.12 ng/f) and diclofenac (<LOD-2.37 ng/f) in treated drinking water. In groundwater
around northern China, maximum concentrations of ibuprofen in unconfined aquifers were
detected as 24.50 ng/t and 42.99 ng/t during the wet and dry season, respectively (Wu et al.,
2020).

Antibiotics

Both human and animal health depends heavily on antibiotics. They are produced to treat
pathogen-caused illnesses. They included compounds such as amoxicillin, erythromycin,
fluorogquinolones, sulfamethoxazole, tetracycline, trimethoprim, doxycycline, ciprofloxacin,
ofloxacin, lincomycin, norfloxacin, azithromycin, oxytetracycline and florfenicol. As the
current sewage treatment works are unable to completely eliminate these compounds, they
end up entering natural surface water, groundwater and drinking water (Viana et al., 2021).
Choi et al. (2008) reported a mean concentration of sulfamethoxazole (26.9 ng/f) in the Han
River, Korea. Sulfamethoxazole was also reported in German’s surface water at a mean

concentration of 0.48 p/t (Ferrari et al., 2004).

In Cape Cod, Massachusetts, United States, a maximum concentration of sulfamethoxazole
was reported as 113 ng/f in well water (Schaider et al., 2014). Miller and Meek (2006),
reported a maximum concentration of sulfamethoxazole in groundwater as 490 ng/t in
Montana, United States. In Mankyung River, South Korea, pharmaceuticals such as
clarithromycin and erythromycin were detected at concentrations ranging from ND to
443 ng/t and ND to 137 ng/t, respectively (Kim etal., 2009b). In the United States, the
maximum concentration of sulfamethoxazole in source water was 161.1 ng/{. while in treated
drinking water it was 8.2 ng/t (Glassmeyer et al., 2016). Another study conducted in the
Nairobi River Basin in Kenya, reported maximum concentrations of sulfamethoxazole,
trimethoprim and ciprofloxacin as 13.8 mg/{, 2.6 mg/t, and 0.5 mg/{, respectively (Ngumba
et al., 2016). In Beijing, China, the concentration of sulfamethoxazole in treated drinking

water ranged from <LOD to 1.81 ng/t among antibiotics (You et al., 2015).

Lin etal. (2015) reported concentrations of various antibiotics in Taiwan, such as
sulfadiazine (0.1-14.4 ng/t), sulfamethoxazole (0.2-1 820 ng/{), sulfathiazole (0.7-3.0 ng/{),
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sulfamethazine (1.6-28.9 ng/t), sulfahamonomethoxine (0.6-1.8 ng/t), sulfadimethoxine
(0.8-4.3 ng/t), erythromycin-H,O (54.8 ng/f), clarithromycin (6.9 ng/f), nalidixic acid
(1.6-16.4 ng/t), flumequine (2.4-6.6 ng/f), pipemidic acid (10.2 ng/f), norfloxacin (9.3 ng/f),
ofloxacin (0.9-11.8 ng/f), dimetridazole (1.8 ng/f) and metronidazole (26.2 ng/f) in

groundwater.

In Bangladesh, Hossain etal. (2018) reported concentrations of sulfadiazine (< LOD-
0.58 ng/?), sulfamethazine (< LOD-4.19 ng/t), sulfamethoxazole (<LOD-7.24 ng/t), sulfa-
methizole (<LOD-11.35 ng/f), trimethoprim (< LOQ-17.20 ng/f), erythromycin (<LOD-
6.46 ng/t), tylosin (<LOD-16.68 ng/f) and metronidazole (0.05-13.51 ng/f) in rivers. In
Chongging, China, rivers were found to be polluted by antibiotics such as erythromycin—-H,0O
(1.41-156 ng/t), roxithromycin (0.6-88.4 ng/t), azithromycin (2.6-166.5 ng/t),
sulfamethazine  (ND-3.7 ng/t),  sulfamethoxazole  (0.44-115.3 ng/f), sulfadiazine
(0.36-26.7 ng/t), trimethoprim (0.4-20.5 ng/t), ofloxacin (3.1-114.1 ng/f), norfloxacin
(ND-92.4 ng/f) and moxifloxacin (ND-6.4 ng/f) (Yan et al., 2015).

A study in rivers within the tropical urban catchment of Singapore reported concentrations of
the antibiotic chloramphenicol ranging from <0.07 to 1.53 ng/t (You et al., 2015). Another
study in mangrove ecosystems of Singapore detected concentrations of lincomycin
(0.04-1.36 ng/t), chloramphenicol (0.003-0.70 ng/f), sulfadiazine (0.04-0.80 ng/f), sulfa-
merazine (0.03-0.24 ng/f) and sulfamethazine (06—-6.26 ng/) in surface water (Bayen et al.,
2016). A pilot study conducted along the Skaneateles Lake in New York, United States,
reported sulfamethoxazole ranging from ND to 0.39 ng/f, among the antibiotics in treated
drinking water (Subedi et al., 2015).

In Lusaka, Zambia, Ngumba etal. (2018) detected the antibiotics trimethoprim,
sulfamethoxole, ciprofloxacin, tetracycline, doxycycline and amoxicillin at mean
concentrations of 2 410 ng/f, 11 800 ng/t, 400 ng/t, 2 200 ng/t, 2 730 ng/f and 2 500 ng/t,
respectively. In Kenya, Kairigo et al. (2020) reported mean concentrations of norfloxacin,
trimethoprim, ciprofloxacin, sulfamethoxole in upstream surface water as 1.6 ug/t, 3.8 ug/,

2.5 yg/t and 96.9 pg/t, respectively.

In Lagos, Nigeria, Ogah et al. (2020) detected concentrations of ofloxacin in borehole water
and treated treated drinking water as 0.24 mg/f and 0.08 mg/t, respectively. Another study in
Lagos, Nigeria, detected maximum concentrations of antibiotics such as chloramphenicol
(0.36 pg/t), chlortetracycline (<0.05 pg/t), clarithromycin (<0.05), doxycycline (<0.05 ug/f),
erythromycin  (1.00 ug/f), sulfadiazine (0.04 ug/f), sulfadimidine (<0.01 ug/t), sulfa-
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methoxazole (1.50 pg/f), tetracycline (<0.05 pg/f) and trimethoprim (0.40 pg/t) in surface

water (Olarinmoye et al., 2016).

Lin etal. (2020) reported concentrations of the antibiotics sulfamethoxole, enrofloxacin,
oxytetiacycline and florfenicol in river samples in China, ranging from ND to 39.6 ng/t, ND to
45.8 ng/{, 85.0 to 375.9 ng/t and ND to 287.5 ng/t, respectively. In North China, maximum
concentrations of various antibiotics in groundwater during the wet and dry season were
reported as erythromycin (1.55 and 1.71 ng/f); sulfamonomethoxine (3.43 and 12.39 ng/f);
sufathiozole (3.86 and 2.24 ng/f); sufisoxazole (1.51 and 16.73 ng/f); sulfamerazine (2.49
and 0.69 ng/t); sulfamethazine (0.49 and 0.83 ng/f); sulfamethoxazole (19.29 and
11.01 ng/?); chloramphenicol (0.55 and 0.16 ng/f) and trimethoprim (1.03 and 3.23 ng/t) (Wu
et al., 2020).

Beta-blockers

Beta-blockers are frequently used for the treatment of cardiovascular illnesses such as
hypertension, cardiac arrhythmias, tachycardia, thyrotoxicosis, hypertrophic subaortic
stenosis or ischemic heart disease. Additionally, they are used to treat acute panic feelings
in anxious circumstances, as well as ocular pressure in glaucoma treatment and migraine
prophylaxis. The wastewater treatment plants do not entirely eliminate these chemicals and
as a result, they are found in surface water, groundwater and drinking water in many
different nations. Atenolol, propranolol, metoprolol, bisoprolol and betaxolol are the most
used beta-blockers (lancu et al., 2020). In the United States metoprolol in source water and
treated drinking water were detected at maximum concentrations of 35.7 ng/t and 18.4 ng/{,

correspondingly (Glassmeyer et al., 2016).

In Germany, a study by Ferrari et al. (2004) reported propranolol at a mean concentration of
0.59 pg/t in surface water. A study conducted in groundwater in Taiwan detected
concentrations of beta-blockers such as atenolol (3.6 ng/f) and acebutolol (0.7 ng/f) (Lin
et al., 2015). In surface water of the Mankyung River in South Korea, beta-blockers such as
atenolol (ND-690 ng/f) and propranolol (ND-40.1 ng/f) were detected (Kim et al., 2009b). In
Chongging, China, the beta-blocker metoprolol was detected at concentrations ranging from
0.46 to 17.3 ng/t in river water (Yan et al., 2015). In the Skaneateles Lake in New York
State, United States, atenolol was detected at concentrations ranging from ND to 19.5 ng/{

among the beta-blockers in treated drinking water (Subedi, 2015).
Antiepileptics

Patients with epilepsy are treated with antiepileptic drugs. Carbamazepine is the most

popular and commonly used antiepileptic medication. Pharmaceuticals are not effectively
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removed from wastewater, thus they are released into rivers together with wastewater
effluent, where they may seep into groundwater or be absorbed by water treatment facilities.
There have been instances of carbamazepine in drinking water despite the use of
sophisticated water treatment techniques (Rezka et al., 2015). In Cape Cod, Massachusetts,
United States, Schaider etal. (2014) detected anticonvulsants such as phenytoin and
carbamazepine in well water at maximum concentrations of 66 ng/f and 72 ng/,
respectively. Another study conducted in Helena valley groundwater in Montana, United
States, reported detection of carbamazepine and dilantin in groundwater with maximum

concentrations of 22 ng/t and 420 ng/t, respectively (Miller and Meek, 2006).

Ferrari et al. (2004), in their study conducted in Germany on environmental risk assessment
of six human pharmaceuticals in an aquatic environment detected carbamazepine at a mean
concentration of 1.1 pg/L. Lin et al. (2015) conducted a study in Taiwanese groundwater and
detected carbamazepine with concentrations ranging from 0.4 to 37.9 ng/l. In the United
States, maximum concentrations of carbamazepine were reported as 269 ng/f and 586 ng/t
in source water and treated drinking water, respectively, during Phase 1. During Phase 2,
carbamazepine was detected in source water at a maximum concentration of 35.7 ng/f and
in treated drinking water at a maximum concentration of 26.50 ng/t (Glassmeyer et al.,
2016).

In the Mississippi, Louisiana, United States, carbamazepine ranging from 43 to 114 ng/f was
reported as surface water contaminants (Zhang et al., 2006). In South Korea, the Mankyung
River was contaminated by carbamazepine with a concentration ranging from ND to 595 ng/t
(Kim et al., 2009b). In Bangladesh, Hossain et al. (2018) reported the concentration of
carbamazepine ranging from <LOD to 8.80 ng/t among the antiepileptic drugs in the Old
Brahmaputra River. Antiepileptic drug carbamazepine was detected in drinking water at
concentrations ranging from 0.41 to 10.3 ng/t in Chongging, China (Yan et al., 2015).

In the mangrove ecosystems of Singapore, concentrations of carbamazepine ranging from
0.06 to 4.63 ng/t in surface water was reported (Bayen etal.,, 2016). Tran etal. (2014)
detected carbamazepine ranging from <0.144 to 0.53 ng/f in surface water around Hanoi,
Vietnam. In Lagos, Nigeria, a study detected a maximum concentration of carbamazepine in
surface water as <0.01 yg/t (Olarinmoye et al., 2016). Furthermore, a study in Beijing,
China, detected concentrations of carbamazepine ranging from 0.37 to 1.15 ng/f in drinking
water and 0.51 to 38.24 ng/{ in treated drinking water (Cai et al., 2015).
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Antipsychotics

Because antipsychotics are used to treat a variety of illnesses and patients of various ages,
including schizophrenia, bipolar disorder, depression, autism, attention deficit hyperactivity
disorder and behavioural and psychological signs of dementia, their use is continually
expanding. They may include chemical compounds such as thioridazine, quetiapine,
bromazepam, clonazepam, diazepam, sulpiride and aripiprazole. Antipsychotics remain in
the environment once excreted by patient's urine or faeces and are transferred to
wastewater treatment plants. As wastewater treatment plants were not intended to eliminate
drugs and their metabolites, a variable part of the administered dose ends up in the rivers,

lakes, the sea and even drinking water (Escudero et al., 2021).

A study by Ferrari etal. (2004) in the Guandu River, Rio de Janeiro, Brazil, reported
concentrations of bromazepam, clonazepam and diazepam in all samples of surface water
at maximum concentrations of 42 ng/f, 198 ng/f and 335 ng/{, respectively. A study in a
tropical urban catchment of Singapore reported a concentration of an antipsychotic drug
such as sulpiride ranging from <0.1 to 1.23 ng/t in river water (You et al., 2015). Another
study in Singapore’s mangrove ecosystems detected concentrations of antipsychotics such
as risperidone (03-0.21 ng/f) in surface water (Bayen et al., 2016). In Lagos, Nigeria, a
maximum concentration of antipsychotic drugs such as diazepam (<0.01 pug/f) was detected

in surface water (Olarinmoye et al., 2016).

Lipid regulators

The high usage of blood lipid regulators has led to the introduction of chemical compounds
such as bezafibrate, clofibric acid, gemfibrozil, fenofibric acid, simvastatin, etofibrate and
atorvastatin in aquatic environments. The majority of fibrates were excreted unaltered (Rosal
etal., 2010). Lipid lowering agents such as bezafibrate (ND-31.4 ng/f), clofibric acid
(ND-17.2 ng/t), gemfibrozil (ND-1.4 ng/f), simvastatin (2.3-16.7 ng/f) and atorvastatin
(ND-0.6 ng/f) were detected in river water in Chongging, China (Yan et al., 2015).

Lin et al. (2015) reported concentrations of lipid regulators and cholesterol-lowering drugs
such as clofibric acid and bezafibrate, ranging from 0.1 to 1.0 ng/f and 0.1 to 256.7 ng/t,
respectively, in groundwater in Taiwan. Another study conducted in the Pearl River Delta in
Guangzhou, South China, revealed the presence of acidic pharmaceuticals such as clofibric
acid in water samples with maximum concentrations of 248 ng/t (Peng et al., 2009). In the
mangrove ecosystems of Singapore, a study detected concentrations of lipid regulators such
as gemfibrozil ranging from 0.77 to 17.7 ng/t in surface water (Byen et al., 2016). A study
conducted in the Mississippi River in Louisiana, United States, revealed the prevalence of
clofibric acid at concentrations ranging from 3 to 27 ng/t (Zhang et al., 2006). A preliminary
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study in Hanoi, Vietnam, detected lipid regulators such as clofibric acid (<0.05 ng/t) and
gemfibrozil (<0.05 ng/f) in surface water (Tran et al., 2014).

Olarinmoye et al. (2016) in Lagos, Nigeria, detected a maximum concentration of lipid
regulators such as bezafibrate (<0.02 pg/t), clofibric acid (0.04 ug/f), etofibrate (<0.02 ug/%),
fenofibrate (<0.04 pg/t) and gemfibrozil (<0.02 pg/f) in surface water. In treated drinking
water around Beijing, China, concentrations of bezafibrate (<LOD-0.16 ng/t) and clofibric
acid (<LOD-1.37 ng/f) were detected among the lipid regulators, whereas in a drinking water
treatment plant only bezafibrate was detected, ranging from 0.31 to 0.85 ng/f (Cai et al.,
2015).

Human indicators or psychomotor stimulants

As one of the most common psychoactive chemicals taken globally, caffeine is a human
indicator or psychomotor stimulant that is found in coffee, tea, soft drinks and chocolate.
Because it stimulates the central nervous system and has the short-term effect of revitalising
the body and regaining attention, caffeine is widely ingested. Numerous countries have
reported the occurrence of caffeine in natural waters (Edwards et al., 2015). A study in the
United States detected and reported maximum concentrations of caffeine in source water
and treated drinking water during Phase 1 as 124 ng/t and 88 ng/f, respectively.
Furthermore, caffeine was detected in source water at a maximum concentration of
90.89 ng/f during Phase 2 (Glassmeyer et al., 2016).

The concentrations of caffeine in the Han River in Korea, was detected as 268.7 ng/t (Choi
et al., 2008). In urban groundwater sources of Zambia, a maximum concentration of caffeine
(1.7 ng/t) was detected during the wet season (Sorensen et al.,, 2015). Lin etal. (2015)
conducted a study in groundwater in Taiwan, targeting the occurrence of pharmaceuticals,
hormones and perfluorinated compounds, and reported caffeine as the only psychostimulant
at concentrations ranging from 1.2 to 930.7 ng/f. In the United States, a study detected
caffeine in surface water at concentrations ranging from 0.84 to 250 ng/f (Fairbairn et al.,
2015).

Rivers within a tropical urban catchment in Singapore reported concentrations of caffeine
ranging from 33.9 to 644.5 ng/t (You et al., 2015). Another study in the Singapore mangrove
ecosystems reported concentrations of caffeine ranging from 5 to 1 389 ng/t in surface water
(Bayen et al., 2016). In the Mississippi River in New Orleans, Louisiana, United States, a
study revealed the concentration of caffeine ranging from <1 to 38 ng/t (Zhang et al., 2006).
In the Skaneateles Lake in New York, United States, caffeine in treated drinking water was
detected at concentrations ranging from ND to 11.1 ng/t (Subedi etal., 2015). In North
China, human indicators such as caffeine was detected in groundwater at maximum
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concentrations of 782.62 ng/t and 461.87 ng/t during wet and dry season, respectively (Wu
et al., 2020).

Antivirals

Antivirals are medications that are primarily used to treat the human immunodeficiency virus
(HIV), including abacavir, nevirapine, zidovudine, lamivudine and stavudine. Acyclovir and
penciclovir for the treatment of herpes infections are also included, as are medications like
ribavirin for the treatment of Hepatitis C and oseltamivir for the treatment of influenza A and
B. Similar to other medications, these substances are partially digested in patients and then
eliminated through the urine or faeces. Therefore, they can pollute the environment through
discharges from wastewater treatment plants (Prasse et al.,, 2010). Because of probable
ecosystem changes and the emergence of antiviral resistance, the environmental release of
antiviral medications is highly concerning (Nannou et al., 2020). In the Nairobi River Basin of
Kenya, a study was conducted to determine the occurrence of antibiotics and antivirals and
reported maximum concentrations of lamivudine, nevirapine and zidovudine in river water as
5.4 mg/t, 4.8 mg/t and 7.7 mg/t, respectively (Ngumba et al., 2016). In the Chunga River in
Lusaka, Zambia, Ngumba et al. (2020) reported nevirapine, zidovidine and lamivudine
among the antiretroviral drugs at average concentrations of 210 ng/, 1 280 ng/t and
49 700 ng/t, respectively. In Kenya, the mean concentrations of lamivudine, zidovidine and
nevirapine in upstream surface water were reported as 219.6 ug/t, 2.1 yg/t and 0.9 pgi,
respectively (Kairigo et al., 2020).

Antiseptics

An antiseptic is a chemical that inhibits or retards microbial growth. In hospitals and other
health care facilities, antiseptics are widely utilised for a variety of topical and hard-surface
applications (Mcdonnell and Russell, 1999). Even in tiny amounts, the release of these
chemicals into aquatic environments may have harmful consequences on acquatic
organisms and public health (Das et al., 2014). In China, Lin et al. (2020) detected triclosan
in river samples at concentrations ranging from 61 to 660 ng/f. In North China, maximum
concentrations of triclosan in groundwater during the wet and dry season were detected as
18.05 ng/t and 109.90 ng/t, respectively (Wu etal.,, 2020). A pilot study along the
Skaneateles Lake in New York State, United States, reported antiseptics such as triclosan
and triclocarbanin in treated drinking water at concentrations ranging from ND to 1.93 ng/t
and ND to 20.2 ng/t, respectively (Subedi et al., 2015). Another study in the Mississippi River
in New Orleans, Louisiana, United States, revealed concentrations of triclosan ranging from
9 to 26 ng/t (Zhang etal., 2006). In Zambia, triclosan in groundwater was detected at
maximum concentrations of 0.02 ng/f and 0.03 ng/f during the dry and wet season,
respectively (Sorensen et al., 2015).
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Insect repellent

To ward off mosquitoes, ticks, flies and other biting insects, people use insect repellents.
Insect repellents, which are rinsed off skin during recreation, bathing and doing laundry, is
one of the emerging contaminants that puts a lot of strain on stream ecosystems (Campos
et al., 2016). Fairbairn et al. (2015) conducted a study in South Fork of the Zumbro River in
South-eastern Minnesota and detected N, N-diethyl-meta-toluamide (DEET) with
concentrations ranging from 7.2 to 110 ng/f and a mean concentration of 27 ng/f in surface
water. In China, a study reported the occurrence of DEET in surface water at concentrations
ranging from 0.8 to 10.2 ng/f (Sun et al., 2015).

These case studies cited above demonstrated that the water sources of many countries
contain pharmaceuticals and personal care product pollutants. Since these medications are
an integral part of modern lifestyles around the world, their introduction into water sources is
inevitable. Emissions of medical, industrial, agricultural or household wastes or improper
disposal of pharmaceuticals and personal care product wastes may introduce these
compounds in rivers, lakes, wells, groundwater, treated drinking water and WWTPs.

The inability of water treatment methods to remove these compounds may lead to the
detection of organic substances such as antibiotics, antivirals, antiepileptics, antiseptics and
NSAIDs in drinking water. Moreover, runoff from animal production farms after insufficient
absorption and excretion from animal bodies may lead to their introduction in nearby water

sources.
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Occurrence and concentration levels of pharmaceuticals and personal care products in international surface water, groundwater and

Pharmaceuticals and

Concentration in various water matrices

References

Country Surface Water Groundwater Drinking Water
personal care products
Range Mean Range Mean Range Mean
Non-steroidal anti-inflammatory drugs (NSAIDs)

United States 0.99-7.0 ng/t 3.5 ng/t Fairbairn et al., 2015

United States 25-65 ng/t Zhang et al., 2006

China 0.5-445.6 ng/t Yan et al., 2015
Acetaminophen Singapore <4-159 ng/t You et al., 2015

Taiwan 0.9-1036 ng/t Lin et al., 2015

Korea 34.8 ng/t Choi et al., 2008

England 20.8 ng/t Wilknson et al., 2017
Antipyrine China 0.15-0.22 g/t Cai et al., 2015
Aminopyrine China 0.17-0.64 g/t Cai et al., 2015

Germany 1.2 pgit Ferrari et al., 2004

United States 46 ng/t Miller and Meek, 2006

England 11.4 ng/t Wilknson, et al., 2017

China ND-1.5 ng/t Yan et al., 2015

Taiwan 2.1-33.2 ng/t Lin et al., 2015

Singapore 0.04-1.7 ng/t Bayen et al., 2016

Nigeria 0.39 mg/t 0.17 mg/t Ogah, 2020
Diclofenac Nigeria 0.73 mg/t Ogah, 2020

Vietnam 0.41-0.31 ng/t Tran et al., 2014

Nigeria 0.27 pg/t Olarinmoye et al., 2016

Brazil 0.060 pg/t Pivetta and Gastaldini, 2019

Brazil 0.069 pg/t Pivetta and Gastaldini, 2019

Taiwan 24-62 ng/t Chen et al., 2008

Vietnam <140-310 ng/t Tran et al., 2014.

China <LOD-2.37 ng/t Cai et al., 2015
paracetamol Brazil 2.975 pg/t Pivetta and Gastaldini, 2019

Brazil 0.426 pg/t Pivetta and Gastaldini, 2019

United States <1-34 ng/t Zhang et al., 2006

South Korea ND-414 ng/t Chen et al., 2008

China 0.86115.8 ng/t Yan et al., 2015
Ibuprofen Taiwan 17.4-836.7 ng/t Lin et al., 2015

China 1417 ng/t Peng et al., 2009

Vietnam 0.10-0.58 ng/t Tran et al., 2014

United States

ND-1.16 ng/t

Subedi et al., 2015
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Concentration in various water matrices

References

Country Surface Water Groundwater Drinking Water
personal care products
Range Mean Range Mean Range Mean
Nigeria 8.84 ug/t Olarinmoye et al., 2016
Brazil 1.266 pg/t Pivetta and Gastaldini, 2019
Brazil 0.515 pg/t Pivetta and Gastaldini, 2019
Taiwan <12-30 ng/t Chen et al., 2008
Vietnam 100-1000 ng/t Tran et al., 2014
China <LOD-17.17 ng/t Cai et al., 2015
China 24.50 ng/t Wou et al., 2020
China 42.99 ng/t Wou et al., 2020
Vietnam <0.04-0.45 ng/t Tran et al., 2014
Nigeria <0.02 g/t Olarinmoye et al., 2016
United States <1-135 ng/t Zhang et al., 2006
Taiwan 110-620 ng/t Chen et al., 2008
Vietnam <40-330 ng/t Tran et al., 2014
Taiwan 128.0 ng/t Lin et al., 2015
Singapore <1-10.85 ng/t You et al., 2015
Naproxen Vietnam 0.08-0.38 ng/t Tran et al., 2014
Nigeria 0.03 pg/t Olarinmoye et al., 2016
Vietnam 80-380 ng/t Tran et al., 2014
Vietnam <0.04-0.41 ng/t Tran et al., 2014
Nigeria <0.02 pg/t Olarinmoye et al., 2016
Fenoprofen South Korea ND-326 ng/t Kim et al., 2009b
South Korea ND-33.5 ng/t Kim et al., 2009b
Vietnam <0.02-0.27 ng/t Tran et al., 2014
Propyphenazone Vietnam <0.06 ng/t Tran et al., 2014
Acetylsalicylic acid Nigeria 0.13 pg/t Olarinmoye et al., 2016
Antibiotics
Amoxicillin Zambia 2 500 ng/t Ngumba et al., 2020
Singapore <0.07-1.53 ng/t You et al., 2015
Singapore 0.003-0.70 ng/t Bayen et al., 2016
Chloramphenicol Nigeria 0.36 pg/t Olarinmoye et al., 2016
China 0.55 ng/t Wou et al., 2020
China 0.16 ng/t Wu et al., 2020
Chlortetracycline Nigeria <0.05 pgit Olarinmoye et al., 2016
South Korea ND-137 ng/t Kim et al., 2009b
Taiwan 54.8 ng/t Lin et al., 2015
Erythromycin Bangladesh <LOD-6.46 ng/t Hossain et al., 2018
China 1.41-156 ng/t Yan et al., 2015
Nigeria 1.00 g/t Olarinmoye et al., 2016
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Pharmaceuticals and Country Surface Water Groundwater Drinking Water
personal care products
Range Mean Range Mean Range Mean

China 1.55 ng/t Wu et al., 2020

China 1.71 ng/t Wou et al., 2020
Clarithromycin Taiwan 6.9 ng/t Lin et al., 2015

Nigeria <0.05 Olarinmoye et al., 2016
Fluoroquinolones China ND-45.8 ng/t 15.4 ng/t Lin et al., 2020
Sulfadimidine Nigeria <0.01 pg/t Olarinmoye et al., 2016
Nalidixic acid Taiwan 1.6-16.4 ng/t Lin et al., 2015

Germany 0.48 /L Ferrari et al., 2004

Taiwan 0.2-1820 ng/t Lin et al., 2015

United States 490 ng/t Miller and Meek, 2006

United States 113 ng/t Schaider et al., 2016

Korea 26.9 ng/t Choi et al., 2008

United States 8.2 ng/t Glassmeyer et al., 2016

Kenya 13.8 mg/t Ngumba et al., 2020

China 0.44-115.3 ngit Yan et al., 2015
Sulfamethoxazole Bangladesh <LOD-7.24 ng/t Hossain et al., 2018

United States ND-0.39 ng/t Subedi et al., 2015.

Nigeria 1.50 pg/t Olarinmoye et al., 2016

China ND-39.6 ng/t 20 ng/t Lin et al., 2020

China <LOD-1.81 ng/t Cai et al., 2015

China 19.29 ng/t Wou et al., 2020

China 11.01 ng/t Wou et al., 2020

Zambia 11 800 ng/t Ngumba et al., 2016

Kenya 96.9 pg/t Kairigo et al., 2020

Kenya 2.6 mg/t Ngumba et al., 2016
Tetracycline Zambia 2200 ng/t Ngumba et al., 2016

Nigeria <0.05 pg/t Olarinmoye et al., 2016

Bangladesh <LOQ-17.20 ng/ Hossain et al., 2018

¢

China 0.4-20.5 ng/t Yan et al., 2015
Trimethoprim Zambia 2 410 ng/t Ngumba et al., 2020

Kenya 3.8 ug/t Kairigo et al., 2020

Nigeria 0.40 pg/t Olarinmoye et al., 2016

China 1.03 ng/t Wou et al., 2020

China 3.23 ng/t Wu et al., 2020
Doxycycline Zambia 2 730 ng/t Ngumba et al., 2020

Nigeria < 0.05 pg/t Olarinmoye et al., 2016
Tylosin Bangladesh <LOD-16.68 ng/t Hossain et al., 2018
Clarithromycin South Korea ND-443 ng/t Kim et al., 2009b
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Pharmaceuticals and

Country Surface Water Groundwater Drinking Water
personal care products
Range Mean Range Mean Range Mean
Kenya 0.5 mg/t Ngumba et al., 2016
Ciprofloxacin Zambia 400 ng/t Ngumba et al., 2020
Kenya 2.5 ug/t Kairigo et al., 2020
Taiwan 0.9-11.8 ng/t Lin et al., 2015
Ofloxacin China 3.1-114.1 ng/t Yan et al., 2015
Nigeria 0.24 mg/t 0.08 mg/t Ogah, 2020
Taiwan 0.1-14.4 ngit Lin et al., 2015
Sulfadiazine China 0.36-26.7 ng/t Yan et al., 2015
Singapore 0.04-0.80 ng/t Bayern et al., 2016
Nigeria 0.04 pg/t Olarinmoye et al., 2016
Taiwan 0.6-1.8 ng/t Lin et al., 20152
Sulfamonomethoxine China 3.43 ngit Wou et al., 2020
China 12.39 ng/t Wou et al., 2020
Taiwan 0.7-3.0 ng/t Lin et al., 2015
Sulfathiazole China 3.86 ng/t Wou et al., 2020
China 2.24 ngit Wou et al., 2020
Sulfamethizole Bangladesh <LOD-11.35 ng/t Hossain et al., 2018
Sufisoxazole China 1.51 ng/t Wou et al., 2020
China 16.73 ng/t Wou et al., 2020
Taiwan 1.6-28.9 ng/t Lin et al., 2017
Bangladesh <LOD-4.19 ng/t Hossain et al., 2018
Sulfamethazine China ND-3.7 ng/t Yan et al., 2015
Singapore 06-6.26 ng/t Bayen et al., 2016
China 0.49 ng/t Wu et al., 2020
China 0.83 ng/t Wou et al., 2020
Sulfadimethoxine Taiwan 0.8-4.3 ng/t Lin et al., 2015
Flumequine Taiwan 2.4-6.6 ng/t Lin et al., 2015
Pipemidic acid Taiwan 10.2 ng/t Lin et al., 2015
Lincomycin Singapore 0.04-1.36 ng/t Bayen et al., 2016
Dimetridazole Taiwan 1.8 ngit Lin et al., 2015
Taiwan 9.3 ng/t Lin et al., 2015
Norfloxacin China ND-92.4 ng/t Yan et al., 2015
Kenya 1.6 pg/t Kairigo et al., 2020
Moxifloxacin China ND-6.4 ng/t Yan et al., 2015
Metronidazole Taiwan 26.2 ng/t Lin et al., 2015
Bangladesh 0.05-13.51 ng/t Hossain et al., 2018
Roxithromycin China 0.6-88.4 ng/t Yan et al., 2015
Sulfamerazine Singapore 0.03-0.24 ng/t Bayen et al., 2016
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personal care products
Range Mean Range Mean Range

China 2.49 ngit Wu et al., 2020

China 0.69 ng/t Wou et al., 2020
Azithromycin China 2.6-166.5 ng/t Yan et al., 2015
Oxytetiacycline China 85.0-375.9 ng/t 213.1 ng/t Lin et al., 2020
Florfenicol China ND-287.5 ng/t 153.1 ng/t Lin et al., 2020

Antiseptics

United States 9-26 ng/t Zhang et al., 2006

Kenya 0.02 ng/t Sorensen et al., 2015

China 61-660 ng/t 189 ng/t Lin et al., 2020
Triclosan Kenya 0.03 ng/t Sorensen et al., 2015

United States ND-1.93 ng/t Subedi et al., 2015

China 18.05 ng/t Wou et al., 2020

China 109.90 ng/t Wou et al., 2020
Triclocarban United States ND-20.2 ng/t Subedi et al., 2015
N,N-Diethyltoluamide United States 7.2-110 ng/t Fairbairn et al., 2015
(DEET) China 0.8-10.2 ng/t Sun et al., 2015

Antihypertensives/Beta-blockers

South Korea ND-690 ng/t Kim et al., 2009b
Atenolol Taiwan 3.6 ng/t Lin et al., 2015

United States ND-19.5 ng/t Subedi et al., 2015
Acebutolol Taiwan 0.7 ng/t Lin et al., 2015
Metoprolol United States 18.4 ng/t Glassmeyer et al., 2016

China 0.46-17.3 ng/t Yan et al., 2015
Propranolol Germany 0.59 ug/t Fgrrari et al., 2004

South Korea ND-40.1 ng/t Kim et al., 2009b

Anti-epileptics

Bangladesh <LOD-8.80 ng/t Hossain et al., 2018

United States 586 ng/t Glassmeyer et al., 2016

United States 26.50 ng/t Glassmeyer et al., 2016

Germany 1.1 pg/t Ferrari et al., 2004

Carbamazepine United States 72 ng/t Schaider et al., 2014
United States 43-114 ng/t Zhang et al., 2006
United States 420 ng/t Miller and Meek, 2006
Singapore 0.06-4.63 ng/t Bayen et al., 2016
Taiwan 0.4-37.9 ng/t Lin et al., 2015
China 0.41-10.3 ng/t Yan et al., 2015
37

© Central University of Technology, Free State



Central University of
Technology, Free State

Pharmaceuticals and

Concentration in various water matrices

References

Country Surface Water Groundwater Drinking Water
personal care products
Range Mean Range Mean Range Mean
South Korea ND-595 ng/t Yan et al., 2015
Vietnam <0.144-0.53 ng/t Tran et al., 2014
Nigeria <0.01 Olarinmoye et al., 2016
China 0.37-1.15 ng/t Cai et al., 201.
China 0.51-38.24 ng/t Cai et al., 2015
Dilantin United States 22 ngl/t Miller and Meek, 2006
Phenytoin United States 66 ng/t Schaider et al., 2014
Anti-psychotics
Bromazepam United States 42 ngit Ferrarri et al., 2004
Clonazepam United States 198 ng/t Ferrari et al., 2004
Sulpiride Singapore <0.1-1.23 ng/t You et al., 2015
Risperidone Singapore 03-0.21 ng/t Bayen et al., 2016
Diazepam United States 335 ng/t Ferrari et al., 2004
Nigeria <0.01 pg/t Olarinmoye et al., 2016
Lipid regulators
China ND-31.4 ng/t Yan et al., 2015
Taiwan 0.1-256.7 ng/t Lin et al., 2015
Bezafibrate Nigeria <0.02 pgit Olarinmoye et al., 2016
China 0.31-0.85 ng/t Cai et al., 2015
China <LOD-0.16 ng/t Cai et al., 2015
Germany 0.55 pg/t Ferrari et al., 2004
China ND-17.2 ng/t Yan et al., 2015
United States 3-27 ngit Zhang et al., 2006
) . China 248 ng/t Peng et al., 2009
Clofibrac acid Taiwan o 0.1-1.0 ng/t Lin St al., 2015
Vietnam <0.05 ng/t Tran et al., 2014
Nigeria 0.04 pg/t Olarinmoye et al., 2016
China <LOD-1.37 ng/t Cai et al., 2015
China ND-1.4 ng/t Yan et al., 2015
) . Singapore 0.77-17.7 ng/t Bayen et al., 2016
Gemfibrozil Vietnam <0.05 ng/t Tran et al., 2014
Nigeria <0.02 pgt) Olarinmoye et al., 2016
Simvastatin China 2.3-16.7 ng/t Yan et al., 2015
Atorvastatin China ND-0.6 ng/t Yan et al., 2013
Etofibrate Nigeria <0.02 ug/t Pivetta and Gastaldini, 2019
Fenofibrate Nigeria <0.04 pgit Olarinmoye et al., 2016
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Antivirals
Kenya 5.4 mg/t Ngumba et al., 2016
Lamivudine Zambia 49 700 ng/t Ngumba et al., 2020
Kenya 219.6 pg/t Kairigo et al., 2020
Kenya 7.7 mg/t Ngumba et al., 2016
Zidovudine Zambia 1280 ng/t Ngumba et al., 2020
Kenya 2.1 ug/t Kairigo et al., 2020
Kenya 4.8 mg/t Ngumba et al., 2016
Nevirapine Zambia 210 ng/t Ngumba et al., 2020
Kenya 0.9 ugit Kairigo et al., 2020
Human indicators
United States 0.84-250 ng/t 44 ng/t Fairbairn et al., 2015
United States <1-38 ng/t Zhang et al., 2006
Singapore 33.9-644.5 ng/t You et al., 2015
Korea 268.7 ng/t Choi et al., 2008
Zambia 1.7 ngit Sorensen et |., 2015
Caffeine United States 88 ng/t Glassmeyer et al., 2016
Taiwan 1.2-930.7 ng/t Lin et al., 2015
Singapore 5-1389 ng/t Bayen et al., 2016
United States ND-11.1 ng/t Subedi et al., 2015
China 782.62 ng/t Wou et al., 2020
China 461.87 ng/t Wou et al., 2020
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2.3.4.2 Pharmaceuticals and personal care products in wastewater influents and

effluents

The international prevalence of pharmaceuticals and personal care products in wastewater

influent and effluent is well researched as discussed below and summarised in Table 2.2.

Non-steroidal anti-inflammatory drugs

Subedi etal. (2017) in Southern India, detected among the NSAIDs acetaminophen
(5 400-11 000 ng/t) in influent samples. In effluent samples ibuprofen (270-1 940 ng/¥),
acetaminophen (330-1 200 ng/f) and mefenamic acid (320-750 ng/f) were also detected. A
study on human pharmaceuticals conducted in Jordanian wastewater reported the
concentration of ibuprofen (ND-5.7 ng/t), naproxen (0.7-5.2 ng/f) and diclofenac (0.8-3.3
ng/t) in influent, while in effluent they were detected as ibuprofen (ND-2.2 ng/f), naproxen
(ND-1.3 ng/t) and diclofenac (ND-1.1 ng/f) (Al-Tarawneh et al., 2014).

In Cyprus, a study by Hapeshi et al. (2015) on licit and illicit drugs in urban wastewater,
detected acetaminophen (7 871-232 300ng/f) with an average concentration of
115 004 ng/t, diclofenac (1 202-3 457 ng/f) with an average concentration of 2 339 ngi,
ibuprofen (1 680-5 315 ng/f) with an average concentration of 2 801 ng/f, indomethacin
(19-120 ng/t) with an average concentration of 73 ng/t, ketoprofen (below limit of detection
[BLD]-956 ng/t) with an average concentration of 900 ng/, mefenamic acid
(1040-2040 ng/t) with an average concentration of 1411 ng/, propyphenazone
(BLD-10 ng/t) with an average concentration of 10 ng/f and naproxen (BLD-210 ng/f) with
an average concentration of 90 ng/t in influent samples. The study also detected
concentrations of acetaminophen (BLD-650 ng/f) with an average concentration of 553 ng/t,
diclofenac (BLD-2950 ng/f) with an average concentration of 804 ng/{, ibuprofen
(BLD-82 ng/f) with an average concentration of 43 ng/{, indomethacin (BLD-110 ng/f) with
an average concentration of 23 ng/f, ketoprofen (BLD-120 ng/f) with an average
concentration of 89 ng/t, mefenamic acid (BLD-310 ng/f) with an average concentration of

68 ng/t in effluent samples.

Another study conducted in Northern Taiwan by Fang etal. (2012) reported the
concentrations of diclofenac (152-185 ng/f), ibuprofen (724-2200 ng/f) and ketoprofen
(128-184 ng/t) in wastewater influent samples. Their respective concentrations in
wastewater effluent ranged from 100 to 131 ng/f, 552 to 1 600 ng/f and 68 to 128 ng/i.

Wilkinson et al. (2017) conducted a study in a Southern England sewage treatment effluent

48
© Central University of Technology, Free State



Q)

Central University of
Technology, Free State
Cents of

Tech

and reported that the mean concentrations of acetaminophen and diclofenac were 47.5 ng/t

and 86.5 ng/t, respectively.

Antibiotics

In the peri-urban area of Chunga, Lusaka, Zambia, mean concentrations of trimethoprim
(32 670 ng/t), sulfamethoxole (33 300 ng/f), ciprofloxacin (740 ng/f), norfloxacin (100 ng/%),
tetracycline (220 ng/t), doxycycline (4 490 ng/f) and amoxicillin (3 270 ng/f) were reported in
wastewater influent samples (Ngumba et al., 2020). The study also detected trimethoprim,
sulfamethoxole, ciprofloxacin, norfloxacin, tetracycline, doxycycline and amoxicillin in
wastewater effluent at mean concentrations of 1 770 ng/t, 30 040 ng/t, 230 ng/f, 80 ng/t,
4590 ng/t, 5280ng/ and 5580 ng/t, respectively (Ngumba etal., 2020). In a study
conducted in low and middle-income countries, the mean concentrations of norfloxacin,
trimethoprim, ciprofloxacin and sulfamethoxole were reported in effluent samples as 4.2 ug/,
15.8 pg/t, 5.3 pug/t and 956.4 ug/t, respectively (Kairigo et al., 2020).

A study in Jordan reported concentrations of sulfamethoxazole (ND-0.9 ng/f) and
erythromycin (0.5-1.1 ng/f) in wastewater influent samples. Furthermore, sulfamethoxazole
(ND-0.3 ng/f) and erythromycin (ND-0.5 ng/t) were detected in wastewater effluent samples
(Al-Tarawneh et al., 2014). In China, Lin et al. (2020) reported that wastewater influents
were loaded with concentrations of sulfamethoxole, enrofloxacin, oxytetiacycline and
florfenicol in influent samples ranging from 2.7 to 40.8 ng/t, 50.1 to 135.2 ng/{, 203.6 to
348.5 ng/f and ND to 297.3 ng/f, respectively. They also mentioned that sulfamethoxole,
enrofloxacin, oxytetiacycline and florfenicol were also detected in wastewater effluents at
concentrations ranging from ND to 14.0 ng/{, ND to 100.6 ng/f, 32.5 to 381.0 ng/{, and ND to
219.6 ng/t, respectively (Lin et al., 2020). In Southern India, antibiotics such as trimethoprim
(68—-400 ng/?), sulfamethoxazole (55-690 ng/f) and clindamycin (25-790 ng/{) were detected
in wastewater influent samples. In wastewater effluent samples, the same study detected
concentrations of sulfamethoxazole ranging from 120 to 420 ng/f and lincomycin ranging
from 280 to 510 ng/t (Subedi et al., 2017).

In Cyprus, Hapeshi et al. (2015) reported the prevalence of antibiotics such as erythromycin
(BLD-428 ng/f) with an average concentration of 97 ng/{, ofloxacin (220-2 360 ng/) with an
average concentration of 615 ng/f, sulfamethoxazole (178-350 ng/f) with an average
concentration of 305 ng/f and trimethoprim (30-130 ng/f) with an average concentration of
71 ng/t in wastewater influent. The same study also reported the occurrence of erythromycin
(BLD-140 ng/f) with an average concentration of 32 ng/t, ofloxacin (BLD—-353 ng/f) with an

average concentration of 218 ng/f, sulfamethoxazole (BLD-290 ng/f) with an average
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concentration of of 76 ng/f, trimethoprim (BLD-4 ng/t) with an average concentration of
4 ng/t and azythromycin (BLD-70 ng/f) with an average concentration of 38 ng/f in
wastewater effluent (Hapeshi et al., 2015).

Beta-blockers

In Southern India, antihypertensives and beta-blockers such as propranolol (42-62 ng/f),
atenolol (2 100-3 800 ng/f), nordiazepam (5-17 ng/f), diltiazem (23-120 ng/t), desacetyl
diltiazem (20-64 ng/t), verapamil (16-103 ng/f), norverapamil (65-550 ng/f), venlafaxine
(11-77 ng/t) and bupropion (13-32 ng/f) were detected in wastewater influent samples.
Furthermore, diazepam (6—100 ng/f), nordiazepam (13-20 ng/f), venlafaxine (12-18 ng/f),
bupropion (13-16 ng/t), sertraline (8—21 ng/t), propranolol (36-52 ng/f), diltiazem (3-7 ng/{)
and desacetyl diltiazem (28-65 ng/t) were identified in wastewater effluent (Subedi et al.,
2017).

A study conducted in Cyprus detected beta-blockers such as atenolol (2 750-4 740 ng/f)
with an average concentration of 3 733 ng/f, metoprolol (196-610 ng/f) with an average
concentration of 340 ng/t, propranolol (BLD-270 ng/f) with an average concentration of
45 ng/f and sotalol (336-950 ng/f) with an average concentration of 597 ng/t in wastewater
influent. In the same study, wastewater effluent were found to be loaded with atenolol
(10-900 ng/t) with an average concentration of 466 ng/f, metoprolol (20-210 ng/f) with an
average concentration of 92 ng/f, propranolol (BLD-90 ng/t with an average concentration of
40 ng/t and sotalol (BLD-330 ng/t) with an average concentration of 121 ng/f. The study
also detected famotidine (490-2 320 ng/f) with an average concentration of 1 181 ng/f and
ranitidine (28-640 ng/f) with an average concentration of 207 ng/f in wastewater influent,
while in wastewater effluents, famotidine (BLD—-20 ng/f) with an average concentration of
20 ng/t and ranitidine (BLD-30 ng/f) with an average concentration of 30 ng/{, were also
detected (Hapeshi et al., 2015).

Antiepileptics

In Jordanian WWTPs, antiepileptic drugs, i.e. carbamazepine, was detected in both
wastewater influent and effluent as 0.7-3.6 ng/f and 0.4-1.3 ng/{, respectively (Al-Tarawneh
et al., 2014). Subedi et al. (2017), in two sewage treatment plants located in Southern India,
detected the antiepileptic drug, carbamazepine, at concentrations ranging from 240 to
750 ng/t and 450 to 770 ng/t in wastewater influent and effluent, respectively. Hapeshi et al.
(2015) detected carbamazepine in both wastewater influent and effluent at concentrations

ranging from 460 to 4 023 ng/f and BLD to 5 520 ng/t, respectively, in Cyprus.
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Antipsychotic

In Southern India, Subedi et al. (2017) reported concentrations of quetiapine ranging from 17
to 76 ng/t in wastewater influent samples. Furthermore, in wastewater effluent samples,
guetiapine (16-24 ng/t) and aripiprazole (38-150 ng/t) were also reported among the
antipsychotic drugs.

Lipid regulators

In a study in Cyprus, Hapeshi et al. (2015) detected lipid regulators such as bezafibrate
(519-1 610 ng/t) with an average concentration of 1 104 ng/t, gemfibrozil (71-1 080 ng/{)
with an average concentration of 476 ng/f, pravastatin (23-130 ng/f) with an average
concentration of 70 ng/f in wastewater influent samples. The same study also detected
bezafibrate (25-170 ng/f) with an average concentration of 108 ng/f, gemfibrozil
(BLD-480 ng/f) with an average concentration of 139 ng/f and pravastatin (BLD—-8 ng/f) with

an average concentration of 8 ng/t in wastewater effluent samples.
Antivirals

A study conducted in the peri-urban area of Chunga in Lusaka, Zambia, reported mean
concentrations of antiretroviral drugs such as nevirapine (680 ng/f), zidovidine (66 590 ng/{),
and lamivudine (118 970 ng/f) in wastewater influent samples. Furthermore, in the same
study, nevirapine, zidovidine and lamivudine were detected in wastewater effluent and
reported at mean concentrations of 1 720 ng/t, 37 140 ng/t and 55 760 ng/{, respectively
(Ngumba et al., 2020). In wastewater effluents collected in Kenya, Kairigo et al. (2020)
reported mean concentrations of antiretroviral drugs such as lamivudine, zidovidine and

nevirapine as 847 ug/t, 1.4 ug/t and 9.5 ug/t, respectively.
Antiseptics

The study conducted by Subedi etal. (2017) in southern India, detected and reported
concentrations of triclocarban in both wastewater influents and effluents ranging from 1 300
to 4 300 ng/t and 300 to 860 ng/{, respectively. In China, antiseptic triclosan was detected in
wastewater influents at concentrations ranging from 219 to 718 ng/f with an average
concentration of 418 ng/f, and in wastewater effluent ranging from 37 to 620 ng/f, with an
average concentration of 204 ng/t (Lin et al., 2020).

Although some drugs are prescribed, some may be bought without prescriptions. In urban
areas, the high usage of medicinal drugs is predominant and as a result, they are detected
at various concentrations in WWTPs around the world. Medicinal drugs are not completely

metabolised and absorbed by our bodies. They escape the body through incomplete
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absorption and excretion, as parts of human waste or as a result of the emissions of
industrial, medical or household wastewater. They also end up in WWTPs after being
disposed of using various techniques, like flushing down the toilet or draining in the
washbasin. Moreover, conventional WWTPs were not designed to remove emerging
contaminants in most urban cities around the world. This situation led to their detection in

effluents as shown in the case studies above.

52
© Central University of Technology, Free State



Central University of
Technology, Free State

Table 2.2  Occurrence and concentration levels of pharmaceuticals and personal care products in international wastewater influents and effluents

Pharmaceuticals and

WWTP Influent

WWTP Effluent

Country References
personal care products Range Mean Range Mean
Non-steroidal anti-inflammatory drugs (NSAIDs)
England 47.5 ng/t Wilkinson et al., 2017
Acetaminophen India 5400-11 000 ng/t 330-1 200 ng/t Subedi et al., 2017
Cyprus 7 871-232 300 ng/t 11 5004 ng/t BLD-650 ng/t 553 ng/t Al-Tarawneh et al.,, 2014
Germany 2.1 uglt Ferrari et al., 2004
Taiwan 152-185 ng/t 100-131 ng/t Fang et al., 2012
Diclofenac England 86.5 ng/t Wilkinson et al., 2017
Cyprus 1 202-3457 ng/t 2339 ng/t BLD-2 950 ng/t 804 ng/t Hapeshi et al., 2015
Jordan 0.8-3.3ng/t ND-1.1 ng/t Al-Tarawneh et al., 2014
Cyprus 1680-5 315 ng/t 2801 ng/t BLD-82 ng/t 43 ng/t Hapeshi et al., 2015
Ibuprofen Taiwan 724-2 200 ng/t 552-1 600 ng/t Fang et al., 2012
Jordan ND-5.7 ng/t ND-2.2 ng/t Al-Tarawneh et al., 2014
India 270-1 940 ng/t Subedi et al., 2017
Ketoprofen Taiwan 128-184 ng/t 68-128 ng/t Fang et_al., 2012
Cyprus BLD-956 ng/t 900 ng/t BLD-120 ng/t 89 ng/t Hapeshi et al.,, 2015
Naproxen Jordan 0.7-5.2 ng/t ND-1.3 ng/t AI-Tara\(vneh et al., 2014
Cyprus BLD-210 ng/t 90 ng/t Hapeshi et al., 2015
Mefenamic acid India 320-750 ng/t Subedi et al., 2017
Indomethacin Cyprus 1040-2040 ng/t 1411 ng/t BLD-310 ng/t 68 ng/t Hapesh@ et al, 2015
Cyprus 19-120 ng/t 73 ng/t BLD-110 ng/t 23 ng/t Hapeshi et al.,, 2015
Tramadol United States 23.04 ng/t Glassmeyer et al., 2016
Propyphenazone Cyprus BLD-10 ng/t 10 ng/t Hapeshi et al., 2015
Antibiotics
Amoxicillin Zambia 3270 ng/t 5580 ng/t Ngumba et al., 2020
Erythromyein Jordan 0.5-1.1 ng/t ND-0.5 ng/t Al-Tarawneh et al., 2014
Cyprus BLD-428 ng/t 97 ng/t BLD-140 ng/t 32 ng/t Hapeshi et al., 2015
Fluoroquinolones China 50.1-135.2 ng/t 92.2 ngit ND-100.6 ng/t 52.6 ng/t Lin et al., 2020
Germany 2 ug/t Ferrari et al., 2004
United States 161.1 ng/t Glassmeyer et al., 2016
China 2.7-40.8 ng/t 12.9 ng/t ND-14.0 ng/t 2.2 ng/t Lin et al., 2020
Sulfamethoxazole Zambia 33 300 ng/t 30 040 ng/t Ngumba et al., 2020
Kenya 956.4 g/t Kairigo et al., 2020
Jordan ND-0.9 ng/t ND-0.3 ng/t Al-Tarawneh et al., 2014
India 55-690 ng/t 120-420 ng/t Subedi et al., 2017
Cyprus 178-350 ng/t 305 ng/t BLD-290 ng/t 76 ng/t Hapeshi et al.,, 2015
Tetracycline Zambia 220 ng/t 4 590 ng/t Ngumba et al., 2020
Trimethoprim Kenya 15.8 pg/t Kairigo et al., 2020
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Pharmaceuticals and

WWTP Influent

WWTP Effluent

Country References
personal care products Range Mean Range Mean
Zambia 32670 ng/t 1770 ngit Ngumba et al., 2020
India 68-400 ng/t Subedi et al., 2017
Cyprus 30-130 ng/t 71 ng/t BLD-4 ng/t 4 ng/t Hapeshi et al.,, 2015
Doxycycline Zambia 4490 ng/t 5280 ng/t Ngumba et al., 2020
Ciprofloxacin Kenyg 5.3 ug/t Kairigo et al., 2020
Zambia 740 ng/t 230 ng/t Ngumbo et al., 2020
Ofloxacin Cyprus 220-2360 ng/t 615 ng/t BLD-353 ng/{ 218 ng/t Hapeshi et al., 2015
Lincomycin India 280-510 ng/t Subedi et al., 2017
Norfloxacin Kenya 4.2 ug/t Kairigo et al., 2020
Zambia 100 ng/t 80 ng/t Ngumba et al., 2020
Azithromycin Cyprus BLD-70 ng/t 38 ng/t Hapeshi et al,, 2015
Oxytetiacycline China 203.6-348.5 ng/t 287.5 ng/t 32.5-381.0 ng/t 194.9 ng/t Lin et al., 2020
Florfenicol China ND-297.3 ng/t 216.6 ng/t ND-219.6 ng/t 112.8 ng/t Lin et al., 2020
Antiseptic
Triclosan China 219-718 ngit 418 ng/t 37-620 ng/t 204 ng/t Lin et al., 2020
Triclocarban India 1 300—-4 300 ng/t 300-860 ng/t Subedi et al., 2017
Beta-blocker/Antihypertensive
Atenolol India 2 100-3 800 ng/t Subed? etal, 2017
Cyprus 2750-4740 ng/t 3733 ng/t 10-900 ng/t 466 ng/t Subedi et al., 2015
Metoprolol United States 37.8 ng/t Glassmeyer et al., 2016
Cyprus 196-610 ng/t 340 ng/t 20-210 ng/t 92 ng/t Hapeshi et al.,, 2015
Germany 0.29 ugit Ferrari et al., 2004
Propranolol India 42-62 ng/t 36-52 ng/t Subedi et al., 2017
Cyprus BLD-270 ng/{ 45 ng/t BLD-90 ng/{ 40 ng/t Hapeshi et al., 2015
Sotalol Cyprus 336-950 ng/t 597 ng/t BLD-330 ng/t 121 ng/t Hapeshi et al.,, 2015
Nordiazepam India 5-17 ngit 13-20 ng/t Subedi et al., 2017
Diltiazem India 23-120 ng/t 3-7 ng/t Subedi et al., 2017
Desacetyl diltiazem India 20-64 ng/t 28-65 ng/t Subedi et al., 2017
Verapami India 16-103 ng/{ Subedi et al., 2017
Norverapamil India 65-550 ng/t Subedi et al., 2017
Venlafaxine India 11-77 nglt 12-18 ng/t Subedi et al., 2017
Bupropion India 13-32 ng/t 13-16 ng/t Subedi et al., 2017
Diazepam India 6-100 ng/t Subedi et al., 2017
Sertraline India 8-21 ng/t Subedi et al., 2017
Famotidine Cyprus 490-2 320 ng/t 1181 ng/t BLD-20 ng/t 20 ng/t Hapeshi et al., 2015
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Pharmaceuticals and

Countr References
personal care products y Range Mean Range Mean
Ranitidine Cyprus 28-640 ng/t 207 ng/t BLD-30 ng/t 30 ng/t Hapeshi et al., 2015
Anti-epileptics
United States 269 ng/t Glassmeyer et al., 2016
United States 35.7 ngit Glassmeyer et al., 2016
) Germany 6.3 gt Ferrari et al., 2004
Carbamazepine Jordan 0.7-3.6 ng/t 0.4-1.3 ng/t Al-Tarawneh et al., 2014
India 240-750 ng/t 450-770 ng/t Subedi et al., 2017
Cyprus 460-4023 ng/t 1720 ng/t BLD-5 520 ng/t 1820 ng/t Hapeshi et al., 2015
Anti-psychotic
Quetiapine India 17-76 ng/t 16-24 ng/t Subedi et al., 2017
Aripiprazole India 38-150 ng/t Subedi et al., 2017
Lipid regulators
Bezafibrate Cyprus 519-1 610 ng/t 1104 ng/t 25-170 ng/t 108 ng/t Hapeshi et al., 2015
Clofibrac acid Germany 1.6 ug/t Ferrari et al., 2004
Taiwan 104-109 ng/t 95-102 ng/t Fang et al. 2012
Gemfibrozil Cyprus 71-1080 ng/t 476 ng/t BLD-480 ng/{ 139 ng/t Hapeshi et al., 2015
Pravastatin Cyprus 23-130 ng/t 70 ng/t BLD-8 ng/t 8 ng/t Hapeshi et al., 2015
Antivirals
Lamivudine Zambia 118 970 ng/t 55 760 ng/t Ngumba et al., 2020
Kenya 847.1 pglt Kairigo et al., 2020
. . Zambia 66 590 ng/t 37 140 ng/t Ngumba et al., 2020
Zidovudine Kenya 1.4 ugit Kairigo et al., 2020
o Zambia 680 ng/t 1720 ng/t Ngumba et al., 2020
Nevirapine Kenya 9.5 ug/t Kairigo et al., 2020
Human indicators
) United States 124 ngit Fairbairn et al., 2015
Caffeine United States 37.8 ng/t Fairbairn et al., 2015
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2.3.4.3 Herbicides in surface water, groundwater and drinking water

According to Casida (2019), pesticides are chemicals applied with the aim of killing or
injuring life. They are classified based on the target species they act on. For example,
herbicides are chemicals with the capability of either killing or severely injuring plants.
Several studies have indicated that the wide spread use of agrochemicals such as
herbicides have led to their introduction into various water matrices as summarised in Table
2.3 and discussed in this section. Atrazine was detected in groundwater in Kabwe, Zambia,
at a maximum concentrations of 0.13 ng/t and 0.07 ng/? in dry and wet season, respectively.
The same study also reported the maximum concentration of bromacil in groundwater as
0.09 ng/t in wet season while the concentrations of terbutryne in dry and wet season were as

0.03 ng/t and 0.02 ng/t, respectively (Sorensen et al., 2015).

In the South Fork of the Zumbro River watershed in south-eastern Minnesota, United States,
herbicides such as atrazine and acetochlor were detected in surface water at concentrations
ranging from 1.8 to 390 ng/t, with an average concentration of 40 ng/t, and 1.2 to 180 ng/{
with an average concentration of 28 ng/t, respectively (Fairbairn et al., 2015). A survey was
conducted in Hungary to monitor pesticide residues in surface water and groundwater. The
study detected and reported concentrations of trifluralin, atrazine, metribuzin, alachlor,
prometryn, ethofumesate, metolachlor, MCPA, 2,4-D, and glyphosate in surface water
ranging from 800 to 10 000 ng/{, 500 to 15 000 ng/t, 100 to 1 000 ng/t, 1 to 10 ng/{, 100 to
10 000 ng/t, 10 to 30 ng/t, 1 to 56 000 ng/t, 5 to 300 ng/t, 10 to 1 000 ng/t and 500 to 1
000 ng/t, respectively (Szekacs et al., 2015).

A study by Mawussi et al. (2009) conducted in Southern Togo, detected 2,4-D in river water
at concentrations ranging from 0.03 to 0.15 ug/f. In the semiarid region of Argentina, Mas
et al. (2020) reported concentrations of herbicides such as 2,4-D, alachlor, glyphosate and
imazethapyr in surface water ranging from 0.015 to 0.925 ug/ (0.084 ug/t), 0.063 to
0.326 pg/t (0.197 pg/t), 0.1 to 35 pg/t (1.251 ug/f) and 0.001 to 0.161 ug/t (0.015 ug/),
respectively. Pandey et al. (2019) conducted a study in Liberty Island of the Sacramento-
San Joaquin Delta, California, United States, and reported the mean concentrations of
glyphosate and fluoridone concentrations in water columns and sediment leachate as 0.2

ppb and 0.02 ppb, respectively.

In Brazil, a study was conducted during the rainy and dry season targeting herbicides in
water bodies of the Samambaia River sub-basin. During the rainy season, the study
detected atrazine, bentazon, carfentrazone-ethyl, clomazone, flumioxazin, fomesafen,

glyphosate, linuron, metribuzin, S-metolachlor and sulfentrazone at concentrations ranging
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from 0.0080 to 1.7484 pg/t, 0.0058 to 0.8310 ug/, 0.0021 to 0.0325 pg/f, 0.0011 to
4.0621 ug/t, 0.0008 to 0.0828 pg/t, 0.0000 to 0.0040 pg/t, 0.6078 to 1.0628 ug/t, 0.0406 to
0.0599 ug/t, 0.0017 to 0.8217 ug/f, 0.1420 to 1.7800 ug/t and 0.0852 to 0.8471 ugk,
respectively. Furthermore, the concentrations of atrazine, bentazon, carfentrazone-ethyl,
clomazone, flumioxazin, fomesafen, glyphosate, linuron, metribuzin, S-metolachlor and
sulfentrazone ranged from 0.0130 to 0.5914 pg/t, 0.0561 to 0.2500 pg/t, 0.0020 to
0.0364 pg/t, 0.0011 to 2.8621 ug/t, 0.0000 to 0.0078 pg/t, 0.0000 to 0.0126 ug/t, 0.8048 to
11.3328 pg/t, 0.0015 to 0.0109 pg/t, 0.0007 to 0.2897 pg/t, 0.0129 to 0.8430 pg/f and
0.0000 to 0.1421 ug/t in dry season, respectively (Correia et al., 2020).

Herbicides are substances that are used to control or manipulate unwelcome vegetation.
The most frequent use of herbicides is in row-crop farming, where they are sprayed either
prior to or during planting in order to reduce other vegetation and increase crop productivity.
They may also be used on crops in the autumn to enhance harvesting. Runoff from farm
areas may introduce these compounds in water sources. Moreover, herbicides are also used
in other areas such as public squares, parks, at the road sides or residential areas to control
unwanted weeds. As a result of their applications, runoff from these prominent areas may
introduce them in rivers and groundwater. The application of herbicides to kill aquatic weeds
in dams that are considered a source of water for water treatment plants may lead to the

detection of some herbicides in treated drinking water.
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Concentration in various water matrices

Herbicides Country Surface Water Groundwater Drinking Water References
Range Mean Range Mean Range Mean
. . . Hungary 10-1 000 ng/t Szekacs et al., 2015
iiﬁ;,%g;'or‘)d'phe”y'd'Ch'oro' Togo 0.03-0.15 pg/t Mawussi et al., 2009
Argentina 0.015-0.925 g/t 0.084 g/t Ma et al., 2020
Acetochlor USA 1.2-180 ng/t 28 ng/t Fairbairn et al., 2015
Alachlor Hungary 1-10 ng/t Szekacs et al., 2015
Argentina 0.063-0.326 pgit 0.197 pgit Mas et al., 2020
Atrazine Zambia 0.13 ngit Sorensen et al., 2015
USA 1.8-390 ng/t 40 ng/t Fairbairn et al., 2015
Hungary 500-15 000 ng/t Szekacs et al., 2015
Brazil 0.0080-1.7484 pg/t Correia et al., 2020
Bentazon Brazil 0.0058-0.8310 pg/t Correia et al., 2020
Bromacil Zambia 0.09 ng/t Sorensen et al.,, 2015
Carfentrazone-ethyl Brazil 0.0021-0.0325 pg/t Correia et al., 2020
Clomazone Brazil 0.0011-4.0621 g/t Correai et al., 2020
Ethofumesate Hungary 10-30 ng/t Szekacs et al., 2015
Flumioxazin Brazil 0.0008-0.0828 pg/t Correia et al., 2020
Fluridone USA 0.02 ppb Pandy et al., 2019
Fomesafen Brazil 0.0000-0.0040 pg/t Correia et al., 2020
Hungary 500-1 000 ng/t Szekacs et al., 2015
Glyphosate USA 0.2 ppb Pandey et al., 2019
Argentina 0.1 -35 pg/t 1.251 pgit Mas et al., 2020
Brazil 0.6078-1.0628 pg/t Correia et al., 2020
Imazethapyr Argentina 0.001-0.161 pg/t (0.015 pgkt) Mas et al., 2020
Linuron Brazil 0.0406-0.0599 pg/t Correia et al., 2020
MCPA Hungary 5-300 ng/t Szekas et al., 2015
Metolachlor Hungary 1-56 000 ng/t Szekacs et al., 2015
Brazil 0.1420-1.7800 pg/t Correia et al., 2020
Metribuzin Hungary 100-1000 ng/t Szekacs et al., 2015
Brazil 0.0017-0.8217 pg/t Correia et al., 2020
Prometryn Hungary 100-10000 ng/t Szekacs et al., 2015
Sulfentrazone Brazil 0.0852-0.8471 pg/t Correia et al., 2020
Terbutryne Zambia 0.03 ng/t Sorensen et al., 2015
Trifluralin Hungary 800-10 000 ng/t Szekacs et al., 2015
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2.3.4.4 Herbicides in wastewater influents and effluents

A few studies were conducted to determine the concentration of herbicides in international
influent and effluent samples. A study in Baoding city, Hebei province, China, reported
average concentrations of atrazine, simetryn and prometryn in wastewater influents as
104.59 ng/t, 87.23 ng/f and 28.79 ng/t, respectively. In wastewater effluent samples their
respective average concentrations were 89.04 ng/f, 77.83 ng/t and 27.50 ng/t, respectively
(Wang et al., 2022).

2.3.4.5 Steroid hormones in surface water, groundwater and drinking water

Surface water such as rivers are an easy way to discharge industrial wastewater, while
groundwater is frequently polluted though leakage from landfill leachate, thus threatening
aquatic ecosystems and possibly human health. Emerging contaminants are an
environmental pollutant of increasing concern, which compromise the suitability of drinking
water. Numerous types of steroid hormones in various water matrices have progressively
been detected in different locations throughout the world at different concentrations (Wee
and Aris, 2019) as shown in Table 2.4. A nationwide reconnaissance of contaminants of
emerging concern in source and treated drinking waters of the United States detected and
reported estrone at a maximum concentration of 0.29 ng/f (Glassmeyer et al., 2016). In a
study conducted in the Cancela-Tamandai and Jodo Goulart catchments in southern Brazil,
the respective mean concentrations of 17-beta-estradiol, estriol, estrone, ethisterone and
megestrol acetates were reported as 0.074 pg/f, 0.074 pg/f, 0.082 pg/f, 0.017 pg/t and
0.012 yg/t in the Cancela-Tamandai catchment. Furthermore, their respective mean
concentrations in the Jodo Goulart catchment were recorded as 0.074 ug/f, 0.089 ug/t,
0.067 pg/t, 0.013 pg/t and 0.012 pg/t (Pivetta and Gastaldini, 2019).

A study conducted in the Mississippi River in New Orleans, Louisiana, United States,
reported estrone and 17-beta-estradiol at a maximum concentration of <1-5 ng/f and 5 ng/{,
respectively (Zhang et al., 2006). Lin et al. (2015) conducted a study in the groundwater of
Taiwan and detected estrone at concentrations ranging from 1.0 to 14.7 ng/f and 17-alpha-
ethinyl-estradiol at a concentration of 1822.2 ng/f. In the mangrove ecosystems of
Singapore, concentrations of steroid hormones such as estrone (E1) ranging from 0.02 to
2.9 ng/t were reported in surface water (Bayen et al., 2016). In Lagos, Nigeria, maximum
concentrations of 16-alpha-hydroxyestrone (<0.01 pg/f), 17-alpha-ethinyl-estradiol (<0.01
ug/l), beta-sitosterol (0.67 ug/t), estriol (<0.01 ug/f) and estrone (<0.01 ug/f) were detected
in surface water (Olarinmoye etal., 2016). In China, Lin etal. (2020) reported the
concentration of estrone (E1), 17-beta-estradiol (E2), estriol (E3) and ethinyl-estradiol (EE2)
in river samples ranging from ND to 128 ng/f, ND to 53 ng/t, ND to 58 ng/t and ND to
124 ng/t, respectively.
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Table 2.4  Occurrence and concentration levels of endocrine disrupting compounds in international surface water, groundwater and drinking water

Concentration in various water matrices

Steroid hormones Country Surface Water Groundwater Drinking Water References
Range Mean Range Mean Range Mean
United States <1-5 ng/t Zhang et al., 2006
Taiwan 1.0-14.7 ng/t Lin et al., 2015
Singapore 0.02-2.9 ng/t Bayen et al., 2016
Oestrone (E1) Nigeria <0.01 g/t Olarinmoye et al., 2016
China ND-128 ng/t 34 ng/t Lin et al., 2020
Brazil 0.082 g/t Pivetta and Gastaldini, 2019
Brazil 0.067 ug/t Pivetta and Gastaldini, 2019
United States 5 ng/t Zhang et al., 2006
Nigeria 0.67 pg/t Olarinmoye et al., 2016
17-beta-estradiol (E2) China ND-53 ng/t 24 ng/t Lin et al., 2020
Brazil 0.074 ug/t Pivetta and Gastaldini, 2019
Brazil 0.074 ug/t Pivetta and Gastaldini, 2019
. ) Taiwan 1822.2 ng/t Lin et al., 2015
17-alpha-ethinyl-estradiol o ]
Nigeria <0.01 g/t Olarinmoye et al., 2016
16-alpha-hydroxyestrone Nigeria <0.01 g/t Olarinmoye et al., 2016
Ethynyl-estradiol (EE2) China ND-124 ng/t 26 ng/t Lin et al., 2020
Nigeria <0.01 pg/t Olarinmoye et al., 2016
) China ND-58 ng/t 22 ng/t Lin et al., 2020
Estriol (E3) . . -
Brazil 0.074 ug/t Pivetta and Gastaldini, 2019
Brazil 0.089 g/t Pivetta and Gastaldini, 2019
. Brazil 0.017 pg/t Pivetta and Gastaldini, 2019
Ethisterone . . -
Brazil 0.013 pg/t Pivetta and Gastaldini, 2019
Brazil 0.012 pg/t Pivetta and Gastaldini, 2019
Megestrol acetate . . .
Brazil 0.012 pg/t Pivetta and Gastaldini, 2019
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Direct excretion of steroid hormones by animals into waterways, or discharges from cattle
yard drains, may be attributed as possible sources of contamination rather than through
normal agricultural situations. Moreover, discharge of effluents into rivers may lead to the
occurrence of steroid hormones in surface water. Improper disposal of unused medicinal
drugs may also lead to the detection of some steroid hormones in surface water and
groundwater. Moreover, leakage from septic tanks in areas with high water tables may

introduce these compounds in groundwater.
2.3.4.6 Steroid hormones in wastewater influents and effluents

A few studies have reported the concentration of steroid hormones in wastewater influents
and effluents. In Southern England, a mean concentration of ethinyl-estradiol (0.932 ng/f)
was recorded in sewage treatment effluent samples (Wilkinson et al., 2017). In a study
conducted in China, the concentrations of estrone (E1), 17-beta-estradiol (E2), estriol (E3)
and 17-alpha-ethinyl-estradiol (EE2) were detected in wastewater influent samples ranging
from 22 to 142 ng/t, 31 to 88 ng/t, ND to 102 ng/t and ND to 110 ng/t, respectively.
Furthermore, wastewater effluent samples were also found to have concentrations of
estrone (E1), 17-beta-estradiol (E2), estriol (E3) and 17-alpha-ethinyl-estradiol (EE2),
ranging from ND to 153 ng/f, ND to 123 ng/f, ND to 48 ng/f and ND to 33 ng/{, respectively
(Lin et al., 2020).

All vertebrates naturally produce steroid hormones, which are incredibly significant
hormones. As pharmaceuticals for both humans and animals, many synthetic steroid
hormones are in common use. Both in humans and animals, these medications may only be
partially absorbed. As a result of their use in agriculture to make animals fatter, they may be
present in the water sources. They may enter surface water through animal waste. Human
excretion results in the presence of steroid hormones in wastewater treatment processes.
Because of the inability of WWTPs to remove them, they were also detected in effluents and

subsequently in surface water such as rivers and dams receiving effluent.

2.3.5 Case studies: South African perspective

Water sources are crucial for human and animal survival. However, surface water,
groundwater and treated drinking water can all become contaminated as a result of rise in
usage of pharmaceuticals and personal care products and lack of proper medicinal disposal
methods. Moreover, one of Africa’s most active and varied agricultural sectors is found in
South Africa. Crop production, animal production, horticulture and dairy farming are some of

its agricultural pursuits. All these activities necessitate the use of pesticides. Pesticides may
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enter water sources due to a variety of factors, including the discharge of effluent from
wastewater treatment facilities, leachates from municipal landfills, run-off and leaching from
contaminated soils and the careless disposal of pesticide containers. Low removal rates of
emerging contaminants in wastewater treatment facilities has also contributed to the
pollution of water sources. It is concerning to the public as there is a lack of regulations in
South Africa regarding emerging contaminants in water sources. Lack of legislation may
exacerbate their introduction into water sources which could affect aquatic life and human
health. In this section, a few case studies are presented to illustrate the presence of
pharmaceuticals, personal care products, steroid hormones and pesticides in water sources.
Although these contaminants have been found in various water sources in South Africa, their

concentrations vary as summarised in Tables 2.5, 2.6, and 2.7.

2.3.5.1 Pharmaceuticals and personal care products in surface water, groundwater

and drinking water

The most commonly detected pharmaceuticals and personal care products in South African
water sources include the following (Table 2.5):

Non-steroidal anti-inflammatory drugs

Some NSAIDs that are mostly detected in various South African water matrices include
acetaminophen, aspirin, diclofenac, ibuprofen, ketoprofen, naproxen, fenoprofen, mefenamic
acid, paracetamol and codeine (Kanama et al., 2018; Archer et al., 2017; Agunbiade and
Moodley, 2014; Agunbiade and Moodley, 2016; Ademoyegun, 2017; Mhuka et al., 2020). In
a study conducted in surface water around the Gauteng province, the concentrations of
acetaminophen, diclofenac, ibuprofen and ketoprofen ranged from 0.02 to 0.2 ug/t, 0.3 to
2.2 ug/t, 0.1 to 0.6 yg/t, and 0.01 to 0.8 pg/t, respectively (Archer etal., 2017). A study
conducted in the Umgeni River water system, KwaZulu-Natal, targeting pharmaceuticals as
emerging organic contaminants detected and reported concentrations of acetaminophen
(5.8-58.7 ug/t), aspirin (2.2-10.0 ug/t), diclofenac (1.1-5.6 pg/t), ibuprofen (0.8-18.9 ug/t)
and ketoprofen (0.4-8.2 uyg/f) (Agunbiade and Moodley, 2014). Agunbiade and Moodley
(2016) detected concentrations of aspirin (13.7-25.4 ug/f), diclofenac (0.6-8.2 ug/t),
ibuprofen (0.4-0.7 pg/t) and ketoprofen (0.4-0.7 pg/t) in the Msunduzi River, KwaZulu-Natal.
Mhuka et al. (2020) detected various NSAIDs such as diclofenac, fenoprofen, ibuprofen,
ketoprofen, mefenamic acid and naproxen in the upper stream of Apies River samples at a
high concentration of 81.98 ng/f, 67.98 ng/f, 8 651 ng/t, 8.853 ng/t, 91.15ng/t and
137.9 ng/t, respectively.
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Table 2.5 Occurrence and concentration levels of pharmaceuticals and personal care products in South African surface water, groundwater and
drinking water

Pharmaceuticals Concentration in various water matrices

and personal care Area Surface Water Groundwater Drinking Water References
products Range Mean Range Mean Range Mean
Non-steroidal anti-inflammatory drugs (NSAIDs)
Acetaminophen Gauteng 0.02-0.2 pg/t Archer et al., 2017
KwaZulu-Natal 5.8-58.7 pg/t Agunbiade and Moodley, 2014
. KwaZulu-Natal 2.2-10.0 gkt Agunbiade and Moodley, 2014
Aspirin .
KwaZulu-Natal 13.7-25.4 pg/t Agunbiade and Moodley, 2016
Gauteng 0.3-2.2 pg/t Archer et al., 2017
Diclofenac KwaZulu-Natal 1.1-15.6 g/t Agunbiade and Moodley, 2014
KwaZulu-Natal 0.6-8.2 pg/t Agunbiade and Moodley, 2016
Gauteng 5.642-81.98 ng/t 20.38 ng/t Patterton, 2013
Gauteng 0.1-0.6 pg/t Archer et al., 2017
Ibuprofen KwaZulu-Natal 0.8-18.9 pg/t Agunbiade and Moodley, 2014
KwaZulu-Natal 0.4-0.7 pg/t Agunbiade and Moodley, 2016
Gauteng <LOD-8651 ng/t 3192 ng/t Mhuka et al., 2020
Gauteng 0.01-0.8 pg/t Archer et al., 2017
KwaZulu-Natal 0.4-8.2 gt Agunbiade and Moodley, 2014
Ketoprofen .
KwaZulu-Natal 0.4-0.7 pg/t Agunbiade and Moodley, 2016
Gauteng <LOD-8.853 ng/t 4.289 ng/t Mhuka et al., 2020
Gauteng 0.2-1.9 pg/t Archer et al., 2017
Naproxen .
Gauteng 30.33-137.9 ng/t 99.59 ng/t Hendricks and Pool, 2012
Fenoprofen Gauteng <LOD-67.98 ng/t Mhuka et al., 2020
Mefenamic acid Gauteng 2.239-91.15 ng/t 12.87 ng/t Mhuka et al., 2020
Antibiotics
- KwaZulu-Natal 2.5-14.5 ugit Agunbiade and Moodley, 2014
Ampicillin .
KwaZulu-Natal 3.2-5.5 pygit Agunbiade and Moodley, 2016
Chloramphenicol KwaZulu-Natal 0.5-10.7 pgi Agunbiade and Moodley, 2014
KwaZulu-Natal 0.6-22.6 ug/t Agunbiade and, 2016
Erythromycin KwaZulu-Natal 0.1-0.2 pg/t Matongo et al., 2015
Gauteng <LOD-6.59 ng/t 1.57 ng/t Mhuka et al., 2020
Fluoroguinolones KwaZulu-Natal 0.7-16.9 pg/t Agunbiade and Moodley, 2014
KwaZulu-Natal 2.4-14.3 uyght Agunbiade and Moodley, 2016
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Pharmaceuticals
and personal care

Concentration in various water matrices

duot Area Surface Water Groundwater Drinking Water References
products Range Mean Range Mean Range Mean
L . KwaZulu-Natal 1.7-30.8 pg/t Agunbiade and Moodley, 2014
Nalidixic acid .
KwaZulu-Natal 12.4-23.5 pg/t Agunbiade and Moodley, 2016
Streptomycin KwaZulu-Natal 0.8-8.4 pg/t Agunbiade and Moodley, 2014
KwaZulu-Natal 3.68 pg/t Agunbiade and Moodley, 2014
Sulfamethoxazole KwaZulu-Natal 1.2-5.3 pg/t Matongo et al., 2015
Gauteng <LOD-237.4 ngit 103.5 ng/t Mhuka et al., 2020
Tetracycline KwaZulu-Natal 0.6-5.7 g/t Agunbiade and Moodley, 2014
Trimethoorim KwaZulu-Natal 0.3 pg/t Matongo et al., 2015
P Gauteng 6.9011-114.8 ng/t 49.76 ng/t Mhuka et al., 2020
Tylosin KwaZulu-Natal 0.2-22.0 pg/t Agunbiade and Moodley, 2014
Clarithromycin Gauteng <LOD-5.480 ng/{ 3.194 ng/t Mhuka et al., 2020
Ciprofloxacin North West <LOD Kanama et al., 2018
Ofloxacin Gauteng <LOD-4.65 ng/ Mhuka et al., 2020
Norfloxacin North West <LOD Kanama et al., 2018
Sulfadiazine Gauteng ND-1.77 ng/t 0.253 ng/t Mhuka et al., 2020
Antiseptic
Triclosan Gauteng 0.4-0.9 pg/t Madikizela et al., 2014
Beta-blockers
Atenolol KwaZulu Natal 1.0-39.1 pg/t Agunbiade and Moodley, 2014
Gauteng 0.1-0.5 pg/t Archer et al., 2017
Metoprolol Gauteng ND-0.22 ng/t 0.048 ng/t Mhuka et al., 2020
Anti-epileptics
Free State 0.02-0.3 pg/t Mhuka et al., 2020
KwaZulu-Natal 0.01-0.02 ug/t Patterton, 2013
Gauteng 0.03-0.1 ug/t Patterton, 2013
North West 0.1-3.2 g/t Matongo et al., 2015
Carbamazepine Gauteng 0.2-0.3 pg/t Archer et al., 2017
Gauteng 1.75 ng/t Wanda et al., 2017
North West 52.35 ng/t Wanda et al., 2017
Mpumalanga 29 ng/t Wanda et al., 2017
Gauteng 8.774-176.0 ng/t 58.51 ng/t Mhuka et al., 2020
Anti-psychotic
Clozapine North West 2.2-8.9 ygit Matongo et al., 2015
Lipid regulators
Bezafibrate Gauteng 0.05-0.4 pg/t Archer et al., 2017
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Concentration in various water matrices

duot Area Surface Water Groundwater Drinking Water References
products Range Mean Range Mean Range Mean
Antivirals
Tenofovir Gauteng 0.25 pg/t Wood et al., 2015
Free State 0.16-0.19 pg/t Wood et al., 2015
Lamivudine Gauteng 0.09-0.24 ng/t Wood et al., 2015
Gauteng <LOD-8.912 ng/t 2.443 ng/t Mhuka et al., 2015
. Free State 0.07 pg/t Wood et al., 2015
Zalcitabine Gauteng 0.03 pg/t 0.008 ug/t  Wood et al., 2015
Stavudine Gauteng 0.41-0.78 pg/t Wood et al., 2015
Zidovudine Gauteng 0.22-0.62 pg/t 0.07 pg/t Wood et al., 2015
Gauteng 0.24-1.48 pg/t Gerber, 2019
Nevirapine Gauteng 0.41 pg/t Wood et al., 2015
Gauteng <LOQ-7.332 ng/ Mhuka et al., 2020
Didanosine Free State 0.05 pg/t Wood et al., 2015
L Gauteng 0.28-0.31 g/t Gerber, 2019
Lopinavir Gauteng 24.35 uglt Wood et al., 2015
Ritonavir Gauteng 1.69 pg/t Gerber, 2019
Gauteng <LOD-58.84 ng/t 25.54 ng/t Wood et al., 2015
Efavirenz Gauteng 15.04 pg/t Gerber, 2019
Famciclovir Gauteng <LOD-8.69 ng/t 2.51 ngit Mhuka et al., 2020
Penciclovir Gauteng <LOD-18.66 ng/t 3.338 ng/t Mhuka et al., 2020
Human indicators/Psychomotor stimulant
KwaZulu-Natal 0.1-3.3 g/t Matongo et al., 2015
Gauteng 0.6-6.6 pg/t Archer et al., 2017
Caffeine North West 82.41 ng/t 6.4 ng/t Wanda et al., 2017
Gauteng 2.23 ngit Wanda et al., 2017
Mpumalanga 81.24 ng/t Wanda et al., 2017
Gauteng 4.098-2 785 ugit 1424 ngit Mhuka et al., 2020.
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Antibiotics

Various researchers have detected several antibiotics such as ampicillin, chloramphenicol,
erythromycin, fluoroquinolones, nalidixic acid, streptomycin, sulfamethoxazole, tetracycline,
trimethoprim, tylosin, clarithromycin, ciprofloxacin, ofloxacin, norfloxacin, sulfadiazine and
doxycycline at various concentrations in water environments (Kanama etal., 2018;
Agunbiade and Moodley, 2014; Agunbiade and Moodley, 2016; Ademoyegun, 2017; Mhuka
et al., 2020; Matongo et al., 2015; Hendricks and Pool, 2012). Concentrations of antibiotics
such as ampicillin, chloramphenicol, erythromycin, fluoroquinolones, nalidixic acid,
streptomycin, tetracycline and tylosin were reported ranging from 2.5 to 14.5 pg/t, 0.5 to
10.7 pug/t, 0.6 to 22.6 ug/, 0.7 to 6.9 pg/t, 1.7 to 30.8 pg/t, 0.8 to 8.4 ug/t, 0.6 to 5.7 pg/t, and
0.2 to 22.0 ug/t, respectively while sulfamethoxazole was reported at an average
concentration of 3.68 ug/f in a study conducted in the Umgeni River water system, KwaZulu-
Natal, targeting pharmaceuticals as emerging organic contaminants (Agunbiade and
Moodley, 2014).

A study by Matongo etal. (2015) in the Msunduzi River, KwaZulu-Natal, reported the
concentrations of erythromycin ranging from 0.1 to 0.2 ug/t, sulfamethoxazole ranging from
1.2 to 5.3 pyg/t and trimethoprim with mean concentration of 0.3 ug/t. A follow-up study
conducted in Msunduzi River, KwaZulu-Natal, reported occurrences of ampicillin,
fluoroquinolones and nalidixic acid at concentrations ranging from 3.2 to 5.5 pg/t, 2.4 to
14.3 ug/t and 12.4 to 23.5 ug/t, respectively (Agunbiade and Moodley, 2016). A study done
in the Apies River in the Gauteng province, detected high concentrations of various
antibiotics such as erythromycin (6.59 ng/f), clarithromycin (5.480 ng/f), ofloxacin (4.65 ng/t),
trimethoprim (114.8 ng/t), sulfamethoxazole (237.4 ng/f) and sulfadiazine (1.77 ng/f).
Furthermore, ciprofloxacin and norfloxacin were below limit of detection (<LOD) in the upper
stream of the Apies River (Mhuka et al., 2020).

Beta-blockers

Among the beta-blockers, atenolol was reported by Agunbiade and Moodley (2014) in their
study conducted in the Umgeni River water system, KwaZulu-Natal, at concentrations
ranging from 1.0 to 39.1 pyg/f. In a study conducted in surface water around the Gauteng
province, atenolol was detected at concentrations ranging from 0.1 to 0.5 pug/f (Archer et al.,
2017). Mhuka et al. (2020), in their study conducted in the Apies River in the Gauteng

province, detected metoprolol at a high concentration of 0.22 ng/t.
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Antiepileptics

Antiepileptics such as carbamazepine were detected in a study conducted in the Msunduzi
River, KwaZulu-Natal, at concentrations ranging from 0.1 to 3.2 ug/t in surface water
(Matongo et al., 2015). In a scoping study and research strategy development on currently
known and emerging contaminants influencing drinking water quality, the concentrations of
carbamazepine were reported in drinking water in the Free State, KwaZulu-Natal and
Gauteng, ranging from 0.02 to 0.3 ug/{, 0.01 to 0.02 ug/t and 0.03 to 0.1 ug/t, respectively
(Patterton, 2013). Furthermore, a study was conducted in surface water around the Gauteng
province and reported concentrations of carbamazepine ranging from 0.2 to 0.3 ug/f (Archer
et al., 2017).

Mhuka et al. (2020) reported the concentrations of carbamazepine in the upper stream of the
Apies River in Gauteng, ranging from 8.7 to 176 ng/f. In another study targeting the
emerging micro-pollutants in water systems in Gauteng, Mpumalanga and North West
provinces, South Africa, the mean concentration of carbamazepine in Mpumalanga surface
water was reported as 29 ng/f, while in the Roodeplaat dam in Gauteng the mean
concentration was 1.75 ng/f. Furthermore, a carbamazepine mean concentration of
52.35 ng/t was reported in Hartbeespoort Dam, Magalies River in the Northwest province
(Wanda et al., 2017).

Antipsychotic and lipid regulators

Matongo etal. (2020) conducted a study in the Msunduzi River, KwaZulu-Natal, and
detected clozapine among the antipsychotics at concentrations ranging from 2.2 to 8.9 ug/t.
In another study conducted with the aim of determining pharmaceuticals and personal care
products as endocrine disrupting contaminants in South African surface waters, bezafibrate
was one of the lipid regulators detected at concentrations ranging from 0.05 to 0.4 ug/ in

surface water of Gauteng the province (Archer et al., 2017).
Human indicators or psychomotor stimulants

Psychomotor stimulants such as caffeine was reported in surface water at concentrations
ranging from 0.1 to 3.3 ug/t in a study conducted to determine pharmaceutical residues in
the Msunduzi River, KwaZulu-Natal (Matongo et al., 2015). Archer et al. (2017) confirmed
the prevalence of caffeine in surface water around Gauteng at concentrations ranging from
0.6 to 6.6 pg/l. In a study aimed at the occurrence of emerging micro-pollutants in water
systems in the Gauteng, Mpumalanga and North West provinces in South Africa, caffeine

was detected in surface water from the Mpumalanga province and the Roodeplaat dam in
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Gauteng at a mean concentration of 82.41 ng/f and 2.23 ng/t, respectively. The same study
also reported a mean concentration in surface water of 1-Krokodil River in the North West
province as 81.24 ng/t (Wanda et al., 2017). Mhuka et al. (2020) detected caffeine in the
upper stream of the Apies River, Gauteng province, at concentrations ranging from 4.09 to
2 785 ugh.

Antivirals

A group of antivirals have been detected in various South African aquatic environments.
Some antivirals detected in South African aquatic systems include ribavirin, tenofovir,
lamivudine, zalcitabine, stavudine, zidovudine, nevirapine, didanosine, lopinavir, ritonavir,
efavirenz, famciclovir and penciclovir (Mhuka et al., 2020; Oskunmakinde et al., 2013; Wood
et al., 2015; Gerber, 2019). In a study conducted on endocrine disrupting effects of HIV
antiretrovirals in the South African aquatic environment, nevirapine, lopinavir, ritonavir and
efavirenz were detected in the upper stream of the Olifantsfontein River at mean
concentrations of 0.41 ug/t, 24.35 ug/t, 1.69 pg/t and 15.04 ug/t, respectively (Gerber,
2019). Mhuka etal. (2020) detected various antivirals such as famciclovir, lamivudine,
nevirapine, penciclovir and ritonavir at high concentrations of 8.69 ng/f, 8.912 ng/t,

7.332 ng/t and 58.84 ng/{, correspondingly, in the upper stream samples of the Apies River.

A comprehensive study aimed at monitoring antiretroviral compounds in surface water
detected several antivirals (Wood et al., 2015). Tenofovir was detected in surface water at a
mean concentration of 0.25 pg/t in Gauteng, whereas in the Free State its concentration in
surface water ranged from 0.16 to 0.19 yg/f. The same study reported an average
concentration of zalcitabine in the Free State as 0.07 pg/f. In Gauteng, zalcitabine mean
concentrations in surface water and treated drinking water were 0.03 ug/f and 0.008 ug/t,
respectively. Lamivudine was detected and reported at concentrations ranging from 0.09 to
0.24 ug/t in surface water around Gauteng. In the Free State surface water, didanosine was
detected at a mean concentration of 0.05 ug/f. Furthermore, in surface water around
Gauteng, stavudine ranged from 0.41 to 0.78 ug/f. In Gauteng, the study also detected
zidovudine in surface water at concentrations ranging from 0.22 to 0.62 pg/f, whereas in
treated drinking water it was reported at an average concentration of 0.07 ug/f. Nevirapine
was detected in surface water at concentrations ranging from 0.24 to 1.48 ug/f, whereas
lopinavir was detected at concentrations ranging from 0.28 to 0.31 pg/t (Wood et al., 2015).

Antiseptics

In the study conducted to determine triclosan and ketoprofen in river water and wastewater

by SPE and high performance liquid chromatography (HPLC), a concentration of triclosan
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among the antiseptics in surface water was detected and reported ranging from 0.4 to
0.9 pg/t around Gauteng (Madikizela et al., 2014).

lllegal dumping of unused or expired medicinal drugs and release of effluents into nearby
streams may be the possible sources of these contaminants in surface water sources.
Runoff from nearby agricultural activities may also be attributed as the source of these

compounds in water sources.

2.3.5.2 Pharmaceuticals and personal care products in wastewater influents and

effluents

Non-steroidal anti-inflammatory drugs

The occurrence of pharmaceuticals and personal care products has also been detected in
South African wastewater influents and effluents as summarised in Table 2.6. In a study
conducted in the North West province, South Africa, the concentrations of NSAIDs such as
acetaminophen (21.27-119.50 ug/), diclofenac (0.12-10.34 ug/f), ibuprofen (0.33-53.40
pg/f) and ketoprofen (<LOQ-0.65 pg/f) were detected in influent samples. Furthermore, in
effluent samples, their respective concentrations ranged from <LOQ to 11.39 ug/{, 0.07 to
0.75 pglt, <LOQ to 13.66 ug/t and <LOQ to 0.24 pg/t (Kanama et al., 2018). In another
study conducted by Archer et al. (2017), NSAIDs were prevalent in wastewater influent and
effluent in various concentrations (Archer et al., 2017). Acetaminophen was detected at
concentrations ranging from 136.9 to 343.6 ug/t in influent and 0.04 to 0.2 pg/t in effluent.
The study also reported diclofenac in influent and effluent at concentrations ranging from 2.7
to 5.6 yg/f and 2.2 to 2.5 pg/t, respectively. Ibuprofen was detected in influent ranging from
9.1 to 15.8 yg/t and in effluent ranging from 0.3 to 1.2 yg/t. Furthermore, the same study
detected ketoprofen in influent and effluent at concentrations ranging from 0.4 to 5.6 ug/t
and 0.2 to 0.7 pg/t, respectively.

In Msunduzi River, KwaZulu-Natal, the mean concentrations of diclofenac, ibuprofen and
ketoprofen in influent and effluent were as 222.7 ug/f and 123.7 pg/t, 1.2 yg/t and 1.1 pg/,
and 3.2 ug/f and 0.4 ug/t, respectively (Agunbiade et al., 2016). Mhuka et al. (2020) also
detected various NSAIDs such as diclofenac, fenoprofen, ibuprofen, ketoprofen, mefenamic
acid and naproxen in influent at high concentrations of 246.3 ng/f, <LOD, 76 377 ng/,
23.10 ng/t, 91.15 ng/t and 546.1 ng/t, whereas in effluent they were detected at maximum
concentrations of 243.6 ng/f, 207.6 ng/f, 7 652 ng/t, 49.48 ng/f, 55.05 ng/t and 349.6 ng/t,
respectively. Furthermore, in a study by Ademoyegun (2017) in selected WWTPs in the
Eastern Cape, aspirin, ibuprofen, diclofenac, paracetamol and codeine were detected in

influent at concentrations ranging from 1.45 to 4.00 ug/, 0.39 to 17.5 pg/t, 0.04 to 5.46 ugi,
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0.77 to 35.01 ug/{, and high concentrations of codeine at 0.35 ug/f, whereas in effluent they
ranged from 0.16 to 0.99 ug/{, 0.10 to 5.27 pug/f, 0.03 to 2.19 ug/t and 0.21 to 10.54 ugh,
respectively, and high concentration of codeine was 0.17 pg/l. In eThekwini, KwaZulu-Natal
province, Spath et al. (2021) reported the average concentrations of diclofenac, paracetamol
and tramadol in influent as 2 300 ng/f, 140 000 ng/f and 330 ng/t, respectively, while their

respective mean concentrations in effluent were as 2 100 ng/t, 4 600 ng/f and 400 ng/t.

Antibiotics

Ademoyegun (2017) detected trimethoprim, chloramphenicol and doxycycline in influent
samples at high concentrations of 0.63 ug/, 1.74 pyg/t and 0.19 pg/t, while in effluent
samples their respective concentrations were as 0.41 ug/t, 1.22 ug/f and 0.07 pug/f. Another
study was conducted in the North West province, which reported respective concentrations
of tetracycline, ciprofloxacin and norfloxacin in influent, ranging from 1.09 to 45.38 ug/, 0.08
to 1.40 uyg/t and 0.03 to 0.35 pg/t, while in effluent their respective mean concentrations
ranged from 0.52 to 1.43 pg/t, 0.12 to 2.00 ug/t and 0.10 to 1.53 pg/t (Kanama et al., 2018).
Matongo et al. (2015), in their study conducted in KwaZulu-Natal, reported the mean
concentrations of erythromycin as 0.6 uyg/f and 0.2 uyg/f in both influent and effluent,
respectively. The same study also detected sulfamethoxazole in influent at a mean
concentration of 34.5 ug/f. Another study in the Western Cape detected fluoroquinolones
and sulfamethoxazole in influent and effluent at concentrations ranging from 0.09 to 0.1 ug/t
and 0.07 to 0.09 ug/t, respectively (Hendricks and Pool, 2012). Ampicillin, fluoroquinolones
and nalidixic acid were reported at average concentrations of 6.6 ug/f and 8.9 ug/t, 27.1 ug/t
and 20.5 ug/t, and 29.9 ug/f and 25.2 pg/t in influent and effluent, respective, in a study
conducted in WWTPs around KwaZulu-Natal (Agunbiade and Moodley, 2016).

Mhuka et al. (2020) detected and quantified erythromycin, clarithromycin, ciprofloxacin,
norfloxacin, ofloxacin, trimethoprim, sulfamethoxazole and sulfadiazine in influent at high
concentrations of <LOD, 10.06 ng/t, 77.04 ng/t, 31.7 ng/t, 67.5 ng/f, 577.6 ng/{, 2 405 ng/t
and 0.42 ng/t, respectively. The same study also reported respective maximum concentra-
tions of erythromycin, clarithromycin, ciprofloxacin, norfloxacin, ofloxacin, trimethoprim and
sulfamethoxazole as 11.89 ng/t, 75.44 ng/{, 5.59 ng/{, 9.83 ng/{, 86.51 ng/f, 136.6 ng/f and
504.4 ng/t in effluent, while sulfadiazine was not detected. A study by Spath et al. (2021) in
eThekwini, KwaZulu-Natal, reported average concentrations of ciprofloxacin, clindamycin,
levofloxacin, sulfamethoxazole and trimethoprim in influent as 1 300 ng/t, 270 ng/{, 25 ng/t,
12 000ng/t and 1 400 ng/t, respectively, while in effluent their respective mean
concentrations were 1 600 ng/t, 270 ng/t, 22 ng/t, 2 500 ng/t and 290 ng/X.
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Beta-blockers

Among the beta-blockers, atenolol was detected in both influent and effluent samples at
concentrations ranging from 1.08 to 8.34 ug/f and 0.33 to 3.22 pg/t in a study conducted in
WWTPs receiving inflows from health facilities in the North West province (Kanama et al.,
2018). In the Umgeni River water system, KwaZulu-Natal, a study was conducted to detect
pharmaceuticals as emerging organic contaminants and reported atenolol as one of the
beta-blockers at concentrations ranging from 1.0 to 39.1 ug/t (Agunbiade and Moodley,
2014). In another study, atenolol was reported in influent samples at concentrations ranging
from 1.6 to 2.5 ug/t, and in effluent samples as 0.4 to 0.7 ug/f around Gauteng (Archer et al.,
2017). Osunmakinde etal. (2013) conducted a study in Gauteng and reported mean
concentrations of pindolol in influent and effluent as 0.03 ug/f and 0.00003 ug/t, respectively.
Mhuka et al. (2020), in their study on the occurrence of pharmaceuticals and personal care
products in wastewater and receiving waters, detected metoprolol at a high concentration of
0.09 ng/t in influent and in effluent at a high concentration of 2.22 ng/!.

Antiepileptics

Among the antiepileptics, carbamazepine was reported at mean concentrations of 2.2 ug/t
and 0.9 ug/t in both influent and effluent in a study conducted in KwaZulu-Natal (Matongo
et al.,, 2015). Furthermore, Archer etal. (2017) observed carbamazepine in influent at
concentrations ranging from 0.3 to 0.6 pyg/t, and in effluent around Gauteng at a mean
concentration of 0.4 ug/. In another study conducted around Mpumalanga province, a mean
concentration of carbamazepine in wastewater effluent was reported at 58 ng/t (Wanda
et al., 2017). Mhuka et al. (2020) conducted a study targeting pharmaceuticals and personal
care products in wastewater and receiving waters and detected a high concentration of
carbamazepine as 115.7 ng/f in influent and 416.3 ng/f in an effluent sample. Ademoyegun’s
(2017) study in the Eastern Cape, detected a high concentration of diazepam (0.90 pg/f) and
carbamazepine (2.61 ug/) in influent, while in effluent their respective high concentration
was 0.69 pg/t and 1.33 pg/t. A study in eThekwini, KwaZulu-Natal province, reported the
average concentrations of carbamazepine and lamotrigine in influent as 480 ng/t and
240 ng/t, respectively. In effluent, their respective mean concentrations were reported as
480 ng/t and 0 ng/t (Dalvi et al., 2009).

Antipsychotic and lipid regulators

Among the antipsychotics, Matongo et al. (2015) reported mean concentrations of clozapine
in influent and effluent as 8.6 yg/t and 9.6 ug/t, respectively in their study conducted in
KwaZulu-Natal province. Moreover, in a study conducted around Gauteng, bezafibrate as
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one of the lipid regulator was detected in influent at concentrations ranging from 0.05 to
0.4 pg/t and in effluent at concentrations ranging from 0.3 to 0.7 pg/€ (Archer et al., 2017).

Human indicators or psychomotor stimulants

In a study conducted in KwaZulu-Natal, caffeine was one of the human indicators detected in
influent and effluent at mean concentrations of 4.5 ug/f and 0.6 ug/t, respectively (Matongo
et al., 2015). It was also detected in influent and effluent around Gauteng at concentrations
ranging from 5.1 to 1 214.4 ug/f and 0.5 to 3.8 g/, respectively (Archer et al., 2017). In
another study conducted in Mpumalanga, caffeine was detected in influent and effluent at
mean concentrations of 9.1 ng/t and 11.0 ng/{, respectively (Wanda et al., 2017). Mhuka
et al. (2020) conducted a study on the occurrence of pharmaceuticals and personal care
products in wastewater and receiving waters and indicated that influent samples were having
concentrations of caffeine ranging from 1 170 to 60 136 ng/t, while in influent samples
caffeine ranged from 85.76 to 4 878 ng/t. Spath et al. (2021) in eThekwini, KwaZulu-Natal
province, reported the average concentrations of caffeine in influent and effluent as 22
000 ng/t and 7 500 ng/t, respectively. Caffeine was also reported at concentrations ranging
from 4.69 to 69.49 pg/t in influent and 0.98 to 12.77 ug/t in effluent samples in a study
conducted in the Eastern Cape (Ademoyegun, 2017).

Antivirals

In eThekwini, KwaZulu-Natal, average concentrations of abacavir, atazanavir, darunavir,
lamivudine, nevirapine, raltegravir and acyclovir were reported in wastewater influent as
100 ng/t, 3100 ng/t, 14 000 ng/, 74000 ng/t, 350 ng/t, 4100ng/t and 3000 ng/t,
respectively. The study also reported mean concentrations of the same compounds in
effluent as 540 ng/t, 3 000 ng/{, 10 000 ng/t, 130 000 ng/t, 350 ng/t, 3500 ng/ and
1 900 ng/t, respectively (Spath etal., 2021). Osunmakinde etal. (2013), in their study
conducted in Gauteng, detected antivirals such as ribavirin in influent and effluent at mean
concentrations of 0.02 ug/f and 0.00004 ug/t, respectively. They also detected famciclovir in
influent at average concentrations of 0.02 ug/f and 0.00006 ug/f in effluent. Wood et al.
(2015) conducted a study targeting antiretroviral compounds used for HIV treatment in South
African surface water and detected lopinavir in effluent at an average concentration of
0.13 pg/t. A study conducted to determine the occurrence of pharmaceuticals and personal
care products in wastewater and receiving waters, detected concentrations of famciclovir,
lamivudine, nevirapine, penciclovir, and ritonavir in influent as 17.67 ng/t, 1 001 ng/,
26.34 ng/t, 22.94 ng/t, and 393.90 ng/t, while in effluent samples, they were detected as
7.17 ng/t, 323.40 ng/t, 80.53 ng/t, 104.8 ng/t and 675.90 ng/t, respectively (Mhuka et al.,
2020). Spéath et al. (2021), in their study in eThekwini, reported average concentrations of
acyclovir as 3 000 ng/f and 1 900 ng/t in both influent and effluent, respectively.
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Table 2.6 Occurrence of pharmaceuticals and personal care products in South African wastewater influent and effluents

WWTP Influent WWTP Effluent

Pharmaceuticals and
Area References

personal care products Range Mean Range Mean

Non-steroidal anti-inflammatory drugs (NSAIDs)

Acetaminophen North West 21.27-119.50 ug/ 49.79 ugit <LOQ-11.39 ug/t 6.1 g/t Kanama et al., 2018
Gauteng 136.9-343.6 pg/t 0.04-0.2 g/t Archer et al., 2017
Aspirin Eastern Cape 1.45-4.00 pgit 2.46 pght 0.16-0.99 pg/t 0.51 pgit Ademoyegun, 2017
North West 0.12-10.34 pg/t 2.38 pg/t 0.07-0.75 pg/t 0.3 pg/t Kanama et al., 2018
Gauteng 2.7-5.6 pgnt 2.2-2.5 gt Archer et al., 2017
Diclofenac KwaZulu-Natal 222.7 gt 123.7 ugit Agunbiade and Moodley, 2016
Gauteng 12.16-246.3 ng/t 147.5 ngit 5.56-243.6 ng/t 74.44 ng/t Mhuka et al., 2020
Eastern Cape 0.04-5.46 pg/t 2.41 pgt 0.03-2.19 pg/t 0.84 pgit Ademoyegun, 2017
KwaZulu-Natal 2 300 ng/t 2100 ng/t Spath et al., 2021
North West 0.33-53.40 pg/t 16.44 pgit <LOQ-13.66 pg/t 5.25 pgit Kanama et al., 2018
Gauteng 9.1-15.8 g/t 0.3-1.2 pg/t Archer et al., 2017
Ibuprofen KwaZulu-Natal 1.2 pgit 1.1 pgit Agunbiade and Moodley, 2016
Gauteng 568.7-76377 ng/t 15831 ng/t <LOD-7652 ng/t 2504 ng/t Mhuka et al., 2020
Eastern Cape 0.39-17.50 pg/t 6.82 pg/t 0.10-5.27 pg/t 1.56 pg/t Ademoyegun, 2017
North West <LOQ-0.65 g/t 0.39 ug/it <LOQ-0.24 pg/t Kanama et al., 2018
Ketoprofen Gauteng 0.4-5.6 pg/t 0.2-0.7 pg/t Archer et al., 2017
KwaZulu-Natal 3.2 ug/t 0.4 pg/t Agunbiade and Moodley, 2016
Gauteng <LOD-23.10 ng/t <LOD-49.48 ng/t 13.38 ng/t Mhuka et al., 2020
Naproxen Gauteng 2.9-5.5 pugnt 1.8-2.9 ugit Archer et al., 2017
Gauteng 16.85-546.1 ng/t 64.07 ng/t 13.09-349.6 ng/t 122.3 nglt Mhuka et al., 2020
Fenoprofen Gauteng <LOD <LOD <LOD-207.6 ng/t 46.8 ng/t Mhuka et al., 2020
Mefenamic acid Gauteng 11.30-91.15 ng/t 31.95 ng/t 4.789-55.05 ng/t 19.99 ng/t Mhuka et al., 2020
KwaZulu-Natal 330 ng/t 400 ng/t Spath et al., 2021
Paracetamol Eastern Cape 0.77-35.01 pg/t 13.64 pg/t 0.21-10.54 pg/t 3.11 ugit Ademoyegun, 2017
KwaZulu-Natal 140 000 ng/t 4 600 ng/t Spath et al., 2021
Codeine Eastern Cape LOQ-0.35 ug/t 0.18 ugit LOQ-0.17 pg/t 0.09 ugHt Ademoyegun, 2017
Antibiotics
Ampicillin KwaZulu Natal 6.6 g/t 8.9 ug/t Agunbiade and Moodley, 2016
Chloramphenicol Eastern Cape 0.07-1.74 pg/t 0.34 pgit 0.02-1.22 pg/t 0.27 ught Ademoyegun, 2017
Erythromycin KwaZulu-Natal 0.6 pg/t 0.2 g/t Matongo et al., 2015
Gauteng <LOD <LOD <LOD-11.89 ng/t 4.01 ng/t Mhuka et al., 2020
Fluoroquinolones KwaZulu-Natal 27.1 pgt 20.5 pg/t Agunbiade and Moodley, 2016
Western Cape 0.09-0.1 g/t 0.07-0.09 pg/t Hendricks and Pool, 2012
Nalidixic acid KwaZulu-Natal 29.9 pgt 25.2 ught Agunbiade and Moodley, 2016
Levofloxacin KwaZulu-Natal 25 ngit 22 ngit Spath et al., 2021
Nalidixic acid KwaZulu-Natal 34.5 ugit Matongo et al., 2015
Western Cape 0.1-0.2 pg/t 0.08-0.1 g/t Hendricks and Pool, 2012
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WWTP Influent WWTP Effluent

Pharmaceuticals and

Area References
personal care products Range Mean Range Mean
Gauteng 52.92-2405 ng/t 34.93-504.4 ng/t Mhuka et al., 2020
Tetracycline North West 1.09-45.38 ug/t 11.04 yg/t 0.52-1.43 pgH 0.95 pgit Kanama et al., 2018
Gauteng 16.61-577.6 ng/t 108.7 ng/t <LOD-136.6 ng/t 50.4 ng/t Mhuka et al., 2020
Trimethoprim Eastern Cape 0.05-0.63 pg/t 0.17 pgit 0.03-0.41 pg/t 0.16 pg/t Ademoyegun, 2017
KwaZulu-Natal 1400 ng/t 290 ng/t Spath et al., 2021
Clarithromycin Gauteng <LOD-10.06 ng/t 0.45 ng/t <LOD-75.44 ng/t 9.84 ng/t Mhuka et al., 2020
Clindamycin KwaZulu-Natal 270 ng/t 270 ng/t Spath et al., 2021
North West 0.12-2.00 pg/t 0.99 pg/t 0.08-1.40 pg/t 0.51 pgit Kanama et al., 2018
Ciprofloxacin Gauteng <LOQ-77.04 ng/t 35.32 ng/t <LOD-5.59 ng/t 1.03 ng/t Mhuka et al., 202.
KwaZulu-Natal 1300 ng/t 1600 ng/t Spath et al., 2021
Ofloxacin Gauteng 24.66-67.50 ng/t 36.39 ng/t 11.54-86.51 ng/t 42.05 ng/t Mhuka et al., 2020
Norfloxacin North West 0.10-1.53 ug/t 0.42 ugit 0.03-0.35 ug/t 0.12 ugit Kanama et al., 2018
Gauteng <LOD-31.70 ng/t 3.12 ng/t <LOD-9.83 ng/t 0.61 ng/t Kanama et al., 2018
Sulfadiazine Gauteng <LOD-0.42 ng/t 0.05 ng/t Kanama et al., 2018
Doxycycline Eastern Cape ND-0.19 pg/t ND-0.07 pg/t Ademoyegun, 2017
Sulfamethoxazole KwaZulu-Natal 12 000 ng/t 2 500 ng/t Spath et al., 2021
Antiseptics
Triclosan Gauteng 2.1-9.0 pg/t 1.3-6.4 ugit Madikizela et al., 2014
Eastern Cape 2.45-18.73 pgit 10.23 pg/t 0.10-11.05 pg/t 10.23 pg/t Ademoyegun, 2017
Triclocarban North West 0.23-1.75 ugH 0.76 ug/ 0.01-0.46 ugH 0.11 g/ Kanama et al., 2018
N,N-Diethyltoluamide (DEET) Eastern Cape 9.63 pgit 3.43 pgit Ademoyegun, 2017
Tonalide Gauteng 0.21-80.16 ng/t 71.3 ng/t <LOD-28.57 ng/t 7.247 ng/t Mhuka et al., 2020
Beta-blockers
Atenolol North West 1.08-8.34 ug/t 4.41 ugit 0.33-3.22 ugit 1.19 pg/t Kanama et al., 2018
Gauteng 1.6-2.5 ugit 0.4-0.7 ugit Archer et al., 2017
Metoprolol Gauteng <LOD-0 .09 ng/t <LOD-2.22 ng/t 0.6 ng/t Mhuka et al., 2020
Pindolol Gauteng 0.03 ugHt 0.00003 ug/t Osunmakinde et al., 2013
Anti-epileptics
Carbamazepine KwaZulu-Natal 2.2 ugit 0.9 pg/t Matongo et al., 2015
Gauteng 0.3-0.6 pg/t 0.4 pg/t Archer et al., 2017
Mpumalanga 58 ng/t Wanda et al., 2017
Gauteng <LOQ-115.7 ng/t 30.89 ng/t <LOQ-416.3 ng/t 193.6 ng/t Mhuka et al., 2020
Eastern Cape 0.05-2.61 pg/t 0.5 pg/t 0.03-1.33 pg/t 0.5 g/t Ademoyegun, 2017
KwaZulu-Natal 480 ng/t 480 ng/t Spath et al., 2021
Lamotrigine KwaZulu-Natal 240 ng/t 0 ng/t Spath et al., 2021
Diazepam Eastern Cape 0.20-0.90 pg/t 0.29 ugit 0.06-0.69 pg/t 0.29 pgit Ademoyegun, 2017
Anti-psychotic
Clozapine KwaZulu-Natal 8.6 yg/t 9.6 pg/t Matongo et al., 2015
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WWTP Influent

WWTP Effluent

Area References
personal care products Range Mean Range Mean
Lipid regulators
Bezafibrate Gauteng 1.4-3.0 pg/t 0.3-0.7 pg/t Archer et al., 2017
Antivirals

Abacavir KwaZulu-Natal 100 ng/t 540 ng/t Spath et al., 202
Atazanavir KwaZulu-Natal 3 100 ng/t 3 000 ng/t Spath et al., 2021
Acyclovir KwaZulu-Natal 3 000 ng/t 1900 ng/t Spath et al., 2021
Ribavirin Gauteng 0.02 pg/t 0.00004 pg/t Osunmakinde et al., 2013
Lamivudine Gauteng <LOD-1 001 ng/t 267.5 ng/it <LOD-323.40 ng/t 28.07 ngit Mhuka et al., 2020

KwaZulu-Natal 350 ng/t 350 ng/t Spath et al., 202
Zidovudine Gauteng 0.45-0.97 pg/t Wood et al., 2015.
Nevirapine Gauteng <LOQ-26.34 ng/t 9.383 ng/t <LOQ-80.53 ng/t 9.931 ng/t Mhuka et al., 2020

KwaZulu-Natal 74 000 ng/t 130 000 ng/t Spath et al., 2021
Lopinavir Gauteng 0.13 pg/t Wood et al., 2015
Ritonavir Gauteng 4.08-393.90 ng/t 72.77 ng/t 14.43-675.90 ng/t Gerber, 2019
Famciclovir Gauteng 0.02 pgit 0.00006 pg/t Osunmakinde et al., 2013

Gauteng <LOD-17.67 ng/{ 0.86 ng/t <LOD-7.17 ng/t 1.21 ng/t Mhuka et al., 2020
Penciclovir Gauteng <LOD-22.94 ng/t 4.24 ng/t 16.31-104.8 ng/t 56.05 ng/t Mhuka et al., 2020
Raltegravir KwaZulu-Natal 4100 ng/t 3500 ng/t Spath et al., 2021

Human indicators/psychomotor stimulant

KwaZulu-Natal 4.5 gt 0.6 pg/t Matongo et al., 2015

Gauteng 5.1-1214.4 pg/t 0.5-3.8 ug/t Archer et al., 2017
Caffeine Mpumalanga 9.1 ng/t 11 ngit Wanda et al., 2017

KwaZulu-Natal 22 000 ng/t 7 500 ng/t Spath et al., 2021

Gauteng 1170-60 136 ng/t 28 171 ng/t 85.76-4 878 ng/t 1533 ng/t Mhuka et al., 2020.

Eastern Cape 4.69-69.49 pg/t 10.79 pgH 0.98-12.77 pght 10.79 pg/t Ademoyegun, 2017
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Antiseptics

Kanama etal. (2018) conducted a study in the North West province and detected
triclocarban in wastewater influent and effluent at concentrations ranging from 0.23 to
1.75 ug/t and 0.01 to 0.46 pg/t, respectively. Triclosan was reported at concentrations
ranging from 2.45 to 18.73 ug/t in wastewater influent samples and 0.10 to 11.05 ug/ in
wastewater effluent in a study conducted in selected WWTPs in the Eastern Cape
(Ademoyegun, 2017). Another study conducted in WWTPs around Gauteng detected the
concentration of triclosan among the antiseptics in both influent and effluent at

concentrations ranging from 2.1 to 9.0 yg/t and 1.3 to 6.4 yg/t (Madikizela et al., 2014).

Fragrance

Mhuka et al. (2020) conducted a study to quantify pharmaceuticals and personal care
products in wastewater and receiving waters and detected tonalide among the personal care
products in influent at concentrations ranging from 0.21 to 80.16 ng/t, with a mean
concentration of 71.3 ng/f. The study also detected tonalide at concentrations ranging from
<LOD to 28.57 ng/t, with a mean concentration of 7.247 ng/t in effluent.

Insect repellents

In a study aimed at evaluating some pharmaceuticals and personal care products and
pesticide residues in selected wastewater treatment plants and receiving watersheds in the
Eastern Cape, South Africa, a mean concentration of DEET in both influent and effluent
were detected as 9.63 pg/f and 3.43 ug/t, respectively (Ademoyegun, 2017).

2.3.5.3 Herbicides in surface water, groundwater and drinking water

Agriculture is well developed in South Africa and contributes approximately 12.5% to the
gross domestic product. South Africa is one of the countries with utmost use of pesticides in
sub-Saharan Africa with approximately eight thousands (8 000) listed pesticide formulations
(Dalvi et al., 2009). The use of pesticides in agricultural activities have caused serious
environmental pollution and several studies have highlighted the prevalent of pesticides in
South African surface water and groundwater (Dabrowski et al., 2002; London et al., 2000;
Sereda and Meinhardt, 2005) as shown in Table 2.7.

A study conducted by Curchod et al. (2020) in rivers around the Western Cape, reported the
concentrations of S-metolachlor, simazine, terbuthylazine, atraton, prometryn, terbutryn,
atrazine, diuron, propyzamide, haloxyfop, MCPA and oxyfluorfen ranging from 1.6 to
15.6 ng/t, 6.8 to 67.4ng/t, 71.8 to 717.0 ng/t, 5.7 to 56.9 ng/{, 0.8 to 8.0 ng/t, 4.3 to
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43.2 ng/t, 2.3 to 23.2 ng/t, 5.9 to 59.0 ng/t, 6.3 to 63.2 ng/f, 0.1 to 1.2 ng/t, 13.4 to 133.4 ng/t
and 0.2 to 2.1 ng/{, respectively.

Horn et al. (2019) conducted a study in surface water of South Africa and detected 2,4-D in
River (No. A1) and Dam (No. A2) from Farm A in the Free State, at mean concentrations of
0.93 ug/t and 0.72 pg/t, respectively, after spraying. In Farm B, located at the border
between North West and the Free State, 2,4-D was also detected at mean concentrations of
1.02 pg/t and 0.96 ug/t after spraying and at the end of the season, respectively. The same
study also detected 2,4-D in Dam (No. B3) located at the border separating the North West
and Free State, before spraying, after spraying and at the end of the season at mean

concentrations of 0.74 ug/t, 0.9 ug/f and 0.92 pg/t, respectively.

A study conducted in Cape Town in some selected marine environments, reported mean
concentrations of various herbicides such as alachlor, metolachlor, butachlor, simazine and
atrazine in Seawater (No. 1) as <LOQ, 0.3 ng/t, 0.5 ng/t, 1.4 ng/t and 1.9 ng/{, respectively.
In Seawater (No. 2), their respective mean concentrations were as 3.4 ng/f, 2.3 ng/,
1.6 ng/t, 4.2 ng/t and 1.6 ng/t (Ojemaye, 2020).

Mugudamani et al. (2023) conducted a study in the Mangaung Metropolitan Municipality
(MMM) targeting herbicides in various water sources. In rivers, mean concentrations of
atrazine, metolachlor, simazine and terbuthylazine were recorded as 0.03 mg/{, 0.01 mg/t,
1.82 mg/t and 0.03 mg/t, respectively. In dams/reservoirs, the authors reported atrazine,
metolachlor, simazine and terbuthylazine at mean concentrations of 0.02 mg/f, 0.01 mg/,
0.12 mg/f and 0.03 mg/t, respectively. Moreover, treated drinking water were found to have
mean concentrations of 0.02 mg/f, 0.01 mg/t, 0.03 mg/t and 0.02 mg/t for atrazine,

metolachlor, simazine and terbuthylazine, respectively.
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Table 2.7 Occurrence of herbicides in South African surface water, groundwater and drinking water
Concentration in various water matrices
Herbicides Area Surface Water Groundwater Drinking Water References
Range Mean Range Mean Range Mean
Free State 0.93 pg/t Horn et al., 2019
Free State 0.72 pg/t Horn et al., 2019
North West/Free State 1.02 pg/t Horn et al., 2019
2,4-D North West/Free State 0.96 pg/t Horn et al., 2019
North West/Free State 0.74 pg/t Horn et al., 2019
North West/Free State 0.90 pg/t Horn et al., 2019
North West/Free State 0.92 pg/t Horn et al.,, 2019
Cape Town <LOQ Ojemaye, 2020
Alachlor Cape Town 3.4 ng/t Ojemaye, 2020
Atraton Western Cape 5.7-56.9 ng/t Curchod et al., 2020
Western Cape 2.3-23.2 ng/t Curchod et al., 2020
Cape Town 1.9 ngit Ojemaye, 2020
Atrazine Mangaung 0.03 mg/t 0.02 mg/t Mugudamani et al., 2023
Mangaung 0.02 mg/t Mugudamani et la., 2023
Cape Town 1.6 ng/t Ojemaye, 2020
Cape Town 0.5 ng/t Ojemaye, 2020
Butachlor Cape Town 1.6 ng/t Ojemaye, 2020
Diuron Western Cape 5.9-59.0 ng/t Curchod et al., 2020.
Haloxyfop Western Cape 0.1-1.2 ng/t Curchod et al., 2020
MCPA Western Cape 13.4-133.4 ng/t Curchod et al., 2020
Oxyfluorfen Western Cape 0.2-2.1 ng/t Curchod et al., 2020
Prometryn Western Cape 0.8-8.0 ng/t Curchod et al., 2020
Propyzamide Western Cape 6.3-63.2 ng/t Curchod et al., 2020
Western Cape 1.6-15.6 ng/t Curchod et al., 2020
Mangaung 0.01 mg/t 0.02 mg/t Mugudmani et al., 2023
S-metolachlor Mangaung 0.02 mg/t Mugudamani et al., 2023
Cape Town 0.3 ng/t Ojemaye, 2020
Cape Town 2.3 ng/t Ojemaye, 2020
Western Cape 6.8-67.4 ng/t Curchod et al., 2020
Mangaung 1.82 mg/t 0.03 mg/t Mugudamani et al., 2023
Simazine Mangaung 0.12 mg/t Mugudamani et al., 2023
Cape Town 1.4 ngit Ojemaye, 2020
Cape Town 4.2 ng/t Ojemye, 2020
Terbuthylazine Western Cape 71.8-717.0 ngit Curchod etal., 2020
Terbuthylazine Mangaung 0.06 mg/t 0.02 mg/t Mugudamani et al., 2023
Terbuthylazine Mangaung 0.03 mg/t Mugudmani et al., 2023

Terbutryn

Western Cape

4.3-43.2 nglt

Curchod et al., 2020
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2.3.5.4 Herbicides in wastewater influents and effluents

Spéth et al. (2021) conducted a study in eThekwini and reported average concentrations of
tebuthiuron and terbuthylazine in influent as 96 ng/f and 41 ng/{, respectively. In effluent,
their respective mean concentrations were reported as 110 ng/f and 53 ng/f. A study
conducted to analyse pesticides in water, soil, sediments and sludge in KwaZulu-Natal
reported simazine and atrazine during the cold season at average concentrations of 9.7 ug/t
and 7.8 ug/t in influent around the Darvill site, respectively. In effluents, these compounds
were reported as 28 ug/t and 9.0 ug/t, respectively. The study also detected simazine,
atrazine, ametryn and terbuthylazine in influent around Amanzimtoti at average
concentrations of 8.2 ug/t, 2.5 ug/t, 6.2 ug/t and 8.0 ug/t, respectively. In effluent, their
respective average concentrations were reported as 17 ug/t, 49 ug/t, 17 ug/t and 2.9 ugh,
respectively (Kunene, 2019).

2.3.5.5 Steroid hormones in surface water, groundwater and drinking water

From the literature review, steroid hormone compounds that are mostly detected in surface
water, groundwater and drinking water around South Africa, included compounds such as
estrone, 17-beta-estradiol, 17-alpha-ethinyl-estradiol and progesterone. A study was
conducted targeting estrogenic activity, chemical levels and health risk assessment of
municipal distribution point water from Pretoria and Cape Town, and detected estrone (E1)
in drinking water at concentrations ranging from 0.002 to 0.004 ug/? in Pretoria and 0.0004 to
0.001 pg/tin Cape Town (Van Zijl et al., 2018).

Mhuka et al. (2020), in their study aimed at the occurrence of pharmaceuticals and personal
care products in wastewater and receiving waters, detected compounds such as estradiol,
estriol, estrone and testosterone at high concentrations of 644.0 ng/{, 244.5 ng/{, 63.04 ng/t
and <LOD, respectively, in the upper stream of the Apies River. Van Wyk et al. (2014)
reported estradiol (E2) in surface water in Mpumalanga at concentrations ranging from 0.001
to 0.03 yg/t. In a study conducted around Gauteng and the Western Cape, estradiol (E2)
was detected at concentrations ranging from 0.04 to 0.37 ug/ in Gauteng, while in the
Western Cape it ranged from 0.05 to 0.37 ug/t (De Jager etal.,, 2013). Furthermore,
laboratory and field studies targeting pesticides as endocrine disruptors in South Africa
reported 17-alpha-ethynyl-estradiol (EE2) in surface water around Mpumalanga at
concentrations ranging from 0.001 to 0.01 pg/t (Van Wyk et al., 2014). Another study also
reported an average concentration of ethinyl-estradiol (0.00002 pg/f) in drinking water
around Pretoria (Van Zijl et al., 2018).
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2.3.5.6 Steroid hormones in wastewater influents and effluents

Detection of steroid hormones has been reported in different regions of the country. A study
was conducted in North West and reported the concentration of estrone (E1) ranging from
0.013 to 0.053 ug/t, estradiol (E2) ranging from 0.008 to 0.035 pg/t, ethinyl-estradiol (EE2)
ranging from 2.654 to 9.833 ug/t and estriol (E3) ranging from 0.134 to 1.480 pg/t in influent
samples. The same study also reported the concentration of estrone (E1) ranging from 0.007
to 0.041 ug/t, estradiol (E2) ranging from 0.008 to 0.0191 ug/, ethinyl-estradiol (EE2)
ranging from 0.448 to 4.608 pg/t and estriol (E3) ranging from 0.111 to 0.539 pg/t (Kanama
et al., 2018).

Manickum and John (2014), in their study conducted in the WWTPs in Pietermaritzburg,
reported estrone (E1) at a high concentration of 0.35 pg/ in influent and 0.08 pg/t in effluent.
The same study also detected estradiol (E2) ranging from 0.02 to 0.20 pg/t in influent and
0.004 to 0.11 pg/t in effluent. Furthermore, they detected ethinyl-estradiol (EE2) in both
influent and effluent at concentrations ranging from 0.01 to 0.095 pg/f and 0.001 to
0.008 ug/t, respectively. Progesterone and testosterone were reported in influent at
concentrations ranging from 0.16 to 0.90 yg/# and 0.12 to 0.64 ug/{, respectively.

Furthermore, their respective mean concentration in effluent was as 0.03 ug/f and 0.03 ug/t.

Another study conducted to determine the occurrence of pharmaceuticals and personal care
products in wastewater and receiving waters, detected estradiol, estriol, estrone and
testosterone in influent at high concentrations of 2 206 ng/f, 1 313 ng/f, 35.96 ng/f and
44.09 ng/t, while in effluent they were detected as 7 133 ng/f, 779.1 ng/t, 60.83 ng/f and
5.83 ng/t, respectively (Mhuka et al., 2020).

2.3.6 Analytical procedure for detection of emerging contaminants

The availability of precise analytical techniques that can be effective in detecting emerging
contaminants at a low concentration level (ng/t or lower) is needed to accurately assess risk
assessment of contaminants and for the monitoring of the quality of water. The key steps in
obtaining accurate analytical data, take into account the sampling process, sample
conveyance, extraction of samples and suitable analytical methods. The most widely used
analytical methods for detection of emerging contaminants are gas chromatography (GC), or

high-performance liquid chromatography (HPLC) (Swartz et al., 2018).
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2.3.6.1 Sample preparation and extraction process

After collection of the water sample, the sample is then filtered and concentrated by a variety
of pre-concentration procedures before extraction. This is done to enrich polar or nonpolar
compounds. After filtration, the filters are washed with methanol due to the fact that some
fractions of the target compound may be removed with the suspended solids. Extraction and
clean-up are critical steps in transferring analytes of interest from a complicated environment
to a simple solution. It also helps to reduce or remove interference co-eluted with analytes
before analysis by purifying the extract. The extraction process may involve using
liquid—liquid extraction; liquid micro-extraction or SPE (Moodley et al., 2016).

Liquid-liquid extraction is known to have an advantage of freedom from the influence of
several particulates as well as exclusion of the need to filter the sample. In the extraction of
various emerging contaminants liquid-liquid extraction has shown a recovery rate of more
than 70% for most analytes (Robles-Molina et al., 2013). However, a major setback is that it
encompasses a process that is strenuous and requires the use of a large amount of organic
solvents. Another challenge in extraction of diverse chemical compounds is the lack of a
universal solvent for the elution of analytes and this problem is exacerbated in high matrix
samples such as sewage effluent. Liquid-liquid extraction is frequently applied in cleaner

samples from river and stream water (Moodley et al., 2016).

Liquid micro-extraction is a technique that utilises microlitre volumes of approximately
<100 pt for the extraction and/or pre-concentration of analytes of interest (Alexovic et al.,
2016). The advantages of the liquid micro-extraction method are that it has a low cost of
operation, uses a low volume of solvent, generate less waste, and is easy to operate. It is
also characterised by a short time of extraction, and very high enrichment factors. However,
the use of a small volume of solvent may cause analyte losses and solvents used may not
be effective for a wide range of analytes. Furthermore, some solvents used in this method
are considered highly toxic, and it may result in loss of precision (Dimpe and Nomngongo,
2016).

The most commonly used method for extraction of samples from the water environment is
the solid-phase extraction (SPE) method. In SPE, a micro and lyophilisation method of
extraction may also be utilised. Sample extraction and clean-up can be conducted
simultaneously with the SPE technique. Cartridges packed with sorbents such as C-18, ion-
exchange phases, polymeric phases and nonpolar phases are mostly used in SPE. For the
off-line SPE, polymeric, octadecylsilica, or hydrophilic-lipophilic balanced with either disks or

cartridges at low pH is used (Petrovic etal., 2003). In pre-concentration of polar and
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nonpolar compounds hydrophilic-lipophilic balanced cartridges are the most preferred. For
direct extraction and analysis an online automated SPE, which is done by coupling an
automated SPE directly to liquid chromatography—-mass spectrometry (LC-MS or LC-MS2)
(Swartz et al., 2018).

2.3.6.2 Chromatography analysis

A highly sensitive and selective analytical method such as gas chromatography (GC) and
liquid chromatography (LC) combined with mass spectrometry (MS) are crucial in the
analysis of various emerging contaminants (Galindo-Marinda etal., 2019). Liquid
chromatography combined with tandem mass spectrometry (LC-tandem—-MS) is one of the
most widely used techniques for the analysis of various groups of emerging contaminants
occurring in an aqueous environment (Hernes et al., 2018). LC-tandem-MS can minimise
the time of preparing samples and permits for the detection of polar and non-volatile
compounds (Galindo-Marinda et al., 2019). It can achieve a little higher limit of detection
(LOD) than GC-MS and allows for identification of highly polar organic pollutants in the
environment at ng/f levels. For sample preparation and preconcentration methods, it can be
coupled with on-line devices such as SPE methods (Swartz etal.,, 2018). The use of
chromatographic systems at a very high pressure, such as ultra-HPLC, is used to speed up
analysis and reduce solvent intake (Robles-Molina et al., 2013). The combination of high
pressure and 1.7 ym-particle-size columns save time and solvent without compromising

sensitivity or peak resolution (Chauveau-Duriot et al., 2010).

GC-MS is considered a highly effective method of separation although it needs an extended
sample derivatisation process to ensure analyte volatility (Garcia and Barbas, 2011). It offers
higher separation effectiveness and lower operational cost with no matrix effect problems
found in LC-MS (Reemtsma and Quintana, 2006). In order to increase separation of
chemical compounds in a complex matrix, a newly developed two-dimensional GC (GCxGC)
is frequently used (Wanda et al., 2017). Two-dimensional GC entails the connection of two
chromatographic columns having complementary polarities that, when coupled, boost the
separation capacity of the arrangement. Furthermore, a modulator device connects the
columns, essentially decoupling elution on each column (Edwards etal.,, 2011; Galindo-
Marinda et al., 2019).

2.3.6.3 Detection systems

GC or HPLC are the most widely used analytical instruments for the detection of emerging

contaminants. Single quadruple MS, tandem MS (MS2), triple quadrupole (QqQ) MS, ion-
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trap MS (IT-MS), and time-of-flight MS (QTOF-MS) are some of the detection systems used
in different ionisation modes, for example atmospheric chemical pressure ionisation and
electrospray ionisation (Swartz et al., 2018). Hybrid instruments, QqToF, QqLIT and orbitrap
have become more commonly used mass analysers of emerging contaminants in an
agueous environment because of their effectiveness to achieve precise mass measurements
and acquire crucial qualitative full-scan spectra data (Galindo-Marinda et al., 2019; Pitarch
et al., 2016).

2.3.6.4 lonisation sources

lon sources are used in mass spectrometers to create ions with positive or negative charges
(Ho etal.,, 2003). To enable the passage of ions from solution into the gaseous phase
without fragmentation, the ionisation source relies on electrical energy (Banerjee and
Mazumdar, 2012). lons pass through the mass analyser and, depending on their
mass/charge (m/z) ratio, arrive at various components of the detector, allowing them to be
identified (Galindo-Marinda et al., 2019; Wilm, 2011). The most frequently used ion sources
are electrospray ionisation and electron impact. For the GC spectrometry mechanisms,
electron impact is the most frequently used ionisation technique. However, for analysis of
liquid chemical and biochemical compound samples, the electrospray ionisation method is
commonly applied as it ionises molecules directly from the liquid phase (Wilm, 2011). The
ionisation source connected to LC is regarded as the most extensively used technique
(Hernes et al., 2018; Rivera-Jaimes and Postigo, 2018).

2.3.7 Other analytical techniques

2.3.7.1 Capillary electrophoresis technique

The capillary electrophoresis technique is a method mostly used for the analysis of
pharmaceuticals and personal care products in an aqueous solution. Separation takes place
in fused silica capillaries, and in order to achieve separation, a high voltage is often applied
through buffer field capillaries. It has high effective and analysing speed, less use of reagent,
less sample intake, and it is quick to develop. Furthermore, it is less selective compared to
HPLC. In most cases, it is used as a complementary or alternative technique because its
separation selectivity can be similar to that of HPLC. When combined with the MS capillary

electrophoresis technique, it has the highest potential (Swartz et al., 2018).
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2.3.7.2 Bio-analytical techniques

Bio-analytical methods are very crucial in the monitoring of some endocrine-disrupting
compounds, pharmaceuticals and personal care products. It employs a biological end-point
associated with a certain sort of toxicity or chemical class. The simplest bio-analytical
procedures are receptor-binding assays and cellular bioassays with fast reaction times, great
sensitivity, and minimal cost. In vivo bioassays are also utilised to identify distinct kinds of
endocrine-disrupting chemicals. Despite the fact that each instrumental and bio-analytical
method has benefits and drawbacks, a combination of these methods is the most likely to
discover and quantify endocrine-disruptive chemicals. This strategy, which may use
bioassay-directed fractionation to drive instrumental analysis towards revelation of
dangerous chemicals, is commonly viewed as toxicity identification or evaluation (Swartz
et al., 2018).

2.3.8 Removal mechanisms and advance treatment of emerging contaminants in

water sources

2.3.8.1 Removal mechanism

Emerging contaminants are removed through commonly used mechanisms such as
biodegradation, sorption, photolysis and volatilisation. Biodegradation and sorption
processes are the most important methods with the ability to eliminate contaminants from
the sewage wastewater (Jonna, 2011; Chang et al., 2011). A process of how these removal

mechanisms work is summarised in this section.

2.3.8.2 Biodegradation

Biodegradation is one of the most important mechanisms used to eliminate emerging
pollutants. Its aim is to decrease the organic matter concentrations in WWTPs by converting
the decomposable materials into an acceptable end product. Furthermore, it aims at
eliminating nutrients such as phosphorus and nitrogen. In a biological process, nitrifications
and de-nitrifications are the leading processes that occur. Nitrification is the process
whereby ammonia is converted into nitrate. When nitrosomonas bacteria oxidise ammonia to
nitrite (NO,—N) and nitrobacter bacteria oxidise nitrite to nitrate (NOs—N), this biological
process happens. Factors such as dissolved oxygen, pH, temperature, metals, acids, and
free ammonia effect the pace of nitrification. Although nitrification may be influenced by such
factors, it needs a long retention period, a low food-to-microorganism ratio, and a long mean

cell residence time or age of the sludge (Langford and Lester, 2003).
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In order to acquire an appropriate end-product, denitrification plays a crucial role. It is
thought to be the biological conversion of nitrate to nitrogen gas (N,), which is accomplished
by a heterotrophic bacteria that obtains oxygen from either dissolved oxygen or nitrate
molecules. The process of denitrification takes place only when the level of oxygen is low
and in bacteria use nitrate—oxygen (anoxic condition) (Jonna, 2011). The biodegradation
process takes place in aerobic and anaerobic periods (Langford and Lester, 2003). The
degradation rates of contaminants of emerging concern are different. Other emerging
contaminants are readily biodegradable, some may persist for a few days, whereas other
possess resilient and non-degradable characteristics (Benotti and Brownawell, 2009). Even
though the process of biodegradation is regarded as very important, there is still a paucity of
information on the biodegradation of many contaminants of emerging concerns and the

aspects that influence their rate of degradation (Jonna, 2011).

2.3.8.3 Sorption

Sorption also plays a crucial role in pollution fate in aquatic ecosystems. Sorption is
regarded as a process whereby more lipophilic (hydrophobic) pollutants are separated into
settled sewage solids in the primary sedimentation tank or into biomass in the biological
stage. The compound sorption potential are classified based on their octanol-water
coefficient value such as log Ko, <2.5, which is a low sorption potential, log K., 2.5-4.0,
which is a medium sorption potential, and log K, >4.0, which is regarded as high sorption
potential (USEPA, 2008). The sorption potential of a contaminant is determined or predicted
by the ratio between the concentrations in the solid and liquid phases at equilibrium
conditions known as solid-water distribution coefficient (Kd) (Suarez etal.,, 2008).
Absorption and adsorption are the two processes of sorption mechanism. Absorption is
defined as the hydrophobic interaction of the aliphatic and aromatic chemical compound
groups with the lipophilic cell membrane of the microorganisms and the lipid fractions of the
sludge. In the absorption process, the contaminant sorption possibility is determined by the
octanol-water partition coefficient (K,,). Adsorption is defined as the electrostatic
relationship between positively charged groups of chemicals with the negatively charged
surfaces of the microbes that is highly influenced by the dissociation coefficient (Ka) of the

compounds (Ternes et al., 2004).

2.3.8.4 Photolysis

The photolysis process is accountable for the total or incomplete elimination of some
emerging contaminants (Jonna, 2011). Certain contaminants of emerging concern may be

certainly degraded, slowly degraded, whereas other chemical compounds are unaffected by
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the process of photolysis (Gomez et al., 2008; Yamamoto et al., 2009). The removal rate of
emerging contaminants under the photolysis process is influenced by factors such as pH,
level of oxygen, compound structural properties, and amount of organic matter (Neamtu and
Frimmel, 2006). Furthermore, the structure of the sewage treatment works may influence
removal of some emerging contaminants during photolysis, for example big aeration tanks or

polishing lagoons permit occurrence of some photolysis (Janna, 2011).

2.3.8.5 Volatilisation

Volatilisation is the process of removing some volatile organic chemical compounds from
wastewater to the atmosphere. The potential of organic compounds to be removed from
wastewater is predicted based on the Henry’s law constant (Hc) and the octanol-water
partition coefficient (Koy). This prediction method states that a chemical compound has a low
volatilisation potential when Hc <1x10™ and Hc/K,, <1x10™° and a high volatilisation
potential when Hc >1x10™ and Hc/K,, > 1x107° (Janna, 2011; Rogers, 1996). However, in
emerging contaminants that have the chemical compounds with hydrophilic behaviour, this
process is regarded as insignificant. For example, musk fragrances have Hc and Hc/K,,
higher than the limit mentioned above (Ternes et al., 2004); therefore, a high potential
volatilisation may occur particularly in aerated biological treatment due to the abundance of
air (Janna, 2011; Ternes et al., 2004).

2.3.9 Advance treatment of emerging contaminants in water sources

Current wastewater treatment processes are unable to entirely remove some of the
emerging contaminants that lead to their introduction into natural water systems (Deeb et al.,
2017). However, advanced treatment methods such as pressure-driven membrane filtration,
direct oxidation, sand filtration and activated carbon are some of the alternative solutions
(Janna, 2011; Cochran, 2018).

2.3.9.1 Pressure-driven membrane filtration

Pressure-driven membrane filtration is a tertiary treatment process for eliminating
contaminants of emerging concern (Schaar etal., 2010) by forcing water through semi-
permeable membranes against a concentration gradient (Cochran, 2018). Pollutants are
physically eliminated from the membranes by pore size limits or electrostatic repulsion and
its elimination proficiency is uppermost in reverse osmosis, trailed by nanofiltration,
ultrafiltration, and microfiltration (Liu et al., 2009). Microfiltration and ultrafiltration offer pre-

treatment for nanofiltration and reverse osmosis (Oulton and Cwiertny, 2010). The usage of
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reverse osmosis and nanofiltration is well known in the elimination of micropollutants for
high-quality drinking water or industrially processed water. These tertiary treatment methods
have the ability to eliminate a high quantity of emerging pollutants, and consequently, they
are progressively applied in newer advanced wastewater treatment systems (Cochran,
2018).

2.3.9.2 Direct oxidation

The direct oxidation method has the ability to effectively remove emerging pollutants from
aqueous environments by chemically decomposing the substances into their fundamental
molecular components, such as carbon dioxide through a process known as mineralisation
(Schonhern et al., 2017). At higher concentrations, chemical oxidants such as chlorine,
chlorine dioxide, and ozone can accomplish elimination of emerging pollutants (Lee and Von
Gunten, 2010). However, at greater doses, chlorination and ozonation processes may
possibly generate detrimental by-products such as bromate and N-nitrosodimethlyamine,
which are potentially more harmful than the original chemical. To ensure that emerging
contaminants and by-products are completely removed, water toxicity must be assessed
prior to and after chemical treatment, or an extra treatment step must be adopted after direct
oxidation (Almomani et al., 2016; Knopp etal., 2016). Furthermore, the effectiveness of
chlorination and ozonation can be limited by organic matter and other constituents in the
water, which are regarded as the predecessors of by-product generation (Oulton and
Cwiertny, 2010). Although ozonation cannot entirely eliminate emerging pollutants such as
pharmaceuticals, the direct oxidation method can greatly decrease their pharmacological

consequences (Almomani et al., 2016).

2.3.9.3 Sand filtration

Sand filters are frequently used to eliminate suspended particles from drinking water and
tertiary wastewater treatment. The filter’'s biological activity aids in the breakdown and
removal of emerging contaminants. Sand filters can be added after a chemical treatment
phase such as direct oxidation to aid in the total removal of emerging contaminants, parent

chemicals and breakdown products (Cochran, 2018; Knopp et al., 2016).

2.3.9.4 Activated carbon

Activated carbon is combined with the treatment procedure either through granular or
powdered activated carbon. For the elimination of emerging contaminants in tertiary
treatments, granular activated carbon is contained in a column, whereas powdered activated

carbon is added and recirculated internally. These forms of activated carbons are regarded
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as an alternative methods to tertiary treatment chemical methods due to their abilities to
eliminated high quantities of emerging contaminants (Karelid etal.,, 2017). Biological
activated carbon can be applied for tertiary treatment in addition to granular activated carbon
and powdered activated carbon as it has a biofiim on the material surface that both
biodegrades and sorbs pollutants (Oulton and Cwiertny, 2010). To promote the elimination of
emerging pollutants in tertiary treatments, adsorption onto activated carbon is frequently
applied (Karelid et al., 2017). Generally, the combination of activated carbon adsorption and
chemical processes have effective elimination rates of emerging pollutants, although the
elimination effectiveness is reliant on the adsorption capacity of the activated carbon
(Esplugas et al., 2007). This factor restricts the effectiveness of activated carbon as the

capacity of adsorption is understood to decline over time (Cochran, 2018; Liu et al., 2009).

2.3.10 Environmental health impacts of emerging contaminants

The review has shown that water sources in South Africa and other parts of the world
contain traces of pesticides (herbicides), pharmaceuticals, steroid hormones and personal
care products. The presence of these emerging contaminants may endanger aquatic life and
water, affecting consumers’ health. However, Ebele et al. (2017) indicated that the finding of
analytes in an agueous environment not necessarily imply that they are of concern or may
cause health risks unless there is evidence. There is evidence showing that exposure to
pesticides may cause dermatological, gastrointestinal, neurological, carcinogenic,
respiratory, reproductive, and endocrine effects (Sathiakumar et al., 2011; Nicolopoulou-
Stamati et al.,, 2016). Furthermore, studies have shown that exposure to pharmaceuticals
may lead to endocrine disorders, reduced reproductive rates, reduced life expectancy (Pei
et al., 2022), disruption of red and white blood cells, and insomnia (Wanda et al., 2017).
Some pharmaceuticals were reported to be the cause of vulture population decline in
Pakistan (Oaks et al., 2004). Personal care products may cause reduced T4 hormone levels
in female rats, reduced sperm counts in male fish, reduced hatchability and time of hatching
of fertilised eggs in fish (Archer et al., 2017). Steroids and their metabolites may pose high
risks to aquatic organisms at very low environmental concentrations (Ademoyegun et al.,
2017). They have the ability to mimic or hinder hormones, altering normal bodily functions
(Gogoi et al., 2018), consequently causing serious medical implications such as cancer,
reproductive impairment, cognitive deficits and obesity (La-Merrill et al., 2020). Furthermore,
the presence of some steroid hormones can impact the sustainability of wild fish populations

even at low concentrations (Kidd et al., 2007).
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2.3.11 Mitigation of risks associated with emerging contaminants

There is a need to implement mitigation strategies to control the influx of emerging
contaminants into the environment and minimise the risk associated with their exposure.
Regulating the release of emerging contaminants into the environment is one of the best
strategies to manage their influx and toxic effects. This is achievable by proper monitoring
and regulating point sources such as industries, hospitals, and water treatment facilities
together with the maintenance and enforcement of standard procedures for every source in
effluent streams. Point source separation can be part of a sustainable solution for industries,
hospitals, and water treatment facilities (Mutiyar and Mittal, 2014). Medicines that are
environmentally benign, have low noxiousness, do not bio-accumulate, and have a short
environmental persistence, may help to reduce the amount of pharmaceuticals that end up in
the environment (Gunnarsson et al., 2009). Classification and labelling methods may also
play a crucial role in reducing emerging contaminant risks. This strategy entails identifying
and labelling all active medicinal compounds with information on their environmental
implications in order to educate the general public. The information is made available to
people through websites and information booklets (Boxall, 2012). Although inappropriate
medical drug disposal has a minimal impact on total environmental pollution, taking back
unused or expired medication may help to mitigate their quantities in landfill sites and
aqueous environments and their possible health risks (Daughton and Ruhoy, 2009).
According to Boxall (2012), the effectiveness of this strategy rests on teaching people the

possible environmental implications of unused or expired medicinal drugs.

Furthermore, improvements in agricultural practices may protect water bodies and also
contribute to the reduction of risks associated with the presence of emerging contaminants in
the environment. Changes in treatment timings and intensities, as well as manure
application rates and timings, may help to reduce discharges of emerging contaminants into
the environment. Furthermore, developing a standard operating process for applying manure
to unstable slopes and defining buffer zones could help to reduce risks (Pope et al., 2009).
Injection application is better than broadcast application as it can minimise overland run-off
of pharmaceuticals and personal care products (Topp etal.,, 2008). The application of
sewage sludge in dry seasons may reduce the possibility of some chemical compounds to
be introduced in surface water (Boxall, 2012). Improving the management of pesticides may
limit introduction of pesticides into groundwater or surface water. This can be done by
reducing the amount of products available for loss, reducing storage and handling losses,
reducing the potential for transport and providing a mechanism for deposition (Aydinalp
et al., 2004).
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2.4 Conclusion

It is clear that the occurrence of emerging contaminants in aqueous sources is a topic of
concern in all continents. Although there is evidence that their introduction into water
sources is contributed mostly by WWTP effluent, on-site wastewater disposal systems,
roadways runoff, runoff from agricultural activities, recreational activities, deposition from the
atmosphere, sewerage connection leaks, landfill and septic tank leachates, no permanent
clarifications have been suggested to solve the challenges concomitant to organic chemical
pollution in several parts of the world. The quantity of these emerging contaminants is still
estimated to upsurge in water sources due to increase in inhabitants, which is a community
health concern as their exposure may have negative effects on the water creatures and
human health. Most of the contaminants detected in the majority of studies reviewed were
targeted compounds. Studies on qualitative screening of emerging contaminants in water

sources are still lacking in many countries around the world.

2.5 Recommendation
From the findings of this study, the following is recommended:

e Qualitative studies should be prioritised in pollution monitoring and risk assessment
studies of emerging pollutants as the numbers of these compounds are always
increasing. This will help to identify unknown or unexpected contaminants in water
sources and WWTPs.

e More studies should be conducted on contamination of groundwater, particularly in

regions where groundwater is still regarded as a source of drinking water.

e More studies that deal with ecological risk assessment of emerging contaminants in
water sources are needed in South Africa and Africa as a whole, because the use of

chemicals is rising, together with lack of proper disposal methods.

e Studies focusing on developing water quality guidelines for emerging contaminants in

water sources should be undertaken.

e Tracing of steroid hormones and pesticides in surface water and treated drinking water

should be prioritised in future studies.
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Chapter 3
DESCRIPTION OF THE STUDY AREA: BLOEMFONTEIN

This chapter profiles the status quo of the study area which is located in Bloemfontein. It
gives an overview of the study location, environmental attributes such as climate, geology,
soil, topography, land use and water resources. Furthermore, the socio-economic status
such as population, municipal economy, the health care system, housing and development,
water supply and sanitation as well as waste management are discussed. The study area
was carefully chosen for the study because there is paucity of information on environmental
health risk assessment of emerging contaminants in water sources, which is a distress as

these contaminants may affect aquatic life and public health.

3.1  Study location

The study was conducted around Bloemfontein. Bloemfontein is the sixth largest city in
South Africa and it serves as the administrative headquarters of the Free State province
(MMM Integrated Development Plan [IDP], 2022). The city of Bloemfontein is geographically
located in central South Africa on the southern edge of the Highveld on 29°5'13.9" S and
26°9'17.6"E at an elevation of 1392 m (Figure 3.1). It covers an area of approximately
236.2 km2. Bloemfontein is the major city under the MMM, which has an area measured at
9 886 km2. The MMM is accessible via national roads such as the N1 that links Bloemfontein
to Gauteng in the north and the Western Cape to the southwest, the N6 that links
Bloemfontein to the Eastern Cape and the N8 that links the city to Lesotho in the east and
the Northern Cape to the west (Esterhuizen, 2014). The MMM also covers areas such as
Botshabelo and Thaba 'Nchu. As these townships are located around the city of
Bloemfontein, they were also considered in this study. Botshabelo is located 45 km east of
Bloemfontein on 29°16' 2.5"S and 26°43’ 55.7”E at an elevation of 1 609 m above sea level.
It is one of the largest townships in the Free State province. Thaba Nchu, which exhibits a
large area of rural settlements, is situated 70.9 km from Bloemfontein on 29°12'33.6"S and
26°50'20.3’E (MMM IDP, 2022).
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Figure 3.1 Geographical location of the study area
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3.2 Environmental attributes

3.2.1 Climate

Bloemfontein has a semi-arid climate with cold summers and cold dry winters often with
frost. The temperatures range between 15°C and 31°C in summer, whereas in winter the
temperatures range between -2°C and 17°C (Esterhuizen, 2014). The summer season
starts from October to February and the winter from May to August (Makhadi et al., 2020).
The study area is located in the Highveld summer rainfall region with the mean annual
rainfall ranging between 600 mm and 750 mm. The rainy season generally occurs between
October and March (Slabbert, 2007). Thunderstorms and soft rains occur in approximately
equal quantities. Thunderstorms are characterised by rain and hailstorms, which promote
runoff in this region over short periods of time. Frost occurs throughout the metropolitan area

most notably in the higher-lying areas from May to early September (MMM IDP, 2022).

3.2.2 Geology and soil

The regional geology of the MMM, which is a host of the city of Bloemfontein, falls under the
Ecca and Beaufort Groups of the Karoo Supergroup. These groups are dominated by
sedimentary rocks mostly siliciclastic rocks formed by quartz and feldspars (Makhadi et al.,
2020). These include rocks such as sandstone, shale and mudstone (Usher et al., 2007;
Slabbert, 2007). As shown in Figure 3.2, the geology around Bloemfontein includes
sandstone, shale and mudstone of the lower stage of the Beaufort Group, while the Thaba
'‘Nchu area consists of purple and green shale and sandstone deposited during the upper
stage. An intensive array of dolerite dykes and sills can be found in Thaba 'Nchu and areas
northwest of Bloemfontein (Esterhuizen, 2014; Van Wyk, 2019). Generally, dolerite weathers
easily, forming clayey or vertic soils such as that of Arcadia and Rustenburg in the study
area. Mudstone is overlain by the typical red-brown, sandy loam to sandy clay loam soils of
the Glenrosa and Mispah soil forms. The fine-grained sedimentary rocks such as shale,
mudrock and siltstone weather to clay minerals that have a tendency to swell and shrink.
The mudstones from the Beaufort Group cover most of the eastern parts of the MMM area,
from Bloemfontein eastwards to Thaba Nchu. The soils of the MMM area are generally

shallow, with the deepest soils found in the south of the municipal area (MMM IDP, 2022).
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3.2.3 Topography

The MMM is characterised by the Highveld eco-region. In this eco-region, the plains
generally characterise the area with low and moderate relief. The area also has significant
lowlands having low and high relief, open hills with low relief and closed hills with moderate
relief (Slabbert, 2007). Generally, the MMM is largely a vast, flat and open plain that is
interspersed with low hills. The altitudes range between 1200 and 2 120 mean above sea
level. The city of Bloemfontein is located at an altitude of 1 390 mean above sea level. The
Thaba Nchu mountain, located in the east of the metropolitan area, is the highest point in the
MMM (IDP, 2022).

3.2.4 Land use

The city of Bloemfontein is under administrative boundaries of the MMM. The MMM is
characterised by three different land use types, including formalised stands in urban areas,
smallholdings and farms. The city of Bloemfontein has become a mixed land use area. It is
characterised by commercial and residential areas within proximity to each other.
Bloemfontein is a rapidly growing city, with the increase in new residential, commercial and
mixed land use areas (Bashingi et al., 2018). The bulk of the land to the west, southeast and
east of Bloemfontein has a high agricultural potential. The agricultural land to the east of
Bloemfontein is communally owned and farmed, with the balance being privately owned
farms. Agriculture in the area is one of the key economic activities with both commercial,
small-scale and subsistence farming being practiced. In the MMM, 22.96% of land is under
commercial agriculture of which 1.4% is under pivot irrigation and 0.02% is cultivated
orchards. While agricultural activities in the province are diverse, major crops such as maize,
soybeans, wheat, sorghum, sunflowers, potatoes, groundnuts and wool are grown, while
horticultural products such as cherries (90% of which are grown in the Free State), are also
key to the sector. Other activities include livestock, dairy farming, game farming, aquaculture
and fruit and vegetable production as well as agro-processing. Commercial agriculture in the
Free State and in the MMM is highly dependent on irrigation. Large areas of the municipality
have a grazing capacity of 11-17 ha per animal unit (MMM IDP, 2022). Considering that
agriculture in the area depends more on irrigation, it may put more pressure on the already
strained water resources. Moreover, an intense agriculture in this area may lead to the

introduction of organic contaminants to the nearby streams and possibly groundwater.
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3.2.5 Water resources

The MMM is located in one of South Africa’s pivotal water management areas called the
Upper Orange management area. The MMM area of jurisdiction is located in the Modder and
Caledon River catchments. Furthermore, smaller sections of the MMM extend to the Vet and
Riet River catchments. The northern parts of the MMM, which covers Bloemfontein,
Botshabelo and Thaba Nchu, are located in the Modder River catchment. These areas rely
on surface water and groundwater as the source of potable water in the urban areas and for
agricultural purposes, while a number of pans also occur in the north-western part of the
MMM area (MMM IDP, 2022).

3.2.5.1 Surface water

The Modder River is a relatively small river which drains an area of 7 960 km? in the central
region of the Free State province and has a mean annual runoff of 184x106 m>. The total
catchment wherein the Modder River falls comprises an area of about 17 360 km?% The
Modder River has a number of tributaries and these are the Klein Modder River, Sepane,
Koring, Kgabanyane, Koranna, Renoster, Doring, Riet and Kaalspruit. Water from the
Modder River is stored in the Rustfontein, Mockes, Mazelspoort and Krugersdrift dams
(Slabbert, 2007). Rustfontein Dam is an important source of supply to the Bloemfontein area,
while the Mockes Dam is a balancing dam further downstream to regulate the flow through
the Maselspoort Dam where water is abstracted for urban consumption. The Krugersdrift
Dam is situated further downstream on the Modder River northwest of Bloemfontein and
supplies water to the Modder River Government Water Scheme. Currently, only about 25%
of the potable water supply of Bloemfontein is provided by the Modder River. The surface
water of the MMM area is extensively developed and the utilisation of surface water
resources exceeds the local yields (MMM IDP, 2022; Slabbert, 2007).

3.2.5.2 Groundwater

Groundwater is currently not extensively utilised as a water resource to supply potable water
to the Bloemfontein area. Some individuals in the urban areas of the MMM use groundwater
for irrigation purposes, while farms in the area depend on groundwater resources (MMM
IDP, 2022). The regional aquifer underlying the area is classified as fracture in the western
portion and intergranular in the central and eastern portion of the MMM boundary. The
majority of the study area is underlain by an intergranular aquifer, which indicates that
groundwater flows in openings and void space between grains or weathered rock, expecting

yields of 0.1-0.5{/s. The western portion hosts a fractured aquifer, which indicates that
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groundwater is located with fractures in a hard rock formation, expected yields of 0.5-2.0 {/s
(Oke and Alowo, 2021; Van Wyk, 2019; Vermeulen, 2012).

3.2.5.3 Treated drinking water

The MMM is the water services authority, while it is also one of the water services providers.
The MMM treats potable water at its Maselspoort water treatment plant and also purchases
approximately two-thirds of its potable water from Vaal Central Water (formerly Bloem
Water). It provides potable water to 214 445 households. Vaal Central Water is the main
supplier of bulk potable water to the urban centres of the Modder—Riet sub-catchment,
supplying about 100 million m*® per annum of treated water to about 580 000 people. The
Maselspoort Scheme on the Modder River supplies approximately 25% of the water needs.
Water supply to the MMM is severely stressed. The total current capacity of the reservoirs
serving the metropolitan area is 0.425 million m*. The capacity of Vaal Central Water’s bulk
reservoirs is 0.278 million m®. The Thaba Nchu and Botshabelo reservoirs have a capacity of
0.156 million m* and 0.052 million m, respectively (MMM IDP, 2022).

3.2.5.4 Wastewater treatment

The MMM provides sanitation services to Bloemfontein, Thaba Nchu and Botshabelo. Eight
WWTPs service the three urban areas. The Botshabelo WWTP discharges its effluent in the
Klein Modder River. The Bloemspruit WWTP discharges its effluent in the Vaal River, Harts
River and Skoonspruit. Although several WWTPs are currently being upgraded or are
planned to be upgraded to improve performance, the operation of WWTPs remains
problematic. Some of these problems include the exceeding legal limits for key water quality
parameters, exceeding design capacities, and not meeting the legal requirements for staffing
and staff competencies (MMM IDP, 2022). Considering that all WWTPs in these areas
receive domestic, hospital and industrial wastewater, there is a high chances of detecting
traces of emerging contaminants in rivers, dams and treated drinking water. This is because
WWTPs are not designed to eliminate these contaminants and their wastewater effluents are

therefore discharged into nearby streams.
3.3 Socio-economic status

3.3.1 Population

The MMM has a population of 878 834 people. This population represents 28% of the Free
State province population. Over half of the population (546 568) of the MMM is concentrated
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in Bloemfontein (63%), followed by Botshabelo (24%), Thaba Nchu (9%) and other areas
(4%) (Statistics South Africa [Stats SA], 2019). The MMM population is made up of 85%
African, 11% White and 4% Coloureds (Figure 3.3). Among these racial groups, 51.07% of
the population are females, while 48.9% of the population are males, as shown in Figure 3.4
(Nkadile, 2022; Stats SA, 2019).

M African
B White

m Coloured

Figure 3.3 Racial composition of Mangaung Metropolitan Municipality

Male
49%

Female
51%

Figure 3.4 Gender distribution in Mangaung Metropolitan Municipality
The contribution to the population of Mangaung can be divided into various age groups such

as 25-44 years (31.8%), 0-14 years (25.6%), 45-64 years (18.1%), 15-24 years (17.1%) as
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well as 65 years and above (7.4%) as presented in Figure 3.5. These comprises children,
university students, workers, business owners and retired people (MMM IDP, 2022). The
rising population in Bloemfontein can be attributed to the continuous migration of people
from the surrounding areas to the city in order to work, study, run businesses or other
services that are not available in villages and townships. Consequently, this exert pressure
on water resources. Population growth generate large quantities of wastewater, rise in
medicinal drugs and domestic waste, which if not properly managed, may introduce

emerging contaminants in water sources.

45-64
18%

Figure 3.5 Age distribution in Mangaung Metropolitan Municipality

3.3.2 Municipal economy

The MMM is the biggest gross domestic product contributor in the Free State province and is
regarded as one of the most diverse economies with Bloemfontein as the economic hub.
The economy of Bloemfontein is driven by government services (42%), trade (22%), finance
(18%), transport (15%), agriculture (2%) and mining (1%), as shown in Figure 3.6. Over half
(55.5%) of the households in the MMM are dependent on salaries. Approximately 20% of the
households get their income from grants, 8.3% from remittances, 4.2% from pensions and
the remaining 12% from other sources such as rental, business, sales of farming products
and other services (Esterhuizen, 2014; MMM IDP, 2022; Nkadile, 2022). Domestic and
industrial wastewater generated in this area may contain traces of emerging contaminants
that may lead to emerging contaminant pollution in local water resources as a result of
mismanagement, clogged sewage overflow, poor removal in WWTPs and stormwater runoff.
Runoff from agricultural activities, industrial areas, settlements, paved areas and roads may

also introduce various emerging contaminants in surface water.
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Figure 3.6 Economic drivers of Mangaung Metropolitan Municipality.

3.3.3 Health care system

The MMM has four health subdistricts, namely Bloemfontein, Botshabelo, Naledi and Thaba
Nchu, with a total of 313 clinics and 122 mobile clinics. Most clinics are located in
Bloemfontein, Botshabelo and Thaba Nchu, but the smaller towns have one to three clinics
each. “There are 36 state-owned hospitals and 26 private hospitals, all hospitals are located
in Bloemfontein besides three that are in Thaba Nchu and Botshabelo” (Cooperative
Governance and Traditional Affairs, 2016). Hospital wastewater and waste generated are
considered as a source of emerging contaminants, namely personal care products, steroid
hormones and pharmaceuticals. Improper management of these waste may introduce
organic compounds in water sources. In Bloemfontein, wastewater from hospitals are
released into traditional WWTPs together with industrial and households wastewater. These
WWTPs are not designed to eliminate emerging contaminants and as a result they end up in

nearby rivers.

3.3.4 Housing and development

The majority of the people who live in the MMM live in urban areas in formal dwelling
structures. Some also live in formal structures on freehold farms and smallholdings or on
communally managed land. Informal settlements are also found in the urban, rural and
communal areas. The MMM has approximately 238 000 households, with an average
household size of 3.1 persons per household. Approximately 178 000 (75%) of households
are located in formal settlements of the MMM, while approximately 33 100 (14%) live in

informal settlements. The remaining 11% live on farms and smallholdings. There are
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currently approximately 45 informal settlement areas in the MMM, and the demand for
housing far outweighs the available resources. Bloemfontein has well developed modern
urban areas, as well as economical and sub-economical residential developments. This is
supplemented by well-functioning business sectors and well-developed industrial zones. The
basic infrastructure facilities found in the study area include roads, railway lines, airport,
housing, potable water supply, electricity, telecommunication and sanitation (Nkadile, 2022;
MMM IDP, 2022). Although Bloemfontein is a well-developed city, the development of
informal settlements may intensify illegal dumping of domestic wastes (containing unused or
expired medicinal drugs) which may lead to contamination of water sources by emerging

contaminants.

3.3.5 Water supply and sanitation

A total of 221 127 households in the MMM area have access to water by means of a regional
or local water scheme, while others use boreholes and water tanks as sources of water. The
city is serviced by eight dams with a storage capacity of approximately 300 million cubic
metres. Two of the dams, namely Mockes Dam and Maselspoort Dam, are managed by the
municipality. Only 52% of the households have piped water inside their yards. While 39% of
households receive piped water inside the dwelling, 4% receive piped water on a community
stand and 2% from a community tap. A total of 185 268 households have flush toilet facilities
that are connected to the WWTPs, while the remaining households use pit toilets with
ventilation, pit toilets without ventilation, bucket toilets, and flush toilets with septic tanks
(MMM IDP, 2022). Pit toilets and septic tanks leakages may lead to the groundwater
contamination by emerging contaminants (medicinal drugs consumed by patients) mostly
during the rainy season where the water table is likely to rise. The MMM has twelve WWTPs,
which may also introduce traces of emerging contaminants in surface water sources as their

effluents are discharged in rivers.

3.3.6 Waste management

Waste generation in the MMM is increasing in direct proportion to population growth,
improvements in the quality of life and changes in lifestyle. Sources such as domestic
dwellings, commercial nodes, government institutions and offices, mining, industry,
agricultural farms, medicinal facilities, and events contribute to waste generation. The waste
collection service covers between 80 and 90% of all the households, collecting 96% of all
waste generated. Waste is supposed to be collected once a week by the sub-directorate
waste management of the MMM. However, in some areas due to a number of challenges,

including vehicle and human resources shortages, at times it is collected once in two weeks.
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The MMM has three large solid waste sites, the largest is the South Park landfill site of 73.7
ha located south of the city of Bloemfontein. The Northridge landfill site is the second largest
site with 36.4 ha is in the northern parts of Bloemfontein, and the third being the Botshabelo
landfill site with 24 ha (Makhadi et al., 2020).

The management of health care risk waste and hazardous waste in the MMM area of
jurisdiction remains a provincial competence. No landfill sites operated by the MMM are
authorised to receive health care risk waste and hazardous waste (MMM IDP, 2022).
Although there are proper waste management strategies in the municipality, illegal dumping
of waste across the municipality is notable. Delays in waste collections may lead to illegal
dumping of waste in the area which may introduce emerging contaminants in water sources

through runoff, or leachate, especially during rainy seasons.
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Chapter 4
METHODOLOGY

This chapter discusses the methods used to achieve the objectives of the study. The chapter
starts by describing the collection of samples in water sources around Bloemfontein together
with sample handling procedures for rivers and dams, treated drinking water and WWTPs.
The laboratory work followed in this project, namely reagents and materials, sample
preparation and extraction; sample analysis as well as method verification and quality control
are described. The method used to determine the efficiency of WWTPs in removing
emerging contaminants is also described. Furthermore, the methods adopted to determine

the sources and risks of emerging contaminants are presented.

4.1 Sample collection and handling

Water samples were collected from treated drinking water, WWTPs, dams and rivers around
Bloemfontein. The samples were collected during all four seasons of the year, starting from
September 2022 to July 2023. In 2022, samples were collected during the spring season,
while in 2023, samples were collected during summer, autumn and winter. During the
sampling campaign five rivers, five dams, three WWTPs and two water treatment plants
were targeted. The targeted rivers were Klein Modder River, Koringspruit, Renosterspruit,
Modder River (Lekatlong) and Bloemspruit, while Rustfontein, Mockes, Maselspoort,
Krugersdrift and Seroalo were the targeted dams. Three WWTPs, namely Bloemfontein
North East, Bloemspruit and Botshabelo, were considered in this study. Furthermore, two
treated drinking water samples from two water treatment plants around Bloemfontein were
sampled. When collecting surface water samples, accessibility was considered and only
WWTPs that gave permission of entry were chosen in this study. In each season, samples
(n=18) were collected as rivers (n=5), dams (n=5), wastewater influent (n=3), wastewater
effluent (n=3) and treated drinking water (n=2). In total, seventy-two (n=72) grab water
samples were collected in the four seasons. The chosen sampling points are presented in
Figure 4.1 and Table 4.1.

All water samples were collected in 750 m{ cleaned bottles (Appendix A) randomly using the
grab sampling method throughout the project. At the site of sampling, the 750 m{ cleaned
bottles were labelled for identification convenience at the laboratory and data management.

In order to collect enough water, river samples were collected by submerging the bottles in

107
© Central University of Technology, Free State



Q)

Central University of
Technology, Free State

Central University of
Technology, Free State

water against the flow direction. Samples from surface water (dams) were obtained by
submerging the bottle below the water surface. To collect water samples from treated
drinking water, the tap was allowed to flow for a little time before collection of the sample. To
collect wastewater influent and effluent, a clean bucket with a long rope was used to draw
enough water, which was then transferred to the labelled sample bottles. During the
sampling campaign, all the collected samples were kept in a cooler filled with ice blocks
(Appendix A). After the sampling campaign, the samples were conveyed to the University of
the Free State Biotechnology Research Laboratory for analysis. The samples were kept at
4 °C until analysis.
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Figure 4.1 Sampling points within the study area
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Table 4.1 Sampling sites at various water sources around the study area
Collection of samples during spring, summer, autumn and winter season
Item Sample ID | Collected samples (n=72) | Latitude | Longitude | Elevation | Site description
Surface water (Dam)
1 SWMSO1 1 per season 29°01'4.9"S 26°24'2.7"E 1344 m Collectd at Maselspoort Dam
2 SWMDO02 1 per season 29°02'8.4" S 26°27'5.8"E 1354 m Collected at Mockes Dam
3 SWKDO08 1 per season 28°53'03" S 25°57'21"E 1226 m Collected at the Krugersdrift Dam
4 SWSD09 1 per season 29°12'10" S 26°47'38"E 1460 m Collected at the Seralo Dam
5 SWRUSD10 1 per season 29°16'20" S 26°37'00" E 1370m Collected at Rustfontein Dam
Surface water (River)
6 SWRS03 1 per season 29°06'9.6" S 26°19'7.2"E 1379 m Collected at Renosterspruit
7 SWBS04 1 per season 29°07'2.4"S 26°17'1.5"E 1390m Collected at Bloemspruit
8 SWKORO05 1 per season 29°12'8.3"S 26°31'0.4"E 1334 m Collected at Koringspruit
9 SWMOR06 1 per Clseason 29°09'39.3" S 26°34'20.3"E 1327 m g_‘;’:gﬁggg"’)‘t Modder River
10 SWKLMO7 1 per season 29°14'34.3" S 26°40'26.2" E 1373 m Collected at Kleinmodder River
Wastewater treatment plants

o ~Er AN oAt A An Influent from Bloemfontein North
11 WWTPO1I 1 per season 29°05'29" S 26°19'12" E 1386 m East WWTP

o nEt A 04 1 Ao Effluent from Bloemfontein North
12 WWTPO1E 1 per season 29°05'51" S 26°19'33"E 1384 m East WWTP
13 WWTPO2I 1 per season 29°14'2.8"S 26°41'12.9"E 1380m Influent from Botshabelo WWTP
14 WWTPO2E 1 per season 29°14'254" S 26°41'6.2" E 1376 m Effluent from Botshabelo WWTP
15 WWTPO3I 1 per season 29°07'27.4"S 26°14'46.7" E 1558 m Influent from Bloemspruit WWTP
16 WWTPO3E 1 per season 29°07'31.8"S 26°14'51.8"E 1364 m Effluent from Bloemspruit WWTP

Treated water
17 TWWRUS01 1 per season 29°16'31" S 26°37'51" E 1366 m Treated water from Rustfontein
water treatment plant

18 TWWMSP02 1 per season 29°01'10.3"S 26°24'9.2"E 1339 m Maselspoort water treated plant
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4.1.1 Collection of river samples

4111 Renosterspruit

Renosterspruit is located at 29°06'9.6"S and 26°19'7.2" E as shown in Figure 4.1. The
Renosterspruit flows past Bloemfontein and drains into the Modder River. A grab sample
was collected from the Renosterspruit (Appendix A). For identification and laboratory
analysis it was named as SWRSO03 (Table 4.1). It was accessed via the N8. Approximately
700 m away from the river, intense agricultural activities were noticed. These included
animal and plant productions activities. Furthermore, a few farm houses with septic tanks

were noticed during the site visit.

41.1.2 Bloemspruit

Bloemspruit is a tributary of the Renosterspruit. It runs through the city. Most wastewater
from residential and industrial areas end up in this river. It also receives effluents from the
Bloemspruit WWTP. This can be confirmed as the water collected was smelling and having
high turbidity. The sample collected at Bloemspruit (Appendix A) was located at 29° 07'2.4"
S and 26°17'1.5" E (Figure 4.1). Only one sample was collected and labelled as SWBS04
as shown in Table 4.1. It was close to the residential and some industrial areas.

4.1.1.3 Koringspruit

Kaoringspruit is an intermittent stream located at 29° 12'8.3" S and 26° 31'0.4" E as shown in
Figure 4.1. The collected sample from Koringspruit (Appendix A) was labelled as SWKORO05
(Table 4.1). Close to the sampling point there was some houses with pit latrine toilets and
septic tanks. Small-scale agricultural activities with animal productions were noticed during
the site visit. The houses nearby withdrew water from the River. Furthermore, a small bridge
was seen near the site, while at a distance there was a railway line and an old mechanical

workshop.

4.1.1.4 Modder River (Lekatlong)

Geographically, the water sample was collected at 29° 09'39.3" S and 26° 34'20.3" E at an
elevation of 1327 m, as presented in Figure 4.1. The river passes under the national N8
road and a railway line. As shown in Table 4.1, the collected sample was labelled as
SWMORO06. During the sampling campaign, community members were seen drawing water
from the river and domestic animals were also seen drinking water from this river (Appendix
A).
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41.1.5 Klein Modder River

The Klein Modder River passes through the Botshabelo residential area. Some of the
houses around the river could be seen with government pit latrine toilets. There was a bridge
passing over the river which drains its stormwater into it. lllegal dumping of waste was also
witnessed during site visit. Close to the river (Appendix A), domestic animals such as goats
and cows were seen drinking water. Effluent from Botshabelo WWTPs is discharged in this
river. The sample in Klein Modder River was collected at 29°14'34.3" S and 26° 40'26.2" E
as shown in Figure 4.1. The collected sample was labelled as SWKLMO7 for easy
identification in the laboratory (Table 4.1).

4.1.2 Collections of dam samples

41.21 Maselspoort Dam

Maselspoort Dam is a popular resort complex and fishing spot. The Maselspoort Dam is
situated 23 km from Bloemfontein at 29°01'4.9" S and 26°24'2.7" E in the Modder River
catchment (Figure 4.1). The dam serves as a water source for the Maselspoort water
treatment plant. One sample was taken from the Maselspoort Dam (Appendix A). The
sample’s identification was SWMSO01, as presented in Table 4.1. Around the dam, there was
a resort as well as a few family units with septic tanks and pit latrine toilets. Septic tanks and
latrine toilets may possibly leak certain emerging toxins, particularly during heavy rains.

Furthermore, a large well-maintained open turf surrounds the dam.

41.2.2 Mockes Dam

The Mockes Dam serves primarily as a balancing dam to guarantee a steady flow of water to
the Maselspoort weir purification works (Appendix A). The dam has a full supply level of
1 303.6 m, with a dead storage level of 1 301.9 m, and the bottom of the reservoir is at
1 299.5 m. It serves as a domestic water supply and is located east of Bloemfontein. One
sample from the Mockes Dam was taken and labelled as SWMDO02 (Table 4.1). The sample
point was located at 29°02'8.4" S and 26° 27'5.8" E (Figure 4.1). There was some dense
vegetation around and a bridge constructed on the other side of the dam. The dam serves
as a resort and conference venue. As a result, it is surrounded by a well-equipped resort.

Moreover, some farm houses are located about 500 m from the dam.

41.2.3 Krugersdrift Dam

It is situated at the Modder River catchment 35 km northwest of Bloemfontein. The dam has

a full supply level of 1248.1 m. The dead storage level and the bottom of the reservoir is at
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1 229.9 m. The dam has a capacity of 73.2 million m?. It also supports downstream irrigation.
The sample labelled SWKDOQ8 (Table 4.1) was taken at the Krugersdrift Dam at 29° 53'03" S
and 26°57'21" E (Figure 4.1). It is a well-liked bird-watching location. There are several

farming and fishing operations close to the dam (Appendix A).

41.24 Seroalo Dam

It is an artificial pond or lake. The Seroalo Dam is located in Thaba Nchu (Appendix A). The
dam is located 700 m to 1 km away from the Selosesha villages and 3 km away from the
industrial area. The sample was extracted at 29°12' 10" S and 26° 47' 38" E (Figure 4.1). The
estimated terrain elevation above sea level was 1 463 m. The collected sample was labelled
as SWSDO09 as presented in Table 4.1. Two raw sewage drainage systems were running
into the dam at the time of the visit. Domesticated animals, including cows and donkeys,
were drinking water from the dam. Additionally, household garbage were thrown close to the

dam, which could lead to water pollution.

41.2.5 Rustfontein Dam

The Rustfontein Dam was also considered as a water source (Appendix A) and it is located
10 km east of Botshabelo. The Rustfontein Dam is a gravity type dam located in the Modder
River and is the major storage reservoir in the Modder River catchment. Water from the
Rustfontein Dam is treated by Vaal Central Water, which supplies communities such as
Botshabelo and Thaba Nchu. The sample was identified as SWRUD10 (Table 4.1) and
extracted at 29° 16'20" S and 26° 37' 0" E (Figure 4.1). The surrounding countryside, with its
tree-studded koppies and grassy hillsides, provides an attractive backdrop to this dam that

water sport enthusiasts have chosen as their playground.

4.1.3 Collection of treated drinking water

4.1.3.1 Rustfontein water treatment plant

The Rustfontein Dam receives water from the Novo Transfer Scheme and provides treated
water to the Rustfontein water treatment plant and release water to the MMM to augment the
Mockes Dam. The dam has a capacity of 70 million m* and with a storage capacity of 15.26
million m®. The water supply area includes the towns of Botshabelo and Thaba Nchu.
Treated water is also currently supplied to the greater Bloemfontein due to the high water
demand in the city. One sample was collected from the Rustfontein water treatment plant.
This sample was labelled as TWWRUSO1 (Table 4.1). The treatment method in this plant

comprises abstraction, macro/micro sieving, coagulation, flocculation, sedimentation,
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filtration and disinfection. They utilise polydiallydimethylammonium chloride (polydadmac) as

a coagulant in water purification.

4.1.3.2 Maselspoort water treatment plant

The Maselspoort water treatment plant receives bulk water from the Modder River which is
augmented by continuous effluent from the Thaba Nchu and Botshabelo WWTPs. The water
from Maselspoort treatment plant supply the city of Bloemfontein. The collected sample from
the Maselspoort water treatment plant was labelled TWWMSPO02 (Table 4.1). The treatment
method used in Maselspoort water treatment plant consists of abstraction, macro/micro
sieving, coagulation, flocculation, sedimentation, filtration and disinfection. They also utilise

polydiallydimethylammonium chloride (polydadmac) as a coagulant in water purification.

4.1.4 Collection of wastewater influent and effluent samples

4.1.41 Bloemfontein north-east wastewater treatment plant influent and effluent

It is the largest of its kind in the MMM. The Bloemfontein north-east WWTP receives
domestic, industrial and hospital wastewater (Appendix A). In this WWTP, one sample was
taken from the influent at 29° 05' 29" S and 26°19' 12" E (Figure 4.1). The collected sample
was labelled as WWTPO1l (Table 4.1). Another sample was collected from the effluent
located at 29°05'51" S and 26°19'33" E and was labelled as WWTPOLE (Table 4.1). The
WWTP was not built with the intention of removing emerging contaminants received from
domestic, industrial and hospital wastewater. It uses primary treatment which involves
removal of suspended solids by flotation, settling and screening mechanisms and secondary
treatment for removal of the remaining organic matter via trickling filters utilising bacteria-
coated stones and bacteria-activated sludge. The effluent from this treatment plant is

discharged into Bloemspruit.

4.1.4.2 Botshabelo wastewater treatment plant influent and effluent

The Botshabelo WWTP receives domestic, industrial and hospital wastewater. The flow rate
of wastewater was minimal, which may be attributed to low population and the fact that some
houses uses pit latrine toilets. One sample was collected from both influent and effluent
(Appendix A). The influent sample located at 29°14'2.8" S and 26°41'12.9" E (Figure 4.1)
was tagged as WWTPO2I, whereas the effluent located at 29°14'25.4" and S 26°41'6.2" E
was tagged as WWTPO2E (Table 4.1). The available treatment process consisted of primary
treatment, which included removal of suspended solids by flotation, settling, and screening

mechanisms, and secondary treatment for removal of remaining organic matter via trickling
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filters utilising bacteria-coated stones and bacterial-activated sludge. Its effluent is
discharged into the Klein Modder River. The surrounding community used the effluent for

their small-scales agricultural activities.

4.1.4.3 Bloemspruit wastewater treatment plant influent and effluent

The existing Bloemspruit WWTP currently services the greater Bloemfontein area and is
hydraulically overloaded. The Bloemspruit WWTPs receives all domestic, industrial and
hospital effluent from Bloemfontein city (Appendix A). One sample was collected from both
influent and effluent. The influent sample located at 29° 07' 27" S 26°14' 46.7" E was tagged
as WWTPO3I, whereas the effluent located at 29°07'31.8" S 26°14'51.8" E (Figure 4.1)
was tagged as WWTPO3E (Table 4.1). The available treatment process consists of primary
treatment, which includes removal of suspended solids by flotation, settling and screening
mechanisms, and secondary treatment for removal of remaining organic matter via trickling
filters utilising bacteria-coated stones and bacterial-activated sludge. Its effluent is
discharged into Bloemspruit. The effluent from this treatment plant is used by the local golf
park for irrigation.

4.2 Laboratory analysis

4.2.1 Reagents and materials

The chemical standards of high purity (>98%) for acetaminophen, carbamazepine,
ibuprofen, triclosan, atrazine, terbuthylazine, simazine, metolachlor, 17-alpha-ethinyl-
estradiol, estradiol, progesterone and testosterone were procured from Sigma Aldrich (St.
Louis, Missouri, United States) and Dr Ehrenstorfer (Augsburg, Germany). The HPLC grade
methanol (MeOH), ammonium hydroxide, acetonitrile and formic acid were also purchased
from Sigma Aldrich (St Louis, Missouri, United States). Moreover, ultra-pure water (99%)
used during experiments were obtained from Millipore (Burlington, Massachusetts, United
States). The SPE cartridges (Strata C18, 6 mf) were obtained from Phenomenex (Torrance,
Los Angeles, United States). The stock solutions for individual standards were prepared in
1 pg/f methanol. After preparation, the stock solutions were kept in amber glass bottles at
4°C.

4.2.2 Sample preparation and extraction

The samples received were filtered through glass fibre filters to eliminate small particles. The
ultra-pure water (99%) spiked with emerging contaminant chemical standards was used to

improve SPE parameters. For sample recovery, a solid-phase extraction (SPE) cartridge
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were used. The SPE cartridges were equilibrated with 6 mf methanol and Milli-Q water
before extraction. Afterwards, the samples were loaded at a flow rate of approximately
6 mf/min. The sample cartridges were cleaned with 6 m{ purified water and dried for 20
minutes under vacuum. A 2 mf methanol was used to slowly elute the bound sample from
the dried cartridges, followed by 2 m{ ethyl acetate. The eluant was vacuum dried until
almost dry, using a Thermo Scientific Savant Speedvac SC 210A concentrator (Waltham,
Massachusetts, United States). The extract were reconstituted in 1 m{ purified water and

0.1% formic acid.

4.2.3 Sample analysis

4.2.3.1 Unknown analytes

A multiple reaction monitoring—information dependent acquisition—enhanced production ion
workflow (MRM-IDA-EPI) was used on the instrument to perform the qualitative hon-target
screening. In this workflow, the instrument spends one cycle in triple quadrupole mode
performing a multiple reaction monitoring scan type. When a multiple reaction monitoring
signal exceeds a predefined threshold, the ion trap in the third quadrupole is activated and
the next cycle is spent collecting fragment masses from the precursor. This is repeated over
and over for the duration of sample acquisition. The enriched fragment spectra are then
compared to the database for precursor identification. Only identifications with a fit or
reverse fit over 65% is considered during manual curation of the data. The multiple reaction
monitoring chromatograms of various analytes in water samples around Bloemfontein are
presented in Appendix B. The chromatograms include the name of the analyte, multiple
reaction monitoring transition that triggered the fragmentation spectra, the fit and reverse fit
percentage that was used for the selection, as well as the acquired spectra versus the library

spectra (MS/MS) which is a custom created library that identification was based on.
4.2.3.2 Selection of target analytes

The selected compounds were under pharmaceuticals and personal care products;
pesticides and steroid hormones. Under pharmaceuticals and personal care products, the
analgesic/anti-inflammatory drugs acetaminophen, ibuprofen, the antiepileptic carba-
mazepine and the disinfectant triclosan were selected. The selected pesticides were the
herbicides atrazine, simazine, metolachlor and terbuthylazine. These emerging
contaminants were targeted because of their level of occurrence in selected water sources,
high usage, their known fate and behaviour in the environment such as water solubility or

persistency and their environmental and health risks (Medkova et al., 2023; Nannou et al.,
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2015; Pei etal. 2022). They were also chosen based on the availability of commercial
analytical standards (Celi¢ etal., 2020). Under steroid hormones, progesterone,
testosterone, estradiol and 17-alpha-ethinyl-estradiol were targeted in this study. As the
targeted steroid and hormonal compounds were not detected in the screening of results, the
motivation for their selection was based on the fact that they are endocrine disruptor
compounds, as well as for their frequent existence in water sources (Yazdan et al., 2022)
and partial elimination in WWTPs (Volker et al., 2019).

4.2.3.3 Analysis of targeted compounds

The analysis was performed on a HPLC linked to hybrid triple quadrupole ion trap mass
spectrometer (AB SCIEX 4000, Framingham, MA, USA). Analyst 1.5 (AB SCIEX) software
was used for all data acquisition and processing. Positive and negative ionisation modes
were used to analyse the samples. In the positive ionisation mode, 20 pf of each extracted
sample was separated on a C18 (150 mm x 4.6 mm, Gemini NX, Phenomenex) column at a
flow rate of 300 uf/min using a five-minutes gradient from 5% solvent A (H,0/0.1% formic
acid) to 95% solvent B (MeOH/0.1% formic acid) with a total run time of nine minutes to
allow for column re-equilibration. Eluting analytes were electrospray ionised in the TurboV
ion source with a heater temperature of 500 °C to evaporate excess solvent, 40 psi nebuliser
gas, 40 psi heater gas and a curtain gas of 15 psi. In negative ionisation mode, 20 pf of each
extracted sample was separated on a C18 (150 m x 4.6 mm, Gemini NX, Phenomenex)
column at a flow rate of 300 pf/min using a two-minutes gradient from 5% solvent A
(H20/0.1% NH3OH) to 95% solvent B (MeOH/0.1% NH3OH) with a total run time of ten
minutes to allow for column re-equilibration. Eluting analytes were electrospray ionised in the
TurboV ion source with a heater temperature of 500 °C to evaporate excess solvent, 40 psi
nebuliser gas, 40 psi heater gas, and a curtain gas of 15 psi. In positive ionisation mode, the
ion spray voltage was set at 5 500 V, while in a negative ionisation mode, it was set at -4
500 V.

Analysis of target analytes such as acetaminophen, ibuprofen, carbamazepine, triclosan,
atrazine, metolachlor, simazine, terbuthylazine, 17-alpha-ethinyl-estradiol, estradiol,
progesterone and testosterone were carried out using multiple reaction monitoring
transitions per analyte. Multiple reaction monitoring provides increased selectivity and
reduces the likelihood of spectral interferences. The quantifier was the peak area on the
chromatogram generated by the first and most sensitive transition, while the qualifier was the
peak area generated by the second transition. The qualifier served as an additional level of
confirmation for the presence of analytes, and the retention time for these two transitions

must be the same. The details of the multiple reaction monitoring transitions for each
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compound are listed in Appendix B. The first transition values (m/z) were used in this study

as bolded in Appendix B.

4.2.3.4 Method verification and quality control

For validation of the performance of instruments, selectivity, linearity and limit of
quantification were taken into account in this study. For selectivity, samples were submitted
in batches with solvent blank runs between each sample analysed and quality control
samples of known concentrations interspersed. The selectivity was evaluated by comparison
between the retention time of the extracted blank sample and the retention time of each
spiked standard or internal standard (IS) in the extracted samples. If any interferences were
observed, the signal of their peak area should be less than 20% of the peak area of limit of
guantification (LOQ) and less than 5% of the average peak area of IS in blank samples. The
calibration values showed a concentration range of 5x 107 to 1 x 10™* mg/f. There was no
interference effect from the endogenous matrix at the retention time of all analytes and IS.
To evaluate linearity, a four-point calibration curve was generated for each analyte with
concentrations ranging from 0.001ppm to 1ppm. The linear fit yielded a correlation
coefficient (r) value exceeding 0.98. For each compound, the instrument limit of
guantification was determined and it ranged from 0.0001 mg/f to 0.1 mg/ (Table 4.2).
Laboratory blanks were used as quality control parameters to ensure that there was no

external contamination, and all equipment were thoroughly cleaned.

Table 4.2 Measurement of linearity and limit of quantification.

Analyte Linearity (r2) value LOQ (mg/e)
Acetaminophen 0.99 0.0001
Simazine 0.99 0.01
Atrazine 0.99 0.0001
Terbuthylazine 0.99 0.0001
Carbamazepine 0.99 0.01
Metolachlor 0.99 0.0001
Testosterone 0.99 0.001
Progesterone 0.99 0.001
Ibuprofen 0.99 0.1
Estradiol 0.99 0.01
Triclosan 0.99 0.1
17-alpha ethinyl-estradiol 0.99 0.1
117
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4.3 Removal efficiency of emerging contaminants in wastewater treatment

plants

The removal efficiency (%) expresses the decrease in a compound’s concentration during
treatment and is based on comparison of the average influent and effluent concentrations
(Nannou et al., 2022). Kanama et al. (2018) stated that the elimination rate of pollutants in
wastewater can be used to assess the performance of WWTPs. Solubility, volatility,
adsorption to solids and other factors in WWTPs contribute to the removal and persistence
of steroid hormones, pharmaceuticals, herbicides and personal care products. The removal
efficiencies of all the targeted emerging contaminants detected in three WWTPs were
assessed using Equation 1:
Influent concentration — Ef fluent concentration

RF (%) = x 100 1
(%) Influent concentration @

In this study, when the removal efficiency was 100%, it was considered as complete
removal: 70-79% shows efficient removal, 50-69% moderate removal and poor removal for

0-49%. Moreover, any negative value (-%) was considered as negative removal.

4.4  Multivariate statistical analysis

The descriptive statistics of the data collected were performed on the Microsoft Excel
software and presented in a simple descriptive statistics (minimum, maximum, mean and
standard deviation). The interrelationships and the potential sources of emerging
contaminants in water sources were determined by exploring different statistical methods
such as Pearson’s correlation coefficients, principal component analysis (PCA) and

hierarchical cluster analysis, using MatLab R2019b software.

4.5 Environmental risk assessment of emerging contaminants

45.1 Individual risk assessment

The environmental risk assessment for individual analytes was assessed by the risk quotient
(RQ) method. This method was centred on both acute and chronic toxicity studies that
measures the risks on the most sensitive species within the environments (Archer et al.,
2017). The RQ value was determined by paralleling the measured environmental

concentration (MEC) and the predicted no effect concentration (PNEC) using Equation 2:
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_ MEC
" PNEC

RQ (2)
The PNEC was obtained by dividing the value of acute (short-term) or chronic (long-term)
toxicity by an assessment factor. During the process of determining the predicted no-effect
concentration of particular emerging contaminants in water sources, the toxicity results were
adjusted by an assessment factor as presented in Equation 3. Acute toxicity was considered
as the median lethal concentration (LCso) or mean effective concentration (ECs), in which
case the assessment factor is 1 000. Chronic toxicity was given by no observable effect
concentration (NOEC), in which case the assessment factor can be 100, 50, 10 for algae,
daphnids and fish, respectively (Nannou et al., 2022; Vasilachi et al., 2021). After correction
of the toxicity data by an assessment factor, the RQ was obtained by comparing the PNEC
with the MEC of the targeted emerging contaminant (Archer et al., 2017).
ECs, NOEC

= = — 3
PNEC T PNEC 7 3)

In this study, RQ represented the RQ calculated by ECsq or NOEC. The MEC represented
the measured concentration. PNEC was the predicted no-effect concentration, which was
the maximum concentration of a drug known to have no adverse effects on microorganisms
or ecosystems in the environment. Risks were classified as either low (RQ <0.1); medium
(0.1 <RQ< 1); or high (RQ =1) (Pei et al., 2022; Vasilachi et al., 2021). Available LCsy, ECsx
and NOEC values for algae, daphnids and fish that were used as toxicity endpoint in this
project, are attached on Appendix D of this thesis.

45.2 Mixturerisk assessment

The study adopted concentration addition method to assess mixture toxicity of emerging
contaminants towards algae, daphnids and fish. Concentration addition in this study was
approximated by sums of RQ values (RQmix) and sums of toxic units (TUsum) as proposed
by various researchers (Backhaus and Faust, 2012; Backhaus and Karlsson, 2014;
Backhaus et al., 2013; Biatk-Bielinska et al., 2022; Kienzler et al., 2019; Maasz et al., 2019).
The risk quotient mixture (RQmix) method uses the sum of RQs as an alternate for
concentration addition-based predictions. The concentration addition assumes that the
components of mixture have the same molecular site of action and can be regarded as
dilutions of one another. In this method, the RQs for individual substances obtained using
Equation 2 were used to determine the environmental risk mixture (RQmix). The

environmental risk mixture for emerging contaminants were summed up using Equation 4:
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RQmix = __1RQi (4)
Summation of RQmix can be used as a screening-level approach (Backhaus and Faust,
2012). In this approach, when the RQmix was below 1 (RQmix<1), it connoted a sufficient
safety for the ecosystem. When the RQmix was above 1 (RQmix>1), the environmental
guality standard was exceeded (Backhaus and Faust, 2012; Backhaus and Karlsson, 2014;

Bouzas-Monroy et al., 2022; Kienzler et al., 2019).

Additionally, the mixture risks of emerging contaminants were also evaluated by the sum of
toxic units (TUsum) applied for each trophic level as shown in Equation 5. The TUsum was
the sum of toxic units. In this approach, the toxic unit (TU) was defined as the ratio between
the MEC and a respective measured or predicted ECs, for algae, daphnids and fish.

TUsum = max(TUsumggqe, TUSUMgappnias TUSUMip) X AF

- = MEC Z i ME
sum = max
EC50444¢ " 4 ECSOdaphmdS . ECSOftsh

i=1 i= i=1

()

The RQ of the mixture was defined as the highest TUsum between the three trophic levels
such as algae, daphnids and fish (Backhaus and Faust, 2012; Backhaus and Karlsson,
2014; Finckh et al., 2022; Kienzler et al., 2019). The TUsum above 1 (TUsum>1) shows
ecosystem at risk, while TUsum below 1 (TUsum<1) indicates sufficient safety for the

ecosystem.

45.3 Human health risk assessment

Health risk assessment on the inhabitants of the city of Bloemfontein was carried out using
the USEPA method (USEPA, 2004, 2021; see also Kamunda et al., 2018; Mugudamani
etal.,, 2022). The assessment included exposure to pesticides such as terbuthylazine,
simazine, metolachlor and atrazine throughout the life of both children and adults. In this
study, it was assumed that ingestion route remains a foremost risk among the various ways
of exposure. The average daily dose (ADD) associated with the ingestion of these herbicides

in water sources were calculated using Equation 6:

C X IngR X EF X ED X CF (6)
BW x AT

ADDing =
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The ADDing denoted the average daily dose (mg/f per day) of selected herbicide through
water ingestion for both children and adults. The concentration (mg/f) of herbicides in water
sources is represented by C. In this study, IngR represent the ingestion rate ({/day), which
is 2 for adults and 1.5 for children (USEPA, 2016). The EF connotes exposure frequency
(days/year) which is 350 for the entire population (Mugudamani et al., 2022; USEPA, 2004).
The ED is the exposure duration of 30 years for adults and 6 years for children
(Mugudamani et al., 2022; USEPA, 2004). The conversion factor (/cm?®) is represented by
CF which is 0.003 for both adults and children (Kamunda et al., 2018; Mugudamani et al.,
2022; USEPA, 2002). The body weight (BW) of the exposed individual in this study is 70 kg
and 28 kg for adults and children, respectively (Mugudamani et al., 2022). The average time
(AT) for cancer risk is 365 x 70 days for the entire population, while for non-cancer risk it is
365 x 30 days for adults and 365 x 6 days for children (Mugudamani et al., 2022; USEPA,
2004).

4.5.4 Non-carcinogenic risk assessment

The probability of the population to suffer non-carcinogenic risks from ingestion of water
polluted by herbicides was assessed by the hazard quotient (HQ). The hazard quotient is the
ratio of the ADD of a selected herbicide to its reference dose (RfD) for the same exposure
pathway (ingestion in this study) calculated by Equation 7. Equation 8 is then used to
calculate the hazard index, which is the sum of the hazard quotients of various exposure
pathways (Kamunda et al., 2018; Mugudamani et al., 2022, USEPA, 2004; 2021).

__ADD
Q= RfD (7)
HI = Z HQ (8)

The reference doses for atrazine, metolachlor and simazine were 0.0035 mg/kg per day,
0.15 mg/kg per day and 0.005 mg/kg per day, respectively (USEPA, 2021). The
terbuthylazine reference dose was not available. In order to characterise the non-
carcinogenic risks, a hazard quotient of less than one was considered as a very low risk;
between one and four was considered as a probable risk and when greater than four was
considered as a high risk (Mugudamani et al., 2022; USEPA, 2004; 2021).
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455 Carcinogenic risk assessment

Moreover, the probability of an individual to develop cancer risks from exposure to
herbicides in water sources through the ingestion pathway was assessed using Equation 9.
The ADD in Equation 6 were used to assess cancer risks of selected herbicides by

multiplying the ADD by an equivalent slope factor (SF).

CR = ADD X SF (9)

The corresponding slope factors for atrazine, metolachlor and simazine were 0.23 mg/kg per
day, 0.0092 mg/kg per day and 0.12 mg/kg per day, respectively (USEPA, 2004, 2021). In
this study, the carcinogenic risks were rated as very low (<107°), low (10°-107°) medium
(107°-107"), high risk (10™*-107%) and very high (>107%) (Mugudamani et al., 2022; USEPA,
2004; 2021).
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Chapter 5
INVESTIGATION AND MONITORING OF EMERGING
CONTAMINANTS
IN WATER SOURCES

This chapter focuses on the investigation and monitoring of emerging contaminants in
various water sources around Bloemfontein. It presents the results obtained from qualitative
screening of emerging contaminants in rivers, dams or reservoirs, treated drinking water,
and wastewater influent and effluents. The selection of target analytes and their
guantification in various water sources are presented and discussed. The chapter also

delves into the elimination efficiency of selected emerging contaminants in WWTPs.

51 Introduction

Urbanisation, industrialisation, rising living standards and increased consumer demand have
all contributed to increased air, soil, and water pollution caused by the release of various
chemicals (Thomaidis et al., 2012; Vasilachi et al., 2021). Chemicals are an essential part of
everyday life, with over 100 000 different chemicals produced and used by industries
(Sanchez and Egea, 2018). Chemicals, according to Bwapwa and Jaiyeola (2019), enable
the development of new technologies while also improving living standards and quality of
life. Despite their importance in daily life, many chemicals are discharged into the aqueous
environment (Sanchez and Egea, 2018). Water, as an indispensable means for life, is mostly
exposed to pollution; as a result, water contamination has grown into a universal source of
attention (Vasilachi etal., 2021). This is due to the fact that water is a foremost and
important sources for organic pollutants to reach the living organisms in the environment and
impose their impacts through ingestion (Bwapwa and Jaiyeola, 2019). Chemicals in the
water environment exhibit remarkable dynamics in terms of their grouping, which changes
over time. However, innovations in detection methods for some chemicals in the aquatic
environment have resulted in the documentation of a growing quantity of chemicals and their

conversion products acknowledged as emerging contaminants (Vasilachi et al., 2021).

Emerging contaminants are man-made tenacious organic substances that are not typically
examined in the environment but have the possibility to cause effects on the environment
and population health (Vasilachi et al., 2021). Emerging contaminants comprise an extensive

collection of anthropogenic compounds, such as pesticides, cosmetics, personal and
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domestic care products, pharmaceuticals, hormones, and brominated flame retardants,
which are used universally and are essential for contemporary civilisation (Odendaal et al.,
2015; Thomaidis et al., 2012). These numerous chemical compounds found in the water
sources are derived from everyday man-made activities such as domestic, health care,
aquaculture, agricultural and industrial processes (Ramrez-Malule et al., 2020). Several
direct and indirect conduits for the introduction of emerging contaminants into the aqueous
environment are available (Yazdan et al., 2022), such as run-off or leakage (Nggwala and
Muchesa, 2020). They may occur in wastewater influent due to excretion, bathing, or direct
disposal, as well as wastewater effluent discharge that is one of the major conduits for
emerging contaminants into rivers, dams and marine waters (Mhuka et al., 2020). Scientific
instrumentation advancements, particularly chromatography and mass spectrometry-based
techniques, have significantly expanded the range of detectable compounds in water

environments (Nannou et al., 2022).

These analytical techniques enable the investigation and monitoring of compounds that were
previously undetectable in the water environment at extremely low concentrations (Odendaal
et al., 2015). In spite of the fact that these compounds are detected at low level, their global
occurrence in water sources has stretch to a level that may be hazardous to the environment
and health of communities (Nannou et al., 2022). The issue of emerging pollutants is a
constant challenge (Vasilachi et al., 2021), because their numbers are increasing all the time
(Patel etal., 2019). According to Galindo-Miranda et al. (2019), the conversion or end
products of these compounds are frequently more noxious than the original compounds.
Given their incessant introduction into the water resources and the effect on aquatic life and
population health, qualitative screening and quantification of these compounds is required,
particularly in water-stressed countries such as South Africa (Galindo-Miranda et al., 2019).
However, most studies on emerging contaminants in South Africa only monitor known or
targeted compounds in aqueous environments (Agunbiade and Moodley, 2016; Archer et al.,
2017; Madikizela and Chimuka, 2017; Matongo et al., 2015; Mhuka et al., 2020; Sorensen
et al., 2015; Wanda et al., 2017; Wilkinson et al., 2022; Wood et al., 2015). Furthermore,
there have been only a few reports in the country focusing on qualitative non-target
screening of extensive array of emerging contaminants in urban and natural water sources
(Abafe et al., 2023; Odendaal, et al., 2015; Rimayi et al., 2019).

The majority of these quantitative and qualitative studies were conducted in specific
provinces such as Gauteng and KwaZulu-Natal, with data in other provinces, including the
Free State province, being scarce. Chemical monitoring based on target compounds,

according to Abafe et al. (2023) and Brack et al. (2019), fails to account for the majority of
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unforeseen and unknown chemicals that may cause adverse health risks to aquatic and
human life. Target investigation was applied in the detection of well-known compounds
carefully chosen before quantification, and of which their reference standard is available
(Brumovsky et al., 2017; Celi¢ etal., 2021). To overcome this shortcomings, qualitative
screening was also very crucial (Aalizadeh et al., 2016; Celié¢ et al., 2021) as it permits
researchers to detect a comprehensive type of analytes present in water sources (Hollender
et al.,, 2017; Montes et al., 2022) and such information can be used for target analysis in

pollution monitoring studies (Brack et al., 2019).

Therefore, this chapter aimed at investigating and monitoring emerging contaminant
pollution in rivers, dams, treated drinking water and WWTPs around Bloemfontein. This aim
was achieved by incorporating qualitative and quantitative analysis techniques in order to
visualise the true pollution status of water sources around the area. The study’s findings may
greatly provide and increase the list of analytes that may be considered in the future for
monitoring and risk assessment in the Free State province and throughout the country.
Furthermore, it may help water managers and policymakers to assess water quality and

manage pollution more effectively.

5.2 Non-target screening of emerging contaminants in water sources

A gualitative screening of emerging contaminants in rivers, dams, treated drinking water and
WWTPs was performed. This study was critical in the city of Bloemfontein as it provides
information on a variety of unknown emerging contaminants that may also contribute to
negative environmental health risks. Barack et al. (2019) echoed these sentiments, stating
that qualitative non-target screening aids in the identification of the majority of unforeseen
and unknown chemicals that may also lead to adverse health risks in the environment. The
initial screening results in this study revealed 32 analytes under pharmaceutical and
pesticide groups as presented in Table 5.1. From these groups, 14 classes of emerging
contaminants including stimulants, NSAIDs, illicit drugs, lipid regulators, antiepileptics,
antibiotics, antidepressants, antidiabetics, betablockers, antivirals, diuretics, herbicides,

fungicides and insecticides were detected (Figure 5.1).

Eleven classes were grouped under pharmaceutical and among them, stimulants were
detected the most, while the remaining three classes of pesticides were dominated by
herbicides. A high number of these analytes was observed in river samples and least in
treated drinking water. Their trend were as rivers > effluent > influent >dams > treated drinking
water (Figure 5.2). Among the analytes found in water sources around Bloemfontein, three

stimulants and two herbicides were found to be of environmental concern, namely
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terbuthylazine, ephedine, nicotine, metformin and sebuthylazine, as they were detected the

most. Most notably was the detection of terbuthylazine in all samples collected in dams,

effluents and treated drinking water. The detection of more analytes in effluent than influent

samples in this study as presented in Table 5.1 and Table 5.2 is worth mentioning. This

situation, however, was also observed in other studies (Kéck-Schulmeyer etal., 2013;

Ofrydopoulou et al., 2021).

Table 5.1 Qualitative non-target screening and occurrence (%) of emerging contaminants in
water sources around Bloemfontein
Dams Rivers Influent Effluent . Tr.eated
Analyte drinking water
N=5 DF(@®) N=5 DF(®%) N=3 DF(%) N=3 DF(%) N=2 DF (%)
Pharmaceuticals
Diphenhydramine - - 4 80 - - - - - -
NSAID Orphenadrine 1 20 3 60 - - - - - -
Cyclicine - - 1 20 1 33 - - - -
Paracetamol - - 1 20 3 100 - - - -
Antibiotic Sulfamethoxazol - - 1 20 - - - - - -
Antiepileptics Carbamazepine 1 20 - - - - - - - -
Antidiabetic Metformin 4 80 2 40 2 66 1 33 - -
Antidepressant ~ Sertaline - - - - 1 33 - - - -
Lipid regulator Bezafibrat.e - - 2 40 1 33 1 33 - -
Atorvastatin - - - - - - 1 33 - -
Betablocker Cimetidine - - - - - - 1 33 - -
Antiviral Lamivudine - - 1 20 - - - - - -
THC-COOH - - 1 20 1 33 1 33 - -
lllicit drug Ecgoninemethylester - - - - - - 2 66 - -
Methamphetamine - - 3 60 2 66 2 66 - -
Nicotine 5 100 2 40 - 1 33 1 50
Amphetamine - - - - 2 66 2 66 - -
Simulant Ephedrine - - - - 2 66 3 100 - -
Theophylline 1 20 1 20 2 66 1 33 - -
Hordenine - - 1 20 1 33 - - - -
Diuretic Hydrochlorothiazide - - - 2 66 1 33 - -
Sebuthylazine 4 80 2 40 1 33 1 33 1 50
Atrazine 4 80 1 20 1 33 - - 2 100
- Terbuthylazine 5 100 3 60 1 33 3 100 2 100
Herbicide
Metolachlor 2 40 2 40 - - 1 33 1 50
Simazine - - 2 40 - - 1 33 - -
Tebuthiuron - - - - - - - - 1 50
Fungicide Carbendazim - - 1 20 1 33 2 66 - -
Diazinon - - 1 20 - - - - - -
- Carbarril - - - - - - 1 33 - -
Insecticide . )
Imidacloprid - - - - - - 1 33 - -
Propoxur - - - - - - 1 33 - -

Notation: N = Number of samples; DF = Detection frequency; THC-COOH = 11-nor-9-carboxy-A9-tetrahydrocannabinol
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Figure 5.2 Detection of analytes per water source in Bloemfontein

5.2.1 Screening of emerging contaminants in rivers

As shown in Table 5.1, two groups of emerging contaminants, namely pharmaceuticals and
pesticides, were detected. These outcomes are comparable to the findings of Hollender
etal. (2017), who reported pharmaceuticals and pesticides as the two groups regularly
detected in the Rhine River. Under pharmaceuticals, NSAIDs, stimulants, illicit drugs,
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diabetics, lipid regulators, antibiotics and antivirals were detected, while under pesticides,
herbicides, fungicides and insecticides were detected. Other classes of emerging
contaminants were not found. From these two groups of emerging contaminants, NSAIDs,
stimulants and herbicides were the utmost detected classes of analytes. A similar screening
study for emerging contaminants in rivers in the Gauteng province of South Africa found
NSAIDs to be one of the most detected classes of emerging contaminants (Rimayi et al.,
2019).

In this study, NSAIDs such as diphenhydramine was found in 80% of the river samples.
Other analytes found in 60% of the river samples included an NSAID (orphenadrine);
herbicide (terbuthylazine); stimulant (ephedrine) and an illicit drug (methamphetamine).
Previous researches on emerging contaminants in aqueous environments also found
terbuthylazine in the Western Cape province of South Africa (Curchod etal.,, 2020),
ephedrine in South African surface waters (Archer etal.,, 2017), diphenhydramine and
methamphetamine in rivers in the Gauteng province of South Africa (Rimayi et al., 2019).
Although nicotine, paracetamol and sulfamethoxazole were least detected in this study, their
occurrence were also detected in many rivers of the world such as Pienaars River, South
Africa; Madejera River, Tunisia; Yamuna River, India, Torrens River, Australia, Piracicaba
River, Brazil and Trinity River, United States (Wilkinson et al., 2022).

The high detection of diphenhydramine could be attributed to the fact that it is an over-the-
counter medication used to treat a variety of symptoms, including insomnia, fever, insect
bites and eczema. Herbicides are effective at controlling invasive plants in agricultural lands.
Orphenadrine is a prescription medication that may help to alleviate the symptoms of
Parkinson’s disease, such as trembling. Methamphetamine is an illegal stimulant that can be
smoked or injected into veins to keep people awake and is therefore popular at parties.
Ephedrine is primarily prescribed to treat asthma and nasal congestion. As a result, the
presence of these compounds in more river samples suggests that community members use
herbicides, medicinal drugs and possibly abuse drugs. Agricultural activities are a most
important economic contributor in the Free State province, therefore the detection of
herbicides in rivers as a result of runoff from agricultural fields was expected. Additionally,
because WWTPs are the carriers of the majority of emerging contaminants (Nannou et al.,
2022; Wang et al., 2022), wastewater effluents discharged from these plants into streams
may introduce emerging contaminants such as pharmaceuticals and pesticides. Some of the
rivers run through townships and cities; hence, community members’ direct urination, runoff
from clogged sewage systems or improper waste disposal may have introduced the detected

drugs into the rivers.
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5.2.2 Screening of emerging contaminants in dams and reservoirs

Emerging contaminants in dam samples showed different trends from those detected in river
samples. As presented in Table 5.1, among the pharmaceuticals only stimulants,
antidiabetics, NSAIDs and antiepileptic drugs were detected, while herbicides were the only
class of pesticides detected in dam samples. From these classes of emerging contaminants,
the stimulant nicotine and the herbicide terbuthylazine were the most detected contaminants
as they were detected in 100% of the collected dam samples. Herbicides (atrazine and
sebuthylazine) and the antidiabetic (metformin) were also found in 80% of the collected
samples. In the Hartbeespoort Dam, South Africa, triazine herbicides such as atrazine were
also detected (Rimayi etal., 2018), which correspond to the outcomes of this study.
Moreover, atrazine, terbuthylazine and sebuthylazine were also found in surface water in
Cape Town, South Africa (Ojemaye, 2020), surface water in Hungary (Székécs et al., 2015),
and the South Fork of the Zumbro River watershed in the United States (Fairbairn et al.,
2014). Another study found antidiabetic metformin in surface water around South Africa’s
Gauteng province (Rimayi et al., 2019). Various researchers have discovered stimulants
such as nicotine in South African surface water (Matongo et al., 2015; Rimayi et al., 2019;
Wood et al., 2015).

The use of herbicides to control aquatic weeds in dams may have contributed to their
concentrations in this study. Herbicides, according to Pandey et al. (2019), can be useful in
controlling invasive plants in water. The detected herbicides could also be a result of runoff
from a nearby agricultural fields. The application of herbicides to manage or kill weeds in a
well maintained large open turf witnessed near some of the dams that serve as conference
centres may be a source of herbicides. Rimayi et al. (2018) mentioned that most of triazine
herbicides such as atrazine and terbuthylazine are used or applied to kill unwanted grasses
or weeds. Furthermore, nicotine is a stimulant and anxiolytic that can be used recreationally,
whereas metformin is used to treat high blood sugar levels. During the sampling campaign, it
was discovered that the majority of the dams served as conference and resort centres with
lodging houses that use septic tanks. As a result, septic tanks may introduce pollutants such
as nicotine and metformin, particularly during the rainy season when the water table rises.
Visitors’ improper disposal of medicinal drugs and unwanted cigarettes may also contribute
to traces of these contaminants. Moreover, effluents from WWTPs are mostly released in
nearby streams. Therefore, rivers that release their water in these dams may present traces

of these compounds in dams.
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5.2.3 Screening of emerging contaminants in wastewater treatment plants

In influents samples, pharmaceuticals such as stimulants, NSAIDs, illicit drugs, diuretics,
antidiabetics, antidepressants and lipid regulators were detected. Pesticides, herbicides and
fungicides were identified in influent samples as presented in Table 5.1. It was only
paracetamol that was detected in 100% of the collected influent samples. Paracetamol is a
pain reliver and fever reducer that is widely available in supermarkets. The detection of
paracetamol in all collected samples may be attributed to the fact that the selected WWTPs
are located in the city where the use of drugs is expected to be high. According to Al Kaf
et al. (2017), detection of medicinal drugs is expected to be high in urban areas as the use of
drugs is high, which support the current findings. The detection of paracetamol in
wastewater influents was also reported by other researchers in Oslo, Norway (Thomas et al.,
2007); Eastern Cape, South Africa (Ademoyegun, 2017); North West province (Kanama
et al., 2018); eThekwini, South Africa (Spath et al., 2021) and in Vidyaranyapuram, India
(Shipingana et al., 2022). Most of the WWTPs in this region receives wastewater from
domestic, industrial and hospital wastewater. Human excretion and flushing of expired or
unused medicinal drugs may have contributed to the high detection of these compounds in
wastewater influents around the city of Bloemfontein. This also demonstrated high reliance
of these drugs within the study area. Furthermore, wastewater from factories and hospitals

may also be attributed as a source of these compounds.

Moreover, stimulants, illicit drugs, NSAIDs, lipid regulators, antidiabetics, beta-blockers and
diuretics were the pharmaceutical classes detected in effluent samples, while herbicides,
fungicides and insecticides were the detected classes of pesticides. From these classes of
contaminants, herbicide (terbuthylazine) and stimulant (ephedrine) were detected in 100% of
the collected samples. In KwaZulu-Natal, South Africa (Kunene, 2019), and in eThekwini,
South Africa (Spéath et al., 2021), terbuthylazine was also detected in effluent samples. The
presence of these compounds in effluent samples demonstrates that traditional WWTPs are
incapable of completely removing them. Montagner et al. (2019) also reported that WWTPs
in Sdo Paulo State, Brazil, were unable to eliminate most of the emerging contaminants.
This was also confirmed by other researchers (Cardini et al., 2021; Grandclément et al.,
2017). The WWTPs chosen in this study were not built with the intention of removing
emerging contaminants received from domestic, industrial and hospital wastewater. All of the
WWTPs use primary treatment, which involves removal of suspended solids by flotation,
settling and screening mechanism and secondary treatment for removal of remaining
organic matter via trickling filters utilising bacteria-coated stones and bacterial-activated

sludge. Therefore, it is reasonable to conclude that the processes employed in this treatment
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plants are unable to remove some of the emerging contaminants and need improvement.
This was also supported by Morin-Crini et al. (2022), who stated that tertiary treatment
systems should be added in WWTPs in order to eliminate and limit emerging contaminant

pollution.

In South Africa, wastewater effluent is typically discharged into nearby streams, introducing
pollutants into the aqueous environment. As a result, prioritising these chemicals in pollution
monitoring studies is critical. Not only will this protect aquatic life, but will also preserve or
sustain South Africa’s water resources. Moreover, wastewater effluent in this study were
found to have more analytes than influent samples as presented in Table 5.2. The
occurrence of high concentrations of some emerging contaminants in effluents than influent
was also reported by other authors (Kdck-Schulmeyer et al., 2013; Ofrydopoulou et al.,
2021). According to Kortesméki etal. (2020), non-removal and the present of higher
concentration of some analytes in effluent than influent may be attributed to factors such as
wastewater composition, structure of analyte and conversion of the conjugated metabolites
to the parent compound by enzymatic processes in the WWTPs. Their high detection in
effluent than influent may also be influenced by factors such as working faults of the WWTPs

and the current electricity load shedding problems in the country.

Table 5.2 Composition of influent and effluent samples

Wastewater influent Wastewater effluent
Cyclicine Metformin
Paracetamol Bezafibrate
Metformin Atorvastin
Bezafibrate Cimetidine
THC-COOH* THC-COOH
Methamphetamine Ecgoninemethylester
Amphetamine Methamphetamine
Ephadrine Nicotine
Theophylline Amphetamine
Hordenite Ephadrine
Hydrochlorothiazine Theophylline
Sebuthylazine Hydrochlorothiazine
Atrazine Sebuthylazine
Terbuthylazine Terbuthylazine
Carbendazim Metolachlor
Simazine
Carbendazim
Carbaril
Imidacloprid
Propoxur

*THC = 11-nor-9-carboxy-A9-tetrahydrocannabinol

131
© Central University of Technology, Free State



Q)

Central University of
Technology, Free State
i T

5.2.4 Screening of emerging contaminants in treated drinking water

In treated drinking water, one class of pharmaceuticals (stimulants) and one class of
pesticides (herbicides) were detected as presented in Table 5.1. Herbicides atrazine and
terbuthylazine were detected in 100% of the collected treated drinking water samples.
Analytes such as tebuthiuron, metolachlor, sebuthylazine and nicotine were detected in less
than 60% of the collected samples. The outcomes of this study are comparable to the
findings of the screening study of emerging contaminants in South African drinking water
(Odendaal et al., 2015). These researchers detected terbuthylazine in 100% of the samples
collected, which is similar to the findings of this study. Similarly, Caldas et al. (2019) reported
that atrazine was the most detected in their monitoring study of pesticides in drinking water
in southern Brazil. Furthermore, in a nationwide survey of emerging pollutants in Brazilian
waters, atrazine was detected in 75% of the collected treated drinking water samples

(Machado et al., 2016), which was less than the findings of the current study.

The application of herbicides to eliminate weeds in dams operating as a source of water in
water treatment plants may be the source of these herbicides. Rivers that recharge these
dams may be contaminated by herbicides as they mostly receive wastewater effluents. High
detections of atrazine in water sources may also be linked to their nature of being persistent.
Almberg et al. (2018) stated that herbicides such as atrazine are persistent in soil and their
transport to water, making it the most frequently identified pesticide in water sources.
Additionally, the occurrence of pesticides in treated drinking water confirms the incapability
of the methods employed in selected water treatment plants, which include abstraction,
macro/micro sieving, coagulation, flocculation, sedimentation, filtration and disinfection in
removing these contaminants. Long-term exposure to these herbicides may have negative
consequences for water users in the city of Bloemfontein. These pesticides should be
prioritised in the treatment processes in order to find the best methods for their removal. In
addition, pollution monitoring and toxicity studies should prioritise them and determine

whether their concentrations have any negative effects on water consumers.

5.3 Selection of target analytes

The selected compounds were organised under three groups of emerging contaminants,
namely pharmaceuticals and personal care products, pesticides and steroid hormones.
Under pharmaceuticals and personal care products, the analgesic/anti-inflammatory drugs
acetaminophen, ibuprofen, the antiepileptic carbamazepine and the disinfectant triclosan

were selected. The selected pesticides were the herbicides atrazine, simazine, metolachlor
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and terbuthylazine. These emerging contaminants were targeted because of their level of
occurrence in selected water sources, high usage, their known fate and behaviour in the
environment such as water solubility or persistency, and their environmental health risks
(Medkova et al., 2023; Nannou et al., 2015; Pei etal., 2022). Under steroid hormones,
progesterone, androgens testosterone, estrogens, estradiol and 17-alpha-ethinyl-estradiol
were also targeted in this study. As the targeted steroid and hormonal compounds were not
detected in the screening of results, the motivation for their selection was based on the fact
that they are endocrine disruptor compounds, their frequent existence in water sources
(Yazdan et al., 2022) and partial elimination in WWTPs (Volker et al., 2019). Moreover, the
targeted compounds in this study were also chosen based on the availability of commercial
analytical standards (Celi¢ et al., 2020).

5.4 Quantitative analysis of emerging contaminants in water sources

A total of 72 samples were collected during the spring (n=18), summer (n=18), autumn
(n=18) and winter (n=18) seasons from rivers (n=5), dams and reservoirs (n=5), treated
drinking water (n=2), wastewater influent (n=3) and wastewater effluent (n=3). During the
laboratory analysis, 12 organic contaminants were targeted. These emerging contaminants
were pharmaceuticals (acetaminophen, ibuprofen and carbamazepine), personal care
products (triclosan), herbicides (atrazine, simazine, terbuthylazine and metolachlor) and
steroid hormones (17-alpha-ethinyl-estradiol, estradiol, progesterone and testosterone). The
descriptive statistics of these 12 selected contaminants in various water sources are
presented in Table 5.3. They were summarised as detection frequency, minimum, maximum,
mean concentrations and standard deviations (£SD). The mean concentrations and standard
deviations of contaminants detected only in one sample were not calculated. Their results in
water sources around Bloemfontein are presented and discussed based on their source of

occurrence.

5.4.1 Occurrence of emerging contaminants in rivers

Among the pharmaceuticals and personal care products, acetaminophen, carbamazepine,
ibuprofen and triclosan were the only contaminants targeted in rivers around Bloemfontein.
As presented in Table 5.3, their respective average concentrations during the spring season
were 0.12 mg/t, 0.57 mg/f, 2.22 mg/f and <LOQ. In the summer season their respective
mean concentrations were <LOQ, 0.7 mg/{, 1.16 mg/f and <LOQ. In the autumn season
their respective mean concentrations were <LOQ, 0.25mg/f, 0.92mg/t and <LOQ.

Moreover, the winter season showed average concentrations of <LOQ, 0.31 mg/f, 2.20 mg/t
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and <LOQ, respectively. Among these contaminants, ibuprofen had the highest average
concentrations followed by carbamazepine in all seasons. Their average concentrations
ranged as ibuprofen > carbamazepine > acetaminophen > triclosan. Seasonally, the spring
season recorded the highest mean concentrations of pharmaceuticals and personal care
products and they ranged as spring>winter>summer>autumn (Figure 5.3). The
concentrations of ibuprofen in this study were higher than the one reported in the Mississippi
River in the United States (Zhang et al., 2006), the Hanoi in Vietham (Tran et al., 2014),
Chongging in China (Yan et al., 2015), the Msunduzi River in KwaZulu-Natal, South Africa
(Agunbiade and Moodley, 2016) and the Apies River in Mpmualanga, South Africa (Mhuka
et al., 2020). Moreover, similar cases of the occurrence of carbamazepine in rivers was also
reported by other researchers (Archer et al., 2017; Glassmeyer et al., 2017; Hossain et al.,
2018; Vumazonke et al., 2020; Wanda et al., 2017; Wilkinson et al., 2022). Ibuprofen is used
to treat pain and fever, which are common illnesses in many communities (Ekinci et al.,
2020). Given that ibuprofen is used to treat a variety of diseases and is available without a
prescription, it was not surprising that it was the leading pollutant in rivers. The presence of
carbamazepine as a prescription drug may have been influenced by the presence of patients
suffering from seizures and bipolar disorders in those areas (Nannou et al., 2022). The
majority of the rivers in this study run through townships, the city centre and agricultural
farms. lllegal waste dumping near rivers was also observed in the majority of townships.
Waste dumped near rivers that run through these settlements may contain unwanted or
expired medicinal drugs such as ibuprofen and carbamazepine, introducing these
contaminants into the rivers. Some of the emerging contaminants may be spread into water
bodies by WWTPs that discharge their effluents into nearby streams. Furthermore, farm
houses equipped with septic tanks and latrine toilets may have an impact on the

concentration of these pharmaceutical compounds in nearby rivers.

Pesticides were another group of contaminants detected in rivers. As presented in Table 5.3,
atrazine, metolachlor, simazine and terbuthylazine were the types of herbicides targeted.
The respective average concentrations of these herbicides were 0.03 mg/f, 0.01 mg/t,
1.82 mg/t and 0.06 mg/t in the spring season. In the summer season, their respective mean
concentrations were 0.05 mg/t, 0.06 mg/f, 1.04 mg/t and 0.08 mg/f. The autumn season
recorded mean concentrations of 0.69 mg/t, 0.02mg/t, 0.69 mg/t and 0.01 mg/,
respectively. Additionally, in winter season the average concentrations of these
contaminants were 0.08 mg/t, 0.12 mg/t, 0.37 mg/f and 0.05 mg/{, correspondingly. Overall,
in rivers, the herbicide simazine had the highest average concentrations, followed by
atrazine. Their overall average concentrations ranged as simazine > atrazine> metolachlor

> terbuthylazine. Seasonally, their highest sum concentrations were recorded during the
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spring season and their trend was spring > autumn > summer > winter (Figure 5.3). Other
scholars also detected atrazine in Kabwe, Zambia (Sorensen et al., 2014), metolachlor in the
Samambaia River basin in Brazil (Correia et al., 2020), and terbuthylazine in the Western
Cape, South Africa (Curchod et al., 2020). The occurrence of herbicides in rivers was not
surprising in this area, particularly atrazine, simazine and terbuthylazine, which were the
leading herbicides in river samples. Trazine herbicides are regarded as effective and low-
cost substances that are largely applied in crop production (Wang etal.,, 2022). The
agriculture is the mainstay of the Free State province’s economy which is the host of the city
of Bloemfontein. It is recognised as the producer of a lot of maize, soy beans, wheat,
sorghum, sunflower, potatoes, groundnuts and wool. All of these practices compel the
application of weed control herbicides before, during and after farming. Moreover, the city of
Bloemfontein is characterised by well-developed roads, public parks, industrial areas and
golf clubs. With all these significant areas, significant amounts of herbicides are applied to
control weeds on pavings, in parks, golf courts, roadsides, buildings and industrial areas.
Runoff from agricultural fields, roads, public squares, golf courses and industrial areas may

increase the level of herbicides in nearby streams.

Furthermore, steroid hormones were also detected in rivers around Bloemfontein. As
presented in Table 5.3, 17-alpha-ethinyl-estradiol, estradiol, progesterone and testosterone
were the only steroid hormones targeted. Their respective average concentrations in the
spring season were 12.18 mg/t, 0.07 mg/t, <LOQ, and <LOQ. In summer, they showed
average concentrations of 7.79 mg/f, <LOQ, <LOQ, <LOQ and <LOQ, respectively. Their
respective average concentrations in the autumn season were 31.55 mg/f, <LOQ, <LOQ
and <LOQ. Additionally, these contaminants’ average concentrations in the winter season
were 12.34 mg/t, <LOQ, <LOQ and <LOQ, respectively. The concentrations of 17-alpha-
ethinyl-estradiol were the highest in all seasons. Its most notable concentration was
recorded in the autumn season. Their overall average concentrations ranged as 17-alpha-
ethinyl-estradiol > estradiol = progesterone =testosterone. They recorded the highest
average concentration in the autumn seasons and their trend was autumn > winter > spring
>winter (Figure 5.3). The occurrences of 17-alpha-ethinyl-estradiol in rivers were also
reported in rivers around the world: in Ningbo, China (Lin et al., 2020), Atibaia River, Brazil
(Montagner et al., 2013), Lagos, Nigeria (Olarinmoye et al., 2016), southern Brazil (Pivetta
and Gastaldini, 2019) and the Liao river basin in northern China (Tan et al., 2018). The
presence of steroid hormones in rivers may have been influenced by wastewater effluents
that are discharged in nearby streams. Wastewater treatment plants in this area receive
influent from domestic, industrial and hospital wastewater, thus becoming major sources of

these compounds (Forghani et al., 2018). In relation to that, one of the WWTPs within the
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study area was out of order. Hence, wastewater influents from industrial activities, for
example, from pharmaceutical, manufacturing, domestic and hospital activities, were
received and discharged into nearby streams without any treatment. These situations may
have influenced the high concentrations of this compound in river samples that are the
highest to be ever detected in rivers. Additionally, rivers that pass through townships and city
centres are likely to be contaminated by these compounds as a result of illegal dumping of
household wastes (e.g., medicinal drugs) near them. According to Forghani et al. (2018),
estradiol is a natural estrogenic hormone released by humans and livestock. Animals that
drink the water from these rivers, as well as people who visit, may end up introducing these
hormones into the river water through open urination and defecation. Moreover, runoff from
animal husbandry activities near some rivers may also introduce these hormones. In
summation, the concentrations of these emerging contaminants were highest in the autumn
season specifying the autumn season as the largest contributor to river pollution in the area.
It was mostly contributed by 17-alpha-ethinyl-estradiol, simazine and ibuprofen, which make

them contaminants of concern in water sources around Bloemfontein.

EC in Rivers

35

25

20

Concentrations (mg/L)
= fr
=
—)

= Spring
i Summer
‘ Autumn
5 ‘ m Winter
0 _-— 1‘”“ DeNee s e e —
&> N
¢ & & FH & @ & & L
& A Y & & *\'01' S ¢ & 6‘«
@é\\ @@ o <& v é@,\o S 0\(\ & &0) \ofa 6\»
x 3 X o <
va, ()é «0‘ Q‘ A
Emerging Contaminants
Figure 5.3 Seasonal concentrations of emerging contaminants in rivers
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Table 5.3 Occurrence of emerging contaminants in rivers

Concentration (mg/€)

Spring (n=5) Summer (n=5) Autumn (n=5) Winter (n=5)
Compound DF ",{'A'g)'(rl“n:’l;“r; Mean £SD DF 'K'A';'(':“n:‘l:”m' Mean £SD DF “,f/;g;:“n:fm' Mean £SD DF '}(',;2)'("“&?; Mean £SD
Pharmaceuticals and personal care products
Acetaminophen 2 <LOQ-0.15 0.12+0.05 0 <LOQ - 0 <LOQ - 1 <LOQ-0.03 -
Carbamazepine 4 <LOQ-0.68  0.57+0.08 4 0.40-1.43 0.7+0.49 4 <LOQ-0.32  0.25%0.07 4 <LOQ-0.36  0.31+0.04
Ibuprofen 4 <LOQ-3.44  2.22+1.13 4 0.38-2.11 1.16+0.76 3 <L0Q-2.26  0.92+1.16 4 <LOQ-0.60  2.20+1.40
Triclosan 1 <LOQ-0.09 - 0 <L0oQ - 0 <LOQ - 0 <LoQ -
Pesticides (herbicides)
Atrazine 5 0.002-0.06 0.03+0.03 5 0.03-0.11 0.05+0.03 5 0.0014-0.03  0.69+0.01 5 0.002-0.32  0.08%0.13
Metolachlor 5 0.003-0.03 0.01%0.01 5 0.02-0.12 0.0620.04 5 0.0007-0.03  0.02+0.01 4 <LOQ-0.004  0.12+0.05
Simazine 4 <LOQ-5.67  1.82+2.66 4 0.10-3.22 1.04+1.48 2 <LOQ-0.91  0.69+0.30 2 <LOQ-0.61  0.37+0.35
Terbuthylazine 5 0.007-0.21  0.06+0.09 5 0.03-0.14 0.08+0.05 5 0.0016-0.03  0.01x0.01 5 0.001-0.16  0.05x0.07
Endocrine disrupting compound (steroid hormones)

17a ethinyl
estradiol 5 0.09-25 12.18+8.86 5 1.08-14.5 7.7945.34 4 <LOQ-53.80 31.55+18.79 5 0.28-23.5 12.34+9.20
Estradiol 2 <LOQ-0.08  0.07+0.01 0 <LoQ - 0 <LOQ - 0 <LoQ -
Progesterone 0 <LOQ - 0 <LOQ - 0 <LOQ - 0 <LOQ -
Testosterone 0 <L0Q - 0 <LoQ - 0 <L0oQ - 0 <LoQ -

Notation: LOQ = limit of quantification, DF = detection frequency, n = number of samples, +SD = standard deviation, pg/mf = microgram per millilitre.
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5.4.2 Occurrence of emerging contaminants in dams/reservoirs

The concentrations of pharmaceuticals and personal care products such as acetaminophen,
carbamazepine, ibuprofen and triclosan in dams are presented in Table 5.4. The respective
mean concentrations of these contaminants during the spring season were 0.07 mg/t,
0.29 mg/k, 0.3mg/t and <LOQ. During the summer season, their recorded mean
concentrations were <LOQ, 0.12 mg/, <LOQ and <LOQ, respectively. Their recorded
respective mean concentrations during the autumn season were <LOQ, 0.08 mg/{, 0.02 mg/t
and <LOQ. Moreover, the winter season recorded mean concentrations of these
contaminants as <LOQ, 0.06 mg/t, <LOQ and <LOQ. The pharmaceuticals and personal
care products recorded the highest average concentration in the spring season and their
trend was spring > summer > autumn >winter. The concentrations of carbamazepine were
found to be the highest in all seasons. Their overall average concentrations ranged as
carbamazepine > ibuprofen > acetaminophen > triclosan  (Figure 5.4). The presence of
carbamazepine as a leading contaminant in dam samples indicates that carbamazepine is a
commonly used drug in and around Bloemfontein. An anticonvulsant such as
carbamazepine is regarded as a prescription drug that works in the brain and nervous
system to control seizures, pain and bipolar disorder (Kanama et al., 2018; Nannou et al.,
2022). The concentrations of ibuprofen in dams can be explained by the fact that analgesics
and non-steroid anti-inflammatory drugs are available without a prescription and are used to
treat pain and inflammation, which are symptoms of a variety of diseases (Nannou et al.,
2022). Ibuprofen is a medication used to manage and treat inflammatory diseases,
rheumatoid arthritis, pain, fever and dysmenorrhea (Ekinci et al., 2020). Some of the dams in
this study are close to settlements, open to the public and serve as resorts, conference
centres and fishing spots. People who visit those resorts or live near these dams may have
urinated near the dams or improperly disposed of these drugs. lllegal dumping of household
waste containing unused or unfinished medication, as well as sewage runoff from nearby
communities observed during a site visit, may have contributed to the concentration of these
compounds. Furthermore, lodging houses and some farm houses with septic tanks and

latrine toilets near some of the dams may leak these contaminants.

As presented in Table 5.4, the mean concentrations of targeted herbicides, such as atrazine,
metolachlor, simazine and terbuthylazine in dams, were recorded as 0.01 mg/t, 0.01 mg/,
0.09 mg/f and 0.03 mg/t during the spring season, correspondingly. During the summer
season, their respective mean concentrations were as 0.03 mg/f, 0.03 mg/{, 0.13 mg/t and
0.05 mg/f. During the autumn season their respective mean concentrations were recorded

as 0.01 mg/t, 0.01 mg/, 0.12 mg/f and 0.01 mg/f. Moreover, the winter season recorded
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mean concentrations of 0.04 mg/f, 0.04 mg/t, 0.14 mg/f and 0.02 mg/{, correspondingly. The
targeted pesticides recorded the highest average concentration in the summer season. Their
sum seasonal concentrations were trending as summer >winter > autumn > spring. Among
the detected herbicides, simazine had the highest average concentrations in all seasons.
Their overall average concentrations ranged as simazine > terbuthylazine > atrazine >
metolachlor (Figure 5.4). The presence of atrazine and terbuthylazine in dams were also
reported in the Hartbeespoort Dam, South Africa (Rimayi et al., 2018). High concentrations
of pesticides in dams may be attributed to the fact that they are located nearby agricultural
fields (of which maize crops are common) which necessitate the application of these
herbicides to kill weeds. Considerable amounts are also applied in forestry, industrial areas,
public areas, parks, golf courts and sports grounds for weed control and maintenance.
Runoff from these areas may introduce simazine, terbuthylazine, atrazine and metolachlor in
dams. Pandey et al. (2019) also indicated that these herbicides can be applied in controlling
invasive plants in water. Hence, their presence in dams could be credited to their application
to control aquatic weeds such as algae and submerged weeds.

Table 5.4 also presents the concentrations of the targeted steroid hormones in dams such
as l17-alpha-ethinyl-estradiol, estradiol, progesterone and testosterone. In all seasons only
17-alpha-ethinyl-estradiol was detected, while other contaminants concentrations were
below the limit of quantification (<LOQ). Its mean concentrations were 3.67 mg/f, 1.83 mg/t,
6.90 mg/f and 2.78 mg/t during the spring, summer, autumn and winter seasons,
respectively. The most notable concentration of steroid hormones was recorded in the
autumn season. Their sum seasonal concentrations were trending as autumn >spring
> winter > summer. Among the detected steroid hormones, 17-alpha-ethinyl-estradiol had the
utmost concentration in all seasons. The overall average concentrations of steroid hormones
ranged as 17-alpha-ethinyl-estradiol > estradiol = progesterone = testosterone. The
occurrence of 17-alpha-ethinyl-estradiol in dams around Bloemfontein, which fall under the
Modder River catchment, is higher than the ones reported in the Joao Goulart catchments in
Brazil (Pivetta and Gastaldini, 2019) and in the Nigerian river catchment (Ogunbanwo et al.,
2020). The 17-alpha-ethinyl-estradiol, a synthetic estrogenic compound, is commonly used
as the active ingredient in many oral contraceptives and postmenopausal hormone therapy
(Kanama et al., 2018). Many factors contributed to the detection of steroid hormones in
dams, including illegal dumping of household waste containing unused or expired drugs near
the dams and sewage runoff from nearby settlements, which was observed near one of the
sampling points. Agricultural areas near some dams, particularly those with livestock
production, may also serve as a secondary source of these compounds. Some steroid

hormones may be leaked into fresh water from septic tanks in some farm houses and dams
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with resorts. Furthermore, rivers that receive wastewater effluents and discharge their water
to these dams may introduce steroid hormones into the dams. In summation, high levels of
the emerging contaminants in dams was recorded in the autumn season (Figure 5.4). It was

mostly contributed by 17-alpha-ethinyl-estradiol, simazine and carbamazepine, which make
them contaminants of concern in this area.
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Figure 5.4 Seasonal concentrations of emerging contaminants in dams
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Concentration (mg/€)

Spring (n=5) Summer (n=5) Autumn (n=5) Winter (n=5)
Compound — — — = — — —
DF '\,\"A';‘)'J“n‘:l:“m Mean £SD DF 'K'A';‘)'('l“nﬁ’l;“m Mean £SD DF mg‘x'm]'g‘m Mean £SD DF “,GQ)'(’I“n;’le Mean £SD
Pharmaceuticals and personal care products
Acetaminophen 2 <LOQ-0.12  0.0720.07 0 <LoQ - 1 <LOQ-0.09 - 0 <LoQ -
Carbamazepine 5 0.01-0.63 0.29+0.24 5 0.01-0.21 0.12+0.08 5 0.03-0.19 0.08+0.06 4 <LOQ-0.08  0.06+0.02
Ibuprofen 3 <LOQ-0.81 0.3+0.44 0 <L0Q - 2 <LOQ-0.03  0.02+0.01 1 <LOQ-0.10 -
Triclosan 0 <LOQ - 0 <LOQ - 0 <LOQ - 0 <LoQ -
Pesticides (herbicides)
Atrazine 5 0.008-0.03  0.01+0.01 5 0.02-0.04 0.03+0.01 5 0.003-0.02  0.01+0.01 5 0.01-0.08 0.04+0.03
Metolachlor 5 0.002-0.03  0.01+0.01 5 0.01-0.04 0.03+0.01 5 0.01-0.02 0.01+0.01 5 0.003-0.02  0.01+0.01
Simazine 4 <LOQ-0.20  0.09+0.08 4 <LOQ-0.24  0.13#0.11 4 <LOQ-0.29  0.12+0.12 2 <L0Q-0.23  0.14+0.13
Terbuthylazine 5 0.01-0.06 0.03+0.02 5 0.02-0.08 0.05+0.02 5 0.003-0.03  0.01+0.01 5 0.01-0.03 0.02+0.01
Endocrine disrupting compound (steroid hormones)
17a ethinyl estradiol 5 0.28-6.13  3.67+2.15 5 0.25-3.40  1.83+1.13 5 1.30-14.80  6.90+5.08 5 0.39-4.62  2.78+1.97
Estradiol 0 <LOQ - 0 <LOQ - 0 <LOQ - 0 <LoQ -
Progesterone 0 <LOQ - 0 <LOoQ - 0 <LOQ - 0 <LoQ -
Testosterone 0 <L0Q - 0 <L0Q - 0 <LOQ - 0 <LOQ -

Notation: LOQ = limit of quantification, DF = detection frequency, n = number of samples, +SD = standard deviation, pg/m{ = microgram per millilitre.
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5.4.3 Occurrence of emerging contaminants in wastewater treatment plants

In order to investigate and monitor emerging contaminants in WWTPs, three WWTPs were
selected. All of the targeted WWTPs receive domestic, industrial and hospital wastewater.
The treatment processes used in all WWTPs selected in this study include primary,
secondary and tertiary treatment as shown in Figure 5.5. The primary treatment entails the
removal of suspended solids and floating debris. Additionally, clarified liquid stays above and
is ready for processing, while suspended solids gradually sink due to gravity to form primary
sludge. The biological remediation of soluble organic matter that has eluded primary
treatment is the focus of the secondary treatment process. The dissolved organics are taken
up by the bacteria, who then transform them into biomass and gases like carbon dioxide and
nitrogen. The active process of activated sludge, which promotes microbial growth through
mechanical mixing and aeration, is essential for secondary treatment. Before the discharge
of effluent into nearby streams, the wastewater then goes to tertiary treatment which
involved disinfection by chlorine. However, in this study, the tertiary treatment of all WWTPs

was dysfunctional, leading to effluent being discharged without being disinfected.
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Figure 5.5 Schematic presentation of the selected wastewater treatment plants

5.4.3.1 Occurrence of emerging contaminants in wastewater influents

In influents, the average concentrations of pharmaceuticals and personal care products,
such as acetaminophen, carbamazepine, ibuprofen and triclosan, in the spring season were
5.63 mg/t, 0.62 mg/t, 6.34 mg/t, and 0.30 mg/f, correspondingly. Their respective average

concentrations during the summer season were 14.80 mg/f, 0.64 mg/f, 10.25 mg/t, and
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0.21 mg/k. During the autumn season, their respective average concentrations were
28.15 mg/t, 0.35 mg/t, 7.95 mg/f and 0.62 mg/f. Moreover, the winter season recorded their
average concentrations as 11.16 mg/{, 3.06 mg/f, 7.04 mg/f and <LOQ, respectively (Table
4.5). The highest sum average concentration of pharmaceuticals and personal care products
was detected in the autumn season and their trend was autumn > summer > winter > spring.
The sum average concentration of acetaminophen was the highest in influent samples. The
overall mean concentrations of the detected pharmaceuticals and personal care products in
the influent samples were descending as acetaminophen > carbamazepine > ibuprofen
>triclosan (Figure 5.6). Acetaminophen and ibuprofen are analgesics/non-steroid anti-
inflammatory drugs that are commonly used alone or in combination with other formulations
to treat a variety of ailments (Ekinci et al.,, 2020). In a related study, concentrations of
acetaminophen and ibuprofen, lower than the current findings, were detected in WWTPs in
the North West province of South Africa (Kanama et al., 2018). Carbamazepine belongs to
the anticonvulsant group of pharmaceuticals and is a prescription drug used to treat patients
with seizures and bipolar disorder (Nannou etal.,, 2022). A lower concentration was
observed for carbamazepine in wastewater influent of two sewage treatment plants in
southern India (Subedi et al., 2017). Triclosan as one of the personal care products detected
in this study is extensively used in a variety of consumer products because of their excellent
antimicrobial and antifungal properties. Most of the consumer products such as soap,
disinfectants, toothpaste, body washes and medical disinfectants, may have a concentration
of triclosan ranging from 0.1 to 2% (Kanama et al.,, 2018). A very low concentration of
triclosan than in the present study was observed by Lin et al. (2020) in wastewater influents
in China. The WWTPs in this study received wastewater from industrial, domestic and
hospital wastewater. Consequently, the occurrence of these pharmaceuticals and personal
care products in WWTPs may be attributed to the excretion from patients suffering from
pain, fever, seizures, headaches, menstrual periods, toothaches, backaches, osteoarthritis
or colds and flu, as well as bipolar disorder. Moreover, the presence of triclosan reveals its

constant use in households, industries or hospitals.

The average concentrations of targeted herbicides such as atrazine, metolachlor, simazine
and terbuthylazine during the spring season were 0.04 mg/t, 0.01 mg/t, 0.37 mg/f and
0.03 mg/t, respectively. During the summer season, their respective mean concentrations
were 0.04 mg/t, 0.05 mg/{, 0.32 mg/t and 0.08 mg/f. In the autumn season, their respective
average concentrations were 0.04 mg/f, 0.03 mg/{, 0.15 mg/t and 0.04 mg/f. Moreover, in
the winter season their respective average concentrations were 0.07 mg/{, 0.07 mg/t,
0.23 mg/f and 0.10 mg/t (Table 4.5). Among the herbicides detected in influent samples, the

highest sum average concentration was observed during the summer season and their trend
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was summer > winter > spring > autumn. The sum average concentration of simazine was the
highest in influent samples and their overall mean concentrations were descending as
simazine > terbuthylazine > atrazine > metolachlor (Figure 5.6). Different trends of herbicides
in wastewater influent was reported in a study conducted in WWTPs located in the Baoding
city of China, showing atrazine with the highest concentration among the herbicides detected
(Wang et al., 2022). WWTPs receive municipal domestic wastewater from all residents,
including fruit and vegetable cleaning, atmospheric sedimentation adsorption and other
irregular uses (Wang et al., 2022). The dominance of these herbicides in WWTPs clearly
shows their abundant use in the city, households, agricultural areas and pesticide production

factories.

The average concentrations of steroid hormones such as 17-alpha-ethinyl-estradiol,
estradiol, progesterone and testosterone in wastewater influents during the spring season
were recorded as 31.2 mg/f, <LOQ, 0.02 mg/f and 0.01 mg/{, respectively. During the
summer season their respective average concentrations were 32.77 mg/t, <LOQ, <LOQ and
0.002 mg/f. During the autumn season, their average concentrations were 37.53 mg/t,
<LOQ, 0.04 mg/t and 0.03 mg/t, respectively. Moreover, their respective average
concentrations in the winter season were 21.68 mg/f, <LOQ, 0.01 mg/f and <LOQ (Table
5.5). The highest sum average concentration of these contaminants was observed during
the autumn season and their trend was autumn>summer > spring >winter. The sum
average concentration of 17-alpha-ethinyl-estradiol was the highest in influent samples and
their overall mean concentrations were descending as 17-alpha-ethinyl-
estradiol > progesterone > testosterone > estradiol (Figure 5.6). A concentration of 17-alpha-
ethinyl-estradiol, which was lower than the present study, was reported in WWTPs in the
North West province of South Africa (Kanama et al., 2018). Another study by Manickum and
John (2014) in WWTPs in Pietermaritzburg, South Africa, detected maximum concentrations
of estradiol, 17-alpha-ethinyl-estradiol, progesterone, and testosterone, which were below
those found in this study, except estradiol which concentration was above. Synthetic
estrogens such as 17-alpha-ethinyl-estradiol (EE2) are frequently used as the main
ingredient in many oral contraceptives (Kanama et al., 2018). Progesterone is a progestogen
regarded as a female pregnancy hormone, while testosterone is a major androgen
compound necessary for normal spermatogenesis and may decrease the risk of
osteoporosis (Hu et al., 2010; Prior, 2019). The presence of these hormones in wastewater
influent could be attributed to humans’ high excretion rates (Kanama et al., 2018). According
to Forghani et al. (2018), even without the use of hormonal drugs, every human excretes
estrogens through their bodies. Women and men excrete approximately 2.3-259 and 1.6g

per day of estradiol hormones, respectively, which explains their presence in WWTPs within
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the study area (Forghani etal., 2018). In summation, high levels of the emerging
contaminants in influent samples were recorded in the autumn season. It was mostly
contributed by 17-alpha-ethinyl-estradiol, acetaminophen, which make them contaminants of
concern in this area (Figure 5.6).
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Figure 5.6 Seasonal concentrations of emerging contaminants in influents

5.4.3.2 Occurrence of emerging contaminants in effluents

The targeted compounds acetaminophen, carbamazepine, ibuprofen and triclosan showed
different concentrations in effluent samples (Table 5.6). In the spring season, their respective
mean concentrations were <LOQ, 0.93 mg/f, 4.30 mg/f and 0.13 mg/f. In the summer
season, their mean concentrations were <LOQ, 1.68 mg/{, 3.72mg/f and <LOQ,
respectively. In the autumn season, their mean concentrations were <LOQ, 0.63 mg/t,
2.07 mg/t and <LOQ, respectively. They were also recorded as <LOQ, 0.36 mg/{, 2.19 mg/t
and <LOQ in the winter season, respectively. The highest sum average concentration was
observed during the summer season and their trend was summer > spring > autumn > winter
(Figure 5.7). The sum average concentration of ibuprofen was the highest in effluent
samples and their overall mean concentrations were descending as
ibuprofen > carbamazepine > triclosan > acetaminophen. Other academics also detected
ibuprofen and acetaminophen in the North West province, South Africa (Kanama et al.,

2018), carbamazepine in Msunduzi, KwaZulu-Natal (Matongo et al., 2015) and triclosan in
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wastewater effluents in the Eastern Cape province, South Africa (Ademoyegun, 2017). The
occurrence of pharmaceuticals and personal care products in effluent samples shows poor
removal efficiency of these contaminants in WWTPs.

Herbicides atrazine, metolachlor, simazine and terbuthylazine in wastewater effluents were
detected and their concentrations are presented in Table 5.6. The mean concentrations of
these contaminants in the spring season were 0.06 mg/f, 0.02 mg/f, 0.21 mg/{ and
0.06 mg/t, respectively. In the summer season, their respective mean concentrations were
0.04 mg/t, 0.07 mg/, 0.44mg/t and 0.07 mg/t. In the autumn season, their mean
concentrations were 0.05 mg/f, 0.06 mg/t, 0.24 mg/f and 0.02 mg/{, respectively. Moreover,
in the winter season their respective mean concentrations were recorded as 0.03 mg/,
0.02 mg/t, 4.32 mg/t and 0.02 mg/£. The highest sum average concentration was observed
during the winter season and their trend was winter > summer > autumn > spring (Figure 5.7).
The sum average concentration of simazine was the highest among the herbicides in
effluent samples and their overall mean concentrations were descending as
simazine > atrazine > metolachlor = terbuthylazine. A study conducted in Darvill in the
KwaZulu-Natal province of South Africa reported average concentrations of simazine and
atrazine in effluent samples (Kunene, 2019), which were lower than the findings of this
study. The study by Kunene (2019) also detected terbuthylazine in effluent samples around

Amanzimtoti at a concentration lower than this study.

Moreover, the concentrations of 17-alpha-ethinyl-estradiol, estradiol, progesterone and
testosterone are presented in Table 5.6. In the spring season, the mean concentrations of
these steroid hormones were recorded as 16.60 mg/f, <LOQ, 0.01 mg/f and <LOQ,
respectively. In the summer season, their respective mean concentrations were 13.58 mg/{,
<LOQ, <LOQ and <LOAQ. In the autumn season, their mean concentrations were recorded
as 41.40 mg/t, <LOQ, <LOQ and <LOQ, respectively. Moreover, in the winter season, only
17-alpha-ethinyl-estradiol was detected among the steroid hormones, with a mean
concentration of 17.90 mg/t. The highest sum average concentration was observed during
the autumn season and they were trending as autumn > winter > spring > summer (Figure
5.7). The sum average concentration of 17-alpha-ethinyl-estradiol was the highest among
the steroid hormones detected samples and their overall mean concentrations were
descending as 17-alpha-ethinyl-estradiol > progesterone > testosterone =estradiol. The
occurrence of 17-alpha-ethinyl-estradiol and estradiol in effluent samples were also reported
in a study conducted in China (Lin etal.,, 2020). In Pietermaritzburg, South Africa,
wastewater treatment effluents also showed occurrence of progesterone and testosterone

(Manickum and John, 2014). In summation, a high level of the emerging contaminants in
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effluent samples was recorded in the autumn season (Figure 5.7). It was mostly contributed
by 17-alpha-ethinyl-estradiol, simazine and ibuprofen. Generally, in this study the
concentrations of the emerging contaminants in effluent samples can be described as
reduced, not reduced or higher than the influent concentrations. Noteworthy was a negative
removal of other emerging contaminants. The negative removal efficiency observed for
some emerging contaminants is in accordance with preceding literature (Nannou et al.,
2022; Ofrydopoulou etal.,, 2021). All emerging contaminants quantified at lower
concentrations in the effluent than in the influent samples clearly indicated that these
WWTPs had significant removal efficiency. Detail information on removal efficiency of
WWTPs is presented on the next subsection of this chapter.
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Figure 5.7 Seasonal concentrations of emerging contaminants in effluents

5.4.3.3 Removal efficiency of emerging contaminants in wastewater treatment
plants

The removal rate of pollutants in wastewater can be used to assess the performance of
WWTPs. Solubility, volatility, adsorption to solids and other factors in WWTPs contribute to
the elimination and persistence of pharmaceuticals, personal care products, herbicides and
steroid hormones (Kanama et al., 2018). The removal efficiency (%) expresses the decrease
in a compound’s concentration during treatment and is based on comparison of the average

influent and effluent concentrations (Nannou et al., 2022). In this study, the removal
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efficiency of emerging contaminants in WWTPs were rated as complete (100%), efficient
(70-99%), moderate (50-69%), poor (0-49%) and negative removal (-%).

The results of removal efficiency ranged from complete to negative removal as presented in
Table 5.7. There was complete removal (100%) of acetaminophen and testosterone in all
seasons. Other compounds such as progesterone (in autumn/winter) and triclosan (in
summer/autumn) also showed complete removal. There was a poor removal rate of
compounds such as ibuprofen, simazine and terbuthylazine during the spring season. During
the summer season, there was a poor removal rate of metolachlor and terbuthylazine, while
in the winter season there was a poor removal rate of 17-alpha-ethinyl-estradiol.
Furthermore, the WWTPs also showed a negative removal rate of carbamazepine in the
spring, summer and autumn seasons. There was also a negative removal rate during the
spring and autumn seasons for atrazine and metolachlor. The negative removal rate of
terbuthylazine was only observed during the spring season, while for 17-alpha-ethinyl-
estradiol it was observed during the autumn season. Moreover, the negative removal rate of
simazine was observed during summer, autumn and winter. All emerging contaminants
guantified at lower concentrations in the effluent than in the influent samples, clearly

indicated that these WWTPs had a significant removal efficiency (Figure 5.8).

High removal rates of acetaminophen in WWTPs was also mentioned by other authors
(Kanama et al., 2018; Nannou et al., 2022). There was also poor and negative removal rates
of the majority of pesticides, which are similar to the work conducted in WWTPs of four
Mediterranean river basins (Campo et al., 2013) and in Baoding city, China (Wang et al.,
2022). The low or negative removal rates of emerging contaminants can be attributed to
particulate matter desorption and hydrolysis, as well as the degradation and transformation
of emerging contaminants during the biochemical process (Kéck-Schulmeyer et al., 2013;
Wang et al., 2022). According to Kortesmaki et al. (2020), non-removal and the presence of
higher concentrations of some analytes in effluent than influent, may be attributed to factors
such as wastewater composition, structure of analytes and conversion of the conjugated

metabolites to the parent compound by enzymatic processes in the WWTPs.

The WWTPs chosen in this study were not built with the intention of removing emerging
contaminants received from domestic, industrial and hospital wastewater. All of the WWTPs
used primary treatment that involves removal of suspended solids by flotation, settling and
screening mechanisms and secondary treatment for removal of remaining organic matter via
trickling filters utilising bacteria-coated stones and bacterial-activated sludge. Therefore, it
can be said that the processes employed in these treatment plants were unable to remove

some of the emerging contaminants and needed improvement. Morin-Crini et al. (2022)
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buttressed this finding by mentioning that in order to limit emerging contaminant pollution,
tertiary treatment systems should be added in WWTPs. In South Africa, wastewater effluent
is typically discharged into nearby streams, introducing pollutants into the aqueous
environment. As a result, prioritising these chemicals in pollution monitoring studies is
critical. Not only will this protect aquatic life but it will also preserve or sustain South Africa’s

water resources.
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Figure 5.8 Efficiency of wastewater treatment plants in removing emerging contaminants
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Table 5.5 Concentration of emerging contaminants in wastewater influents
Concentration (mg/€)
Spring (n=3) Summer (n=3) Autumn (n=3) Winter (n=3)
Compound DF w;‘)'(?"nt’l?"n: Mean +SD DF '\l\"ﬂ'g)'(:"n:fr; Mean +SD DF '\l\’jl';‘)'(:"n:‘l:"m' Mean +SD DF “lf/l';‘)'(’lnn?l;“m' Mean +SD
Pharmaceuticals and personal care products
Acetaminophen 3 2.73-8.81 5.63+3.05 3 14.00-16.10  14.8+1.14 2 <LOQ-39.20 28.15%15.62 3 5.28-18.10  11.16+6.47
Carbamazepine 3 0.16-0.95 0.62+0.41 3 0.54-0.83 0.64%0.16 3 0.25-0.48 0.35%0.12 3 0.08-8.89 3.06%5.05
Ibuprofen 3 3.32-11.10 6.34+4.17 3 8.16-14.20  10.25%3.42 3 5.10-9.46 7.95+2.47 3 5.74-7.80 7.04+1.13
Triclosan 2 <LOQ-0.31 0.3+0.02 3 0.13-0.37 0.21+0.13 3 0.49-0.76 0.62+0.14 0 <LOQ -
Pesticides (herbicides)
Atrazine 3 0.02-0.07 0.04%0.03 3 0.02-0.07 0.04%0.02 3 0.02-0.07 0.04£0.02 3 0.01-0.15 0.07%0.07
Metolachlor 3 0.003-0.01 0.01+0.01 3 0.02-0.09 0.05+0.04 3 0.01-0.07 0.03+0.03 3 0.002-0.21 0.07£0.12
Simazine 3 0.04-0.58 0.370.29 3 0.11-0.45 0.32+0.19 2 <LOQ-0.19  0.15%0.05 3 0.05-0.54 0.230.27
Terbuthylazine 3 0.01-0.05 0.030.02 3 0.02-0.11 0.08+0.05 3 0.02-0.08 0.04+0.03 3 0.01-0.28 0.10%0.15
Endocrine disrupting compound (steroid hormones)

17a ethinyl
estradiol 3 19.90-47 31.2+14.10 3 23.10-46.10 32.77+11.93 3 17.30-62.10  37.53+22.71 3 6.43-32.8  21.68+13.66
Estradiol 0 <LoQ - 0 <LoQ - 0 <LoQ - 0 <LoQ -
Progesterone 2 <LOQ-0.03  0.02+0.01 0 <LoQ - 2 <LOQ-0.05 0.04+0.01 2 <LOQ-0.02 0.01+0.02
Testosterone 3 0.006-0.009  0.01+0.001 2 <LOQ-0.003 0.002+0.001 2 <LOQ-0.04  0.03%0.01 1 <LOQ-0.01 -

Notation: LOQ=limit of quantification, DF=detection frequency, n=number of samples, +SD=standard deviation; mg/{=milligram per litre.
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Table 5.6 Concentration of emerging contaminants in wastewater effluents
Concentration (mg/€)
Spring (n=3) Summer (n=3) Autumn (n=3) Winter (n=3)
Compound DF Minimum- 0o +SD DF Minimum-— 000 +SD DF Minimum-— /0o +SD DF Minimum- o0 45D
Maximum Maximum Maximum Maximum
Pharmaceuticals and personal care products
Acetaminophen 0 <LoQ - 1 <LOQ-8.7 - 1 <LOQ-11.80 - 0 <L0Q -
Carbamazepine 3 0.51-1.20 0.93+0.37 3 0.57-2.82 1.68+1.13 3 0.51-0.81 0.63+0.16 3 0.16-0.60 0.36:0.23
lbuprofen 3 2.86-6.22 4.30+1.73 3 0.22-7.67 3.72+3.74 3 0.07-4.08 2.07+2.01 3 0.42-5.58 2.19+2.93
Triclosan 2 <LOQ-0.17 0.13+0.06 1 <LOQ-0.14 - 0 <LOQ - 0 <LOQ -
Pesticides (herbicides)
Atrazine 3 0.02-0.13 0.06%0.06 3 0.02-0.07 0.04+0.03 3 0.01-0.11 0.05+0.06 3 0.02-0.05 0.030.01
Metolachlor 3 0.003-0.03 0.02+0.01 3 0.03-0.12 0.07+0.05 3 0.01-0.14 0.06+0.07 3 0.003-0.03 0.02+0.01
Simazine 3 0.03-0.32 0.21+0.16 3 0.13-0.72 0.44+0.30 3 0.05-0.38 0.24+0.17 2 <LOQ-8.45 4.3245.84
Terbuthylazine 3 0.01-0.10 0.06+0.04 3 0.03-0.11 0.07+0.04 3 0.01-0.05 0.02+0.02 3 0.01-0.02 0.02+0.002
Endocrine disrupting compound (steroid hormones)

17a ethinyl
estradiol 3 11.20-20.30  16.60+4.78 3 2.64-26.40  13.58+11.99 3 26.20-52.80  41.40+13.70 3 14.7-20.10  17.90+2.84
Estradiol 1 <L0Q-0.03 - 0 <LoQ - 0 <LoQ - 0 <LoQ -
Progesterone 2 <L0Q-0.006  0.01+0.001 0 <L0Q - 0 <L0Q - 0 <LOQ -
Testosterone 1 <LOQ-0.003 - 1 <LOQ-0.002 - 1 <LOQ - 0 <LOQ -

Notation: LOQ = limit of quantification, DF = detection frequency, n = number of samples, +SD = standard deviation, mg/£ = milligram per litre
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Table 5.7 Removal efficiency of emerging contaminants from wastewater treatment plants

Analytes Spring Summer Autumn Winter
Acetaminophen 100 100 100 100
Carbamazepine -50 -163 -80 88
Ibuprofen 32 64 74 69
Triclosan 57 100 100 <LOQ
Atrazine -50 0 -25 57
Metolachlor -100 40 -100 71
Simazine 43 -38 -60 -1778
Terbuthylazine -100 13 50 80
17-a-ethinyl estradiol 47 59 -10 17
Estradiol <LOQ <LOQ <LOQ 100
Progesterone <LOQ <LOQ 100 100
Testosterone 100 100 100 100

5.4.4 Occurrence of emerging contaminants in treated drinking water

Only a few contaminants were detected in treated drinking water as shown in Table 5.8.
Among the detected contaminants in treated drinking water, herbicides were the most
detected contaminants. During the spring season, the average values of emerging
contaminants were carbamazepine (0.13 mg/f), atrazine (0.02 mg/f), metolachlor
(0.01 mg/?), terbuthylazine (0.02 mg/f) and 17-alpha-ethinyl-estradiol (1.46 mg/t). During the
summer season the average values of the majority of emerging contaminants were <LOQ,
except atrazine (0.07 mg/f), metolachlor (0.05 mg/f), terbuthylazine (0.09 mg/f) and 17-
alpha-ethinyl-estradiol (0.20 mg/f). In the autumn season, average values of atrazine
(0.02 mg/f), metolachlor (0.02 mg/f), terbuthylazine (0.01 mg/t) and 17-alpha-ethinyl-
estradiol (0.73 mg/f) were recorded. Moreover, the winter season also showed a majority of
emerging contaminants to be below limit of quantification (<LOQ), except atrazine
(0.02 mg/f), metolachlor (0.01 mg/f), terbuthylazine (0.01 mg/f) and 17-alpha-ethinyl-
estradiol (0.44 mg/f). The highest mean concentrations of detected emerging contaminants
in treated drinking water were recorded during the spring season. Their sum average
concentrations in treated water were trending as spring > autumn > winter > summer (Figure
5.9). The concentrations of 17-alpha-ethinyl-estradiol were the highest in all seasons.
Their overall average concentrations wereranging as 17-alpha-ethinyl-estradiol >

terbuthylazine = atrazine > metolachlor > carbamazepine.

The situation of having pesticides as the most detected contaminants in treated drinking
water around the city of Bloemfontein is comparable to the findings of other researchers who

also reported the pesticides atrazine and terbuthylazine as the most detected contaminants
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in treated drinking water (Machado et al., 2016; Odendaal et al., 2015). Van Zijl et al. (2017)
reported the occurrence of 17-alpha-ethinyl-estradiol in treated drinking water around
Pretoria, South Africa, which is comparable to the findings of this study. The high
concentrations of herbicides in treated drinking water may be attributed to the use of
herbicides to control weeds in dams used as a source of water in water treatment plants.
Rivers that recharges these dams may be polluted by herbicides and 17-alpha-ethinyl-
estradiol as they frequently receive wastewater effluents. The high detection of atrazine in
water sources may also be connected to their nature of being persistent. Herbicides such as
atrazine are persistent in soil and their transport to water, making it the most commonly
detected pesticide in water sources (Almberg et al., 2018). Additionally, the occurrence of
these compounds in treated drinking water reveals the incapability of the methods applied in
selected water treatment plants, which include abstraction, macro/micro sieving, coagulation,

flocculation, sedimentation, filtration and disinfection in removing them.

Currently, in South Africa and other parts of the world, there are no drinking water threshold
limits or standards for emerging contaminants except for herbicides. Therefore, as shown in
Table 5.9, the mean concentrations of atrazine and terbuthylazine in this study were above
the South African acceptable limit (Department of Water Affairs and Forestry, 1996; Horak
et al., 2021) and their corresponding WHO guidelines (Hamilton et al., 2003) in all seasons,
while mean concentrations of metolachlor only exceeded those tolerable limits in the
summer and autumns seasons. The outcomes of this study indicated a serious health
concern for the population of Bloemfontein. Chronic pesticide exposure through water
ingestion can mimic human hormones, lowering immunity, disrupting hormone balance,
triggering reproductive issues, posing carcinogenic effects and lowering intelligence,
particularly in children at the body development stage (Syafrudin et al., 2021). In summation,
the sum concentrations of emerging contaminants in treated drinking water were observed in
the spring season (Figure 5.9). It was mostly contributed by 17-alpha-ethinyl-estradiol,
terbuthylazine and atrazine. These compounds should be prioritised in pollution
management campaigns. Moreover, water treatment managers should prioritise them during

their treatment processes.
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Figure 5.9 Seasonal concentrations of emerging contaminants in treated drinking water
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Table 5.8 Concentration of emerging contaminants in treated drinking water

Concentration (mg/€)

Spring (n=2) Summer (n=2) Autumn (n=2) Winter (n=2)
compound DF Minimum=" \can/tsp DF Minimum="y1an/ xsD DF Minimum="yjoan/ 5D DF Minimum=
Maximum B Maximum B Maximum B Maximum Mean/+SD
Pharmaceuticals and personal care products
Acetaminophen 1 <LOQ-0.10 - 0 <LOQ - 0 - - 1 <LOQ-0.28 -
Carbamazepine 2 0.01-0.25 0.13+0.17 0 <LOQ - 0 <LOQ - 0 <LOQ -
Ibuprofen 1 <LOQ-0.01 - 0 <LOQ - 0 <LOQ - 0 <LOQ -
Triclosan 0 <LOQ - 0 <LOQ - 0 <LOQ - 0 <LOQ -
Pesticides (herbicide)
Atrazine 0.015-0.01
2 9 0.02+0.003 2 0.02-0.12 0.07+0.07 2 0.01-0.03 0.02+0.01 2 0.008-0.03 0.02+0.01
0.002-0.02
Metolachlor 2 0.009-0.01 0.01+0.001 2 0.01-0.09 0.05+0.06 2 0.004-0.04 0.02+0.02 2 3 0.01+0.01
Simazine 1 <LOQ-0.03 - 1 <LOQ-0.04 - 0 <LOQ - 0 <LOQ -
Terbuthylazine 2 0.019-0.02 0.02+0.001 3 0.02-0.16 0.09+0.10 2 0.004-0.02 0.01+0.01 2 0.006-0.01 0.01+0.003
Endocrine disrupting compound (steroid hormones)
17a ethinyl estradiol 2 0.15-2.78 1.46+1.86 2 0.14-0.26 0.2+0.08 2 0.42-1.04 0.73+0.44 2 0.16-0.73 0.44+0.40
Estradiol 0 <LOQ - 0 <LOQ - 0 <LOQ - 0 <LOQ -
Progesterone 0 <LOQ - 0 <LOQ - 0 <LOQ - 0 <LOQ -
Testosterone 0 <LOQ - 0 <LOQ - 0 <LOQ - 0 <LOQ -
Notation: LOQ=limit of quantification, DF=detection frequency, n=number of samples, +SD=standard deviation, mg/f=milligram per millilitre.
Table 5.9 Concentration of pesticides in treated drinking water with guidelines values
Contaminant Spring (mg/€) Summer (mg/€) Autumn (mg/€) Winter (mg/®) South Africa (mg/€) WHO (mg/€)
Atrazine 0.02 0.07 0.02 0.02 0.01 0.002
Metolachlor 0.01 0.05 0.02 0.01 - 0.01
Simazine 0.00 0.00 0.00 0.00 - 0.002
Terbuthylazine 0.02 0.09 0.01 0.01 - 0.007
Notation: WHO=World Health Organisation.
Source: Department of Water Affairs and Forestry (1996); Hamilton et al. (2003).
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55 Conclusion

The chapter aimed at investigating and monitoring emerging contaminants in various water
sources around Bloemfontein. Examining the occurrence of emerging contaminants for the
first time in water sources around Bloemfontein brings to an end the dearth of data on
emerging contaminant pollution. Both qualitative and quantitative analysis proved that water
sources around Bloemfontein are vulnerable to emerging contaminant pollution, which may
lead to negative environmental and health risks. The qualitative analysis revealed the
majority of unforeseen and unknown analytes that may also contribute to adverse health
risks to aquatic and human life. Notably, pesticides (herbicides) and pharmaceuticals
(stimulants) were the leading class of emerging contaminants. Considering that the numbers
of emerging contaminants are always increasing, qualitative studies should be prioritised in
pollution monitoring and risk assessment studies of emerging pollutants. Among the targeted
contaminants, the quantitative analysis revealed 17-alpha-ethinyl-estradiol as the
contaminant with the highest concentrations in all water sources during all seasons. When
compared to the national and international drinking water standards, the majority of
pesticides exceeded their acceptable limits, which indicates a serious health concern for the
Bloemfontein community. Prioritising these substances in contamination monitoring studies
is critical, not only in shielding aquatic life and human health, but also in preserving and
sustaining South Africa’s water resources. Moreover, WWTPs around Bloemfontein are
unable to remove emerging contaminants, in particular pesticides. Wastewater effluent is
typically discharged into nearby streams, introducing pollutants into the aqueous
environment. Therefore, it can be concluded that the release of wastewater effluent to
nearby streams will cause pollution and eventually harmfully upset the aquatic species and
population health. The outcomes of this study may be relevant for the prioritisation of
hazardous substances in order to address suitable monitoring campaigns and any
necessary countermeasures to be adopted for environmental protection and sustainability of
water resources. Furthermore, the data could also facilitate the need to develop regulations
aimed at reducing the spread of emerging contaminants in water sources around

Bloemfontein and other parts of the province.
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Chapter 6
ENVIRONMENTAL HEALTH RISK ASSESSMENT OF EMERGING
CONTAMINANTS IN WATER SOURCES

Exposure to emerging contaminants in water sources can inflict significant risks to both
aquatic life and people’s health. This chapter focuses solely on risks of emerging
contaminants in water sources. It covers the individual and mixture environmental risks of
emerging contaminants in rivers, dams or reservoirs, wastewater effluents and treated
drinking water. Moreover, the non-carcinogenic and carcinogenic risks stemming from

exposure to pesticides in selected water sources are also presented and discussed.

6.1 Introduction

The most crucial resource on earth is water and it represents 70% of the globe. It is a
necessity for the existence of all living organisms, animals and human beings (Fawell and
Nieuwenhuijsen, 2003). Water offers sustenance and enables the circulation of oxygen
within living cells such as mitochondria. It also serves as a habitation for aquatic organisms
and a reproduction home for some terrestrial organisms (Bwire etal., 2020). Water
resources are crucial in developing any area as they serve as a major source of potable,
agricultural, and industrial water (Babuji et al., 2023). According to Tufenkji et al. (2002),
continuous, safe and clean water supplies are requirements for a decent and healthy living.
However, the increase in the universal inhabitants (to 8.0 billion as of 2022), manufacturing
activities (pharma-ceuticals) and the usage of chemical goods in households such as
plastics, cosmetic products, toothpaste and toys, tourism, industrial manufacturing,
agricultural activities, as well as in human and animal health care, are producing
considerable volumes of chemical waste that pollute our surroundings (Braton-Maclaren
et al., 2022; Torres-Padron et al., 2020).

Pollution caused by chemicals is regarded as one of the world’s utmost threats to aquatic life
and public health (Braton-Maclaren et al., 2022) and water as an indispensable resource for
life in the world is most vulnerable to chemical pollutions, including emerging contaminants
(Brack et al., 2019). A complex mixture of emerging contaminants occurs in the aquatic
environment, posing a significant threat to aquatic species and the health of organisms that
consume these contaminants (Ghosh et al., 2023). Pesticides, pharmaceuticals, steroid

hormones and personal care products are among the contaminants that threaten the quality
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of freshwater (Miraji et al., 2016) and their presence in water sources may make it unfit for
daily use and consumption (Babuiji et al., 2023; Li et al., 2023a). They also adversely affect
aquatic ecosystems and public health due to their likelihood to trigger serious implications
(Morin-Crini et al., 2022). The risk of emerging contaminant exposures are well documented
with adverse effects such as endocrine disruption, immunotoxicity, neurological disorders,
reductions in fertility, spontaneous abortions, birth defects, poisoning of genes, sexual
organs annoyance, resistance of antibiotics, and congenital disorders even at low
concentration (Ramirez-Malule et al., 2020). Moving up the food chain, chemical pollutants
cause biomagnification, endangering aquatic organisms, wildlife animals that depend on
water and human health as well as drinking water supplies, recreation and fishing (Mercanti
et al., 2023).

On a global scale (Bagnis et al., 2020; Castiglioni et al., 2020; Kasprzyk-Hordern et al.,
2021; Ogunbanwo et al., 2022; Okoye et al., 2022; Styszko et al., 2021) and in South Africa
(Archer et al., 2021, 2023; Madikizela et al., 2020, 2022; Malisa et al., 2019; Mhuka et al.,
2020; Wilkinson et al., 2022;), the occurrence of various emerging contaminants in water
sources has received extensive research. However, the number of emerging contaminants
in water resources increases year after year and their transformation products are frequently
more harmful than the parent compounds (Wilkinson et al., 2022), which is an ecological and
a public health concern in the country. Furthermore, regulation of emerging contaminants in
wastewater effluents and fresh water, as well as studies focusing on their potential

ecological and public health risks, remain limited in South Africa (Archer et al., 2023).

The growing number of chemicals detected in various water sources and lack of regulations,
emphasises the need of ongoing identification and evaluation of their loads in water sources
as well as to better understand their potential risks for environmental sustainability and
protection of aquatic species and human health. In South Africa, particularly in the Free
State province, which is the host of the city of Bloemfontein, there is no published work on
risks associated with emerging contaminants. In this context, this chapter specifically
assesses the environmental health risks emanating from exposure to emerging
contaminants in various water sources. To achieve this aim, emphasis is first placed on
assessing individual and a mixture of environmental risks of selected contaminants; and
second, human health risk by attending to carcinogenic and non-carcinogenic effects of
selected herbicides in wastewater effluent, rivers, dams and reservoirs, and treated drinking
water around Bloemfontein, South Africa. The findings of this study may improve the

knowledge of the occurrence and risks associated with exposure to emerging contaminants.
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It may also aid in the development of environmental quality standards for regulatory and

environmental sustainability purposes.

6.2 Environmental risk assessment of emerging contaminants in water

sources

6.2.1 Individual risk assessment

The individual environmental risks of acetaminophen, carbamazepine, ibuprofen, triclosan,
atrazine, metolachlor, simazine, terbuthylazine, 17-alpha-ethinyl-estradiol, estradiol,
testosterone and progesterone in water sources were assessed based on both acute and
chronic toxicity on sensitive aquatic species such as algae, daphnids and fish. The
environmental risks of these emerging contaminants to sensitive aquatic species were
carried out using the RQ method. Risk quotients (RQs) of emerging contaminants on aquatic
organisms were calculated from the MEC and the PNEC. The mean values of emerging
contaminants in rivers, dams, wastewater effluent and treated drinking water were used to
calculate the risks of contaminants. The RQ approach was applied for the individual
emerging contaminants detected at concentrations exceeding the quantification limits and
with available toxicity data as suggested elsewhere (Nannou et al., 2022; Styszko et al.,
2021).

Where the mean effective values (ECso) were not available, the median LCsy were used.
Even in cases where NOEC were unobtainable, the lowest observed effect concentration
(LOEC) values were used. Moreover, in the incident of data gaps, different species and
endpoints were selected. In this study, a few contaminants had no toxicity data. For acute
toxicity, there was no toxicity data for terbuthylazine on fish. For chronic toxicity, the data for
terbuthylazine (algae), 17-alpha-ethinyl-estradiol (algae and daphnids), estradiol (algae and
daphnids), testosterone (algae, daphnids and fish) and progesterone (algae and daphnids)
were not available. The reason why there is a lack of chronic toxicity data for many of these
compounds is due to the fact that most of these compounds have been only recently
considered as emerging contaminants. Thus, this is a crucial disadvantage for the
determination of the risk assessment, since chronic effects are much more likely to be
induced rather than acute ones (Liu et al., 2023a; Nannou et al., 2015, 2022; Pei et al.,
2022). The risk assessment covered four seasons of the year (spring, summer, autumn and

winter) and the results are presented and discussed in the following sections.
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6.2.1.1 Environmental risk assessment of individual emerging contaminant in rivers

The environmental risk assessment of emerging contaminants in rivers, based on acute
toxicity on sensitive aquatic species, were assessed in all seasons as presented in Table
6.1. Generally, for acute toxicity, the risks ranged from medium (0.1<RQ<1) to high (RQ =1)
risks. During the spring season, carbamazepine, ibuprofen, triclosan, atrazine, simazine,
terbuthylazine, 17-alpha-ethinyl-estradiol, and estradiol posed high risks on algae.
Regarding Daphnia, acetaminophen, carbamazepine, ibuprofen, triclosan, atrazine,
simazine, terbuthylazine, 17-alpha-ethinyl-estradiol and estradiol posed high risks. For fish,
carbamazepine, ibuprofen, triclosan, atrazine, metolachlor, simazine, terbuthylazine, 17-
alpha-ethinyl-estradiol and estradiol posed high risks. During the summer season,
carbamazepine, ibuprofen, atrazine, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol
posed high environmental risks on algae. Carbamazepine, ibuprofen, atrazine, metolachlor,
simazine, terbuthylazine and 17-alpha-ethinyl-estradiol posed high ecological risks on
daphnids. Carbamazepine, ibuprofen, atrazine, metolachlor, simazine, terbuthylazine and
17-alpha-ethinyl-estradiol posed high environmental risks on fish. During the autumn
season, carbamazepine, ibuprofen, atrazine, simazine, terbuthylazine and 17-alpha-ethinyl-
estradiol posed high acute risks on algae. For daphnids, carbamazepine, ibuprofen, atrazine,
simazine, and 17-alpha-ethinyl-estradiol showed high acute ecological risks. It was
carbamazepine, ibuprofen, atrazine, metolachlor, simazine, terbuthylazine and 17-alpha-
ethinyl-estradiol that posed high acute risks on fish. Furthermore, during the winter season,
high acute environmental risks on algae, daphnids and fish were posed by carbamazepine,

ibuprofen, atrazine, metolachlor, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol.

The chronic toxicity risk results of emerging contaminants on sensitive aquatic species are
presented in Table 6.1. For chronic toxicity, the risks ranged from low (RQ<0.1) to high
(RQ=1). During the spring season, algae were likely to suffer high risks as a result of
exposure to carbamazepine, ibuprofen, triclosan, atrazine and simazine. Daphnids were
likely to suffer high risks from exposure to carbamazepine, ibuprofen, atrazine and simazine.
Fish were likely to suffer high risks from exposure to ibuprofen, simazine, terbuthylazine, 17-
alpha-ethinyl-estradiol and estradiol. In the summer season, algae were likely to suffer high
risks from exposure to ibuprofen, atrazine, metolachlor and simazine. Daphnids were likely
to suffer high risks from exposure to carbamazepine, ibuprofen, atrazine, simazine and
terbuthylazine. Fish were likely to suffer high chronic risks from exposure to ibuprofen,
simazine, terbuthylazine and 17-alpha-ethinyl-estradiol. During the autumn season, algae
were more likely to suffer high chronic risks from exposure to carbamazepine, ibuprofen,

atrazine and simazine. Daphnids were more likely to suffer high risks from exposure to
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carbamazepine, ibuprofen, atrazine, simazine and 17-alpha-ethinyl-estradiol, while fish were
more likely to suffer high risks from ibuprofen, atrazine, simazine and 17-alpha-ethinyl-
estradiol. Moreover, during the winter season, algae and daphnids were likely to suffer high
risks from exposure to carbamazepine, ibuprofen, atrazine, metolachlor and simazine, while
fish were more likely to suffer high chronic risks from exposure to ibuprofen, metolachlor,

terbuthylazine and 17-alpha-ethinyl-estradiol.

From the results of individual environmental risks in rivers, high environmental risks were
generally posed by acetaminophen, carbamazepine, ibuprofen, triclosan, atrazine, simazine,
terbuthylazine, metolachlor, 17-alpha-ethinyl-estradiol and estradiol. The majority (83%) of
targeted emerging contaminants showed the possibilities of high acute risks, while 75% of
them showed high chronic ecological risks. Most notable for acute risks were the high risks
of carbamazepine, ibuprofen, atrazine, simazine and 17-alpha-ethinyl-estradiol which
occurred on all species in all seasons, while for chronic risks, only ibuprofen and simazine
showed high risks on all species in all seasons. The assessed high environmental risks of
carbamazepine, ibuprofen, triclosan, terbuthylazine and 17-alpha-ethinyl-estradiol in this
study were in good accordance with other studies around the world (Celié¢ et al., 2021;
Duarte et al., 2022; Grung et al., 2008; Guruge et al., 2019; Hernando et al., 2006; Jiang
et al., 2015; Nannou et al., 2015). The observation of high environmental risks in river water
clearly indicated that the rivers were not safe and these contaminants may have improper
environmental health effects to the ecosystem and surrounding communities that may be
exposed to rivers contaminated by these compounds. Domestic animals such as donkeys,
cows, sheep and goats seen during site visits drinking water from some of the rivers may
also suffer some health effects. Most concerning in this study is the high risks of
carbamazepine, ibuprofen, atrazine, simazine and 17-alpha-ethinyl-estradiol which were
observed on all species in all seasons. There is evidence that ibuprofen entering the body
for a long time may lead to kidney failure (Wu et al., 2020). Wanda et al. (2017) stated that
carbamazepine may disrupt the production of red blood cells, white blood cells, and platelets
in humans and animals, even at lower concentrations. Atrazine and simazine are of serious
concern in human health as they may gather in the human cell membrane and interferes
with normal body functioning (Syafrudin et al., 2021). Exposure to these triazines, herbicides
may lead to irritation, carcinogenic and teratogenic effects (Sathiakumar etal.,, 2011).
Moreover, exposure to low levels of 17-alpha-ethinyl-estradiol may expand fish livers and

affect the sexual characteristics of male fish in surface water (Nggwala and Muchesa, 2020).
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Table 6.1 Acute and chronic risks of individual contaminants in rivers

Spring Summer Autumn Winter
Contaminant  Species
HQ mean Risk HQ mean Risk HQ mean Risk HQ mean Risk
Acute toxicity
Algae 0.92 Medium - - - - - -
Acetaminophen Daphnids 13 High - - - - - -
Fish 0.32 Medium - - - - - -
Algae 15.8 High 22 High 7.81 High 9.81 High
Carbamazepine Daphnids 95 High 117 High 41.67 High 48.74 High
Fish 16.3 High 20 High 7.14 High 8.76 High
Algae 16.4 High 4 High 2.92 High 6.98 High
Ibuprofen Daphnids 69 375 High 38 667 High 30 667 High 68 750 High
Fish 22.2 High 12 High 9.2 High 22 High
Algae 160.7 High - - - - - -
Triclosan Daphnids 230.7 High - - - - - -
Fish 34.6 High - - - - - -
Algae 508.47 High 833 High 11 695 High 1356 High
Atrazine Daphnids 4.35 High 7 High 100 High 11.59 High
Fish 6.67 High 11 High 153 High 17.78 High
Algae 0.17 Medium 1 High 0.35 Medium High
Metolachlor Daphnids 0.5 Medium 3 High 0.83 Medium 5 High
Fish 25 High 15 High 5.13 High 31 High
Algae 45 500 High 26 000 High 17 250 High 9 250 High
Simazine Daphnids 1820 High 1040 High 627 High 336 High
Fish 202 High 104 High 77 High 41 High
Algae 3000 High 4000 High 500 High 2500 High
Terbuthylazine  Daphnids 1.54 High 2 High 0.26 Medium 1.27 High
Fish 16.67 High 20 High 2.78 High 14 High
Algae 16 000 000 High 97 375 000 High 39 437 500 High 15425000  High
JTaelWE paphnids 10666666 High 6491667  High 26291667  High 10283333 High
Fish 6 400 000 High 3895 000 High 15 775 000 High 617 000 High
Algae 43 750 High - - - - - -
Estradiol Daphnids 2333 High - - - - - -
Fish 2333 High - - - - - -
Algae - - - - - - - -
Progesterone Daphnids - - - - - - - -
Fish - - - - - - - -
Algae - - - - - - - -
Testosterone Daphnids - - - - - - - -
Fish - - - - - - - -
Chronic toxicity
Algae 0.26 Medium - - - - - -
Acetaminophen Daphnids 1 Medium - - - - - -
Fish 0.1 Medium - - - - - -
Algae 5.7 High 0.7 Medium 2.5 High 3 High
Carbamazepine
Daphnids 1140 High 140 High 500 High 620 High
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Spring Summer Autumn Winter

Contaminant Species
HQ mean Risk HQ mean Risk HQ mean Risk HQ mean Risk

Fish 0.2 Medium 0.14 Medium 0.1 Medium 0.1 Medium
Algae 22200 High 11 600 High 9 200 High 22 000 High
Ibuprofen Daphnids 111 High a7 High 36.8 High 89 High
Fish 22 200 High 464 High 9 200 High 22 000 High
Algae 450 High - - - - - -
Triclosan Daphnids 0.02 Low - - - - - -
Fish 0.01 Low - - - - - -
Algae 30 High 50 High 690 High 80 High
Atrazine Daphnids 15 High 25 High 345 High 40 High
Fish 0.15 Medium 0.25 Medium 3.45 High 0.4 Medium
Algae 0.33 Medium 2 High 0.67 Medium 4 High
Metolachlor Daphnids 0.17 Medium 1 Medium 0.33 Medium 2 High
Fish 0.1 Medium 0.6 Medium 0.2 Medium 1.2 High
Algae 303 High 173 High 115 High 62 High
Simazine Daphnids 182 High 87 High 57.5 High 31 High
Fish 26 High 15 High 9.86 High 5 High
Algae n/a n/a n/a n/a n/a n/a n/a n/a
Terbuthylazine  Daphnids 14.28 Medium 19 High 2.38 High 0.001 Low
Fish 46.15 High 6 High 0.77 Medium 4 High
Algae - - - - - - - -
Fish 4 060 High 2 597 High 10 517 High 4113 High
Algae - - - - - - - -
Estradiol Daphnids - - - - - - - -
Fish 1.66 High - - - - - -
Algae - - - - - - - -
Progesterone Daphnids - - - - - - - -
Fish - - - - - - - -
Algae - - - - - - - -

Testosterone Daphnids - - - - - - - -
Fish - - - - - - - -

Notation: HQ = Hazard quotient

6.2.1.2 Environmental risk assessment of individual emerging contaminant in dams

The environmental risks of emerging contaminants in dams are presented in Table 6.2. The
risk assessment was based on acute and chronic toxicity on most sensitive aquatic species.
For acute toxicity, their risks in dams/reservoirs ranged from low (RQ<0.1) to high
environmental risks (RQ=1). During the spring season, acute toxicity results showed that
exposure to carbamazepine, atrazine, simazine, terbuthylazine and 17-alpha-ethinyl-
estradiol may possibly pose high risks to algae. Exposure to acetaminophen,
carbamazepine, ibuprofen, atrazine, simazine and 17-alpha-ethinyl-estradiol showed

possibilities of high risks on daphnids. Exposure to carbamazepine, ibuprofen, atrazine,
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metolachlor, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol showed possibilities of
high risk on fish. During the summer season, the risks results revealed that exposure to
carbamazepine, atrazine, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol may cause
high acute risks on algae. For daphnids, the results showed possibilities of high risks from
exposure to carbamazepine, atrazine, metolachlor, simazine, terbuthylazine and 17-alpha-
ethinyl-estradiol. For fish, the results showed high acute risks from exposure to
carbamazepine, metolachlor, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol. During
the autumn season, the possibilities of high acute risks on algae were posed by
carbamazepine, atrazine, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol. For
daphnids, only carbamazepine, atrazine, simazine and 17-alpha-ethinyl-estradiol showed the
possibilities of high risks while exposure to carbamazepine, atrazine, metolachlor, simazine,
terbuthylazine and 17-alpha-ethinyl-estradiol showed possibilities of high risks on fish.
Moreover, acute toxicity results during the winter season showed the possibilities of
carbamazepine, atrazine, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol to pose
high risks on fish. For daphnids, carbamazepine, atrazine, simazine and 17-alpha-ethinyl-
estradiol showed the possibilities of high risks while on fish the possibilities of high risks
were likely to occur as a result of exposure to carbamazepine, atrazine, metolachlor,

simazine, terbuthylazine and 17-alpha-ethinyl-estradiol.

The results of chronic toxicity on most sensitive aquatic species are also presented in Table
6.2. The environmental risks of emerging contaminants based on chronic toxicity were also
ranging from low (RQ<0.1) to high risks (RQ=1). During the spring season, exposure to
carbamazepine, ibuprofen, atrazine and simazine showed possibilities of high risks on algae.
For daphnids, exposure to carbamazepine, ibuprofen, atrazine and simazine showed the
possibilities of high risks. For fish, exposure to ibuprofen, simazine, terbuthylazine and 17-
alpha-ethinyl-estradiol showed the possibilities of high risks. During the summer season,
exposure to carbamazepine, atrazine and simazine showed possibilities of high risks on
algae. Exposure to carbamazepine, atrazine, simazine and terbuthylazine showed the
possibilities of high risks on daphnids, while exposure to simazine, terbuthylazine and 17-
alpha-ethinyl-estradiol showed possibilities of high risks on fish. During the autumn season,
there were possibilities of high risks on algae as a result of exposure to ibuprofen, atrazine
and simazine. Exposure to carbamazepine, atrazine, simazine and terbuthylazine showed
the possibilities of high risks on daphnids while exposure to ibuprofen, simazine,
terbuthylazine and 17-alpha-ethinyl-estradiol posed high risks on fish. During the winter
season, there were possibilities of high risks on algae from exposure to atrazine and

simazine. Exposure to carbamazepine, atrazine, simazine and terbuthylazine posed high
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risks on daphnids. Moreover, exposure to terbuthylazine, simazine and 17-alpha-ethinyl-

estradiol posed high risks on fish.

The majority (67%) of emerging contaminants in dams showed the possibilities of high acute
risks, while 50% of them showed high chronic ecological risks. Generally, the results of
individual environmental risks showed high risks from carbamazepine, atrazine, simazine,
terbuthylazine, acetaminophen, 17-alpha-ethinyl-estradiol, ibuprofen and metolachlor. Most
notable for acute risks was high risks of carbamazepine, simazine and 17-alpha-ethinyl-
estradiol, which occurred on all species in all seasons while for chronic risks only simazine
posed high risks on all species in all seasons. High acute and chronic environmental risks of
these compounds may affect the existence of aquatic species (Pei et al., 2022) and also the
health of the local population through the food chain. Some of the dams are used as a
fishing spot, which present a potential threat to human health via consumption from
bioaccumulation of these organic contaminants (Chen et al., 2020; Wang et al., 2018). In
addition to these contaminants with high acute and chronic toxicity risks in dams, it should
be noted that more compounds may be present at risk-inducing levels than screened during
this study and their mixture can result in additive, synergistic or antagonistic effects (Abera
et al., 2022).

Table 6.2 Acute and chronic risks of individual contaminant in dams

Spring Summer Autumn Winter
Contaminant Species
HQ mean Risk HQ mean Risk HQ mean Risk HQ mean Risk
Acute toxicity
Algae 0.52 Medium - - - - - -
Acetaminophen Daphnids 7.6 High - - - - - -
Fish 0.2 Medium - - - - - -
Algae 8 High 3.75 High 2.5 High 1.9 High
Carbamazepine Daphnids 48.3 High 20 High 12.5 High 9 High
Fish 8.3 High 3.43 High 2.26 High 1.67 High
Algae 0.9 Medium - - 0.06 Low - -
Ibuprofen Daphnids 9375 High - - 625 High - -
Fish 3 High - - 0.2 Medium - -
Algae - - - - - - - -
Triclosan Daphnids - - - - - - - -
Fish - - - - - - - -
Algae 338.98 High 500 High 169 High 678 High
Atrazine Daphnids 29 High 4.29 High 1.45 High 6 High
Fish 4.44 High 0.6 Medium 2.22 High 9 High
Algae 0.17 Medium 0.5 Medium 0.18 Medium 0.18 Medium
Metolachlor Daphnids 0.5 Medium 15 High 0.43 Medium 0.43 Medium
Fish 25 High 75 High 2.53 High 3 High
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N
Spring Summer Autumn Winter
Contaminant Species
HQ mean Risk HQ mean Risk HQ mean Risk HQ mean Risk
Algae 2500 High 3250 High 3000 High 3500 High
Simazine Daphnids 100 High 130 High 109 High 127 High
Fish 11.11 High 14.44 High 13.33 High 16 High
Algae 1500 High 2500 High 500 High 1000 High
Terbuthylazine Daphnids 0.77 Medium 1.25 High 0.25 Medium 0.51 Medium
Fish 8.33 High 12.5 High 2.56 High 6 High
Algae 4 587 500 High 2 287 500 High 8 625 000 High 3 475 000 High
;Zt"r‘;%tgl”y" Daphnids ~ 3058333 High 1525000 High 5750000 High 231667  High
Fish 1 835 000 High 91 500 High 3450 000 High 1390 000 High
Algae - - - - - - - -
Estradiol Daphnids - - - - - - - -
Fish - - - - - - - -
Algae - - - - - - - -
Progesterone Daphnids - - - - - - - -
Fish - - - - - - - -
Algae - - - - - - - -
Testosterone Daphnids - - - - - - - -
Fish - - - - - - - -
Chronic toxicity
Algae 0.1 Medium - - - - - -
Acetaminophen Daphnids 0.6 Medium - - - - - -
Fish 0.07 Low - - - - - -
Algae 2.9 High 1.2 High 0.8 Medium 0.6 Medium
Carbamazepine Daphnids 580 High 240 High 16 High 120 High
Fish 0.1 Medium 0.05 Low 0.03 Low 0.024 Low
Algae 3000 High - - 200 High - -
Ibuprofen Daphnids 15 High - - 0.8 Medium - -
Fish 3000 High - - 2 High - -
Algae - - - - - - - -
Triclosan Daphnids - - - - - - - -
Fish - - - - - - - -
Algae 20 High 3 High 10 High 40 High
Atrazine Daphnids 10 High 15 High 5 High 20 High
Fish 0.1 Medium 0.15 Medium 0.005 Low 0.2 Medium
Algae 0.33 Medium 1 Medium 0.33 Medium 0.33 Medium
Metolachlor Daphnids 0.17 Medium 0.5 Medium 0.17 Medium 0.17 Medium
Fish 0.1 Medium 0.3 Medium 0.1 Medium 0.10 Medium
Algae 16.67 High 22 High 20 High 23 High
Simazine Daphnids 10 High 11 High 10 High 100 High
Fish 1.43 High 2 High 1.71 High 117 High
Algae - - - - - - - -
Terbuthylazine Daphnids 0.71 Medium 12 High 2.38 High 4.76 High
Fish 2.3 High 4 High 0.77 Medium 1.54 High
17-alpha-ethinyl- ~ Algae - - - - - - - -
estradiol Daphnids - - - _ - _ - -
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Spring Summer Autumn Winter

Contaminant Species
HQ mean Risk HQ mean Risk HQ mean Risk HQ mean Risk

Fish 1223 High 610 High 1150 High 927 High
Algae - - - - - - - -
Estradiol Daphnids - - - - - - - -
Fish - - - - - - - -
Algae - - - - - - - -
Progesterone Daphnids - - - - - - - -
Fish - - - - - - - -
Algae - - - - - - - -
Testosterone Daphnids - - - - - - - -

Fish - - - - - - - -

Notation: HQ = hazard quotient

6.2.1.3 Environmental risk assessment of individual emerging contaminants in

wastewater effluents

As presented in Table 6.3, the risk assessment of emerging contaminants in effluents was
based on acute and chronic toxicity on most sensitive aquatic species. Their risk
assessment results were generally ranging from medium (0.1 <RQ<1) to high (RQ=1).
During the spring season, the high acute risks on algae were presented by acetaminophen,
ibuprofen, triclosan, atrazine, simazine, terbuthylazine, estradiol, 17-alpha-ethinyl-estradiol
and progesterone. On daphnids, the high risks were presented by acetaminophen,
ibuprofen, triclosan, atrazine, simazine, terbuthylazine, estradiol, 17-alpha-ethinyl-estradiol
and progesterone. On fish, the high risks were presented by acetaminophen, ibuprofen,
triclosan, atrazine, metolachlor, simazine, terbuthylazine, estradiol and 17-alpha-ethinyl-
estradiol. During the summer season, high acute risks on algae were presented by
carbamazepine, ibuprofen, atrazine, metolachlor, simazine, terbuthylazine and 17-alpha-
ethinyl-estradiol. On daphnids, the high risks were presented by carbamazepine, ibuprofen,
atrazine, metolachlor, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol. On fish, the
high risks were posed by carbamazepine, ibuprofen, atrazine, metolachlor, simazine,
terbuthylazine and 17-alpha-ethinyl-estradiol. During the autumn season, the high acute
risks on algae were presented by carbamazepine, ibuprofen, atrazine, metolachlor,
simazine, terbuthylazine and 17-alpha-ethinyl-estradiol. On daphnids, the high risks were
presented by carbamazepine, ibuprofen, atrazine, atrazine, metolachlor, simazine and 17-
alpha-ethinyl-estradiol. On fish, the high risks were presented by carbamazepine, ibuprofen,
atrazine, metolachlor, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol. Moreover, the
high acute risks on algae during the winter season were presented by carbamazepine,
ibuprofen, atrazine, simazine, terbuthylazine, and 17-alpha-ethinyl-estradiol. On daphnids,

the high risks were presented by carbamazepine, ibuprofen, atrazine, metolachlor, simazine
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and 17-alpha-ethinyl-estradiol, while on fish, they were presented by carbamazepine,

ibuprofen, atrazine, metolachlor, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol.

Moreover, the results of chronic risks on most sensitive aquatic species are also presented
in Table 6.3. The chronic toxicity of emerging contaminants in wastewater effluents also
ranged from medium (0.1 <RQ <1) to high (RQ 21) risks. During the spring season, the high
chronic risks on algae were presented by carbamazepine, ibuprofen, triclosan, atrazine and
simazine. On daphnids, the high risks were presented by carbamazepine, ibuprofen,
atrazine, simazine and terbuthylazine. On fish, the high risks were presented by ibuprofen,
simazine, terbuthylazine and 17-alpha-ethinyl-estradiol. During the summer season, the high
chronic risks on algae were presented by carbamazepine, ibuprofen, atrazine, metolachlor
and simazine. On daphnids, the high risks were presented by carbamazepine, ibuprofen,
atrazine, simazine and terbuthylazine. On fish, the high risks were presented by ibuprofen,
simazine, terbuthylazine and 17-alpha-ethinyl-estradiol. The high chronic risks on algae
during the autumn season were presented by carbamazepine, ibuprofen, atrazine,
metolachlor and simazine. On daphnids, the high risks were presented by carbamazepine,
ibuprofen, atrazine, simazine and terbuthylazine. On fish, the high chronic risks were
presented by ibuprofen, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol. During the
winter season, the high chronic risks on algae were presented by carbamazepine, ibuprofen,
atrazine and simazine. On daphnids, the high risks were presented by carbamazepine,
ibuprofen, atrazine, simazine and terbuthylazine. On fish, the high risks were presented by

ibuprofen, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol.

In wastewater effluent, the majority (92%) of the targeted emerging contaminants showed
the possibilities of high acute risks, while 67% of them showed possibilities of high chronic
risks. In general, high risks were mostly from acetaminophen, carbamazepine, ibuprofen,
triclosan, atrazine, metolachlor, simazine, terbuthylazine, estradiol, 17-alpha-ethinyl-estradiol
and progesterone. Most notable for acute risks were high risks of carbamazepine, ibuprofen,
atrazine, simazine and 17-alpha-ethinyl-estradiol that occurred on all species in all seasons.
Additionally, only ibuprofen and simazine high chronic risks were observed on all species in
all seasons. The high ecological risks of acetaminophen, ibuprofen, triclosan, atrazine,
simazine, terbuthylazine, estradiol, 17-alpha-ethinyl-estradiol, progesterone and metolachlor
in effluent were reported by other researchers (Cardini et al., 2021; Lin et al., 2020; Santos
et al., 2007; Shao et al., 2019; Ying et al., 2009). Their high ecological risks may be credited
to their low elimination rate in WWTPs (Cardin et al., 2021). Moreover, their high RQ values
may be caused by some working faults of the WWTPs and current electricity load shedding

problems in the country. These factors may cause the composition of influent wastewater not
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to change much in effluent samples. Most of the time, wastewater effluent is discharged into
downstream rivers after being treated by WWTPs. The release of effluents with unremoved
pollutants into nearby water streams may contribute to the river contamination, which may
lead to detrimental effects to aquatic organisms and human beings. At the same time, the
combined effects of multiple emerging contaminants may further increase the level of
environmental risks that will advesrly affect the survival of aquatic organisms (Pei et al.,
2022).

Exposure to pharmaceuticals and personal care products such as ibuprofen and triclosan
may decrease reproduction rate in fish, increase the level of estradiol hormones (Veldhoen
et al., 2014), reduce sperm counts in male fish, and reduce the time of producing eggs in fish
(Olujimi et al., 2010). Exposure to steroids hormones such as estradiol, progesterone and
17-alpha-ethinyl-estradiol is associated with serious medical conditions on both aquatic and
terrestrial animals (Olujimi et al., 2010). Their exposure is associated with the development
of vaginal and breast cancers in humans and uterine cancers in animals (Birnbaum and
Fenton, 2003). Moreover, they cause embryo deformation and mortality; impaired
reproduction and growth in fish (Yazdan et al., 2022). Herbicides are another class of
chemical pesticides that have been related to endocrine disrupting effects and reproductive
toxicity (Jin et al., 2014). During fieldwork it was noticed that wastewater effluent was being
used by small-scale farmers for irrigating vegetables. Therefore, the threats of these
compounds are not only limited to aquatic organisms but also to human beings as the
consumption of such vegetables being grown entails a potential threat to human health due
to the bioaccumulation of these organisms (Wang et al., 2018). To avoid such consequences
around Bloemfontein, continuous monitoring and improvement of the treatment methods
should be implemented in order to decrease the high environmental risks of these

compounds for safer reuse in the future and for environmental sustainability.

Table 6.3 Acute and chronic risks of individual contaminants in effluents

Contaminant Species Spring Summer Autumn Winter
HQ mean Risk HQ mean Risk HQ mean Risk HQ mean Risk
Acute toxicity
Algae - - - - - - - -
Acetaminophen Daphnids - - - - - - - -
Fish - - - - - - - -
Algae 25.8 High 52.5 High 19.69 High 11 -
Carbamazepine Daphnids 155 High 255 High 99.05 High 57 -
Fish 26.5 High 48 High 17.8 High 7 -
Ibuprofen Algae 13.6 High 11.81 High 6.57 High 7 -
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Contaminant Species Spring Summer Autumn Winter
HQ mean Risk HQ mean Risk HQ mean Risk HQ mean Risk
Daphnids 134 375 High 116 250 High 64 688 High 68 438 -
Fish 43 High 37 High 20.7 High 22 -
Algae 214 High - - - - - -
Triclosan Daphnids 308 High - - - - - -
Fish 461 High - - - - - -
Algae 1017 High 678 High 847 High 508 -
Atrazine Daphnids 8.69 High 5.79 High 7.25 High 4 -
Fish 13.33 High 8.89 High 11.11 High 7 -
Algae 0.33 Medium 1.22 High 1.05 High 0.04 Low
Metolachlor Daphnids 1 Medium 2.98 High 2.55 High 0.85 Medium
Fish 5 High 17.95 High 15.38 High 5 High
Algae 5250 High 11 000 High 6 000 High 108 000 High
Simazine Daphnids 210 High 400 High 218 High 3927 High
Fish 23.33 High 48.89 High 26.67 High 480 High
Algae 3000 High 3500 High 1000 High 1000 High
Terbuthylazine Daphnids 15.38 High 1.78 High 0.51 Medium 0.51 Medium
Fish 16.66 High 19.44 High 5.56 High 6 High
Algae 2000 migh 1027 high  SL0 high 2235 g
1Taeninyl Daphnids 13550 migh L3O high 30500 high M0 g
Fish 8 300 000 High 6 790 000 High 2%380 High 8 950 000 High
Algae 18 750 High - - - - - -
Estradiol Daphnids 1 000 High - - - - - -
Fish 1000 High - - - - - -
Algae 10 000 High - - - - - -
Progesterone Daphnids 1428 High - - - - - -
Fish - - - - - - - -
Algae - - - - - - - -
Testosterone Daphnids - - - - - - - -
Fish - - - - - - - -
Chronic toxicity
Algae - - - - - - - -
Acetaminophen Daphnids - - - - - - - -
Fish - - - - - - - -
Algae 9.3 High 17 High 6.3 High 3.6 High
Carbamazepine Daphnids 1860 High 3360 High 1260 High 720 High
Fish 0.4 Medium 0.67 Medium 0.25 Medium 0.144 Medium
Algae 43 000 High 37 200 High 20 700 High 21900 High
Ibuprofen Daphnids 215 High 151 High 84.15 High 89 High
Fish 43 000 High 37 200 High 20 700 High 21900 High
Algae 60 High - - - - - -
Triclosan Daphnids 0.03 Medium - - - - - -
Fish 0.02 Medium - - - - - -
Atrazine Algae 60 High 40 High 50 High 30 High
Daphnids 30 High 20 High 25 High 15 High
170

© Central University of Technology, Free State



Q)

Central University of
Technology, Free State

Central University of
Technalogy, Free State

Contaminant Species Spring Summer Autumn Winter
HQ mean Risk HQ mean Risk HQ mean Risk HQ mean Risk
Fish 0.3 Medium 1 Medium 0.25 Medium 0.15 Medium
Algae 0.67 Medium 2 High 2 High 0.67 Medium
Metolachlor Daphnids 0.33 Medium 1 Medium 1 Medium 0.33 Medium
Fish 0.2 Medium 0.7 Medium 0.6 Medium 0.2 Medium
Algae 35 High 73 High 40 High 720 High
Simazine Daphnids 21 High 37 High 20 High 3600 High
Fish 3 High 6 High 3.43 High 62 High
Algae - - - - - - - -
Terbuthylazine Daphnids 14.28 High 17 High 4.76 High 4.80 High
Fish 4.61 High 5 High 1.54 High 1.54 High
_ Algae - - - - - - - -
Fish 5533 High 4527 High 13 800 High 5967 High
Algae - - - - - - - -
Estradiol Daphnids - - - - - - - -
Fish 0.7 Medium - - - - - -
Algae - - - - - - - -
Progesterone Daphnids - - - - - - - -
Fish - - - - - - - -
Algae - - - - - - - -
Testosterone Daphnids - - - - - _ _ _
Fish - - - - - - - -

Notation: HQ = hazard quotient

6.2.1.4 Environmental risk assessment of individual emerging contaminants in

treated drinking water

The results in Table 6.4 present the risks of emerging contaminants in treated drinking
water, which were also based on acute and chronic toxicity on most sensitive species. Their
risks assessment results ranged from medium (0.1<RQ<1) to high (RQ=1). The acute
toxicity of emerging contaminants in treated drinking water during the spring season showed
carbamazepine, atrazine, simazine, terbuthylazine and 17-alpha-ethinyl-estradiol to have the
possibility of high risks on algae. On daphnids, high ecological risks were contributed by
acetaminophen, carbamazepine, ibuprofen, atrazine, simazine and 17-alpha-ethinyl-
estradiol. On fish, high risks were contributed by carbamazepine, atrazine, metolachlor,
simazine, terbuthylazine and 17-alpha-ethinyl-estradiol. During the summer season, high
acute risks on algae were contributed by atrazine, terbuthylazine and 17-alpha-ethinyl-
estradiol. On daphnids, high risks were contributed by atrazine, metolachlor, terbuthylazine
and 17-alpha-ethinyl-estradiol. On fish, high risks were contributed by atrazine, metolachlor,

terbuthylazine and 17-alpha-ethinyl-estradiol. During the autumn season, high acute risks on
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algae were contributed by atrazine, terbuthylazine and 17-alpha-ethinyl-estradiol. On
daphnids high risks were contributed by atrazine and 17-alpha-ethinyl-estradiol, while on fish
it was contributed by atrazine, metolachlor and 17-alpha-ethinyl-estradiol. Moreover, during
the winter season, the acute risks on algae were contributed by atrazine, terbuthylazine and
17-alpha-ethinyl-estradiol. On daphnids high risks were contributed by atrazine and 17-
alpha-ethinyl-estradiol, while on fish it was contributed by atrazine, metolachlor,
terbuthylazine and 17-alpha-ethinyl-estradiol.

The chronic risks emanating from emerging contaminants in treated drinking water are also
presented in Table 6.4. Their risks ranged from low (RQ <0.1) to high environmental risks
(RQ =1). For acute toxicity on algae, the high risks were presented by carbamazepine,
ibuprofen, atrazine and simazine. On daphnids, high risks were presented by
carbamazepine, atrazine, simazine and terbuthylazine. On fish, ibuprofen and 17-alpha-
ethinyl-estradiol presented high risks. During the summer season, high acute toxicity on
algae was posed by atrazine and metolachlor. On daphnids, the high risks were presented
by atrazine and terbuthylazine. On fish, the high risks were presented by terbuthylazine and
17-alpha-ethinyl-estradiol. During the autumn and winter seasons, only atrazine posed high
risks on algae. On daphnids, atrazine and terbuthylazine presented high risks, while 17-

alpha-ethinyl-estradiol presented high risks on fish.

In treated drinking water, 67% of the targeted emerging contaminants showed the
possibilities of high acute risks, while 58% of them showed possibilities of high chronic risks.
Generally, high risks were mostly from carbamazepine, acetaminophen, ibuprofen, atrazine,
simazine, terbuthylazine, metolachlor and 17-alpha-ethinyl-estradiol. Most notable in drinking
water, atrazine and 17-alpha-ethinyl-estradiol were high acute risks, which occurred on all
species in all seasons. In South Africa, there are no reported guidelines for emerging
contaminants  (carbamazepine, acetaminophen, ibuprofen, atrazine, simazine,
terbuthylazine, metolachlor and 17-alpha-ethinyl-estradiol) that showed high risks in this
study, except for atrazine. The high environmental risks of these compounds in treated
drinking water may put serious risks to the water consumers (Shipingana et al., 2022).
Residues of pesticides are often suspected of being carcinogens or disrupting endocrine
activities in drinking water (Kumar etal., 2013). Exposure to ibuprofen may increase
evitellogenin production in male fish; decrease reproduction rate in fish; rise estradiol
hormone levels and aromatase enzyme activity, and decrease testosterone hormone levels
(Veldhoen et al., 2014). The 17-alpha-ethinyl-estradiol may cause embryo deformation and
mortality, impaired reproduction and growth in fish. Yazdan etal. (2022) showed that

progesterone at pollutant levels can cause oocyte maturation in female and sperm motility in
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male fish. Triazine herbicides are another class of chemical pesticides that have been

related to endocrine disrupting effects and reproductive toxicity (Jin etal., 2014). Studies

have also shown a possible statistical relationship between triazine herbicides and the

incidence of breast cancer (Nicolopoulou-Stamati et al., 2016). It is of paramount importance

to note that the combined effect of these emerging contaminants may further threaten the

safety of drinking water in the area (Pei et al., 2022).

Table 6.4 Acute and chronic risks of individual contaminants in treated drinking water

Spring Summer Autumn Winter
Contaminant Species
HQ mean Risk HQ mean Risk HQ mean Risk HQ mean Risk
Acute toxicity
Algae 0.75 Medium - - - - - -
Acetaminophen Daphnids 11 High B - - - - -
Fish 0.26 Medium - - - - - -
Algae 3.6 High - - - - - -
Carbamazepine Daphnids 21.6 High B - - - - -
Fish 3.7 High - - - - - -
Algae 0.03 Low B - - - - -
Ibuprofen Daphnids 312 High B - - - - -
Fish 0.1 Medium - - - - - -
Algae - - - - - - - -
Triclosan Daphnids - - - - - - - -
Fish - - - - - - - -
Algae 338.98 High 1186 High 339 High 339 High
Atrazine Daphnids 2.89 High 10 High 2.9 High 3 High
Fish 4.44 High 16 High 4.44 High 4 High
Algae 0.17 Medium 0.87 Medium 0.35 Medium 0.18 Medium
Metolachlor Daphnids 0.5 Medium 2.13 High 0.85 Medium 0.43 Medium
Fish 25 High 12.82 High 5.13 High 2.56 High
Algae 750 High - - - - - -
Simazine Daphnids 30 High - - - - - -
Fish 3.33 High - - - - - -
Algae 1000 High 4500 High 500 High 500 High
Terbuthylazine Daphnids 0.51 Medium 2.28 High 0.25 Medium 0.25 Medium
Fish 5.55 High 25 High 2.78 Medium 3 High
Algae 1825 000 High 250 000 High 912 500 High 55 000 High
Lralpha-ethiyl  paphnids 1216666 High 166667  High 608333  High 366667 High
Fish 730 000 High 100 000 High 365 000 High 220 000 High
Algae - - - - - - - -
Estradiol Daphnids - - - - - - - -
Fish - - - - - - - -
Algae - - - - - - - -
Progesterone Daphnids - - - - - - - -
Fish - - - - - - - -
Testosterone Algae - - - - - - - -
173

© Central University of Technology, Free State



Q)

Central University of
Technology, Free State

N
Spring Summer Autumn Winter
Contaminant Species
HQ mean Risk HQ mean Risk HQ mean Risk HQ mean Risk
Daphnids - - - - - - - -
Fish - - - - - - - -
Chronic toxicity
Algae 0.22 Medium - - - - - -
Acetaminophen Daphnids 0.91 Medium - - - - - -
Fish 0.1 Medium - - - - - -
Algae 1.3 High - - - - - -
Carbamazepine Daphnids 260 High - - - - - -
Fish 0.05 Low - - - - - -
Algae 10 High - - - - - -
Ibuprofen Daphnids 0.5 Medium - - - - - -
Fish 10 High - - - - - -
Algae - - - - - - - -
Triclosan Daphnids - - - - - - - -
Fish - - - - - - - -
Algae 20 High 70 High 2 High 20 High
Atrazine Daphnids 10 High 35 High 10 High 10 High
Fish 0.1 Medium 0.35 Medium 0.1 Medium 0.25 Medium
Algae 0.33 Medium 1.67 High 0.67 Medium 0.33 Medium
Metolachlor Daphnids 0.17 Medium 0.83 Medium 0.33 Medium 0.17 Medium
Fish 0.1 Medium 0.5 Medium 0.2 Medium 0.10 Medium
Algae 5 High - - - - - -
Simazine Daphnids 3 High - - - - - -
Fish 0.43 Medium - - - - - -
Algae n/a n/a - - - - - -
Terbuthylazine Daphnids 4.76 High 21 High 2.38 High 2.34 High
Fish 0.15 Medium 7 High 0.77 Medium 0.77 Medium
_ Algae - - - - - - - -
;Zﬁaﬂgr y Daphnids - - - - - - - -
Fish 487 High 67 High 243 High 147 High
Algae - - - - - - - -
Estradiol Daphnids - - - - - - - -
Fish - - - - - - - -
Algae - - - - - - - -
Progesterone Daphnids - - - - - - - -
Fish - - - - - - - -
Algae - - - - - - - -
Testosterone Daphnids - - - - - - - -
Fish - - - - - - - -
174

© Central University of Technology, Free State



Q)

Central University of
Technology, Free State
o

6.2.2 Mixture risk assessment

Ecological risk assessment of emerging contaminants in water sources is still frequently
done substance by substance ignoring mixture effects which may underestimate the true
risks to the ecosystem (Maasz et al., 2019). As the knowledge on the mixture toxicity of
emerging contaminants towards various aquatic organisms in water sources around
Bloemfontein is still limited, the study adopted the concentration addition method to assess
the mixture toxicity of emerging contaminants towards most sensitive aquative species such
as algae, daphnids and fish. Concentration addition in this study was approximated by
RQmix and TUsum approaches (Backhaus and Faust, 2012; Backhaus and Karlsson, 2014;
Backhaus et al., 2013; Biatk-Bielinska et al., 2022; Kienzler et al., 2019; Maasz et al., 2019).

The mixture risk assessment consisted of acetaminophen, carbamazepine, ibuprofen,
triclosan, atrazine, metolachlor, simazine, terbuthylazine, 17-alpha-ethinyl-estradiol,
estradiol, progesterone or testosterone. The composition of each mixture was established
based on the results obtained for single compounds. Their observed RQ values towards
most sensitive species were then summarised in order to predict mixture toxicity (RQmix).
According to this approach, the environmental quality standard was exceeded when RQmix
was above 1 (Backhaus and Faust, 2012; Backhaus and Karlsson, 2014; Backhaus et al.,
2013; Biatk-Bielinska et al., 2022).

Moreover, the risk mixture was also based on the TUsum applied for each trophic level. In
order to apply the same threshold of 1 as for the other metrics, A specific assessment factor
for selected organisms was applied to each toxic unit (Backhaus and Karlsson, 2014;
Markert et al., 2020; Finckh et al., 2022; Malaj et al.,, 2014) for both acute and chronic
toxicity. The highest TUsum (a worst-case risk scenario) between the three trophic levels
such as algae, daphnids and fish was used to define the mixture risks of contaminants
(Backhaus and Faust, 2012; Backhaus and Karlsson, 2014; Finckh et al., 2022; Kienzler
et al., 2019). The mixture risk assessment for contaminants below limit of quantification and
with no experimental toxicity data on most sensitive aquatic species was not assessed. In

this study, the risk mixture approaches considered both acute and chronic toxicity.
6.2.2.1 Mixture environmental risk assessment of emerging contaminants in rivers

Acute and chronic mixture toxicity estimates for various contaminants in rivers during all
seasons of the year are presented in Table 6.5. Based on the RQmix, the acute mixture risks
of contaminants on algae, daphnids and fish far exceeded the 1 threshold during all

seasons. As presented in Figure 6.1, the highest mixture risks for algae were observed in
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the summer season, indicating that it is likely to suffer more acute risks in the summer
seasons. For daphnids and fish, the highest mixture risks were observed during the autumn
season, indicating that these aquatic species are likely to suffer more acute risks in such
seasons. The risk mixture (RQmix) results based on chronic toxicity in rivers also exceeded
the acceptable limit (RQmix>1) for all selected aquatic organisms in all seasons, as
presented in Table 6.5. The highest chronic mixture risks for algae, daphnids and fish in
water sources around Bloemfontein were observed during the spring season, indicating that
aquatic organisms are more likely to suffer chronic toxicity risks during the spring season.
Furthermore, mixture risks were assessed using the TUsum as presented in Table 6.5. For
acute mixture risks, algae had the highest TUsum in all seasons, while for chronic risks, fish
showed the highest mixture risks in the summer, autumn and winter, while during the spring
season it was algae that showed the highest mixture risks (Figure 6.1). Therefore, the
TUsum results for both acute and chronic toxicity revealed high mixture risks (TUsum >1) for

algae, daphnids and fish in all seasons.

The findings of this study are comparable to those of Bouzas-Monroy et al. (2022), who
reported that the risk mixtures (RQmix) of emerging contaminants in rivers in Africa, Asia,
Europe, South and North America were greater than one. Based on TUsum, the trophic level
with the highest toxic unit sum should be used to assess the final mixture risks (Kienzler
et al., 2019). Therefore, for acute mixture risks, algae has the highest TUsum in all seasons
(Figure 6.1), which is consistent with previous research (Kienzler etal., 2019). In case
studies from European rivers (Kienzler et al., 2019) and the Erft River in Germany (Markert
et al., 2020), risk mixtures based on TUsum, were also found to be above the acceptable
limit, which supports the findings of this study. The findings of this study proved that the
majority of the rivers in this area were not safe and were likely to have acute and chronic
effects on most sensitive aquatic species, which is concerning. According to Thrupp et al.
(2018), regardless of the chemical composition, the exposed organism and the considered
biological endpoint, a chemical mixture will always have a greater toxic effect than the
individual effect of each of its constituents, which supports the findings of this study. There
are evidence showing that mixtures of emerging contaminants often have unexpected
toxicity when compared to individual chemicals, resulting in immobilisation, higher rates of
death and deformity in exposed organisms, than predicted by a single pollutant (Shore et al.,
2014; Heys et al., 2016).
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Table 6.5 Acute and chronic mixture risks of contaminants in rivers

Species Spring Summer Autumn Winter Spring Summer Autumn Winter
Acute RQmix Acute TUsum
Algae 16 092 952 93382460 39466956 15438125 15318534 9768874 39470510 15438125

Daphnids 10 740 539 6531503 26323104 10352486 10244105 6529067 26304771 10352153

Fish 6 402 634 3895182 15775254 617 135 6 113 265 3895205 15765 267 6170 134
Chronic RQmix Chronic TUsum

Algae 22 990 11 826 10 008 22149 22 536 11 859 10 009 22 149

Daphnids 1463 319 942 782 1431 5930 941 794

Fish 26 335 3083 19731 26124 14 222 26 295 19 735 26 124

Notation: RQmix=risk quotient mixture; TUsum=toxic unit sum (}).
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Figure 6.1 Seasonal mixture risks of emerging contaminants on aquatic species in rivers

6.2.2.2 Mixture environmental risk assessment of emerging contaminants in dams

As shown in Table 6.6, the acute mixture risks based on RQmix on algae, daphnids and fish
exceeded the threshold of 1 by a wide margin in all seasons. The highest acute mixture risks
on selected species in dams were observed during the autumn season, indicating that these
species are likely to suffer from high acute risks during the autumn season (Figure 6.2). For
chronic risks on algae, daphnids and fish, the RQmix values (Table 6.6) exceeded the
acceptable limit in all seasons. The highest chronic mixture risks on all selected aquatic
organisms were observed during the autumn season, indicating that aquatic organisms are
more likely to suffer chronic risks during the autumn season (Figure 6.2). Furthermore,
according to Kienzler et al. (2019), the trophic level with the highest TUsum should be used
to assess the final mixture risks, which in this study were algae in all seasons for acute
toxicity and fish for chronic risk values in all seasons (Table 6.6). Therefore, the results for
both acute and chronic risks based on the TUsum in dams demonstrated high mixture risks

(TUsum >1) on all selected aquatic species in all seasons (Figure 6.2).
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The TUsum results agreed with the RQmix outcomes that most of the dams around
Bloemfontein are unsafe. This situation is likely to endanger aquatic species both acutely
and chronically. The dams are constantly exposed to emerging contaminants introduced by
rivers that discharge their water into them, as well as various anthropogenic activities. The
high acute and chronic mixture risks of compounds detected in dams on aquatic organisms
are alarming because they can have serious consequences for aquatic organisms and reach
the top of the food chain via bioaccumulation and biomagnification processes (Paun et al.,
2022). Because some of the dams are used as fishing spots, they may pose an indirect risk
to human health. Exposure to such high-risk water and species ingestion (fish) may result in
chronic toxicity, endocrine disruption in humans and aquatic wildlife and the development of
bacterial pathogen resistance (Paun et al., 2022). According to Bouzas-Monroy et al. (2022),
contaminated sites with intolerable mixture risks may have unacceptable effects on algal
growth, Daphnia reproduction and fish biochemistry and physiology. Furthermore,
degradation products of these compounds may be more toxic in the short and long term than
their parent compounds and may contribute to the development of antibiotic resistance
genes (Gozzo et al., 2023).

Table 6.6 Acute and chronic mixture risks of contaminants in dams

Species Spring Summer Autumn Winter Spring Summer Autumn Winter

Acute RQmix Acute TUsum

Algae 4591849 2293755 8628672 3480180 4592430 2294760 8635023 3480180

Daphnids 3067 868 1525157 5750749 231810 3067 131 1525137 5750 752 2317 143

Fish 1835 037 91539 3450023 1390 036 1835034 915 043 2300020 1390034
Chronic RQmix Chronic TUsum

Algae 3040 26 231 64 3030 54 231 64

Daphnids 617 279 34 245 633 288 179 161

Fish 4227 617 1155 1 046 4224 616 2313 931

Notation: RQmix=risk quotient mixture; TUsum= toxic unit sum (3).
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Figure 6.2 Seasonal mixture risks of emerging contaminants on aquatic species in dams

6.2.2.3 Mixture environmental risk assessment of emerging contaminants in

wastewater effluents

The RQmix based on acute toxicity on algae, daphnids and fish in wastewater effluents
revealed risk mixture values greater than one in all seasons, as presented in Table 6.7. The
highest acute RQmix values for contaminants in effluents on algae, daphnids and fish were
observed during the autumn season (Figure 6.3), indicating that these organisms are not
safe in the autumn season. The mixture risk assessment based on chronic risks on algae,
daphnids and fish in effluent in all seasons were also above the acceptable limit. The highest
chronic mixture risk of emerging contaminants was observed on fish in all seasons (Figure
6.3). Based on TUsum, the highest toxic unit summation values for acute toxicity were
observed on algae in all seasons. Fish had the highest toxic unit summation value for
chronic toxicity (Figure 6.3). Therefore, both acute and chronic mixture risks on algae,
daphnids and fish exceeded the risk threshold limit (TUsu >1) in all seasons (Table 6.7).

The RQmix findings are comparable to those of a study conducted in European WWTPs
(Finckh et al., 2022) and in wastewater effluent from the Republic of Ireland (Rapp-Wright
etal.,, 2023), both of which reported that the mixture risk assessment of emerging
contaminants in effluent samples were greater than one. Finckh et al. (2022) found that the
TUsum value of contaminants in effluents exceeded the risk threshold, which is consistent
with the findings of this study. From the results of both the RQmix and TUsum, it is clear that
effluents in this study were not safe as they were significantly higher than the acceptable
limit. The majority of wastewater effluents are discharged into nearby streams. This is
concerning, given that environmental mixtures of emerging contaminants may unexpectedly
have negative effects on aquatic ecosystems and, eventually, humans. The discharge of

these wastewater effluents into natural water bodies, such as rivers, exposes aquatic
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organisms to emerging contaminants. Furthermore, rivers that receive effluent from
treatment plants discharge their water in dams, potentially endangering the water
ecosystem. As a result, it causes morbidity and mortality in organisms by interfering with
processes such as reproduction and development (Heys et al., 2016). Advance treatment
should be implemented to remove these compounds. When treating wastewater, WWTPs
should also prioritise these contaminants. This will help to reduce their concentration and, as
a result, their potential risks as they are used to irrigate vegetables by small-scale farmers
around the area.

Table 6.7 Acute and chronic mixture risks of contaminants in wastewater effluents
Species Spring Summer Autumn Winter Spring Summer Autumn Winter
Acute RQmix Acute TUsum
Algae 20788271 16990244 51757874 22484526 20764817 16990744 51811881 22484527
Daphnids 13970834 11433583 34565015 14989094 13969110 11433675 34565348 14989 427
Fish 8 301 589 6790 180 20 700 097 8 950 527 8 300 627 6790179 20700110 8 950 530
Chronic RQmix Chronic TUsum
Algae 43 165 37 322 20 798 22 654 43 097 162 433 20 798 22 654
Daphnids 2141 3586 1395 4 429 408 3574 1385 1189
Fish 48 542 41 740 34 506 27 931 48 535 41 827 34 506 27 930
Notation: RQmix=risk quotient mixture; TUsum=toxic unit sum (3).
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Figure 6.3 Seasonal mixture risks of emerging contaminants in wastewater effluent on aquatic

species
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6.2.2.4 Mixture environmental risk assessment of emerging contaminants in treated

drinking water

The RQmix based on acute risks on algae, daphnids and fish in treated drinking water
revealed mixture risk values greater than one in all seasons, as shown in Table 6.8. The
results of acute mixture risks revealed that the spring season had the highest mixture risk
values for all aquatic organisms studied (Figure 6.4). The mixture risk values were also
above the acceptable limit based on chronic toxicity on algae, daphnids and fish in all
seasons as presented in Table 6.8. The results of chronic mixture risks revealed that the
spring season had the highest values of mixture risks on all aquatic organisms (Figure 6.4).
Furthermore, acute and chronic mixture risks on algae, daphnids and fish based on TUsum
were investigated (Table 6.8). In all seasons, algae showed the worst case scenario for
acute mixture toxicity in all seasons. Fish had the highest toxic unit summation value for
chronic mixture risks in all seasons (Figure 6.4). Therefore, the TUsum results for both acute

and chronic toxicity showed high mixture risks values (TUsum>1) on aquatic species.

These findings are concerning for water consumers because exposure to water
contaminated by compounds with such high risks could have serious consequences as most
of them are known toxins. Long-term exposure to contaminated water may have negative
consequences for both water consumers and aquatic species. Once the various emerging
contaminants are taken up by the organisms, biotransformation may occur with the
production of secondary metabolites with possible interactions between chemicals in the
mixture, such as synergism or antagonism (Ojemaye et al., 2022). The environmental health
risks linked to the exposure of mixture of emerging contaminants for aquatic species and
water consumers include olfactory tissue damage, lowering of the immune responses,
alteration of steroidogenic pathways, thyroid disease, low sperm quality and causing
reproductive system disorders among women (Belden et al., 2007; Ferrari et al., 2017; Heys
et al., 2016; Hunt et al., 2016; Ojemaye et al., 2022; Selvaraju et al., 2021). The outcomes of
this study will play a significant role in raising awareness on cumulative effects of chemical
mixtures and in protecting the environmental and community health. For the sustainability of
the water sources, further and continuous monitoring of emerging contaminants in water

sources around Bloemfontein is necessary.
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Table 6.8 Acute and chronic mixture risks of contaminants in treated drinking water

Species Spring Summer Autumn Winter Spring Summer Autumn Winter

Acute RQmix Acute TUsum

Algae 1827 094 255 687 913 339 55 839 1826 343 256 001 913 840 550 839

Daphnids 1217 045 166 681 608 337 366 671 1217 024 167 014 608004 366 670

Fish 730 020 100 054 365 012 220 010 730 017 100 042 365 017 220 010
Chronic RQmix Chronic TUsum

Algae 37 72 3 20 22 72 94 20

Daphnids 280 57 13 13 265 57 13 13

Fish 498 75 244 148 492 7 241 148

Notation: RQmix=risk quotient mixture; TUsum=toxic unit sum (}).

2000000 500 A pe
1800000 450
1600000 400
g 1400000 g 350
$ 1200000 & i T 300
£ = [ -
3 1000000 ] 5 250 |
% 800000 u Algae x 200 ‘ uAlgae
= 600000 = Daphnids x 150 ‘ mu Daphnids
400000 - h Fish 100 ‘ Fish
200000 ll I 50 _§ I-I l E-l l
o W |"1 - | 5 § - m=t) ot B B e
- c - - c - — (= D3 3 c &
B EEEEEE £ 2§ 2 £ 8 £ ¢
) 3 3 = 7] 3 2 = ) 3 :5( = @ 3 2 =
Acute RQmix Acute TUsum Chronic RQmix Chronic TUsum
Seasonal variation Seasonal variation
Figure 6.4 Seasonal mixture risks of emerging contaminants in treated drinking water on aquatic

species

6.3 Human health risk assessment of selected pesticides in water sources

The evaluation of human health risks was assessed based on both non-carcinogenic and
carcinogenic risks. The determination of health risks associated with the exposure of
pesticides — atrazine, metolachlor, simazine and terbuthylazine — to effluent, rivers, dams or
reservoirs, and treated drinking water, was based on the ingestion route. The outcomes of
non-carcinogenic and carcinogenic risks are presented in Table 6.9 and Table 6.10,
respectively. In terms of non-carcinogenic risk, all pesticides in all water sources had the
hazard quotients below 1 in all seasons of the year, which is a sign of low non-carcinogenic
risks to the entire population around Bloemfontein. Similar results were also reported by
other authors (Guo et al., 2023; Huang et al., 2014; Shah and Parveen, 2023). Seasonally
(Figure 6.5), summer had the highest total HQ in effluent and dams, contributed by simazine

on both adults and children. In rivers, the highest total HQs were recorded in the autumn
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season on both adults and children. They were mostly contributed by simazine. In drinking
water, the spring season showed the highest total hazard quotient on adults contributed
mostly by simazine, while for children summer had the highest total HQ, contributed mostly

by atrazine (Figure 6.5).
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Figure 6.5 Seasonal variation of non-carcinogenic risks in various water sources

The results of carcinogenic risks ranged from very low to high risks. In wastewater effluent,
all the targeted pesticides had low risks to the entire population in all seasons. In rivers, only
atrazine posed high carcinogenic risk to the adult group during the summer season. During
spring, autumn and winter, all the pesticides showed low carcinogenic risks to both the adult
and children groups. Similar outcomes of low carcinogenic risks of pesticide exposure were
also reported in Ganga River, India (Shah and Parveen, 2023). In dams and treated drinking
water, all the targeted pesticides showed very low risks to the entire population in all
seasons. Dong et al. (2023) also reported low carcinogenic risks of the pesticide atrazine in
drinking water sources in Dalian, China. Seasonally, in effluent, the highest total
carcinogenic risk (TCR) on adults was recorded in autumn, which was mostly contributed by
simazine (Figure 6.6). On children, TRC was recorded during summer, also mostly
contributed by atrazine. In rivers, the utmost TCR on adults was recorded during summer,
contributed mostly by atrazine, while on children; it was recorded during summer and
contributed mostly by simazine. In dams, the highest TCR was recorded during summer,
contributed mostly by simazine for the entire population (Figure 6.6). Moreover, in treated
drinking water, the highest TCR was recorded during summer on adults and during autumn

on children, contributed mostly by atrazine.
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The most noticeable and alarming risk was the high carcinogenic risks of atrazine found in
rivers around Bloemfontein, which may be attributed to the fact that most of the rivers are
surrounded by intensive agricultural fields and industrial activities that are likely to release
these compounds. Both Ganie et al. (2023) and Wani et al. (2019) stated that anthropogenic
pollution of water sources can come from a variety of sources, including chemical industry
discharge and agricultural runoff.
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Figure 6.6 Seasonal variation of carcinogenic risks in various water sources

Moreover, most of the wastewater effluents in the study area are discharged in nearby
streams thus introducing traces of pesticide in natural waters thus compromising the quality
of water sources. The high carcinogenic risk of herbicide atrazine in rivers in this area is a
public health concern as the water from rivers around Bloemfontein is used to help
agriculturalists and local people for growing crops and drinking purposes patrticularly in rural
areas. During field sampling domestic animals such as goats, sheep and cows were also
seen drinking river water. The use and drinking of river water contaminated with pesticides
may lead to their build-up in soils, grown crops, build-up in animal organs and eventually
transfer to persons (Shahid et al., 2020; Abera et al., 2022). Exposure to water with high
carcinogenic risks associated with atrazine may cause cancers, reproduction deficiency,

antibiotic resistance, hypospadias, cryptorchidism and small penis (Syafrudin et al., 2021;
Kumar et al., 2013).
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Additionally, exposure to water sources contaminated by other pesticides identified in this
study may lead to health effects such as endocrine effects, stress, intestinal secretion,
cancer and reproductive effects (Nicolopoulou-Stamati et al., 2016). The results of this study
pointed out the significance of raising awareness on pesticides pollution in the aquatic
ecosystem among the farmers and local residents. This will enable water resources
sustainability around Bloemfontein. Moreover, the risks of these pesticides should be
reduced by identifying places that are more susceptible to pesticides pollution, particularly

reservoirs that are utilised as sources of water for drinking water treatment plants.
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Table 6.9 Non-carcinogenic risks of selected pesticides in various water sources
s c q WWTP effluent Rivers Reservoir Drinking water
easons ompoun
ADD HQ ADD HQ ADD HQ ADD HQ
Adults
Atrazine 1.64 x 107° 4.69 x 1078 8.2 x 107’ 23x1077 55x 107 1.6x10™ 55x 1077 1.6 x10™
Metolachlor 5.48 x10°° 3.65 x 107° 2.7x107 1.8x 1078 2.7x107 1.8x 1078 2.7x107 1.8x107°
Spring Simazine 5.75x 107 1.2x10° 5.0x107° 1.6 x 107 2.7x10° 5.4x10™" 8.2x107' 1.6x10™
Terbuthylazine 1.64 x107° - 1.6 x107° - 8.2x107’ - 5.5x 107" -
Total 7.13 x 10-6 1.3%x10° 53x10° 1.6 x 107" 43x10° 7.0x107" 22x107° 3.2x107"
Atrazine 3.3x10°® 9.4x107° 41x10° 1.2x107™ 25x10° 7.1x107° 58x10°° 1.7x107
Metolachlor 5.8 x 10-6 3.9x107° 49x10° 3.3x107° 2.5x107° 1.7 x 107 41x10° 2.7x107°
Summer Simazine 20%x10-5  7.2x10° 16x107 32x10™ 1.1x107° 22x107 - -
Terbuthylazine 5.8 x 10-6 B, 6.6 x10° . 4.1x107® - 46x 107° -
Total 35x107° 7.3 x10-3 1.7 %107 47x10™ 2.0x107° 23x107° 1.0x107° 4.4x107°
Atrazine 41x%x10° 1.2x10™ 57x107° 1.6 x107° 8.2x107 2.3x107° 1.6x10°° 46x107°
Metolachlor 49x107° 3.3x10° 1.6x107° 1.1x107° 8.2x107 55x10°° 1.6x107° 1.1x107°
Autumn Simazine 2.0x107 40%x107° 57x107° 1.1 x 1072 0.8x10° 20x107 - -
Terbuthylazine 1.6x10°° - 8.2x 1077 - 8.2x107’ - - -
Total 59x107° 42x107° 1.6 x 107 1.1x1072 1.2x107° 2.0x107° 3.2x107° 1.6 x107°
Atrazine 8.22x 107 2.35x10° 2.20x107° 6.30 x 1078 1.09 x 107° 3.11x10°® 5.48 x 1071° 1.60 x 1078
Metolachlor 548 x 10°%° 3.89 x 10°° 3.30x107° 22x10°® 2.74x107%° 1.83x107° 2.74x107%° 1.83x107°
Winter Simazine 1.20 x 107”7 2.4x107° 1.01x 1078 2.02x107® 3.83x107° 7.7x107° - -
Terbuthylazine 5.48 x 10710 - 1.40 x 10°° - 5.48 x 107%° - 2.74x107%° -
Total 1.2x107 2.0x107° 1.7 x 10-8 21x10°® 57x107° 41x10°® 1.1x107° 1.8x 1078
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WWTP effluent Rivers Reservoir Drinking water
Seasons Compound
ADD HQ ADD HQ ADD HQ ADD HQ
Children
Atrazine 3.08 x 107° 8.80 x 1078 1.5x107° 43x10™" 4.1x107 1.2x10™ 4.1x107 1.2x10™
Metolachlor 1.03 x 107° 6.87 x 107° 5.0x 107 3.3x107° 2.0x1077 1.3x107° 2.0x1077 1.3x10°°
Spring Simazine 1.10 x 1078 22x107° 9.3x107° 1.9x 1072 2.1x107° 42x10™ 6.1x 1077 1.2x10™
Terbuthylazine 3.08 x 10-9 - 3.1x10°° - 6.1x 107" - 41x1077 -
Total 1.8x 107 2.3x10° 9.8x107° 1.9x 107 3.3x107 5.4 %10 1.6x 107" 24 %107
Atrazine 6.2 x107® 1.8x10™ 7.7x107 7.7x107* 46x10° 1.3x10™ 1.1x107° 3.1x10™
Metolachlor 1.1x107° 7.3x107° 9.2x107® 6.1 x107° 46x10° 3.1x107° 7.7x107° 51x107°
Summer Simazine 6.8 x 10 1.4x 107 3.1x10° 6.2 x 107 20x10° 4.0x 10 ; ;
Terbuthylazine 1.1x107° - 1.2x107° - 7.7x10°® - 462 x107° -
Total 9.6 x107° 1.4 x 1072 7.9x107* 1.5%x 107 3.7x107° 42 x107° 1.9x107° 36x10™
Atrazine 7.7x10°® 22x10™ 1.1x10°° 3.1x107° 1.5x%x 1078 43x107° 3.1x10°® 8.9x107°
Metolachlor 9.2x10°® 6.1x107° 3.1x10°® 21x107° 1.5x%x 1078 1.0x107° 31x10°® 21x107°
Autumn Simazine 3.7x107° 7.4 x 10-3 1.1x10™ 2.2 x 10-2 1.8x107° 3.6x107° - -
Terbuthylazine 3.1x10° - 15x107° - 1.5 x 107 - - -
Total 57x107° 7.7x1072 1.2x10™ 2.2 x 10-2 2.3x107° 3.7x107 3.5x 10-6 1.1x10™
Atrazine 1.54 x 107° 4.40 x 1078 4.11x107° 1.20 x 10”7 2.05x 107° 5.86 x 107° 1.03x 107° 2.94x107°®
Metolachlor 1.03x 107° 6.8 x 10-9 6.20 x 107° 413 x10°® 5.14 x 107%° 3.43x107° 514x107°  3.43x107°
Winter Simazine 222 %107 4.4x10° 1.90 x 1078 3.80x10°° 7.20x 10°° 1.40 x 107° - -
Terbuthylazine 5.14 x 107° - 2.60 x 107° - 1.03x 107° - 5.14 x 107%° -
Total 2.3x107 4.4x10° 3.2x10°® 40x10° 1.1x1078 7.2x10° 22x10°® 3.3x10°®
ADD=average daily dose; HQ=hazard quotient.
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Table 6.10 Carcinogenic risks of selected pesticides in various water sources

WWTP effluent Rivers Reservoir Drinking water
Seasons Compound
ADD CR ADD CR ADD CR ADD CR
Adults
Atrazine 7.05x 1070 1.62 x 107%° 35x1077 8.0x107® 2.3x1077 53x107° 2.3x107 5.3x107°
Metolachlor 2.35x 107" 2.16 x 107*? 1.2x107’ 1.10 x 107° 1.2x107° 1.1x 107 1.2x107’ 1.1x107°
Spring Simazine 2.50x107° 23x107%° 21x107 25x107° 1.2x10° 1.4x107 35x107° 42x107°
Terbuthylazine 7.05x 1070 - 7.0x1077 - 35x1077 - 2.3x107 -
Total 41x107° 3.9x107" 22x107° 25x%107° 1.4 x107° 3.0x107’ 6.5x 107" 5.8x10°
Atrazine 1.4x10° 3.2x1077 1.8x107 41x10™" 1.1x10° 25x107 25x107° 5.8x 107"
Metolachlor 25x%107° 23x107® 2.1x107° 1.9x10°® 1.1x10°° 1.0x10°® 1.8x107° 1.7x10°®
Summer  Simazine 15x107° 1.4x10° 3.7x107 34x10° 46x107° 42 %1077 - -
Terbuthylazine 25x107° - 9.4 x1077 - 1.8x107° - 1.06 x 107° -
Total 2.1x107° 1.7x10°° 40x107° 41x10™* 8.6 x10°° 6.8 x 107" 43x10° 6.0 x 10°°
Atrazine 1.8x107° 41x107° 2.4x107° 5.5x107° 35x107’ 8.1x107® 7.0x107’ 1.6 x 107’
Metolachlor 2.1x107° 1.9x10°® 7.0x1077 6.4 x 107° 35x1077 3.2x107° 7.0x 107 6.4 x 107°
Autumn  Simazine 8.4x10° 7.7x1077 24x107° 22x10° 42x107° 3.9x107’ - -
Terbuthylazine 7.0x 107 - 3.5x 1077 - 35x107 - - -
Total 29x107° 5.0 x 10-6 5.0 x 107 1.0x 107 53x107° 5.0x 107’ 1.4 x107° 1.7 %107’
Atrazine 3.52x 1070 8.10 x 107%° 9.40 x 107*° 2.20x107%° 4.70 x 107*° 4.14 x 107" 2.35x 107" 5.41 x 107
Metolachlor 2.35x107%° 2.16 x107° 1.41 x 107° 1.30 x 10 1.20 x 107 4.05x 107" 1.20x 107" 1.10 x 1072
Winter Simazine 5.07 x 10°® 2.54 x 107%° 4.34 x107° 4.09 x 107*° 1.64 x 107° 5.67 x 107 - -
Terbuthylazine 2.35x 10710 - 5.90 x 107%° - 2.34x10™ - 1.20x 107" -
Total 5.2x107° 3.2x107° 3.2x107° 6.4 x 107 2.3x10™ 9.9x10™ 47 %107 5.5x 10
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WWTP effluent Rivers Reservoir Drinking water
Seasons Compound
ADD CR ADD CR ADD CR ADD CR
Children
Atrazine 2.68 x 1070 6.07x10  13x107  29x107° 8.8x107® 2.0x107® 8.8 x107® 2.0x107®
Metolachlor 8.81x 107 8.11x10  43x10® 39x10° 43x10°® 3.9x107"° 43x107° 39x107"
Spring Simazine 9.2x 107" 851x10"  8.0x10° 9.6x107 43x1077 52x107° 1.3x10° 15x%107°
Terbuthylazine 2.64 x 107" - 2.6 %1077 - 1.2x107" - 43x107 -
Total 1.5x107° 1.5x 1070 84x10° 9.9x10" 6.8 x 10 7.2x107° 5.7 x 107 22x107°
Atrazine 53x 107’ 1.2x1077 66x10° 15x10°  4.0x107 9.2x107® 9.2x107’ 21x107®
Metolachlor 9.2x107’ 8.5x107° 79x107  73x10°  40x107  3.7x10° 6.6 x 107 6.1 x 107
Summer  Simazine 5.8 x107° 53x107’ 1.4x10°  1.3x10° 1.7x10° 1.6 x 107" - -
Terbuthylazine 9.2x107’ - 1.1x10°° - 6.6 x 107 - 3.96 x 107 -
Total 8.2x107° 6.6 x 107’ 1.6x10° 13x10-6 3.2x107° 2.6 %107’ 1.6 x107° 22x107®
Atrazine 6.6 x 107 1.5x 107’ 91x10° 21x10° 1.3x107  3.0x107° 2.6 %1077 6.0 x 10-8
Metolachlor 7.9x107’ 7.3x107° 2.6x1077 24x107° 1.3x107 1.2x107° 26x107 2.4 % 10-9
Autumn  Simazine 3.2x107° 8.5 x 10-8 91x10° 84x107 1.6 x10°° 1.5x 107’ - -
Terbuthylazine 26x1077 - 1.3x10° - 1.32x 10" - - -
Total 3.4x107° 2.4x1077 1.8x10°  2.9x10° 20x107° 1.8x 107’ 5.2 %107 6.2x107®
Atrazine 6.60 x 107*° 1.52x10™° 352x107° 8.09x10" 1.80x107° 4.14x10™  881x107™ 2.03x 107"
Metolachlor 440 %107 405x10° 528x10° 486x10% 440x10 4.05x10°  4.40x 107 4.05 x 10-13
Winter Simazine 9.51x10°® 875x10° 1.63x10° 150x10° 6.16x10° 567x10" - -
Terbuthylazine 9.51x10°® - 2.20x 107%° - 8.81 x 107" - 4.40 x 107" -
Total 1.9x 1077 9.3x107° 27x10°  24x10  92x10 99x10™ 1.8x 107" 21x10"
ADD=average daily dose; CR=carcinogenic risks.
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6.4 Conclusion

This chapter solely aimed at assessing the risks of emerging contaminants in water sources
around Bloemfontein where there is no published data on environmental health risks of
emerging contaminants. It can be concluded that the high individual and mixture ecological
risks reported in this study may seriously impair the ecosystem and adversely affect aquatic
species. Moreover, the high carcinogenic risk of atrazine is a serious public health concern
as its exposure is associated with certain types of cancer. The findings of this study will raise
awareness on the risks associated with exposure to emerging contaminants. It may also
help in the development of environmental quality standards for regulatory purposes,
environmental sustainability, as well as risk reduction. It is recommended that regular
monitoring of chemicals in water sources be implemented around the area to protect the
health of the living organisms. Wastewater treatment managers should also incorporate risk

assessment before discharging the effluent into neaby streams.
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Chapter 7
SOURCE APPORTIONMENT OF EMERGING CONTAMINANT
POLLUTION
IN WATER SOURCES AND THEIR MITIGATION STRATEGIES

Multivariate statistical methods have become widely used in pollution source apportionment
in recent years as they are useful in determining the sources of chemical contaminants in
water environments, which in turn provide valuable insights into effective preventative
measures and controls against emerging contaminant pollution. Therefore, this chapter
presents and discusses the sources of emerging contaminants based on multivariate
statistical analysis such as the Pearson correlation coefficient analysis, the hierarchical
cluster analysis and PCA. It also discusses the possible mitigation measures based on the

sources identified in this study.

7.1 Introduction

Water is a treasured and limited resource that is essential for the survival of all known life
forms (Bonecker et al., 2020; Isah et al., 2013). Dams, rivers and lagoons are important
water sources for both human welfare and aquatic life (Isah et al., 2013). They are critical for
domestic use, agricultural endeavours, industrial growth, leisure and aquatic habitation and
reproduction (Ma et al., 2020). The majority of urban areas were built on or near freshwater
sources (Bonecker etal.,, 2020). As a result of industrialisation and population growth,
various pollutants such as emerging contaminants from manufacturing, WWTPs, agricultural
practises and household tasks find their way into water sources, contaminating and
degrading their quality (Wang et al., 2015). Many urban areas have high levels of production
and consumption of emerging contaminants as a result of economic development and
population growth (Yang et al., 2014). The occurrence of emerging contaminants (i.e. steroid
hormones, personal care products, pesticides and pharmaceuticals) in water sources have
become widespread and of great concern in recent years due to their high potency and
specificity of undesirable ecological effects when interacting with biological systems and
human society (Huang et al., 2023). Ma et al. (2020) also stated that their presence in water
sources not only endangers aquatic and human life, but also impedes public and monetary

development.

South Africa currently uses mostly surface water, with groundwater accounting for only 15%

of the total water consumption (Sililo et al., 2001). The land use in Bloemfontein and its
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surrounding areas is primarily urban, industrial and agricultural (Pretorius et al., 2005). Oke
and Alowo (2021) found that there have been changes, trends and threats to water
resources in the area as a result of population growth and urbanisation. Changes such as
population growth and urbanisation have been reported to cause pollution, causing water
sources to gradually lose their original quality state, hydromorphological characteristics and
be accumulated by concentrations of pollutants (e.g., emerging contaminants) which may
trigger undesirable effects on the aquatic ecosystem (Lin etal., 2020) and threaten the
sustainability of high-quality water supplies (Enyigwe et al., 2022). Moreover, the WHO
(2017) stated that the countries with the most limited access to drinking water are primarily
those in sub-Saharan Africa, including South Africa. Water resources in South Africa are
scarce and unevenly distributed. It is expected that competition for water among users will
intensify in the near future. As a result, monitoring water quality and emerging contaminant
pollution in water sources is critical in preventing water pollution and implementing corrective

measures (Ma et al., 2020).

While the quantity of researches investigating and monitoring the presence of emerging
contaminants in South African water environments has increased (Madikizela and Ncube,
2021; Madikizela et al., 2020; Mashile et al., 2021; Ojemaye et al., 2022; Vumazonke et al.,
2020; Wilkinson etal., 2022), there is still a dearth of studies monitoring emerging
contaminants in the Free State province, which is the host of the city of Bloemfontein.
Furthermore, water sources face substantial risks from both point and nonpoint sources
pollution, which act as major pathways for the enrichment of emerging contaminants in water
sources. Nevertheless, there are no published studies determining the sources of emerging
contaminants in water sources around Bloemfontein. Multivariate statistical methods have
become widely used in pollution source apportionment in recent years (Chen et al., 2015,
2016; Enyigwe et al, 2022; Selvaraju et al., 2013; Shrestha and Kazama, 2007; Wang et al.,
2015). They are useful in determining the source of chemical contaminants in water
environments (Ma etal.,, 2020) which in turn, provide valuable insights into effective
preventative measures and controls against emerging contaminant pollution (Hong et al.,
2023).

Therefore, in this chapter, the researcher presents and discusses the sources of emerging
contaminant pollution in various water sources. The possible mitigation strategies based on
the sources identified in this study will also be presented and discussed. To trace the
sources of emerging contaminant pollution in water sources, the following statistical methods
were used in this study: Pearson correlation coefficient analysis, hierarchical cluster

analysis, and PCA. The outcomes of this research may be very crucial in preventing water
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pollution from emerging contaminants for the protection and sustainability of the water

sources around Bloemfontein.

7.2  Pollution source profiling

Emerging contaminants are introduced into the water environment through various sources
and pathways. They can be discharged into the water environment either from a point
source or nonpoint source (Chen et al., 2012; Stefanakis and Becker, 2016). From the field
survey (Table 7.1), the main possible source of pollution for emerging contaminants around
the city of Bloemfontein include point sources such as household waste, sewage runoff,
septic tanks, industrial activities, agricultural activities and wastewater effluents containing
domestic, industrial and hospital wastewater. Moreover, some rivers are near the highway
roads, passes through settlements and urban areas. Therefore, runoff from roads,
settlements, and parks may be attributed as nonpoint sources in this study (Stefanakis and
Becker, 2016). It should be noted that a definitive signature of a source may not exist
because pollutant emissions rely on many factors that may vary significantly during the
transportation process. In addition, source profiles may also be affected by physical,
chemical and biological degradation of water quality variables before they enter the receptor
sites. So the bias is reasonable between the emission profiles and loading factors (Chen
et al., 2012).

Table 7.1 Sampling points around the study area

Sample Coordinates . I
Item . ; - - - Site description
identity Latitude Longitude Elevation
Surface water (Dam)
1 SWMSO1 20°01'4.9" S 26°24'2.7" E 1344 m It serves as a resort and conference centre. Few
houses with septic tanks nearby.
> SWMDO2 29°02'8.4" S 26°27'5.8" E 1354m It also serves as a resort. Surrounded by farm
houses with septic tanks.
3 SWKDOS 28°53'03" S 25°57'21" E 1226 m ]I;glv(\;shouses, fishing activities and some agricultural
Approximately 1 km away from residential area.
4  SWSDO09 29°12'10" S 26°47'38"E 1460 m  Household waste is dumped nearby. Sewage runoff
directed to the dam.
01 A1 AN 0 ot A Around agricultural areas. A few houses near the
5 SWRUSD10 29°16'20" S 26°37'00" E 1370 m dam. Aguatic sports.
Surface water (River)
onaIg AN 01T A Intense agricultural activities within a 500 m range.
6 SWRSO03 29°06'9.6" S 26°19'7.2"E 1379 m Near national and regional roads.
o1 gn 0aonq En It is close to wastewater treatment work. Bisect
7 SWBS04 29°07'2.4"S 26°17'1L.5"E 13%0m residential and industrial areas.
8 SWKORO5 29°12'8.3" S 26°31'0.4" E 1334m Around agricultural activities, farm houses and old

mechanical workshop.

9 SWMORO06 29°09'39.3" S 26°34'20.3"E 1327m  Near a national road and railway line.

It passes through a township, receives wastewater

10 SwKLmo7 29°14'34.3" S 26°40'26.2" & 1378 m effluent, and polluted by domestic waste.

Wastewater treatment plants

Receives domestic, industrial and hospital

11 WWTPOLI 29°05'29" S 26°19'12"E 1386 m
wastewater.
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Item Sample Coordinates Site description
12 WWTPO1E 29°05'51" S 26°19'33"E 1384 m Discharged to Bloemspruit.
13 WWTP02I 20°14'2.8" S 26°41'12.9" E 1380m Receives domestic, industrial and hospital
wastewater.
14 WWTPO2E 29°14'25.4" S 26°41'6.2"E 1376 m  Discharged to Klein Modder River.
15 WWTPO3I 20°07'27.4" S 26°14' 46.7" E 1558 m Receives domestic, industrial and hospital
wastewater.

16  WWTPO3E 29°07'31.8" S 26°14'51.8"E 1364 m  Discharged to Bloemspruit.

Treated drinking water

Supplied by Rustfontein dam. Supply water to
Botshabelo Township.

Supplied by Maselspoort dam. Supply water to the
city of Bloemfontein.

17 TWWRUSO1 29°16'31" S 26°37'51"E 1366 m

18 TWWMSPO02 29°01'10.3" S 26°24'9.2"E 1339m

7.3 Identification of pollution source with Pearson correlation coefficient

analysis

The Pearson correlation analysis was performed to establish emerging contaminant
relationships and make inferences on their sources of origin. When the degree of correlation
(r) was >0.7, it was regarded as strong; 0.5<r<0.7 connoted a moderate correlation; and
<0.5 suggested week correlations (Li et al., 2023b). As stated by Zhao et al. (2019) and
Mugudamani et al. (2022), a good correlation between contaminants suggests a possible
common sources or similar chemical behaviour. The results of the Pearson correlation

analysis in this study are discussed as per the water sources.

7.3.1 Identification of pollution source in rivers

Table 7.2 and 7.3 shows the Pearson correlation matrix of the emerging contaminants in

rivers during the wet season (spring and summer) and the dry season (autumn and winter).

In the spring season, a strong correlation among the contaminants was between
terbuthylazine and atrazine; carbamazepine and atrazine; metolachlor and atrazine;
ibuprofen and carbamazepine; 17-alpha-ethinyl-estradiol and atrazine; 17-alpha-ethinyl-
estradiol and carbamazepine, as well as between 17-alpha-ethinyl-estradiol and metolachlor
(Table 7.2).

In the summer season, as represented by the bold numbers in Table 7.2, the analysis
produced a strong positive correlation between atrazine and simazine; terbuthylazine and
simazine; terbuthylazine and atrazine; metolachlor and simazine; metolachlor and atrazine;
metolachlor and terbuthylazine; ibuprofen and carbamazepine; 17-alpha-ethinyl-estradiol
and metolachlor; 17-alpha-ethinyl-estradiol and simazine; 17-alpha-ethinyl-estradiol and
atrazine; 17-alpha-ethinyl-estradiol and terbuthylazine; 17-alpha-ethinyl-estradiol and

metolachlor, as well as between 17-alpha-ethinyl-estradiol and ibuprofen (Table 7.2).
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Table 7.2  Correlation coefficients among emerging contaminants during the wet season in
rivers
17-alpha-
Contaminants _"°®%"  Simazine Atrazine oy~ Carba- - Metola-  Testos-  Proges- lbuprofen Estradiol Triclosan ethir':yl-
minophen thylazine mazepine  chlor terone terone estradiol
Spring
Acetaminophen 1
Simazine -0.50 1
Atrazine -0.58 0.69 1
Terbuthylazine -0.51 1.00 0.70 1
Carbamazepine -0.40 0.58 0.71 0.60 1
Metolachlor -0.41 0.20 0.84 0.21 043 1
Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1
Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Ibuprofen 0.05 0.61 0.32 0.62 0.77 -0.11 0.00 0.00 1
Estradiol 0.58 0.31 -0.01 0.29 -0.23 -0.18 0.00 0.00 0.24 1
Triclosan 0.38 -0.97 -0.49 -0.96 -0.48 0.06 0.00 0.00 -0.67 -0.38 1
ITaphaething- 55 03 084 030 077 088 000 000 023  -042  -006 1
esdradiol
Summer
Acetaminophen 1
Simazine 0.00 1
Atrazine 0.00 0.98 1
Terbuthylazine 0.00 0.84 0.73 1
Carbamazepine 0.00 -0.07 -0.03 -0.06 1
Metolachlor 0.00 0.91 0.86 0.90 0.24 1
Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1
Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Ibuprofen 0.00 0.31 0.35 0.22 0.92 0.57 0.00 0.00 1
Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 1
17-alpha-ethinyl-
estragiol y 0.00 0.77 0.74 0.76 0.54 0.95 0.00 0.00 0.80 0.0 0.00 1

Notation: Numbers in bold represent a strong correlation.

In the autumn season, there was a strong correlation between atrazine and simazine;
terbuthylazine and simazine; terbuthylazine and atrazine; carbamazepine and simazine;
carbamazepine and atrazine; carbamazepine and terbuthylazine; metolachlor and atrazine;
metolachlor and terbuthylazine; metolachlor and carbamazepine; 17-alpha-ethinyl-estradiol
and simazine; 17-alpha-ethinyl-estradiol and atrazine; 17-alpha-ethinyl-estradiol and
terbuthylazine; 17-alpha-ethinyl-estradiol and carbamazepine and 17-alpha-ethinyl-estradiol

and metolachlor (Table 7.3).

In the winter season, the strong correlation was between terbuthylazine and atrazine;
metolachlor and simazine; ibuprofen and simazine; ibuprofen and metolachlor; 17-alpha-
ethinyl-estradiol and atrazine; 17-alpha-ethinyl-estradiol and terbuthylazine and 17-alpha-

ethinyl-estradiol and metolachlor (Table 7.3).
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Table 7.3  Correlation coefficients among emerging contaminants during the dry season in

rivers
. Aceta- . . . Terbu-  Carba-  Metola- Testos- Proges- . . 17-alpha-
Contaminants . Simazine Atrazine . . Ibuprofen Estradiol Triclosan ethinyl-
minophen thylazine mazepine  chlor terone terone estradiol
Autumn
Acetaminophen 1
Simazine 0.00 1
Atrazine 0.00 0.74 1
Terbuthylazine 0.00 0.98 0.82 1
Carbamazepine 0.00 0.74 0.86 0.85 1
Metolachlor 0.00 0.60 0.93 0.7 0.93 1
Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1
Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Ibuprofen 0.00 0.23 0.24 0.35 0.39 0.20 0.00 0.00 1
Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
17-alpha-ethinyl-
es drapdiol y 0.00 0.91 0.78 0.95 0.93 0.78 0.00 0.00 0.31 0.00 0.00 1
Winter
Acetaminophen 1
Simazine -0.25 1
Atrazine -0.31 0.12 1
Terbuthylazine -0.36 0.32 0.98 1
Carbamazepine 0.07 0.34 0.30 0.36 1
Metolachlor -0.38 0.94 0.46 0.63 0.43 1
Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1
Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Ibuprofen 0.29 0.83 0.15 0.31 0.52 0.77 0.00 0.00 1
Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
IZalpha-ething- 530 053 080 088 074 076 000 000 054 000 000 1
estradiol

Notation: Numbers in bold represent a strong correlation.

Generally, in this study, these strong positive correlations may be an indication of the same
sources of pollution, potentially from man-made activities such as agricultural activities,
wastewater effluents, poor waste management, industrial, roads and nearby household
runoffs. The strong positive correlation witnessed between pesticides such as atrazine and
simazine; terbuthylazine and atrazine; terbuthylazine and simazine; metolachlor and
simazine; metolachlor and atrazine and metolachlor and terbuthylazine may be attributed to
agricultural activities, wastewater effluents and stormwater runoff (runoff from roads,
settlements and urban areas). Most of the rivers are surrounded by agricultural activities
producin maize, soy beans, wheat, sorghum, and sunflower, which compel the use of
herbicides before, during and after farming to manage unwanted weeds. Moreover, the city
of Bloemfontein is a developed area with well-built highways, a civic country park, industrial
areas and golf clubs. With all these evident spaces, substantial quantities of herbicides are
utilised to manage unwanted plants (weeds) in paved areas, gardens, country parks, golf
clubs, waysides, office blocks and industrial areas. Therefore, wastewater or runoff from

these areas may be attributed as the possible source of these herbicides in nearby streams.
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The strong positive correlations between compounds such as ibuprofen and carbamazepine;
17- alpha-ethinyl-estradiol and ibuprofen and 17-alpha-ethinyl-estradiol and carbamazepine
also suggest similar sources of origin. These contaminants are medicinal drugs and their
origin can be linked to wastewater effluents and illegal dumping of household waste nearby
streams. Wastewater treatment plants receive domestic, industrial and hospital wastewater
that contain loads of various pharmaceutical compounds used in daily lives. As WWTPs are
not intended to eliminate these organic substances, they may end up in rivers due to
wastewater effluent discharge. lllegal dumping of domestic wastes containing unused or
expired drugs may also introduce traces of these compounds. Moreover, the strong positive
correlations between contaminants such as carbamazepine and atrazine; carbamazepine
and simazine; carbamazepine and terbuthylazine; metolachlor and carbamazepine;
ibuprofen and metolachlor; ibuprofen and simazine; 17-alpha-ethinyl-estradiol and atrazine;
17-alpha-ethinyl-estradiol and simazine; 17-alpha-ethinyl-estradiol and terbuthylazine and
17-alpha-ethinyl-estradiol and metolachlor are an indication of similar sources of their
emissions. Some of the rivers run through townships and cities; hence, runoff from clogged
sewage systems or improper waste disposal may have introduced these contaminants into
rivers. Additionally, because the selected WWTPs receive wastewater from households,
industries and hospitals, their wastewater effluents discharged into these rivers may
introduce traces of these emerging contaminants generally categorised as medicinal drugs
and pesticides.

7.3.2 ldentification of pollution sources in dams and or reservoirs

From the correlation analysis in Table 7.4, the spring season showed strong positive
correlations between pairs of terbuthylazine and simazine; terbuthylazine and atrazine;
carbamazepine and acetaminophen; metolachlor and simazine; metolachlor and atrazine;
metolachlor and terbuthylazine; ibuprofen and acetaminophen; ibuprofen and
carbamazepine; 17-alpha-ethinyl-estradiol and acetaminophen and 17-alpha-ethinyl-
estradiol and carbamazepine. During the summer season, strong positive correlations were
witnessed between pairs of atrazine and simazine; terbuthylazine and simazine;
terbuthylazine and atrazine; carbamazepine and terbuthylazine; metolachlor and atrazine;

and 17-alpha-ethinyl-estradiol and carbamazepine (Table 7.4).
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Table 7.4  Correlation coefficients among emerging contaminants during the wet season in

dams
17-alpha-

Contaminants _A®®" Simazine Atrazine 1e/Pu-  Carba- - Metola-  Testos-  Proges- lbuprofen Estradiol Triclosan ethir':yl-

minophen thylazine mazepine chlor terone terone estradiol

Spring
Acetaminophen 1
Simazine 0.44 1
Atrazine 0.10 0.69 1
Terbuthylazine 0.66 0.93 0.73 1
Carbamazepine 0.76 0.10 -0.53 0.18 1
Metolachlor 0.15 0.89 0.92 0.84 -0.35 1
Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1
Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Ibuprofen 0.97 0.22 -0.13 0.45 0.84 -0.10 0.00 0.00 1
Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
17-alpha-ethinyl-
esdra%iol y 0.71 0.60 -0.13 0.56 0.82 0.18 0.00 0.00 0.66 0.00 0.00 1
Summer

Acetaminophen 1
Simazine 0.00 1
Atrazine 0.00 0.85 1
Terbuthylazine 0.00 0.86 0.81 1
Carbamazepine 0.00 0.37 0.56 0.77 1
Metolachlor 0.00 0.46 0.78 0.34 0.21 1
Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1
Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Ibuprofen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
IZalpha-ething- 50 013 056 037 072 047 000 000 000 000  0.00 1
estradiol

Notation: Numbers in bold represent a strong correlation.

In the autumn season, strong positive correlations between atrazine and simazine;

terbuthylazine and simazine; terbuthylazine and atrazine; metolachlor and simazine;

metolachlor and atrazine; metolachlor and terbuthylazine; ibuprofen and atrazine; 17-alpha-

ethinyl-estradiol and carbamazepine, and 17-alpha-ethinyl-estradiol and ibuprofen was

witnessed, as shown in bold in Table 7.5. The winter season had strong positive correlations

between pairs of terbuthylazine and simazine; metolachlor and simazine; metolachlor and

terbuthylazine, as well as 17-alpha-ethinyl-estradiol and terbuthylazine (Table 7.5).
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Table 7.5 Correlation coefficients among emerging contaminants during the dry season in

dams
. Aceta- . . . Terbu-  Carba-  Metola- Testos- Proges- . . 17-alpha-
Contaminants . Simazine Atrazine . . Ibuprofen Estradiol Triclosan ethinyl-
minophen thylazine mazepine  chlor terone terone estradiol
Autumn
Acetaminophen 1
Simazine -0.25 1
Atrazine -0.41 0.89 1
Terbuthylazine -0.27 0.99 0.86 1
Carbamazepine -0.45 -0.23 0.22 -0.24 1
Metolachlor -0.24 0.81 0.83 0.86 0.14 1
Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1
Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Ibuprofen -0.49 0.41 0.77 0.33 0.67 0.41 0.00 0.00 1
Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
17-alpha-ethinyl-
es drapdiol y -0.29 -0.20 0.27 -0.24 0.96 0.11 0.00 0.00 0.76 0.00 0.00 1
Acetaminophen 1
Simazine 0.00 1
Atrazine 0.00 0.05 1
Terbuthylazine 0.00 0.84 -0.24 1
Carbamazepine 0.00 0.35 0.48 0.38 1
Metolachlor 0.00 0.97 0.20 0.76 0.51 1
Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1
Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Ibuprofen 0.00 -0.08 -0.60 0.47 -0.06 -0.22 0.00 0.00 1
Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
I7alpha-ething- o090 0s1 046 087 069 060 000 000 052 000 000 1
estradiol

Notation: Numbers in bold represent a strong correlation.

Generally, the strong positive degree of correlations between herbicides such as
terbuthylazine and simazine; metolachlor and atrazine; metolachlor and simazine;
metolachlor and terbuthylazine; atrazine and simazine and terbuthylazine and atrazine
indicate a similar source of origin. As mentioned by Wang et al. (2022), herbicides may be
applied before and after planting to control broadleaf and grassy weeds in farming land.
Considering that most of the dams are bordered by farming activities, runoff from those sites
could be a contributory factor. Another strong positive correlation in dams were between
ibuprofen and acetaminophen; carbamazepine and acetaminophen; ibuprofen and
carbamazepine; 17-alpha-ethinyl-estradiol and carbamazepine; 17-alpha-ethinyl-estradiol
and acetaminophen and 17-alpha-ethinyl-estradiol and ibuprofen, which suggest a similar
source of origin. These emerging contaminants are medicinal drugs used to control seizures
(carbamazepine); treat inflammatory diseases, arthritis, fever and dysmenorrhea (ibuprofen),
pains, headaches, fever in humans and animals (acetaminophen) and are used as the active
ingredients in many oral contraceptives and postmenopausal hormone therapies (17-alpha-
ethinyl-estradiol) among many communities (Ekinci etal., 2020; Nannou, etal., 2022).

Therefore, their strong positive correlations suggest that they are associated with similar
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sources such as domestic sewage runoff from nearby communities witnessed during the
field visit. lllegal dumping of medical waste from nearby households, during aquatic sports
activities, conferences or picnics may also be attributed as one of their possible sources.
Moreover, the strong positive correlations between contaminants such as 17-alpha-ethinyl-
estradiol and simazine; ibuprofen and atrazine and carbamazepine and terbuthylazine may

be linked to sources such as agricultural runoff and wastewater effluent discharged in rivers

that recharge these dams.

7.3.3 ldentification of pollution source in wastewater treatment plants

The analysis

contaminants in wastewater influents are presented in Table 7.6.

results of the Pearson correlation coefficients of targeted emerging

Table 7.6 Correlation coefficients among emerging contaminants during the wet season in
influents
17-alpha-
Contaminants _A®"  Gimazine Atrazine Jerou-  Carba- - Metola-  Testos-  Proges- Ibuprofen Estradiol Triclosan ethilI:yI-
minophen thylazine mazepine chlor terone terone estradiol
Spring
Acetaminophen 1
Simazine -0.08 1
Atrazine -0.66 0.80 1
Terbuthylazine -0.11 1.00 0.82 1
Carbamazepine 0.33 0.91 0.50 0.90 1
Metolachlor 0.61 0.74 0.19 0.72 0.95 1
Testosterone 0.61 -0.84 -1.00 -0.85 -0.55 -0.25 1
Progesterone 0.12 -1.00 -0.83 -1.00 -0.90 -0.71 0.86 1
Ibuprofen 0.83 0.49 -0.12 0.47 0.80 0.95 0.06 -0.46 1
Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Triclosan 0.18 0.97 0.62 0.96 0.99 0.89 -0.67 -0.95 0.70 0.00 1
ITaphaethin: 16 400 085 100 088 068 088 100 042 000  -0.94 1
esdradiol
Summer
Acetaminophen 1
Simazine 0.52 1
Atrazine -0.01 0.84 1
Terbuthylazine 0.13 0.91 0.99 1
Carbamazepine -0.34 -0.98 -0.94 -0.98 1
Metolachlor -0.36 0.60 0.94 0.88 -0.75 1
Testosterone 1 0.47 -0.07 0.07 -0.28 -0.42 1
Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Ibuprofen -0.58 0.39 0.82 0.73 -0.57 0.97 -0.63 0.00 1
Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1 0.00 1
Triclosan -0.36 -0.98 -0.93 -0.97 1 -0.74 -0.30 0.00 -0.55 0.00 1
ITaphaething 560 4 079 -087 096  -052 -055 000  -030 000 096 1
estradiol

Notation: Numbers in bold represent a strong correlation.

During the spring season, the influent samples (Table 7.6) showed a strong positive
correlation between atrazine and simazine; terbuthylazine and atrazine; carbamazepine and
simazine; carbamazepine and terbuthylazine; metolachlor and simazine; metolachlor and

terbuthylazine; metolachlor and carbamazepine; progesterone and testosterone; ibuprofen
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and acetaminophen; ibuprofen and carbamazepine; ibuprofen and metolachlor; triclosan and
simazine; triclosan and terbuthylazine; triclosan and carbamazepine; triclosan and
metolachlor; triclosan and ibuprofen and 17-alpha-ethinyl-estradiol and testosterone. In the
summer season, the strong positive correlations were witnessed between atrazine and
simazine; terbuthylazine and simazine; terbuthylazine and atrazine; metolachlor and
atrazine; metolachlor and terbuthylazine; testosterone and acetaminophen; ibuprofen and
atrazine; ibuprofen and terbuthylazine; ibuprofen and metolachlor; estradiol and
progesterone; triclosan and carbamazepine; 17-alpha-ethinyl-estradiol and carbamazepine;
and 17-alpha-ethinyl-estradiol and triclosan.

Table 7.7 Correlation coefficients among emerging contaminants during the dry season in
influents

Aceta- Terbu-  Carba- Metola- Testos- Proges-

Contaminants Simazine Atrazine

17-alpha-

Ibuprofen Estradiol Triclosan ethinyl-

minophen thylazine mazepine  chlor terone terone estradiol

Autumn

Acetaminophen 1

Simazine -0.67 1

Atrazine -0.25 -0.56 1

Terbuthylazine -0.72 -0.03 0.85 1

Carbamazepine 0.97 -0.82 -0.02 -0.54 1

Metolachlor -0.68 -0.09 0.88 1.00 -0.50 1

Testosterone 0.92 -0.33 -0.61 -0.93 0.81 -0.91 1

Progesterone 0.96 -0.43 -0.52 -0.89 0.87 -0.86 0.99 1

Ibuprofen 0.85 -0.17 -0.72 -0.98 0.70 -0.97 0.99 0.96 1

Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Triclosan 1 -0.62 -0.31 -0.76 0.96 -0.72 0.94 0.97 0.88 0.00 1

17-alpha-ethinyl-

es dragiol Y 1 -0.73 -0.16 -0.65 0.99 -0.61 0.88 0.93 0.79 0.00 0.99 1
Winter

Acetaminophen 1

Simazine -0.83 1

Atrazine -0.93 0.98 1

Terbuthylazine -0.80 1 0.97 1

Carbamazepine -0.13 -0.44 -0.25 -0.49 1

Metolachlor -0.79 1 0.96 1.00 -0.50 1

Testosterone -0.14 -0.43 -0.24 -0.48 1.00 -0.49 1

Progesterone 0.92 -0.55 -0.71 -0.51 -0.50 -0.50 -0.51 1

Ibuprofen 0.72 -0.98 -0.93 -0.99 0.59 -0.99 0.58 0.40 1

Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

IT-aphaething g6y 994  -086 -09 07  -09% 0T 025 099 000 000 1

estradiol

Notation: Numbers in bold represent a strong correlation.

In the autumn season (Table 7.7), the results showed strong positive correlations between
contaminants such as terbuthylazine and atrazine; carbamazepine and acetaminophen;
metolachlor and atrazine; metolachlor and terbuthylazine; testosterone and acetaminophen;
testosterone and carbamazepine; progesterone and acetaminophen; progesterone and
carbamazepine; progesterone and testosterone; ibuprofen and acetaminophen; ibuprofen

and carbamazepine; ibuprofen and testosterone; ibuprofen and progesterone; triclosan and
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acetaminophen; triclosan and carbamazepine; triclosan and testosterone; triclosan and
progesterone; triclosan and ibuprofen; 17-alpha-ethinyl-estradiol and acetaminophen; 17-
alpha-ethinyl-estradiol and carbamazepine; 17-alpha-ethinyl-estradiol and testosterone; 17-
alpha-ethinyl-estradiol and progesterone; 17-alpha-ethinyl-estradiol and ibuprofen and 17-
alpha-ethinyl-estradiol and triclosan. The winter season revealed a strong positive
correlation between atrazine and simazine; terbuthylazine and simazine; terbuthylazine and
atrazine; metolachlor and simazine; metolachlor and atrazine; progesterone and
acetaminophen; ibuprofen and acetaminophen; 17-alpha-ethinyl-estradiol and
carbamazepine; 17-alpha-ethinyl-estradiol and testosterone as well as 17-alpha-ethinyl-
estradiol and ibuprofen (Table 7.7).

Generally, in wastewater influent, strong positive correlations between atrazine and
simazine; terbuthylazine and atrazine; terbuthylazine and simazine; metolachlor and
simazine; metolachlor and terbuthylazine and metolachlor and atrazine were witnessed,
which is an indication of similar man-made sources. These contaminants are herbicides
mostly used in industrial areas, roadsides and public squares to control weeds. Wastewater
treatment plants in this area receive municipal domestic wastewater from all residents,
industrial areas, including fruit and vegetable cleaning areas. Therefore, their sources may
be linked to industrial wastewater and runoff from roadsides, industrial, residential and public
squares. There was also strong positive correlations between medicinal drugs such as
carbamazepine and acetaminophen; testosterone and acetaminophen; progesterone and
testosterone; progesterone and acetaminophen; progesterone and carbamazepine;
ibuprofen and acetaminophen; ibuprofen and carbamazepine; ibuprofen and testosterone;
ibuprofen and progesterone; estradiol and progesterone; testosterone and carbamazepine;
17-alpha-ethinyl-estradiol and testosterone; 17-alpha-ethinyl-estradiol carbamazepine; 17-
alpha-ethinyl-estradiol and ibuprofen; 17-alpha-ethinyl-estradiol and acetaminophen and 17-
alpha-ethinyl-estradiol and progesterone. These correlations indicate that these
contaminants are probably derived from the same anthropogenic sources such as hospital
and domestic wastewaters. The strong positive correlations between compounds under
pharmaceuticals and personal care product groups such as triclosan and carbamazepine;
triclosan and acetaminophen; triclosan and ibuprofen; triclosan and testosterone; triclosan
and progesterone, and 17-alpha-ethinyl-estradiol and triclosan may also be linked to hospital
and domestic wastewater received by these WWTPs. Other emerging contaminants such as
carbamazepine and simazine; carbamazepine and terbuthylazine; metolachlor and
carbamazepine; ibuprofen and metolachlor; ibuprofen and atrazine; ibuprofen and
terbuthylazine; triclosan and simazine; triclosan and terbuthylazine and triclosan and

metolachlor also showed the strong positive correlations. Their strong positive correlations
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are an indication of similar sources such as surface runoff, domestic, industrial and hospital

wastewater.

In effluent samples during the spring season, there was the strong positive correlations
between terbuthylazine and simazine; terbuthylazine and atrazine; metolachlor and
simazine; metolachlor and atrazine; metolachlor and terbuthylazine; testosterone and
atrazine; testosterone and terbuthylazine; ibuprofen and atrazine; ibuprofen and
testosterone; estradiol and ibuprofen; triclosan and carbamazepine; triclosan and
progesterone; 17-alpha-ethinyl-estradiol and simazine; 17-alpha-ethinyl-estradiol and
terbuthylazine; as well as 17-alpha-ethinyl-estradiol and metolachlor as presented in Table
7.8. The summer season revealed strong positive correlations between atrazine and
simazine; terbuthylazine and atrazine; carbamazepine and acetaminophen; testosterone and
acetaminophen; testosterone and carbamazepine; testosterone and metolachlor; ibuprofen
and acetaminophen; ibuprofen and testosterone; estradiol and progesterone; triclosan and
acetaminophen; triclosan and carbamazepine; triclosan and metolachlor; triclosan and
testosterone; triclosan and ibuprofen; 17-alpha-ethinyl-estradiol and acetaminophen; 17-
alpha-ethinyl-estradiol and testosterone; 17-alpha-ethinyl-estradiol and ibuprofen; and 17-

alpha-ethinyl-estradiol and triclosan (Table 7.8).

Table 7.8 Correlation coefficients among emerging contaminants during the wet season in

effluents
. Aceta- o . . Terbu-  Carba-  Metola- Testos- Proges- . . 17-alpha-
Contaminants . Simazine Atrazine . . Ibuprofen Estradiol Triclosan ethinyl-
minophen thylazine mazepine chlor terone terone estradiol
Spring
Acetaminophen 1
Simazine 0.00 1
Atrazine 0.00 0.50 1
Terbuthylazine 0.00 0.82 0.91 1
Carbamazepine 0.00 -0.24 -0.96 -0.75 1
Metolachlor 0.00 0.93 0.78 0.97 -0.57 1
Testosterone 0.00 0.38 0.99 0.84 -0.99 0.69 1
Progesterone 0.00 0.60 -0.39 0.04 0.63 0.28 -0.51 1
Ibuprofen 0.00 0.11 0.91 0.66 -0.99 0.46 0.96 -0.73 1
Estradiol 0.00 -0.61 0.38 -0.05 -0.62 -0.29 0.50 -1 0.72 1
Triclosan 0.00 0.44 -0.55 -0.14 0.76 0.10 -0.66 0.98 -0.84 -0.98 1
17-alpha-ethinyl- 4 o 1 043 077  -046 090 031 066 003  -067 052 1
esdradiol
Summer
Acetaminophen 1
Simazine -0.91 1
Atrazine -0.74 0.95 1
Terbuthylazine -0.88 1 0.97 1
Carbamazepine 0.88 -0.61 -0.33 -0.54 1
Metolachlor 0.85 -0.57 -0.28 -0.49 1 1
Testosterone 1 -0.91 -0.74 -0.88 0.88 0.85 1
Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
Ibuprofen 0.91 -1 -0.95 -1 0.61 0.56 0.91 0.00 1
Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1 0.00 1
Triclosan 1 -0.91 -0.74 -0.88 0.88 0.85 1 0.00 0.91 0.00 1
17-alpha-ethinyl- ~ 0.93 -1 -0.94 -0.99 0.63 0.59 0.93 0.00 0.99 0.00 0.93 1
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estradiol

Notation: Numbers in bold represent a strong correlation.

The autumn season showed strong positive correlations between atrazine and simazine;
terbuthylazine and simazine; terbuthylazine and atrazine; carbamazepine and atrazine;
carbamazepine and terbuthylazine; metolachlor and simazine; metolachlor and atrazine;
metolachlor and terbuthylazine; metolachlor and carbamazepine; testosterone and
acetaminophen; ibuprofen and acetaminophen; ibuprofen and testosterone and 17-alpha-
ethinyl-estradiol and simazine (Table 7.9). In the winter season, the strong positive
correlations were between carbamazepine and terbuthylazine; metolachlor and atrazine as

well as ibuprofen and carbamazepine (Table 7.9).

Table 7.9 Correlation coefficients among emerging contaminants during the dry season in

effluents
. Aceta- . . . Terbu-  Carba-  Metola- Testos- Proges- . . 17-alpha-

Contaminants minophen Simazine Atrazine thylazine mazepine  chlor terone  terone Ibuprofen Estradiol Triclosan e?t':-:ld};tl
Autumn

Acetaminophen 1

Simazine -0.96 1

Atrazine -0.55 0.76 1

Terbuthylazine -0.52 0.74 1 1

Carbamazepine -0.29 0.54 0.96 0.97 1

Metolachlor -0.52 0.73 1 1 0.97 1

Testosterone 1 -0.96 -0.55 -0.52 -0.29 -0.52 1

Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Ibuprofen 0.87 -0.70 -0.06 -0.03 0.22 -0.03 0.87 0.00 1

Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

IT-aphaething— _gg6 g5 020 027 001 026  -09 000  -097 000 000 1

esdradiol
Winter

Acetaminophen 1

Simazine 0.00 1

Atrazine 0.00 -0.05 1

Terbuthylazine 0.00 0.52 -0.88 1

Carbamazepine 0.00 -0.18 -0.97 0.75 1

Metolachlor 0.00 0.65 0.73 -0.31 -0.86 1

Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1

Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Ibuprofen 0.00 -0.51 -0.84 0.48 0.94 -0.98 0.00 0.00 1

Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

I7-alphaethingl- o090 997 -048  -031 040  -081 000 000 069 000 000 1

esdradiol

Notation: Numbers in bold represent a strong correlation.

The presence of emerging contaminants in wastewater effluent may be attributed mainly to
their inefficient removal in influents. The general results of the correlation matrix in effluent
samples showed strong positive correlations between terbuthylazine and simazine;
terbuthylazine and atrazine; metolachlor and simazine; metolachlor and terbuthylazine;

metolachlor and atrazine and atrazine and simazine, which suggest similar sources. These
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contaminants are herbicides which possibly may have been introduced into WWTPs by
wastewater form industrial and settlement areas. The strong positive correlations between
ibuprofen and testosterone; estradiol and ibuprofen; progesterone and carbamazepine;
ibuprofen and acetaminophen; ibuprofen and carbamazepine; carbamazepine and
acetaminophen; testosterone and acetaminophen; testosterone and carbamazepine; 17-
alpha-ethinyl-estradiol and acetaminophen; 17-alpha-ethinyl-estradiol and testosterone and
17-alpha-ethinyl-estradiol and ibuprofen, which are pharmaceutical products that may have
been introduced into WWTPs by domestic and hospital wastewater received in these
treatment plants. This can be supported by the fact that these contaminants are medicinal
drugs mostly found in hospitals and many homes for the treatment of various diseases. The
strong positive correlations between contaminants such as triclosan and carbamazepine;
triclosan and acetaminophen; triclosan and ibuprofen; triclosan and testosterone; triclosan
and progesterone and 17-alpha-ethinyl-estradiol and triclosan, which are pharmaceuticals
and personal care products that may be linked to domestic and hospital wastewater received
in this WWTPs. The strong positive relationships between other contaminants such as 17-
alpha-ethinyl-estradiol and simazine; 17-alpha-ethinyl-estradiol and terbuthylazine; 17-alpha-
ethinyl-estradiol and metolachlor; carbamazepine and terbuthylazine; carbamazepine and
atrazine; carbamazepine and terbuthylazine; metolachlor and acetaminophen; metolachlor
and carbamazepine; ibuprofen and atrazine; testosterone and atrazine; testosterone and
terbuthylazine, and testosterone and metolachlor may also be linked to stormwater runoff,

hospital, domestic and industrial wastewater entering these treatment plants.

7.3.4 Identification of pollution source in treated drinking water

The Pearson correlation analysis (Table 7.10) revealed that most of the emerging
contaminants had some strong positive correlations in the spring season. There was strong
positive correlations between compounds such as simazine and acetaminophen;
terbuthylazine and atrazine; carbamazepine and acetaminophen; carbamazepine and
simazine; metolachlor and acetaminophen; metolachlor and simazine; metolachlor and
carbamazepine; ibuprofen and acetaminophen; ibuprofen and simazine; ibuprofen and
carbamazepine; ibuprofen and metolachlor; 17-alpha-ethinyl-estradiol and acetaminophen;
17-alpha-ethinyl-estradiol and simazine; 17-alpha-ethinyl-estradiol and carbamazepine; 17-
alpha-ethinyl-estradiol and metolachlor and 17-alpha-ethinyl-estradiol and ibuprofen. During
the summer season, atrazine and simazine; terbuthylazine and simazine; terbuthylazine and
atrazine; metolachlor and simazine; metolachlor and atrazine; metolachlor and

terbuthylazine; 17-alpha-ethinyl-estradiol and simazine; 17-alpha-ethinyl-estradiol and
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atrazine; 17-alpha-ethinyl-estradiol and terbuthylazine and 17-alpha-ethinyl-estradiol and

metolachlor showed strong positive correlations as shown in bold in Table 7.10.

Table 7.10 Correlation coefficients among emerging contaminants during the wet season in
treated drinking water

Contaminants _~°*®"  Simazine Atrazine Jorou-  Carba- - Metola-  Testos-  Proges Ibuprofen Estradiol Triclosan 1:&?:2;:
minophen thylazine mazepine chlor terone terone estradiol

Spring

Acetaminophen 1

Simazine 1 1

Atrazine -1 -1 1

Terbuthylazine -1 -1 1 1

Carbamazepine 1 1 -1 -1 1

Metolachlor 1 1 -1 -1 1 1

Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1

Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Ibuprofen 1 1 -1 -1 1 1 0.00 0.00 1

Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Irapraehing 4 1 -1 -1 1 1 000  0.00 1 000 000 1
Summer

Acetaminophen 1

Simazine 0.0 1

Atrazine 0.00 1 1

Terbuthylazine 0.00 1 1 1

Carbamazepine 0.00 0.00 0.00 0.00 1

Metolachlor 0.00 1 1 1 0.00 1

Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1

Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Ibuprofen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

17-alpha-ethinyl-

esdrapdiol y 0.00 1 1 1 0.00 1 0.00 0.00 0.00 0.00 0.00 1

Notation: Numbers in bold represent a strong correlation.

Both the autumn and winter seasons showed strong positive correlations between

terbuthylazine and atrazine; metolachlor and atrazine; metolachlor and terbuthylazine; 17-

alpha-ethinyl-estradiol and atrazine; 17-alpha-ethinyl-estradiol and terbuthylazine and 17-

alpha-ethinyl-estradiol and metolachlor (Table 7.11).
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Table 7.11 Correlation coefficients among emerging contaminants during the dry season in
treated drinking water

17-alpha-

Contaminants mﬁf)eptﬁ;n Simazine Atrazine “;r;;glijr;e mg:;z?r-le Mcet:ﬁ)l?' I:f;zz' F;::gg:- Ibuprofen Estradiol Triclosan eesttt:'::lyilo-l
Autumn

Acetaminophen 1

Simazine 0.00 1

Atrazine 0.00 0.00 1

Terbuthylazine 0.00 0.00 1 1

Carbamazepine 0.00 0.00 0.00 0.00 1

Metolachlor 0.00 0.00 1 1 0.00 1

Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1

Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Ibuprofen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

17-alpha-ethinyl-

es drapdiol y 0.00 0.00 1 1 0.00 1 0.00 0.00 0.00 0.00 0.00 1
Winter

Acetaminophen 1

Simazine 0.00 1

Atrazine 0.00 0.00 1

Terbuthylazine 0.00 0.00 1 1

Carbamazepine 0.00 0.00 0.00 0.00 1

Metolachlor 0.00 0.00 1 1 0.00 1

Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 1

Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Ibuprofen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1

17-alpha-ethingl- 509 g9 1 1 0.00 1 000 000 000 000 000 1

estradiol

Notation: numbers in bold represent strong correlation.

Generally, there was strong positive relationships between pairs of herbicides such as
terbuthylazine and atrazine; terbuthylazine and simazine; atrazine and simazine; metolachlor
and simazine; metolachlor and atrazine and metolachlor and terbuthylazine, which indicate
that they were probably derived from the same anthropogenic sources. Application of
herbicides in surrounding agricultural fields, in lawns around the dams, and paved areas for
management of weeds, may lead to their introduction in reservoirs or dams (considered as
the water source for water treatment plants) as a result of agricultural runoff and stormwater
runoff from lawns used for picnics or paved areas around the dams. Consequently, they are
detected in treated drinking water. The strong positive relationships between pairs of
carbamazepine and acetaminophen; ibuprofen and acetaminophen; ibuprofen and
carbamazepine; 17-alpha-ethinyl-estradiol and acetaminophen; 17-alpha-ethinyl-estradiol
and carbamazepine and 17-alpha-ethinyl-estradiol and ibuprofen which are medicinal drugs
clearly suggest same sources of origin which may possibly be illegal dumping of medical
dugs during conference, fishing and other aquatic sports in dams considered as the water
source for water treatment plants. Rivers that receive wastewater effluents may introduce

traces of emerging contaminants in dams which eventually can be traced in treated drinking
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water. Moreover, the strong positive correlations between simazine and acetaminophen;
carbamazepine and simazine; metolachlor and acetaminophen; metolachlor and
carbamazepine; ibuprofen and simazine; ibuprofen and metolachlor; simazine and
acetaminophen; 17-alpha-ethinyl-estradiol and simazine; 17-alpha-ethinyl-estradiol and
metolachlor; 17-alpha-ethinyl-estradiol and atrazine, and 17-alpha-ethinyl-estradiol and
terbuthylazine may be indicative of similar man-made sources such as stormwater runoff,
agricultural runoff, wastewater effluents or illegal dumping of medical waste around some of

the dams.

7.4 Identification of pollution sources using hierarchical cluster analysis

The hierarchical cluster analysis technique was also used to delineate the sources of
emerging contaminants in rivers, dams, WWTPs and treated drinking water during the wet
season (spring and summer) and dry season (autumn and winter). According to the
hierarchical cluster technique, the most likely observations fell within the same class or
category (Rashid et al., 2022). Therefore, in this study, emerging contaminants within the

same clusters were considered as emanating from the homogenous pollution sources.

7.4.1 Identification of pollution source in rivers

The hierarchical cluster analysis in rivers clustered the 12 targeted emerging contaminants
into four clusters in all seasons. In the spring season, Cluster 1 (C1) was characterised by
one contaminant (simazine), which may be linked to wastewater effluent, agricultural runoff
and urban surface runoff. Cluster 2 (C2) was a combination of seven contaminants
(carbamazepine, atrazine, progesterone, testosterone, metolachlor, terbuthylazine and
estradiol), possibly from wastewater treatment effluent, agricultural runoff, illegal dumping
and urban surface runoff. Cluster 3 (C3) was made up of three contaminants
(acetaminophen, triclosan and ibuprofen) which may be linked to wastewater treatment
effluent and illegal dumping. Cluster 4 (C4) only had one contaminant (17-alpha-ethinyl-
estradiol) which may be associated with wastewater treatment effluent and illegal dumping in
the study area (Figure 7.1; Table 7.12). In summer, C1 was characterised by one
contaminant (simazine), which may be linked to wastewater effluent, agricultural runoff and
urban surface runoff. C2 was characterised by eight contaminants (acetaminophen,
progesterone, testosterone, estradiol, metolachlor, atrazine, terbuthylazine and triclosan),
which may be linked to wastewater treatment effluent, agricultural runoff, illegal dumping and
urban surface runoff. C3 had two contaminants (ibuprofen and carbamazepine), which may

be linked to wastewater treatment effluent, and illegal dumping. C4 had one contaminant

208
© Central University of Technology, Free State



Q)

Central University of
Technology, Free State
i T

(17-alpha-ethinyl-estradiol), which may be linked to wastewater treatment effluent and illegal

dumping in this study (Figure 7.1; Table 7.12).

Moreover, as shown in Figure 7.2 and Table 7.12, sources of emerging contaminants were
also identified during the autumn season, where Cl was seen with six contaminants
(acetaminophen, metolachlor, progesterone, testosterone, atrazine and terbuthylazine),
which may have been introduced by wastewater effluent, agricultural runoff, illegal dumping
and urban surface runoff. C2 was dominated by three contaminants (estradiol,
carbamazepine, and simazine), which may have been introduced by wastewater effluent,
agricultural runoff, illegal dumping and urban surface runoff. Additionally, C3 had two
contaminants (triclosan and ibuprofen) which were possibly a result of wastewater effluent,
and C4 had one contaminant (17-alpha-ethinyl-estradiol), probably from wastewater effluent
and illegal dumping. During the winter season, C1 was seen with nine contaminants
(atrazine, terbuthylazine, metolachlor, acetaminophen, progesterone, testosterone, estradiol,
simazine and carbamazepine), which link very well with wastewater effluent, illegal dumping,
stormwater runoff, domestic sewage and agricultural runoff. C2 was characterised by
triclosan, which may have been introduced in rivers by wastewater effluent and illegal
dumping. The contaminants in C3 (ibuprofen) and C4 (17-alpha-ethinyl-estradiol) in rivers

may also link very well to wastewater effluent and illegal dumping (Figure 7.2; Table 7.12).
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Figure 7.1 Cluster diagram showing similarities of emerging contaminants in rivers during the wet

season

210
© Central University of Technology, Free State



Q)

Central University of
Technology, Free State

Central University of
Technology, Free State

Rivers: Autumn

12: 17 a-Ethinyl Estradiol

— 9: Ibuprofen

— 11: Triclosan

1 2: Simazine

~— &: Carbamazepine

1~ 10: Estradiol

4: Terbuthylazine

— 3: Atrazine

— 7: Testosterone

— 8: Progesterone

— 6: Metolachlor

— 1: Acetaminophen

T I I I T
7 6 5 4 3 2 1 0
Linkage Heights

Rivers: Winter

12: 17a-Ethinyl Estradiol

9: pi

11: Triclosan

— 5: Carbamazepine

— 2: Simazine

—— 10: Estradiol

— 7: Testosterone

(— 8: Progesterone

— 1: Acetaminophen

— 6: Metolachlor

— 4: Terbuthylazine

“— 3: Atrazine
[ [ I I [
7 6 5 4 3 2 1 0
Linkage Heights
Figure 7.2 Cluster diagram showing similarities of emerging contaminants in rivers during the dry
season

Agricultural activities (crop production) that surround most of the rivers around Bloemfontein
may influence the occurrence of pesticides in rivers as a result of agricultural runoff. The use
of herbicides to regulate unwanted weeds in paved spaces, community squares, gardens,

golf courts and industrial areas in the city of Bloemfontein may also lead to the detection of
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traces of herbicides due to urban stormwater runoff. In other studies, agricultural runoff and
urban surface runoff were also identified as potential sources of pesticides in natural water
sources (Hou et al., 2022; Yang et al., 2020). Moreover, it was also observed during field
sampling that some farm houses had septic tanks, rivers received effluent from WWTPs,
were surrounded by activities such as animal husbandry and were polluted by household
wastes from nearby settlements. Therefore, it was reasonable to link emerging contaminants
such as acetaminophen, ibuprofen, carbamazepine, estradiol, triclosan, progesterone,
testosterone and 17-alpha-ethinyl-estradiol to domestic sewage (leakage from septic tanks
at farm houses), discharge of wastewater effluents in streams, runoff from animal husbandry
and illegal dumping of household waste (containing unused or expired drugs) nearby the
streams. In many parts of the world, human activities such as crop production, animal
husbandry, illegal dumping and wastewater effluents have been pin-pointed as main
potential sources of many organic or chemical pollutants in water sources (Bella-Atangana
et al., 2023; Das, 2022; Khan and Wen et al., 2021; Rashid et al., 2019, 2022).

7.4.2 Identification of pollution sources in dams and or reservoirs

The hierarchical cluster analysis in dams produced dendograms with four clusters in both the
wet season (spring and summer) and the dry season (autumn and winter). During the spring
season, two contaminants (ibuprofen and carbamazepine) are linked together in C1, which
may be associated with wastewater effluent, domestic sewage and illegal dumping. In C2,
six contaminants (acetaminophen, testosterone, metolachlor, simazine, terbuthylazine and
atrazine) were linked together which may have originated from wastewater effluent, illegal
dumping, domestic sewage and agricultural runoff. In C3, three contaminants (estradiol,
triclosan and progesterone) were linked together, possibly due to wastewater effluent,
domestic sewage and illegal dumping. Cluster 4 was seen with one contaminant (17-alpha-
ethinyl-estradiol) due to discharge of wastewater effluent, domestic sewage and illegal
dumping around the area. In summer, C1 was linked with two contaminants (simazine and
carbamazepine) which may be associated with wastewater effluent, illegal dumping,
agricultural runoff and domestic sewage. C2 was linked with seven contaminants
(acetaminophen, progesterone, testosterone, estradiol, metolachlor, atrazine and
terbuthylazine), likely emanating from wastewater effluent, illegal dumping, domestic
sewage, agricultural runoff and urban surface runoff. C3 is linked with two contaminants
(triclosan and ibuprofen), which may be associated with wastewater effluent, illegal dumping
and domestic sewage. C4 is linked with only one contaminant (17-alpha-ethinyl-estradiol),
which may be associated with wastewater effluent, illegal dumping, and domestic sewage
(Figure 7.3; Table 7.12).
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As shown in Figure 7.4 and Table 7.12, the hierarchical cluster analysis also produced four
clusters in the autumn and winter seasons. During the autumn season, C1 was linked with
nine contaminants (acetaminophen, testosterone, progesterone, atrazine, terbuthylazine,
estradiol, metolachlor, ibuprofen and carbamazepine), which may be connected to
wastewater effluent, illegal dumping, domestic sewage and agricultural runoff. C2 was linked
with one contaminant (simazine), most likely from wastewater effluent and agricultural runoff.
C3 was linked with one contaminant (triclosan), possibly from wastewater effluent, while C4
was also linked with one contaminant (17-alpha-ethinyl-estradiol), possibly from wastewater
effluent, illegal dumping and domestic sewage. During the winter season, C1 was linked with
seven contaminants (simazine, acetaminophen, progesterone, testosterone, metolachlor,
terbuthylazine and estradiol) as a result of wastewater effluent, illegal dumping, domestic
sewage and agricultural runoff. C2 was linked with two contaminants (carbamazepine and
atrazine), which were likely a result of wastewater effluent, illegal dumping and agricultural
runoff. C3 was also linked with two contaminants (triclosan and ibuprofen) which may be
linked to wastewater effluent, illegal dumping and domestic sewage. C4 was linked with only
one contaminant (17-alpha-ethinyl-estradiol), which may be connected to wastewater

effluent, illegal dumping and domestic sewage (Figure 7.4; Table 7.12).

Around Bloemfontein, agricultural activities such as crop production and animal husbandry
are the most prominent. Therefore, agricultural runoff may be a contributing element to the
sign of some emerging contaminants in surface water such as dams. Hou et al. (2022) and
Yang et al. (2020) reported agricultural runoff as one of the potential sources of organic
contaminants in surface water sources. lllegal dumping of domestic wastes (unused or
expired drugs) may also introduce traces of emerging contaminants in local reservoirs and
dams, as some of them are open to the public for picnics, aquatic sports activities and
events at conference centres. lllegal dumping of domestic wastes was also cited by other
authors as one of the potential sources of chemical water contamination (Rashid et al., 2019,
2022). There was a raw sewage runoff from a nearby settlement flowing into one of the
dams during fieldwork, which may have contributed to traces of some pharmaceuticals,
steroid hormones and personal care products. Many studies have also reported urban
sewage and domestic wastewater discharge as main potential sources of many chemical
pollutants in water sources (Bella-Atangana et al., 2023; Das, 2022; Rashid et al., 2022).
According to Gosset et al. (2021), emerging contaminants are continuously released in trace
amounts into receiving streams due to inefficiency of WWTPs to remove them. Considering
this case, these contaminants end up being introduced into local reservoirs and dams during

the recharging period.
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Figure 7.3

Cluster diagram showing similarities of emerging contaminants in dams during the wet

season
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Figure 7.4 Cluster diagram showing similarities of emerging contaminants in dams during the dry

season

7.4.3 Identification of pollution sources in wastewater treatment plants

Sources of emerging contaminants in wastewater treatment influent were also determined
using hierarchical cluster analysis in all seasons (spring, summer, autumn and winter). In the
spring season, Cl1 was a host of nine contaminants (progesterone, testosterone,

metolachlor, terbuthylazine, atrazine, estradiol, triclosan, simazine and carbamazepine),
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indicating that they have been introduced by one source, which may be domestic, industrial,
or hospital wastewater, as well as urban stormwater. C2 was a host of one contaminant
(acetaminophen) possibly from domestic, industrial and hospital wastewater received by
these WWTPs. C3 was a host of one contaminant (ibuprofen), which linked well with
wastewater from hospitals, industrial and residential areas. C4 was also a host of one
contaminant (17-alpha-ethinyl-estradiol) possibly from domestic, industrial and hospital
wastewater received in these WWTPs. In the summer season, C1 hosted nine contaminants
(testosterone, atrazine, metolachlor, terbuthylazine, estradiol, progesterone, triclosan,
simazine and carbamazepine), which clearly showed similar pathways such as domestic,
industrial and hospital wastewater, as well as urban stormwater. C2 hosted one contaminant
(ibuprofen), which may be linked well with wastewater from hospitals, industrial and
residential areas. C3 hosted one contaminant (acetaminophen) emanating from hospitals,
industrial and domestic wastewater, while C4 also hosted one contaminant (17-alpha-
ethinyl-estradiol) also from domestic, hospital and industrial wastewater (Figure 7.5; Table
7.12).

Moreover, the autumn season showed C1 connected to nine contaminants (progesterone,
testosterone, estradiol, metolachlor, atrazine, terbuthylazine, simazine, carbamazepine and
triclosan) connoting a similar source of origin, possibly domestic, industrial and hospital
wastewater as well as urban stormwater. C2 was connected to one contaminant (ibuprofen)
from domestic, industrial and hospital wastewater. C3 was connected to one contaminant
(acetaminophen), possibly from domestic, industrial and hospital wastewater and C4 was
connected to one contaminant (17-alpha-ethinyl-estradiol), also from domestic, industrial and
hospital wastewater. In the winter season, C1 was connected to one contaminant (17-alpha-
ethinyl-estradiol), C2 was connected to one contaminant (acetaminophen) and C3 was
connected to one contaminant (ibuprofen), which may all have been introduced by domestic,
industrial and hospital wastewater. C4 was connected to nine contaminants (simazine,
terbuthylazine, atrazine, metolachlor, triclosan, estradiol, progesterone, testosterone and
carbamazepine). The connection of these contaminants in C4 may have represented similar
sources of origin in this study, possibly domestic, industrial and hospital wastewater, as well

as urban stormwater (Figure 7.6; Table 7.12).

In this area, WWTPs receive all sorts of wastewater such as domestic, industrial and
hospital wastewater. Lim etal. (2017) indicated that WWTPs receive wastewater from
various areas containing various chemical pollutants, which support the situation in this
study. Therefore, it is rational to deduce domestic wastewater, industrial wastewater,

hospital wastewater and urban stormwater as the carriers of emerging contaminants in
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wastewater influents in this study. Domestic and hospital wastewater are considered the
foremost contributors of pharmaceuticals and personal care products (Khan et al., 2021,
Tormo-Budowski etal., 2021; Ulvi etal., 2022). Urban stormwater may also introduce
pharmaceuticals and personal care products as a result of illegal dumping of unused or
expired drugs in residential and industrial areas (Rodriguez-Mozaz et al., 2015). Moreover,
urban stormwater may introduce traces of pesticides in WWTPs as a result of the application
of sewage sludge to ensure soil fertility in community gardens, recreational parks and other

public areas in this study area (Celi¢ et al., 2019).
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Figure 7.5 Cluster diagram showing similarities of emerging contaminants in wastewater influent

during the wet season
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Figure 7.6 Cluster diagram showing similarities of emerging contaminants in wastewater influent

during the dry season

Moreover, in wastewater effluent during the spring season, C1 contained nine contaminants
(progesterone, acetaminophen, testosterone, metolachlor, terbuthylazine, atrazine, estradiol,
triclosan and simazine). C2 contained one contaminant (carbamazepine), C3 one
contaminant (ibuprofen), and C4 also one contaminant (17-alpha-ethinyl-estradiol). In the
summer season, C1 contained one contaminant (carbamazepine), C2 eight contaminants

(simazine, terbuthylazine, progesterone, estradiol, triclosan, metolachlor, atrazine and
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testosterone), C3 two contaminants (acetaminophen and ibuprofen) and C4 one
contaminant (17-alpha-ethinyl-estradiol). The occurrence of contaminants in one cluster is
an indication of a similar source of origin (Figure 7.7 and Table 7.12). During the autumn
season, C1 had one contaminant (17-alpha-ethinyl-estradiol), C2 (acetaminophen), C3 (17-
alpha-ethinyl-estradiol), while C4 contained nine contaminants (carbamazepine, simazine,
triclosan, metolachlor, atrazine, terbuthylazine, estradiol, testosterone and progesterone).
Furthermore, in the winter season, C1 had one contaminant (17-alpha-ethinyl-estradiol), C2
(simazine), C3 (acetaminophen, progesterone, testosterone, estradiol, terbuthylazine,
metolachlor, atrazine, triclosan and carbamazepine) and C4 (ibuprofen). Having
contaminants in one cluster possibly suggests that they are emanating from the same
source (Figure 7.8 and Table 7.12).

The occurrence of emerging contaminants in effluent samples may be first defined as the
inability of WWTPs to remove these contaminants. According to Kuroda et al. (2021),
commonly used conventional WWTPs that include primary and secondary treatment
processes to remove pollutants such as organic matter and suspended matter, were not
designed to eliminate emerging contaminants, which was the case in this study. Therefore,
many emerging contaminants go through conventional WWTPs without adequate treatment.
Thus their occurrence in effluents may be linked to received domestic, industrial and hospital
wastewater as well as urban stormwater. Most of the wastewater effluents are discharged
into nearby streams, which introduces emerging contaminants in surface water receiving
rivers (Lim et al., 2017). Their introduction into receiving water bodies eventually poses a
high risk for aquatic organisms (Ulvi et al., 2022). Therefore, emerging contaminants in
wastewater effluent around this area must be quantified and their environmental risk should

be evaluated before discharge.
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Figure 7.7

Cluster diagram showing similarities of emerging
during the wet season
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Figure 7.8 Cluster diagram showing similarities of emerging contaminants in wastewater effluent in

the dry season
7.4.4 Identification of pollution source in treated drinking water

The hierarchical cluster analysis in treated drinking water also generated four clusters in all
seasons as highlighted in Figure 7.9, Figure 7.10 and presented in Table 7.12. In the spring
season, C1 was characterised by one contaminant (carbamazepine), C2 was characterised

by seven contaminants (acetaminophen, terbuthylazine, metolachlor, ibuprofen, simazine,
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atrazine and terbuthylazine), C3 was characterised by three contaminants (estradiol,
triclosan and progesterone), whereas C4 was characterised by only one contaminant (17-
alpha-ethinyl-estradiol). In the summer season, C1 was characterised by six contaminants
(acetaminophen, progesterone, testosterone, estradiol, carbamazepine and simazine), C2
was characterised by three contaminants (metolachlor, atrazine and terbuthylazine), C3 was
characterised by two contaminants (triclosan and ibuprofen) and C4 was characterised by

one contaminant (17-alpha-ethinyl-estradiol) as presented in Figure 7.9 and Table 7.12.

There were also four clusters in the autumn and winter seasons. During the autumn season,
C1l was the host of seven contaminants (acetaminophen, testosterone, progesterone,
simazine, estradiol, carbamazepine and terbuthylazine), C2 was the host of two
contaminants (atrazine and metolachlor), C3 was the host of two contaminants (ibuprofen
and triclosan) and C4 was the host of one contaminant (17-alpha-ethinyl-estradiol). In the
winter season, C1 was the host of seven contaminants (acetaminophen, progesterone,
testosterone, simazine, estradiol, carbamazepine and terbuthylazine), C2 was the host of
two contaminants (metolachlor and atrazine), C3 was the host of two contaminants (triclosan
and ibuprofen) and C4 was the host of 17-alpha-ethinyl-estradiol only (Figure 7.10; Table
7.12).

It was reasonable to conclude that dams that are considered as a source of water for water
purification plants are polluted by wastewater effluent, agricultural runoff, illegal dumping,
urban surface runoff and domestic sewage. This status quo lead to the detection of
emerging contaminants in treated drinking water as a result of inefficient removal by the
treatment methods applied in water treatment plants. Therefore, managers of water
treatment plants should continuously monitor their reservoirs in order to implement advanced

treatment methods that can remove the detected emerging contaminants.
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Figure 7.9 Cluster diagram showing similarities of emerging contaminants in treated drinking water

during the wet season
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Figure 7.10

Cluster diagram showing similarities of emerging contaminants in treated drinking water

during the dry season
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Table 7.12 Simplified analysis of clusters identified for emerging contaminants in water
sources around Bloemfontein

Season Cluster group Nodes Contaminants per cluster Main potential pollution source
Rivers
c1 1 Simazine Wastewater effluent, agricultural
runoff, and urban surface runoff
Carbamazepine, atrazine, Wastewater treatment effluent,
progesterone, testosterone, - ) .
Cc2 7 . agricultural runoff, illegal dumping,
Sori metolachlor, terbuthylazine and and urban surface runoff
pring estradiol
c3 3 Acetaminophen, triclosan, and Wastewater treatment effluent, and
ibuprofen illegal dumping
c4 1 17-alpha-ethinyl-estradiol
c1 1 Simazine Wastewater effluent, agricultural
runoff, and urban surface runoff
Acetaminophen, progesterone, Wastewater treatment effluent,
c2 8 testosterone, estradiol, metolachlor, agricultural runoff, illegal dumping,
Summer atrazine, terbuthylazine, and triclosan  and urban surface runoff
c3 2 lbuprofen, and carbamazepine Wastewater treatment effluent, and
illegal dumping
. . Wastewater treatment effluent, and
C4 1 17-alpha-ethinyl-estradiol illegal dumping
Acetaminophen, metolachlor, Wastewater effluent, agricultural
C1 6 progesterone, testosterone, atrazine, runoff, illegal dumping, and urban
and terbuthylazine surface runoff
. . Wastewater effluent, agricultural
Estradiol, carbamazepine, and A )
Cc2 3 simazine runoff, illegal dumping, and urban
Autumn surface runoff
. . Wastewater effluent and illegal
C3 2 Triclosan, and ibuprofen dumping
C4 1 17-alpha-ethinyl-estradiol \éVaste_zwater effluent, and illegal
umping
Atrazine, terbuthylazine, metolachlor, . .
acetaminophen, progesterone, Wastewater effluent, |Ilega_l dumping,
C1 9 : - . stormwater runoff, domestic sewage,
testosterone, estradiol, simazine, and .
! and agricultural runoff
carbamazepine
. c2 1 Triclosan Wastgwater effluent, and illegal
Winter dumping
c3 1 lbuprofen Wastewater effluent, and illegal
dumping
) i Wastewater effluent, and illegal
C4 1 17-alpha-ethinyl-estradiol dumping
Dams
C1 2 Ibuprofen, carbamazepine
Acetaminophen, testosterone, Wastewater effluent, illegal dumping,
Cc2 6 metolachlor, simazine, terbuthylazine, = domestic sewage, and agricultural
and atrazine runoff
Spring .
C3 3 Estradiol, triclosan and progesterone Wastewater e_ffluent, dom_estlc
sewage, and illegal dumping
) ) Wastewater effluent, domestic
C4 1 17-alpha-ethinyl-estradiol sewage, and illegal dumping
Summer C1 2 Simazine, and carbamazepine Wastewater effluent, illegal dumping,

© Central University of Technology, Free State

225

agricultural runoff, and domestic



Central University of
Technology, Free State

Central University of
Technology, Free State

Acetaminophen, progesterone,

sewage

Wastewater effluent, illegal dumping,

Cc2 testosterone, estradiol, metolachlor, domestic sewage, agricultural runoff,
atrazine, and terbuthylazine and urban surface runoff
c3 Triclosan, and ibuprofen Wastewater‘ effluent, illegal dumping,
and domestic sewage
Wastewater effluent, illegal dumping,
C4 17-a|pha-ethinyl-estradiol and domestic sewage
Acetaminophen, tes_tosterone, . Wastewater effluent, illegal dumping,
c1 progesterone, atrazine, terbuthylazine, d . .
. . omestic sewage, and agricultural
estradiol, metolachlor, ibuprofen, and runoff
carbamazepine
Autumn c2 Simazine Wastewater effluent, and agricultural
runoff
C3 Triclosan Wastewater effluent
] ] Wastewater effluent, illegal dumping,
C4 17-alpha-ethinyl-estradiol and domestic sewage
Simazine, acetaminophen, Wastewater effluent, illegal dumping,
c1 progesterone, testosterone, domestic sewa d agricultural
8 ge, and agricultural
metolachlor, terbuthylazine, and
. runoff
estradiol
_ c2 Carbamazepine, and atrazine Wastewater effluent, illegal dumping
Winter and agricultural runoff
. . Wastewater effluent, illegal dumping,
C3 Triclosan, and ibuprofen. and domestic sewage
) ] Wastewater effluent, illegal dumping,
C4 17-alpha-ethinyl-estradiol. and domestic sewage
Treated drinking water
C1 Carbamazepine
Acetaminophen, testosterone,
Cc2 metolachlor, ibuprofen, simazine,
Spring atrazine, and terbuthylazine
C3 Estradiol, triclosan, and progesterone
C4 17-alpha-ethinyl-estradiol
Acetaminophen, progesterone,
C1 testosterone, estradiol, carbamazepine,
and simazine
Summer c2 Metolachlor, atrazine, and terbuthylazine ~ Dams utilised as water sources for
water treatment plants are polluted
. ) by wastewater effluent, agricultural
C3 Triclosan, and ibuprofen runoff, illegal dumping, urban
. . surface runoff and domestic
c4 17-alpha-ethinyl-estradiol sewage thus leading to detection of
Acetaminophen, progesterone, this contaminants in treated
C1 testosterone, simazine, estradiol, drinking water
carbamazepine, and terbuthylazine
Autumn Cc2 Atrazine, and metolachlor
C3 Ibuprofen, and triclosan
c4 17-alpha-ethinyl-estradiol
Acetaminophen, progesterone,
C1 testosterone, simazine, estradiol and
. terbuthylazine
Winter
Cc2 Metolachlor and atrazine
C3 Triclosan and ibuprofen
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Cc4 17-alpha-ethinyl-estradiol
Wastewater influent
Progesterone, testosterone, metolachlor, Domestic. industrial. and hospital
C1 terbuthylazine, atrazine, estradiol, Wastewatiar' urban s’tormwateri
triclosan, simazine and carbamazepine '
co2 Acetaminonhen Domestic, industrial and hospital
Spring P wastewater
c3 ibuprofen Domestic, industrial and hospital
P wastewater
ca 17-aloha-ethvnvl-estradiol Domestic, industrial and hospital
P yny wastewater
Testosterone, atrazine, metolachlor, Domestic. industrial. and hosnital
C1 terbuthylazine, estradiol, progesterone, wastewatér' urban s’tormwatee
triclosan, simazine and carbamazepine '
c2 Ibuprofen Domestic, industrial and hospital
Summer P wastewater
. Domestic, industrial and hospital
C3 Acetaminophen. wastewater
ca 17-alpha-ehtvnvl-estradiol Domestic, industrial and hospital
P yny wastewater
Progesterone, testosterone, estradiol, . . .
C1 metolachlor, atrazine, terbuthylazine, Rggsj\gé'ﬁﬂﬁ;ﬂtg{'ﬁ?xg& F;'tal
simazine, carbamazepine, and triclosan '
c2 Ibuprofen Domestic, industrial and hospital
Autumn P wastewater
c3 Acetaminophen Domestic, industrial and hospital
P wastewater
. Domestic, industrial and hospital
C4 17-alpha-ethynyl-estradiol wastewater
c1 17-alpha-ethvnvl-estradiol Domestic, industrial and hospital
P yny wastewater
. Domestic, industrial and hospital
c2 Acetaminophen wastewater
Winter c3 Ibuprofen Domestic, industrial and hospital
P wastewater
Simazine, terbuthylazine, metolachlor,
ca atrazine, triclosan, estradiol, Domestic, industrial, and hospital
progesterone, testosterone, and wastewater; urban stormwater
carbamazepine
Wastewater effluent
Progesterone, acetaminophen,
testosterone, metolachlor, terbuthylazine,
C1 ; . .
atrazine, estradiol, triclosan, and
simazine
Spring c2 Carbamazepine
C3 Ibuprofen
As a result of inefficient removal,
c4 17-alpha-ethynyl-estradiol contaminants end up in effluent.
- Thus they can be linked to
C1 Carbamazepine received domestic, industrial, and
Simazine, terbuthylazine, progesterone, ~ hospital wastewater as well as
(o7 estradiol, triclosan, metolachlor, atrazine, ~ urban stormwater
Summer and testosterone
C3 Acetaminophen, and Ibuprofen
C4 17-alpha-ethynyl-estradiol
Autumn C1 17-alpha-ethynyl-estradiol
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c2 1 Acetaminophen
C3 1 Ibuprofen
Carbamazepine, simazine, triclosan,
C4 9 metolachlor, atrazine, terbuthylazine,
estradiol, testosterone and progesterone
C1 1 17-alpha-ethynyl-estradiol
c2 1 Simazine

) Acetaminophen, progesterone,
Winter testosterone, estradiol, terbuthylazine,

c3 ° metolachlor, atrazine, triclosan, and
carbamazepine
C4 1 Ibuprofen

7.5 Identification of pollution source using principal component analysis

The individual association of emerging contaminants in water sources around Bloemfontein
was also determined by the PCA method. By using PCA, the unobserved pollution source
can be identified (Hou et al., 2022). To identify the possible sources of origin in this study,
the factor loadings are classified as strong (>0.75), moderate (0.75-0.50) and week
(0.50-0.30) (Chen et al., 2016; Hou et al., 2022; Zhang et al., 2015).

7.5.1 Identification of pollution source in rivers

In the spring, summer, autumn and winter seasons, three principal components (PCs) were
obtained in rivers (Table 7.13). The overall loading factors and the correlation between the
first and second loading factors are also illustrated in Figures 7.11 and 7.12. In the spring
season, the first principal component (PC1) had a weak positive loading of simazine,
atrazine, terbuthylazine, carbamazepine and 17-alpha-ethinyl-estradiol, which explains
52.53% of the total variance. The loading in PC1 indicated that it may have originated from
the same sources such as wastewater effluents, agricultural runoff, urban stormwater and
illegal dumping. The second principal component (PC2), accounting for 30.79% of the total
variance, showed a moderate positive loading of estradiol and a weak positive loading of
metolachlor, triclosan, as well as 17-alpha-ethinyl-estradiol. These contaminants may be
linked to agricultural runoff, urban stormwater, wastewater effluent and illegal dumping. PC3,
accounting for 10.67% of the total variance, showed a moderate positive loading of
acetaminophen and ibuprofen, together with a weak positive loading of carbamazepine. The
contaminants in PC3 may be linked to wastewater effluent, illegal dumping and urban
stormwater runoff. In the summer season, PC1 accounting for 67.55% of the total variance,
showed a weak positive loading of simazine, atrazine, terbuthylazine, metolachlor and 17-

alpha-ethinyl-estradiol. The sources of these contaminants may be interpreted as pollution
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from agricultural runoff, urban stormwater and wastewater effluent. PC2 had 27.56% of total
variance, with a moderate positive loading of carbamazepine and ibuprofen. Therefore, PC2
may be interpreted as pollution from wastewater effluent and illegal dumping. PC3 exhibited
4.67% of total variance, with a moderate positive loading of atrazine and terbuthylazine and
a weak positive loading of simazine possibly from agricultural runoff and urban stormwater
(Table 7.13 and Figure 7.11).

During the autumn season, PC1 had 75.56% of the total variance dominated by a weak
positive loading of simazine, atrazine, terbuthylazine, carbamazepine and metolachlor. The
loading in the first principal component may be associated with agricultural runoff, urban
stormwater runoff, wastewater effluent and illegal dumping. PC2 had 13.03% of total
variance with a strong positive loading of ibuprofen that may be linked to wastewater effluent
and illegal dumping. PC3 had 8.71% of the total variance with a moderate positive loading of
simazine and terbuthylazine, relating very well to agricultural runoff and urban stormwater. In
the winter season, PC1 had 56.09% of the total variance, with a weak positive loading of
simazine, atrazine, terbuthylazine, carbamazepine, metolachlor and ibuprofen. The
introduction of these contaminants in rivers may be linked to wastewater effluent, agricultural
runoff, urban stormwater and illegal dumping. In PC2, a weak positive loading of
acetaminophen, simazine, atrazine, terbuthylazine and ibuprofen, which explains 22% of the
total variance, was observed. These observations may be explained as a pollution from
wastewater effluent, agricultural runoff, urban stormwater runoff and illegal dumping (Table
7.13 and Figure 7.12).
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Table 7.13 Principal component analysis of emerging contaminants in rivers

Spring Summer Autumn Winter
Contaminants

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3
Acetaminophen -0.28 -0.18 0.56 0.00 0.00 0.00 0.00 0.00 0.00 -0.15 0.42 0.64
Simazine 0.37 -0.26 -0.22 0.42 -0.27 -0.30 0.39 -0.08 0.57 0.35 0.37 -0.42
Atrazine 0.40 0.15 -0.01 0.41 -0.23 -0.60 0.40 -0.15 -0.32 0.34 -0.46 0.23
Terbuthylazine 0.38 -0.26 -0.21 0.39 -0.27 0.67 0.42 0.01 0.37 0.39 -0.36 0.14
Carbamazepine 0.37 0.02 0.45 0.15 0.68 0.06 0.42 0.03 -0.25 0.30 0.17 0.45
Metolachlor 0.25 0.40 0.04 0.46 -0.06 0.17 0.38 -0.19 -0.56 0.43 0.16 -0.31
Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ibuprofen 0.25 -0.33 0.53 0.29 0.55 -0.19 0.16 0.97 -0.10 0.33 0.52 0.08
Estradiol 0.12 0.52 -0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Triclosan -0.31 0.38 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
17-alpha-ethinyl-estradiol 0.32 0.35 0.26 0.44 0.17 0.17 0.42 -0.03 0.22 0.45 -0.13 0.18
Eigenvalue 5.25 3.08 1.07 4.73 1.93 0.33 5.29 0.91 0.61 4.49 1.76 1.15
Variability (%) 52.53 30.79 10.67 67.55 27.56 4.67 75.56 13.03 8.71 56.09 22.00 14.42
Cumulative (%) 52.53 83.32 93.99 67.55 95.11 99.79 75.56 88.59 97.30 56.09 78.09 92.50
Notation: PC = Principal component.
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Figure 7.11  PCA results of the first two principal components in rivers during the wet season (spring

and summer)
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Figure 7.12 PCA results of the first two principal components in rivers during the dry season (autumn

The above results from the PCA indicate that the major pollution sources threatening the

rivers around Bloemfontein are anthropogenic pollution from agricultural runoff, urban

stormwater runoff, illegal dumping and wastewater effluent. Similarly, the contamination of

rivers by agricultural runoff and wastewater effluent discharge was reported by other authors
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in the Sinos River in Brazil (Alves et al., 2018); the Nag River in India (Dutta et al., 2018); the
Kinta River in Malaysia (Isiyaka et al., 2018); the Jhelum River in Parkinstan (Mir et al.,
2019); the Akaki River in Ethiopia (Yilma et al., 2018) and the Qinhuai River in China (Ma
et al., 2020). In the study area, some of the rivers run through townships and cities; hence,
improper waste disposal witnessed during the field visit may have introduced these
contaminants in rivers. The selected WWTPs receive wastewater from households,
industries and hospitals, which are the carriers of various organic chemicals. Consequently,
their wastewater effluents discharged into these rivers may introduce traces of these
emerging contaminants. Urban stormwater may also introduce these contaminants due to
illegal dumping of unused or expired drugs (in residential areas) and application of sewage
sludge to ensure soil fertility (in community gardens, recreational parks, golf courses and
other public areas) in this study area (Celi¢ et al., 2019; Rodriguez-Mozaz et al., 2015).

7.5.2 Identification of pollution sources in dams and or reservoirs

As presented in Table 7.14, three PCs were obtained in samples collected from dams during
the wet season (spring and summer) and dry season (autumn and winter). The overall
loading factors and the correlation between the first and second loading factors are also
described in Figures 7.13 and 7.14. In the spring season, PC1 accounting for 53.12% of the
total variance, exhibited weak positive loadings for acetaminophen, simazine, terbuthylazine,
ibuprofen and 17-alpha-ethinyl-estradiol, suggesting that they share a common source of
origin such as domestic sewage, wastewater effluent, agricultural runoff and illegal dumping.
PC2, with 39.36% of total variance, showed weak positive loadings for atrazine and
metolachlor that are pesticides possibly originating from agricultural runoff and wastewater
effluent. PC3, accounting for 7.44% of total variance, exhibits a weak positive loading of
simazine and moderate positive loading of 17-alpha-ethinyl-estradiol derived from domestic
sewage, wastewater effluent and agricultural runoff. In the summer season, PC1 showed
63.63% of total variance, with a weak positive loading of simazine, atrazine, terbuthylazine,
carbamazepine, metolachlor and 17-alpha-ethinyl-estradiol, possibly from agricultural runoff,
wastewater effluent, domestic sewage and illegal dumping. Accounting for 18.48% of the
total variance, PC2 had a weak positive loading of carbamazepine and moderate loading of
17-alpha-ethinyl-estradiol. The loading of PC2 suggested that these contaminants shared a
common source of origin such as domestic sewage, illegal dumping and wastewater effluent
(Table 7.14 and Figure 7.13).

In the autumn season, PC1, accounting for 52.31% of the total variance, had weak positive

loadings for simazine, atrazine, terbuthylazine, metolachlor and ibuprofen that may be linked
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to wastewater effluent, domestic sewage, illegal dumping and agricultural runoff. PC2, with
34.07% of total variance, exhibited a moderate positive loading for carbamazepine and 17-
alpha-ethinyl-estradiol, as well as a weak positive loading of ibuprofen. These contaminants
in PC2 may have been introduced into dams by domestic sewage, illegal dumping and
wastewater effluent. PC3, accounting for 9.1% of total variance, had a strong positive
loading of acetaminophen, which may be linked to domestic sewage, illegal dumping and
wastewater effluent. In the winter season, PC1 accounting for 53.04% of the total variance,
had a weak positive loading of simazine, terbuthylazine, carbamazepine, metolachlor and
17-alpha-ethinyl-estradiol that may have originated from agricultural runoff, wastewater
effluent, domestic sewage and illegal dumping. PC2, accounting for 29.05% of total
variance, had a positive loading of ibuprofen, possibly from domestic sewage, illegal
dumping and wastewater effluent. PC3, accounting for 14.2% of the total variance, had a
weak positive loading of atrazine, ibuprofen and 17-alpha-ethinyl-estradiol, and a moderate
positive loading of carbamazepine. The loading in PC3 may be explained as pollution from
domestic sewage, wastewater effluent, illegal dumping and agricultural runoff (Table 7.14
and Figure 7.14).

The main sources of emerging contaminants in dams are domestic sewage, illegal dumping,
wastewater effluent and agricultural runoff. In many agricultural fields, pesticides are applied
before and after planting to control broadleaf and grassy weeds (Wang etal., 2022).
Considering that most of the dams are bordered by farming fields, runoff from those fields
may introduce traces of pesticides in dams. Ma et al. (2020) also indicated agricultural
activities as one of the sources of water pollution. During the field visit, clogged and running
domestic sewage was channelled towards one of the dams, leading to the introduction of
pollutants such as pharmaceuticals, steroid hormones and personal care products. Pollution
of water sources by urban sewage overflow was also pin-pointed by other researchers (Hou
et al., 2022; Zhang et al., 2015; Zhou et al., 2023). Moreover, some of the dams are open to
the public for picnics and aquatic sports activities. Therefore, considering that some of the
pharmaceuticals and personal care products are over the counter drugs administered to
treat various ailments such as inflammatory diseases, arthritis, fever, dysmenorrhea, pains
and headaches among many communities (Ekinci et al., 2020; Nannou et al., 2022). If care
is not taken on, these activities may lead to their introduction in dams due to illegal dumping

during aquatic sports activities, conferences and picnics.
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Table 7.14 Principal component analysis of emerging contaminants in dams

Spring Summer Autumn Winter
Contaminants

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3
Acetaminophen 0.41 -0.24 -0.41 0.00 0.00 0.00 -0.25 -0.20 0.92 0.00 0.00 0.00
Simazine 0.41 0.25 0.35 0.41 -0.53 -0.16 0.41 -0.31 0.01 0.46 -0.12 -0.43
Atrazine 0.22 0.48 -0.35 0.49 -0.17 0.19 0.48 -0.04 0.10 0.01 -0.62 0.31
Terbuthylazine 0.45 0.20 -0.08 0.46 -0.15 -0.43 0.41 -0.33 -0.02 0.49 0.21 -0.12
Carbamazepine 0.25 -0.48 0.16 0.39 0.47 -0.41 0.15 0.56 0.05 0.33 -0.28 0.63
Metolachlor 0.29 0.45 0.11 0.34 -0.10 0.74 0.42 -0.15 0.23 0.46 -0.24 -0.32
Testosterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Progesterone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ibuprofen 0.34 -0.35 -0.46 0.00 0.00 0.00 0.38 0.33 0.11 0.12 0.62 0.32
Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Triclosan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
17-alpha-ethinyl-estradiol 0.38 -0.24 0.57 0.33 0.66 0.22 0.16 0.55 0.28 0.47 0.19 0.33
Eigenvalue 4.25 3.15 0.60 3.82 1.11 0.93 4.18 2.73 0.73 3.71 2.03 0.99
Variability (%) 53.12 39.36 7.44 63.63 18.48 15.46 52.31 34.07 9.10 53.04 29.05 14.20
Cumulative (%) 53.12 92.48 99.92 63.63 82.11 97.56 52.31 86.38 95.49 53.04 82.09 96.29
Notation: PC = Principal component.
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Figure 7.13  PCA results of the first two principal components in dams during the wet season (spring

and summer)
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Figure 7.14 PCA results of the first two principal components in dams during the dry season (autumn
and winter)

7.5.3 Identification of pollution sources in wastewater treatment plants

Table 7.15 shows the results of PCA in influents during the spring, summer, autumn and
winter seasons. The overall loading factors and the correlation between the first and second

loading factors are also described in Figures 7.15 and 7.16. In all seasons two principal
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components were generated. During the spring season, the PC1 exhibits weak positive
loading of simazine, terbuthylazine, carbamazepine and triclosan indicating that they may
have originated from the same sources such as domestic, industrial and hospital wastewater
as well as urban stormwater. Similarly, the weak positive loading of acetaminophen,
metolachlor, testosterone and ibuprofen in PC2 may suggest that they share a common
source of origin. The possible sources of this contaminants in PC2 may be linked to urban
stormwater, industrial, domestic and hospital wastewater. In the summer season, PC1
exhibits weak positive loading of simazine, atrazine, terbuthylazine and metolachlor. The
sources of these herbicides in PC1 may be urban stormwater received by these WWTPs.
The PC2 shows moderate positive loading of acetaminophen and testosterone. Therefore,
PC2 may be interpreted as pharmaceutical pollution from domestic, industrial and hospital
wastewater (Table 7.15 and Figure 7.15).

In the autumn season, PC1 shows weak positive loading of acetaminophen, carbamazepine,
testosterone, progesterone, ibuprofen, triclosan and 17-alpha-ethinyl-estradiol. The loading
in PC1 may be linked to domestic, industrial and hospital wastewater received by these
WWTPs. Similarly, the moderate positive loading of simazine in PC2 may be interpreted as
organic pollution from urban stormwater. In winter season, the weak positive loading of
simazine, atrazine, terbuthylazine and metolachlor in PC1 may be interpreted as pesticides
pollution from urban stormwater. The moderate positive loading of carbamazepine and
testosterone in PC2 suggests that they share a common source of origin which may be
domestic, industrial and hospital wastewater received in these WWTPs (Table 7.15 and
Figure 7.16).

From the PCA results in wastewater influents, the major pathways of emerging contaminants
were stormwater runoff and domestic, industrial and hospital wastewater. Domestic
wastewater, industrial wastewater and hospital wastewater have been reported as the major
carriers of pharmaceuticals and personal care products in WWTPs (Khan et al., 2021;
Tormo-Budowski et al., 2021; Ulvi et al., 2022). Considering that these WWTPs are located
in the city and well established settlement with easy access to medicinal drugs, therefore,
urination, flushing of expired drugs, improper handling of pharmaceutical products in
households and release of hospital and industrial wastewater may definitely introduce these
compounds into WWTPs. Urban stormwater may carry pharmaceuticals and personal care
products as a result of illegal dumping of unused or expired drug in residential and industrial
areas (Rodriguez-Mozaz et al., 2015). Therefore, illegal dumping of domestic wastes in the
city centre and some residential settlement witnessed during field survey may also influence

the occurrence of some medicinal drugs in WWTPs during rainy seasons. In some areas
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sewage sludge, manures and pesticides are used to manage garden, public parks and golf
course, which may introduce traces of emerging contaminants in nearby WWTPs due to
urban stormwater runoff. Celié etal. (2019) also indicated that urban stormwater may
introduce organic pollutants in WWTPs as a result of the application of sewage sludge to
ensure soil fertility in community garden, recreational parks and other public areas (Celié
et al., 2019).

Table 7.15 Principal component analysis of emerging contaminants in wastewater influents

Contaminants Spring Summer Autumn Winter
PC1 PC2 PC1 PC2 PC1 PC2 PC1 pPC2
Acetaminophen 0.00 0.57 0.09 0.55 0.33 -0.18 -0.30 -0.36
Simazine 0.35 -0.04 0.36 0.18 -0.15 0.56 0.37 0.04
Atrazine 0.27 -0.37 0.37 -0.14 -0.18 -0.53 0.36 0.16
Terbuthylazine 0.35 -0.06 0.38 -0.06 -0.31 -0.28 0.37 0.01
Carbamazepine 0.33 0.19 -0.38 -0.06 0.30 -0.31 -0.18 0.52
Metolachlor 0.28 0.35 0.31 -0.32 -0.30 -0.31 0.37 0.00
Testosterone -0.28 0.35 0.07 0.55 0.34 0.07 -0.18 0.52
Progesterone -0.35 0.07 0.00 0.00 0.35 0.00 -0.19 -0.52
Ibuprofen 0.20 0.47 0.25 -0.42 0.33 0.17 -0.37 0.07
Estradiol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Triclosan 0.35 0.10 -0.38 -0.08 0.34 -0.14 0.00 0.00
17-alpha-ethinyl-estradiol ~ —0.35 0.09 -0.35 -0.22 0.32 -0.23 -0.36 0.16
Eigenvalue 7.94 3.06 6.83 3.17 8.38 2.62 7.21 2.79
Variability (%) 72.15 27.85 68.29 31.71 76.16 23.84 72.07 27.93
Cumulative (%) 72.15 100.00 68.29 100.00 76.16 100.00 72.07 100.00
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Figure 7.15 PCA results of the first two principal components in influents during the wet season

(spring and summer)
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Figure 7.16 PCA results of the first two principal components in influent during the dry season

Moreover, PCA in wastewater effluent also generated two components in all seasons (Table

7.16). The overall loading factors and the correlation between the first and second loading

factors are also described in Figures 7.17 and 7.18. In spring season, PC1 shows week

positive loading of atrazine, terbuthylazine, testosterone and ibuprofen indicating that they

may have originated from the same sources. Similarly, the weak positive loading of
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that they share a slight common source of origin. In the summer season, there was a weak
positive loading of acetaminophen, testosterone, ibuprofen, triclosan and 17-alpha-ethinyl-
estradiol in PC1l suggesting same source of origin. The PC2 has moderate loading of
carbamazepine, metolachlor and weak loading of atrazine which is an indication of similar
source of origin (Table 7.16 and Figure 7.17).

In the autumn season, PCl shows a weak positive loading of simazine, atrazine,
terbuthylazine, metolachlor and 17-alpha-ethinyl-estradiol. The PC2 shows a weak loading
of atrazine, terbuthylazine, carbamazepine, metolachlor, ibuprofen and 17-alpha-ethinyl-
estradiol. In winter season, the PC1 has weak positive loading of carbamazepine, ibuprofen
and 17-alpha-ethinyl-estradiol while PC2 has moderate positive loading of simazine and
terbuthylazine. The positive loading of contaminants in the same principal component

indicates that they share a common source of origin (Table 7.16 and Figure 7.18).

Therefore, the presence of pharmaceutical, personal care products, herbicides and steroid
hormones in wastewater effluent in this study may be interpreted first as inability of WWTPs
to eliminate them. Kuroda etal. (2021), also supported this statement by stating that
WWTPs were not designed to eliminate emerging contaminants which lead to their detection
in wastewater effluent. Moreover, the analysis of principal components in wastewater influent
demonstrated domestic, industrial and hospital wastewater as well as urban stormwater as
the major sources of emerging contaminants which may also be the case of their occurrence

in wastewater effluents.

Table 7.16 Principal component analysis of emerging contaminants in wastewater effluents

. Spring Summer Autumn Winter
Contaminants

PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2
Acetaminophen 0.00 0.00 0.34 0.14 -0.37 0.24 0.00 0.00
Simazine 0.14 0.43 -0.33 0.21 0.40 -0.09 -0.22 0.56
Atrazine 0.39 0.07 -0.29 0.45 0.34 0.31 -0.40 -0.32
Terbuthylazine 0.33 0.26 -0.32 0.27 0.34 0.33 0.24 0.54
Carbamazepine -0.40 0.05 0.27 0.51 0.27 0.44 0.45 0.19
Metolachlor 0.27 0.34 0.26 0.54 0.34 0.33 -0.46 0.14
Testosterone 0.40 0.01 0.34 0.14 -0.37 0.24 0.00 0.00
Progesterone -0.21 0.39 0.00 0.00 0.00 0.00 0.00 0.00
Ibuprofen 0.39 -0.11 0.33 -0.21 -0.24 0.47 0.47 -0.03
Estradiol 0.21 -0.39 0.00 0.00 0.00 0.00 0.00 0.00
Triclosan -0.27 0.34 0.34 0.14 0.00 0.00 0.00 0.00
17-alpha-ethinyl-estradiol 0.11 0.44 0.33 -0.18 0.31 -0.38 0.31 -0.48
Eigenvalue 6.24 4.76 8.53 1.47 6.07 2.93 4.52 2.48
Variability (%) 56.76 43.24 85.33 14.67 67.47 32.53 64.53 35.47
Cumulative (%) 56.76 100.00 85.33 100.00 67.47 100.00 64.53 100.00
Notation: PC = Principal component.
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Figure 7.17 PCA results of the first two principal components in effluent during the wet season

(spring and summer)
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Figure 7.18 PCA results of the first two principal components in effluent during the dry season

(autumn and winter)

7.5.4 Identification of pollution source in treated drinking water

As presented in Table 7.17, only one principal component (PC1) was generated in treated
drinking water in all seasons. This may have been influenced by the low number of samples

collected (n=2). The overall loading factors and the correlation between the first and second
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loading factors are also described in Figures 7.19. In spring season, PC1 exhibited a weak
positive loading of atrazine and terbuthylazine, suggesting that they share a slight common
source of origin. In the summer season, PC1 exhibited a weak positive loading of simazine,
atrazine, terbuthylazine, metolachlor and 17-alpha-ethinyl-estradiol. In the autumn and
winter seasons, the results of PCA exhibited a weak positive loading of atrazine,
terbuthylazine, metolachlor and 17-alpha-ethinyl-estradiol, connoting that they share a
similar source of origin. This relative analysis in treated drinking water may be connected to
the dams considered as water sources for water treatment plants in the area. The major
pathways of pollution in dams were domestic sewage, wastewater effluent, agricultural runoff
and illegal dumping. Therefore, the contamination of dams considered as a water source for
water treatment plants could eventually lead to detection of emerging contaminants in
treated drinking water as a result of inefficient removal by the treatment methods employed
in water treatment plants. Most of the positive loadings in treated drinking water in all
seasons were pesticides and steroid hormones. Therefore, their occurrence may be linked to
wastewater effluent, domestic sewage and agricultural runoff. Agricultural activities are the
major carriers of pesticides (Hou etal.,, 2022), while domestic sewage and wastewater

effluents contain various emerging contaminants (Lim et al., 2017; Zhou et al., 2023).

Table 7.17 Principal component analysis of emerging contaminants in treated drinking waters

) Spring Summer Autumn Winter
Contaminants

PC1 PC1 PC1 PC1
Acetaminophen -0.35 0.00 0.00 0.00
Simazine -0.35 0.45 0.00 0.00
Atrazine 0.35 0.45 0.50 0.50
Terbuthylazine 0.35 0.45 0.50 0.50
Carbamazepine -0.35 0.00 0.00 0.00
Metolachlor -0.35 0.45 0.50 0.50
Testosterone 0.00 0.00 0.00 0.00
Progesterone 0.00 0.00 0.00 0.00
Ibuprofen -0.35 0.00 0.00 0.00
Estradiol 0.00 0.00 0.00 0.00
Triclosan 0.00 0.00 0.00 0.00
17-alpha-ethinyl-estradiol -0.35 0.45 0.50 0.50
Eigenvalue 8.00 5.00 4.00 4.00
Variability (%) 100.00 100.00 100.00 100
Cumulative (%) 100.00 100.00 100.00 100
Notation: PC = Principal component.
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Figure 7.19 PCA results of the first two principal components in treated drinking water

7.6  Mitigation measures to prevent water pollution for sustainable

management and environmental health protection

In order to inhibit or reduce the loads of emerging contaminant pollution in water sources for
environmental health protection and sustainability of water resources around Bloemfontein,
various types of interventions are necessary. Based on the source apportionment results in
this study, emerging contaminants in water sources around Bloemfontein are generally
released mainly as a result of anthropogenic activities. The established potential
anthropogenic sources of pollution include wastewater effluents, domestic sewage, urban
surface runoff, agricultural runoff and illegal dumping, as shown in Figure 7.20. It is worth
noting that this study did not seek to implement any means of mitigation, but only to inform
local inhabitants, WWTP managers, farmers and the relevant authorities about the sources
of emerging contaminants to their water sources and also the possibilities around reducing
the pollution of emerging contaminants through various mitigation actions. Therefore, the

following mitigation measures are suggested to help manage or correct the situation.
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7.6.1 Wastewater effluent discharged in nearby streams

Most of the wastewater effluents in the study area are discharged into nearby streams, thus
introducing traces of emerging contaminants in those water sources. According to Wang
etal. (2015), conventional WWTPs were not constructed to eliminate emerging
contaminants i.e. acetaminophen, ibuprofen, carbamazepine, triclosan, atrazine,
metolachlor, terbuthilazine, simazine, 17-alpha-ethinyl-estradiol, progesterone, testosterone,
and estradiol. The incompetence of WWTPs in the elimination of emerging contaminants
makes them to be major points of release of emerging contaminants into the water
environment. Therefore, relevant regulatory authorities should introduce proactive measures
in the form of mandatory orders, and formulates proper guidelines for permissible limits for
the discharge of effluents in streams to reduce emerging contaminant pollution (Caban and
Stepnowski, 2021). Considering that WWTPs in this study receive industrial, domestic and
hospital wastewater together, there should be implementation and application of monitoring
schemes that are able to discriminate between the domestic, industrial and hospital
wastewater in the area. Governments should also financially support current WWTPSs in
developing and implementing advanced treatment techniques such as powdered activated
carbon treatment, ozonation, and peroxidation for the elimination of a broad spectrum of
emerging contaminants with different properties (Gozzo etal., 2023). This should be
followed by setting of performance indicators that assess the performance of WWTPs
towards emerging contaminant removal. Moreover, WWTPs operators or managers should
assess the overall mixture toxicity of emerging contaminants in effluents before discharge in

order to protect aquatic life (Bourgin et al., 2018).

7.6.2 lllegal dumping of domestic waste near water bodies

During the sampling campaign, illegal dumping of domestic waste (likely to contain unused
or expired medical drugs: acetaminophen, ibuprofen, or carbamazepine) near some of the
dams and rivers was witnessed. This situation may be due to lack of knowledge about the
impact that organic contaminants may have on the environment. Moreover, lack of proper
disposal means may also have intensified illegal dumping around the area. Therefore,
educating people to segregate wastes at the source and providing incentives to facilitate
waste segregation may reduce illegal dumping in the area (Kihila et al., 2021). Taking back
unused or expired medications may help to mitigate their quantities in the aqueous
environment and their possible health risks. However, the effectiveness of this strategy rests

on teaching people the possible environmental implications of unused or expired medicinal
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drugs (Caban and Stepnowski, 2021). Therefore, local communities should be educated on

the proper waste disposal methods and environmental implication of illegal dumping.

7.6.3 Emission from domestic sewage overflow

Domestic sewage overflows were also considered as the major sources for emerging
contaminant emissions into water sources. From the field observation, some of the raw
domestic sewage water overflows were channelled towards surface water. This situation
makes the majority of contaminants (acetaminophen, ibuprofen, carbamazepine, triclosan,
atrazine, metolachlor, terbuthilazine, simazine, 17-alpha-ethinyl-estradiol, progesterone,
testosterone, or estradiol) to enter the water resources without the necessary treatment.
Considering the increase in intensity and frequency of rainfall as a result of climate change,
technical measures in the design of the sewer system are required in this area in order to

reduce emission from these sources (Bourgin et al., 2018).

7.6.4 Emission from urban stormwater runoff

Stormwater is a cause of concern in urban areas due to the fact that urban areas are more
polluted by a cocktail of anthropogenic emissions. The occurrence of emerging contaminants
in stormwater may be a result of runoff; illegal dumping of wastewater and unsealed systems
and overflow in combined sewer systems. Moreover, the pollution of surface runoff by
emerging contaminants (acetaminophen, ibuprofen, carbamazepine, triclosan, atrazine,
metolachlor, terbuthilazine, simazine, 17-alpha-ethinyl-estradiol, progesterone, testosterone,
or estradiol) is related to various activities such as the utilisation of solid sludge from
WWTPs for soil amendments; the use of reclaimed wastewater for soil irrigation; the use of
slurry and liquid manure as fertilisers; and urination, defecation of grazing animals and pets.
Rain water may carry pesticides from golf courses, parks and residential properties through
stormwater drains and then into rivers and local water reservoirs. Priority should also be
placed on enhancing nonpoint source pollution control measures around the study area,
including the implementation of infrastructure improvements, such as rainwater and sewage
separation systems. These measures can effectively impede the entry of land-based
emerging contaminants into water sources around the city of Bloemfontein (Caban and
Stepnowski, 2021).

7.6.5 Emission from agricultural activities

The city of Bloemfontein is surrounded by various agricultural activities such as crop

production and animal husbandry. Crop production may necessitate the use of herbicides
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(atrazine, simazine, metolachlor) for maintenance of various crops, while animal husbandry
may require the use of medicinal drugs (fenbendazole, carprofen, or estradiol) for the health
of livestock. Emission from these activities may introduce these compounds in nearby water
bodies. According to Gozzo et al. (2023), one of the main causes of pharmaceutical pollution
is intensive farming, excretion through faeces, urine during the free grazing of animals,
manure spreading on land and contamination via runoff. Therefore, reducing both intensive
farming and the use of livestock drugs could be crucial to warrant the quality of surface
waters around Bloemfontein. Furthermore, improvements in agricultural practices may
protect water bodies and also contribute to the reduction of risks connected with the
occurrence of emerging contaminants. Changes in treatment timings and intensities, as well
as manure application rates and timings may help to reduce discharges of emerging

contaminants in the area (Topp et al., 2008).

7.7 Conclusion

Examining the potential sources of emerging contaminants for the first time in water sources
around Bloemfontein brings to an end the dearth of data on the origin of emerging
contaminant pollution. The present study suggests that water sources around Bloemfontein
are vulnerable to pollution by emerging contaminants as a result of anthropogenic activities.
Form the results of multivariate statistical analysis, anthropogenic activities such as
wastewater effluents, domestic sewage, urban surface runoff, agricultural runoff and illegal
dumping were specified as the possible sources of these contaminants in water sources.
Although this study did not seek to implement means of mitigation, but only to inform local
inhabitants, WWTP managers, farmers and relevant authorities of the pathways of emerging
contaminants to their water sources and also the possibilities around reducing the pollution
of emerging contaminants through various mitigation actions, its outcomes may be relevant
for the prioritisation of hazardous substances in order to address suitable monitoring
campaigns and any necessary countermeasures to be adopted for environmental protection
as well as sustainability of water resources. It may also facilitate the management of existing

and future sources of emerging contaminant pollution around Bloemfontein.
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Chapter 8
CONCLUSIONS AND RECOMMENDATIONS

The aim of the project was to assess the environmental health risks of potential emerging
contaminants identified from water sources around Bloemfontein in the Free State province
of South Africa. This was achieved by first conducting a non-targeted qualitative screening of
emerging contaminants which was followed by quantification of targeted emerging
contaminants in various water sources. The second part of the project was to assess the
environmental health risks ensuing from exposure to emerging contaminants in water
sources. The last segment of the study focused on identifying possible sources of targeted
emerging contaminants as well as proposing possible control measures based on their
sources identified. From the findings of this project, the following conclusions and

recommendations were drawn.

8.1 Conclusions

8.1.1 Investigation and monitoring of potential emerging contaminants in water

sources

Investigating and monitoring of emerging contaminants for the first time in the city of
Bloemfontein brings to an end the dearth of data on occurrence of emerging contaminants,
risk assessment and their possible source. From the qualitative screening results, it can be
concluded that water sources around Bloemfontein are polluted or exposed to various
groups of emerging contaminants. Notably, herbicides and stimulants were the leading class
of emerging contaminants. The data from this study may be used directly to target screening
of these chemicals in future monitoring and risk assessment studies in the region where
emerging contaminants research is limited. Furthermore, it will assist water managers and

policymakers to assess water quality and manage pollution more effectively.

The quantification of targeted emerging contaminants such as acetaminophen,
carbamazepine, ibuprofen, triclosan, atrazine, simazine, metolachlor, terbuthylazine, 17-
alpha-ethinyl-estradiol, estradiol, progesterone and testosterone in selected water sources
around Bloemfontein provided a much needed initial measurement of these contaminants.
The majority of these contaminants have been found in quantifiable concentrations in all
water sources. Among them, 17-alpha-ethinyl-estradiol, simazine and ibuprofen showed the

highest concentrations in all water sources and should be listed as priority pollutants in
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future pollution monitoring and waste management programmes within the area. Most
remarkable was the concentration of 17-alpha-ethinyl-estradiol that was far higher than the
one detected in most studies around South Africa. These findings will raise awareness on
the presence of emerging contaminants in water sources and may facilitate the need to
develop regulations aimed at plummeting the spread of emerging contaminants in the area

and other parts of the country.

Moreover, WWTPs showed insufficient removal efficiency of compounds such as
carbamazepine, atrazine, metolachlor, simazine and 17-alpha-ethinyl-estradiol. Most
prominent was the inability of wastewater treatment work to get rid of pesticides. In South
Africa, wastewater effluent is typically released into nearby streams introducing pollutants
into the aqueous environment. Therefore, based on the findings of their removal efficiency, it
can be concluded that the release of wastewater effluents to nearby watercourses will

eventually cause pollution and adversely affect the aquatic species and human health.

8.1.2 Environmental risk assessment of emerging contaminants

To have a complete understanding of the environmental risks emanating from exposure to
emerging contaminants, both individual and mixture risks were assessed. Individual
environmental risk assessment results showed the possibility of some emerging
contaminants to pose high risks on aquatic organisms. Moreover, the results of mixture risks
assessment also confirmed that aquatic species were more sensitive to mixture of targeted
compounds in this study. It can be concluded that water sources around Bloemfontein are
not safe for aquatic species and public health. The high individual and mixture environmental
risks reported in this study may seriously impair the ecosystem and adversely affect living
organisms. Exposure to these contaminants in water sources may pose a variety of risks,
including developmental, growth and reproductive effects. The outcomes of risk assessment
will serve as a cornerstone in the Free State province for developing a more complete
understanding of the environmental health risks linked to exposure to emerging
contaminants. Furthermore, it will assist in establishing municipal contamination control and

risk reduction approaches for organic chemicals.

8.1.3 Human health risk assessment of selected pesticides in water sources

The human health risk assessment results showed only atrazine to have the likelihood to
impose high carcinogenic risks. The high carcinogenic risk of atrazine is a serious public
health concern as its exposure is associated with reproductive and cancer risks. These

outcomes suggest the need to use pesticides in a more sustainable manner and adoption of
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less harmful pesticides. The findings of this work will fill in the lacuna on the knowledge of
the public health risks linked to the exposure of pesticides in water sources around
Bloemfontein. It may also help in the development of environmental quality standards for

regulatory purposes as well as for environmental sustainability.

8.1.4 Sources of emerging contaminants in water sources and possible mitigation

measures

The multivariate statistical analysis put forward that water sources around Bloemfontein are
vulnerable to pollution by emerging contaminants as a result of anthropogenic activities such
as wastewater effluents, domestic sewage, urban surface runoff, agricultural runoff and
illegal dumping. Although this study did not seek to implement the means of mitigation, but
only to inform local inhabitants, WWTP managers, farmers and relevant authorities of the
sources of emerging contaminants to their water sources, its outcomes may be relevant for
the prioritisation of hazardous substances in order to address suitable monitoring campaigns
and any necessary countermeasures to be adopted for environmental protection and
sustainability of water resources. Protecting raw water from emerging contaminant pollution
is an indicative premise of the water environment and ecosystem health. This work may also
facilitate the management of existing and future sources of emerging contaminant pollution

within the city of Bloemfontein.

8.2 Recommendations

The following recommendations can be made:

e Additional groups of emerging contaminants should be targeted in water sources around

Bloemfontein.

e Considering that WWTPs in this study receive industrial, domestic and hospital
wastewater together, there should be implementation and application of monitoring
schemes that are able to discriminate between the domestic, industrial and hospital

wastewater in the area.

o Wastewater treatment managers should conduct individual and mixture risks

assessment before discharging effluent into nearby streams.

o Development and implementation of advanced treatment technologies for the elimination

of a broad spectrum of emerging contaminants with different properties is recommended.
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Residents in Bloemfontein and surrounding areas should be educated on segregating

waste at the source.

Taking back unused or expired medications may help to mitigate their quantities in the

aqueous environment and their possible health risks.

Reducing both intensive farming and the use of livestock drugs could be crucial to
warranty the quality of surface water around Bloemfontein.

Relevant organs of states should develop policies on the manufacturing, use, and
release of ECs should be formulated.

Future studies should assess the human health risk of pesticides exposure via

vegetables irrigated by wastewater effluents.

Future studies should monitor occurrence of emerging contaminants in groundwater

sources around Bloemfontein.
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Appendix A
COLLECTION AND HANDLING OF SAMPLES

Sample collection material and handling procedures during fieldwork
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Collection of water samples at (A) Maselspoort; (B) Mockes; (C) Krugersdrift; (D) Seroalo; and (E) Rustfontein dams
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Collection of wastewater from influent (in) and effluent (ef) from (A) Bloemfontein NE; (B) Botshabelo; and (C) Bloemspruit wastewater

treatment plants.
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Appendix B
MULTIPLE REACTION MONITORING CHROMATOGRAPHY
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Appendix C
TARGET ANALYTES MULTIPLE REACTION MONITORING

TRANSITION VALUES

Positive Mode

Negative Mode

Q1 (m/z) Q3 (m/z) Analyte Q1 (m/z) Q3 (m/z) Analyte
152.123 109.9 Acetaminophen 1 152.123 109.9 Acetaminophen 1
152.123 64.9 Acetaminophen 2 152.123 64.9 Acetaminophen 2
205.028 1611 Ibuprofen 1 205.028 161.1 Ibuprofen 1
205.028 159 Ibuprofen 2 205.028 159 Ibuprofen 2
202.039 132.1 Simazine 1 202.039 132.1 Simazine 1
202.039 104.1 Simazine 2 202.039 104.1 Simazine 2
230.087 174.3 Terbuthylazine 1 230.087 174.3 Terbuthylazine 1
230.087 68 Terbuthylazine 2 230.087 68 Terbuthylazine 2
216.049 174.2 Atrazine 1 216.049 174.2 Atrazine 1
216.049 68.1 Atrazine 2 216.049 68.1 Atrazine 2
284.347 252 Metolachlor 1 284.347 252 Metolachlor 1
284.347 176.2 Metolachlor 2 284.347 176.2 Metolachlor 2
237.1 194.2 Carbamazepine 1 237.1 194.2 Carbamazepine 1
237.1 192.1 Carbamazepine 2 237.1 1921 Carbamazepine 2
315.316 109.2 Progesterone 1 315.316 109.2 Progesterone 1
315.316 97 Progesterone 2 315.316 97 Progesterone 2
289.255 97 Testosterone 1 289.255 97 Testosterone 1
289.255 109 Testosterone 2 289.255 109 Testosterone 2
295.232 144.9 17-alpha ethinyl 1 295.232 144.9 17-alpha ethinyl 1
295.232 142.9 17-alpha ethinyl 295.232 142.9 17-alpha ethinyl 2
286.975 35 Triclosan 1 286.975 35 Triclosan 1
286.975 33.9 Triclosan 2 286.975 33.9 Triclosan 2
271.212 145 Estradiol 1 271.212 145 Estradiol 1
271.212 182.9 Estradiol 2 271.212 182.9 Estradiol 2
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Appendix D
TOXICITY DATA

Acute toxicity Chronic toxicity
Compound Taxon
Specie ECso/LCso References Specie NOEC References

Algae Desmodesmussubspicatus 315 mg/t Cleuvers, 2004 Pseudokirchneriellasubcapitata 0.01 mg/t Brun et al. 2006
Ibuprofen Invertebrate ~ Daphnia magna 0.032 mg/t Brun et al. 2006 Daphnia magma 1.23 mg/t Ericson et al. 2010

Fish Oryzias latipes 100 mg/t Kim et al. 2009a Danio rerio 0.001 mg/t ZD&\)/éd and Pancharatna,

Algae S.Subcapitata 134 mg/t Kosma et al. 2014 Chlorella vulgaris 46 mg/t ECOTOX, 2018
Acetaminophen Invertebrate ~ Daphnia magna 9.2 mg/t Kosma et al. 2014 Daphnia magma 5.72 mg/t ECOTOX, 2018

Fish B. Rerio 378 mg/t Kosma et al. 2014 Oryzias latipes 9.5 mg/t ECOTOX, 2018

Algae C. maneghiniana 31.6 mg/t Ferrari et al. 2004 P. subcapitata 10 mg/t Kosma et al. 2014
Carbamazepine Invertebrate  Daphnia magna 6.36 mg/t Santos et al. 2007 C. dubia 0.025 mg/t  Kosma et al. 2014

Fish Pimephales promelas 35.4 mg/t ggfgnanovic etal. D. rerio 25 mg/t Kosma et al. 2014

Algae P. Subcapitata 0.56 mg/t ECOTOX, 2018 P. subcapitata 0.2 mg/t Brausch and Rand, 2011

Invertebrate  Daphnia magna 0.39 mg/t ECOTOX, 2018 Daphnia magma 200 mg/t Brausch and Rand, 2011
Triclosan

Fish Lepomis mocrochirus 0.26 mg/t ECOTOX, 2018 O. mykiss 71.3 mg/t Brausch and Rand, 2011
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Acute toxicity

Chronic toxicity

Compound Taxon
Specie ECs0/LCso References Specie NOEC References
Algae Fathead minnows 0.0008 mg/t Adjei et al. 2022 - - -
gt-ggit?-ethynyl- Invertebrate  Daphnia magna 0.0012 mg/t Adjei et al. 2022 - - -
Fish T. pyriformis 0.002 mg/L Adjei et al. 2022 Oryzias latipes 0.03 mg/t Liu et al. 2020a
Algae Fathead minnows 0.0016 mg/t Adjei et al. 2022 - - -
Estradiol Invertebrate ~ Daphnia magna 0.003 mg/t Adjei et al. 2022 - - -
Fish T. pyriformis 0.003 mg/t Adjei et al. 2022 Oncorrhynchus mykiss 0.42 mg/t Liu et al. 2020a
Algae Fathead minnows 0.001 mg/t Adjei et al. 2022 - - -
Progesterone Invertebrate  Fathead minnows 0.007 mg/t Adjei et al. 2022 - - -
Fish T. pyriformis - - - - -
Algae Fathead minnows 0.0014 mg/t Adjei et al. 2022 - - -
Testosterone Invertebrate  Fathead minnows 0.006 mg/t Adjei et al. 2022 - - -
Fish T. pyriformis - - Oncorhynchus kisutch ?I?Onlg%:/f Liu et al. 2020a
ECOTOX, 2018; ECOTOX, 2018;
Atrazine Algae P. Subcapitata 0.059 mg/t Kock-schulmeeyer P. Subcapitata 0.1 mg/t Kock-schulmeeyer et al.

© Central University of Technology, Free State

etal. 2012

313

2012



Central University of
Technology, Free State

Compound

Metolachlor

Simazine

Terbuthylazine

Taxon

Acute toxicity

Chronic toxicity

Specie ECs0/LCso References Specie NOEC References

ECOTOX, 2018; Kock- .

Invertebrate Daphnia magma 6.9 mg/t schulmeeyer et al. Daphnia magma 0.1 mg/t ECOTOX, 2018; Kock-
2012 schulmeeyer et al. 2012
ECOTOX, 2018; Kock-

. . ’ ’ . ECOTOX, 2018; Kock-

Fish Oncorhynchus mykiss 4.5 mg/t Zgillélmeeyer etal. Oncorhynchus mykiss 2 mg/t schulmeeyer et al. 2012
ECOTOX, 2018; Kock- . )

Algae P. Subcapitata 57.1 mg/t schulmeeyer et al. P. Subcapitata 3.0 mg/t ECOTOX, 2018; Kock
2012 schulmeeyer et al. 2012
ECOTOX, 2018; Kock- .

Invertebrate  Daphnia magma 23.5 mg/t schulmeeyer et al. Daphnia magma 3.0 mg/t E(;;OlTOX, 2018, :(%Ckl'z
2012 schulmeeyer et al. 20
ECOTOX, 2018; Kock- . )

Fish Oncorhynchus mykiss 3.9 mg/t schulmeeyer et al. Oncorhynchus mykiss 1.0 mg/t ECOTOX, 2018; Kack
2012 schulmeeyer et al. 2012
ECOTOX, 2018; Kock- .

Algae P. Subcapitata 0.04 mg/t schulmeeyer et al. P. Subcapitata 0.6 mg/t E%OFOX, 2018, :(%Ckl'z
2012 schulmeeyer et al. 20
ECOTOX, 2018; Kock- .

Invertebrate  Daphnia magma 1.1 mg/t schulmeeyer et al. Daphnia magma 0.6 mg/t ECOTOX, 2018; Kock-
2012 schulmeeyer et al. 2012
ECOTOX, 2018; Kock- . s

Fish Oncorhynchus mykiss 9.0 mg/t schulmeeyer et al. Oncorhynchus mykiss 0.7 mg/t ECOTOX, 2018; Kock
2012 schulmeeyer et al. 2012

Algae P. Subcapitata 0.02 mg/t NRA, 2001 P. Subcapitata - -
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Acute toxicity Chronic toxicity
Compound Taxon : -
Specie ECs0/LCso References Specie NOEC References
Invertebrate  Daphnia magma 39.4 mg/t NRA, 2001 Daphnia magma 0.21 mg/t NRA, 2001
Fish Oncorrhynchus mykiss 3.6 mg/t NRA, 2001 Mysid shrimp 0.13 mg/t NRA, 2001
Notation: LOEC=Lowest observed effect concentration
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Contaminants in Water
Sources: A Global Outlook

B P International
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Print |38 976-81-19761-T6~2, eBook ISBM 976-31-19761-87-2

An Overview of Emerging Contaminants
in Water Sources: A Global Outlook

Saheed Adeyinka Oke * and Innocent Mugudamani ®

DO 10.97 34 bplmonaa 7T 8-81-19761-78-4

ABSTRACT

Advance In methods of detection for some organic chamicals In waler sources
has sieered the screening and quantfication of high quantity of contaminants
collecively with thelr end products, which formery were nol Idenified i water
sources and are cumently recognized as emenging contaminants. The
accumulation and discovery of levels of these emenging contaminanis In water
sources has reduced water guallty and made | risky for aguatic and human iz,
Exposure i thess arganic contaminants may trigger serous heakh effects. The
alm of this book Is o gve @ comprehensive review of global occurrence of
emerging contaminants In varkus Waler S0OWCRs Such as surface waler,
groundwater, treated drinking water and wastewater influent and efueni. The
Dook Introduces audience 10 concepts of waler sources, emearging contaminants,
point sources and non-point sources of emerging contaminants. It offers a
glimpse of Infemational and South Afrcan case studles on the occwmence of
emerging contaminanis precisely herbicides, phammaceutical, sterold homones
and personal care products In water sowces as well 35 In wasbewater treatment
works. The analytical and removal methods of emerging contaminants In water
SOUMCEE are aiso cowvered. Moreower, imformation on possible ervironmental
heaith Impacis ensulng from exposure o emerging contaminants and Melr
possible mitigation measures (such as classification and labeliing methods; point
gource separation methods; regulating the release of emerging contaminants)
are @iscussed. The ocowmence of emerging contaminants around the wodd
(Africa, America, Asla, Europe, and Oc2ania) ls Meely to upsunge In water
sources and wastewater freatment works as a results of rise In pogulation which
I5 @ public health concam. Therefore, more studies that report on the widespraad
af emerging contaminants In waler spurces, and thelr assoclated environmental
heaith risks are needed bo help regulators In establishing priority measwnas for
management of waler resources.

" Chi  Enpinsesing Centa!  Uinbverstly of Teohnology, Sosowbvrelr, Fee S
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Book Chapters

Chapter 3 ®
Monitoring of Emerging Contaminants 0
in Selected Wastewater Treatment Works
Around Bloemfontein, South Africa:

Initiative for Environmental Protection

!

Innocent Mugudamani (), Sasheed A. Oke 0, Thandi P. Gumede
and Samson Senbore

Abstract The stody moaitored the occurrence of emerging contiuminants such
as acetaminophen, carbamazepine, sbuprofen, triclosan, atrazine, metolachlor,
simazine, terbuthylazine, 17-alpha-ethinyl-estadiol. progesterone. testosterone and
estradiol in selected wastewater treatment works (influent and effluent) around
Bloemfontein during astumn season. Samples collected from influent (n = 3) and
effluent (n = 3) were analysed by high performance liqusd chromatography. To
assess the performance of wastewater treatment works in removing the targeted
compounds the removal efficiency (%) method was used. The average coacentra-
tion of acetaminophen, carbamazepine, thuprofen, trickosan, atrazine, metolachlor,
simazine, terbuthylazine, 17-alpha-cthinyl-estadiol, progesterone. testosterone and
estradiol in influent samples were 28.15 pg/mi, 0.35 pg/ml, 795 pg/mi, 0.62 . g/ml,
004 pgiml, 0.03 pg/ml. 0.15 pg/ml, 0.04 pgiml, 37.53 pg/ml. <LOQ, 0.04 p g/ml,
and 0.03 j g/ml while in effluent were as <1.OQ, 0.63 pg/ml, 2.07 pg/ml, < LOQ, (L.O5
pg/ml, (.06 pgfml. 0.24 pg/ml, (L.02 pg/ml. 41.4 pg/ml, <LOQ, and <L.OQ respec-
tively. In influent samples, |7-alpha-ethinyl-estradiol, acetaminophen, and simazine
were the leading contaminants while in effluent it was 17-alpha-cthinyl-estradiol,
fhuprofen, and simazine who recorded the highest mean concentrations. There was
megative removal rates of compounds such as carbamazepine, atrazine, metolachlor,
simazine and 17-alpha-ethinyl-estradiol. Considering the msufficient removal rates
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Abstract: Pesticides are an important toed for maintaining and improving the global population’s
standard of living. However, their presence in water resources is concerning due to their pofential
consequences Twelve waber samples from rivers, dams/ mservoirs, and teeated drinking waker
weem collected from !-'Iaa'lﬁau:'lﬁ .‘-‘léh.".'lpuﬁta.l'i Mul'lil."ipa]:il'_\r it South Africa. The collected s.amP]es
wem anabysed wsing hightperformance liquid chromatography linked to a QTRAP hybrid triple
gquadrupole ion trap mass spectrometer. The ecological and human health risks wen assessed
by risk quotient and human health risk assesement methods, mepectively. Herbicides, such as
atrazine, metolachlor, simazine and e rbuthylazine, were analysed in water sources. The average
concentrations of simazine in rivers (182 mg/L), dams, reservoirs (0012 mgs/' L), and treated drinking
waker (0,03 mg/L) were remarkable among all four herbicides detected. Simazine, atrazine, and
terbuthylazine posed high ecological risks for both acute and chronic toxicity in all water sources.
Mensover, simazine is the only contaminant in the river water that poses a medium carcinogenic risk
to adult. It can be concluded that the kevel of herbicide detected in water sources may affect aquatic
life and human beings negatively. This study may aid in the development of pesticide pollution
inanagement and sk reduction strategies within the muncipality.

Keywords: pesticide and herbicide; potential risks; water sounes; ecological and health risks;
Mangaumng; residue

1L Introduction

Water resources play an important role in cur daily lives as a source of water [1].
They are, however, increasingly exposed to an extensive kind of organic chemical of
an anthropogenic source, such as pesticides [2]. Pesticides are chemicals or mixtures of
chemicals that are primarily utilised for the protection of agricultural yields from weeds,
insects, and pests, and humans from diseases |3,4). Pesticides” beneficial effects make them
an important tool for maintaining and improving the global populations’ living standards.
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Environmental Risk Assessment of Exposure to Selected Emerging
Contaminants in Dams and Wastewater Effluent Around the City of
Bloemfontein, South Africa

Saheed Adeyinka Oke !, Innocent Mugudamani ?, Thandi Patricia Gumede ¥, Samson Senbore *
14 Degeartment of Chl Er'E'nb:nn.:', Ceentre for Sustsinabls Smart Cites, I:u-rh-ulei--:rsi-hlu:fTeﬂvu:vlngr-, Fre= Stote,
%4 Department of Life Soenoss, Central Universiy of Technology, Fres Stabs, South Africe.

Albestract

The rumber of emerging Contaminants in the squatic emvironment is growing contimuoushy every year. Their
DCOUFTERCE N wWibar sourtes oould be B troudiing problem to squatic aoaspsherm &nd human keakh The aim of this
Shudy Wi 1o Bssess fhe ErrvironmEntal fsks of saleche e"rru'sl'r'ﬁ CONAMINENT N 0ETS rEsareDirs and westEssher
mm;m:ﬂwmwn‘wnfmmnsmmm Tr-:ru;lrperrnrrrm:: iq.ldﬂ'rmﬂtasru:l'rr'
mvtctndtaumhfwmph guadnpoie |mtrapms:n:h'mﬂ=hﬁ'wusﬂdtam-ﬁr:r§rg
contamirants such as sc=taminophen, carbamerepine, iDuprofen, fridosan, 17-slphe-sthynyhestradiol, estrediol,
pmsu'tantwtsm:tanrtln dams/reseracirs and wastswaber effuents. ﬁr:nrglemd mixture Dubstance
ecological risks were evaluated using the risk guotisnt [F0) and nsk mirtune: [ROmix) methods respectinely. For aoste
touicity in dems, nesuls shovesd that emerging CoNtAMInENTS s &% CAMMAMazenine, and 17-sipha-etynyh-estradiol
pased high ecological risis on all aquatic orEERISTE. In =ffluent, cerbamerzenine, iouprofen, tridosen, 17-spha-
Ethyryi-=stradiol, estradiol, and progestercne posed high risks to &l seiected spedies. For chronic towidty, ibuprofen
posed high scoloziosl risks on sigee, daphhics, and fish in dams and effsents. The ROmix valees in all weter sources
exceeded the socepiabile imit fior both soute snd chronic toxicty an algpe, daphnids, and fish. Their aoute mbcure
fisks on squatic spacias were &5 alsme-caphridssfish in argetad waber sources while chronic mibmere risks were as
ﬁmngu:nmprui:l: in tha tarmated water sources. Thensfiore, the level of Err':rE;ir'ﬁ contaminants in dams; resaryoirs
mnd wastewaber effuent in this Sudy is likely to negatively pose serous sdverse implications on aquatic life and
human beings. The cufioomes of this shady constiute the initial coninbution fior & Detter understanding of emenzing
contamirants risks on equakic ecosysiems end human health and mey heip in pollution control, protection of squatic
ECOSYIIEM NG wWaler Consumers.

Heywords: =merEing contaminsnts, emdronmentsl ris assessment, indididusl risk assessment, mihore risc
BSSETTTIENE, WEDET SOLNCET.
1.  Introguction either slofe of in mirhenes posing = worid-wioe risk o
Az = resufis of populstion growth and widespread use the aquatic arganisms and dehl::rlnl.uh.- = h.rnm
of medications for h anc vetesinary ) .r'curth [1]. The DOOWTENCE Of SMEIEing COMBMINns
there arne more smersing mateTErants in the watsr :-m " Hmﬁ i -
S o et every year [1]. Err'l:rE;r'E oo minenks . r - o =
AN enisr 'wEISr SOUFCES in & nUmDeEr of weys, |n5rmgmctﬂh=wm'um,_id_-]m:ufrﬁ_5am
.._IM.._E from . s wiren] Africa [3. & 7). Howewer, the individusl and mixune
I'H.l.':hu.rl:lrlr. hesoital snd i g . mnd rﬂsmr.m:ndﬂﬂdlenml n:l'r'_Pu.ncB-lnnuta'
nts. e r m._l'tHuMdlea‘HreFﬂ'tedn‘hEJh-l‘llllnm
- t ar:a.ln:all Em‘lfﬂrmr;l'r'ﬁ Fdnmhﬂti?rtdm:ummmuunugmt
it o ﬂl - 2 meed to continuoushy monitor these ompouncs in
smarging i |otermia i #ﬂ_ﬂ'mmmmurw
iitaes, u.rrhE'bi i, wticals amd emvironmental risks to sguatic :nm._-sl:n'u This will
mlp'un.m|ﬁrdﬂleiw(taﬂtmlbndu guzmantss = sood wwber gumlity i the oountry

1077
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Abstract:

Inbrodection: Emerging confaminanis are present im the waber and need to b moaitored and
mandged as they are of major erdironmantal and health concem uriversally. Expasure to emeging
contaminants in eatEr SOArCeS CaN pose 3 signifcant risk to both aquabic species and heran Faalkh.
This study assesned B rishs ol emegieg contaminants in wban and natural SaREr SoUrceE.
Withods: A Righ-porformance liguid creomatography connected to 3 hybrid triple quadrupsde ion bap
Mass Spackrommeter wis wSed to analyse the bugeted ererging contaminants. The ecological and
hiveraain hiaalth risk assessmant maethods wene wsed bo asmess the passible risks of contaminangs.
Results: Emarging contaminants swch st 1T-ethinylestradiol, simazine, Buprofen, abraziee,
carbamazepine, terbuthylazing, and metobachior shomed the possibiley of high ecclogical risks to
squatic species. Risk mbhere values in all water seeves showed that the sgputc species e at high
rish in all seasons. The mon-carcincgenic sk of all selected heddcdes inall waber scasces showed
risk quotient values below 1 for the entire popalation, signifying that the poodation is sfe. Atazine
is e oy Combamirant that shomsed high cancinogenic risic to the adult geoup in Mwer water daring
thi SUMMEE S350

Condusion: It can be concheded that aguatic species and publc health ane at nsk. The ouloomes of
thee shady may aid in the develspment of emdmnmental guality standands for regulatory and
Erfaincnmental setairabibty purposies.
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The prescace of phammaccstacals, herbicides, endocrine-disrupling compounds, sed pensonml cee
products bes rocently stracsed the interest of rescarchers due 1o i concorn with regand w2 wide
vasicly of emerging contamssants in the ooy ironteal 45 4 resull of ssdoguale wislowalos Seascal
procescs. Apart from the peovision of waler in pasticular clesn water (0 the South Afrscan public,
sa0sl estescal facilines are faced with incressed presiire 10 provide ssproved semlation setvices,
whach contnbunes 80 e sommenlal and hussses health isspacts. The aim of the soady is 1o detect the
coscentralion levels of emening contammants (pharmacesticals, berfbicades. Personal care
peoducts, and Endoctine-Disruptmg compousds) that maght be of boead® rsk af wisicwsler
mestmenl works, Wity treatment plasts, and surface water and drinkag water. It also airs 1o
determine @e major sources and pathways of emorgang contamments within the Modder River
caichment systese Samples were extracted with Sobid Phase Extraction procouses Whach vary ca
e type of the chemical compound. High-perfemance hiquid chromutograply wis wed @ 2
medhod of quastificateon. The sescirch provides infoemation os (Be concentzalion and sources of
emenging conlaminants in wider sowces The rescarch 1 Jooking af investigating the appeopraie
semediation mcsures based on Be identifiod sources. This will sid = the developmseat of polluticn
muspemont and Wxic compooad nsk sedoction stralegics within the regaoa.

Keywords

emerging conammsnts, Modde River cmchmsenl, pharmaccuticals, poticales, persomal care
products, endocrsce-dusupling compounds
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Abstract
The number of smerging contaminans in the sgquabse snviFenment B growing conlinoesusly eeery poar Thisr
amysprrisesh in waker soupas svuld ke i reubling problem to aquatic eeosysbern and human hilih. The s of this
aely was bo assse the envinonmesie] roks of sslected emerging contaminests in Qs Fesereoirs and
wpsiwunter efffoent snphis arvesd the ety of Blessfonisn, Souih Afkies. The high-perforsane: Byed
ehrassicgrphy cnbetl ios QTRAF hybeid trple quadnipoeks o 1 s spaSromser wis ed 1o andlyss
g ing oxbaminesis sich i aortom inophes, cirhamaesping, ibupeofen, trdosas, 17-alpha-et hynyd-armdicl
siiriediol, progesteroms and lsnzaterons in dams/reservoirs and wenewater eiffsnis. The sngle asd mixuese
sobonance eeological rials were evalmbed using the sk quotient (RO asd Fsk miture (ROwsix) msthods
respaviively . Por el logsty in dama, reults showed thl smerging contaminanis such i et b, and
rr-alphi-sbonyl-anradiol possd high seologionl risks on all aquathe organisms. In effues), corbameepine,
ibvprlion, THckenn, 17-alplh-sthynyleirefel, airadial, el progebeross goesd high Asks b el selosed
apecii. Por chronie toxisiy, ioprohm posed high saological Asks on algee, daphnids, asd b in deses and
eifioanis. The ROmix widees in all water soures excesdiod the sceeptable limit fior btk acube and chronie iosieiny

on algee, daphnids, and Sl Their scbe mios rss on aqualic peces webs as algaodaphnidsofish in
tirgebee] wirlisr sourons whilie chrenie miomon Fisks wern o Tishoobpaesdaphinids i te targeied wilisr soones

T, the bevel of emenging conbaminasts is darns) resreoin and wi swaler efluent (5 this shedy & likely o
nigatively poss sericus adverss mpletions on agquatic life asd husen baings The cuicomes of this ady
cxwtiiube the initial comivibuiion for & beiter undersanding of emerging contamisanis risks on egquidic
ansiyaberng and human behh aed may belp s polluibon cwbrel, protection of el saaysien amd wilsr
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Appendix F
LABORATORY ANALYSES
Rivers
Spring
Sambple ID Acetamino  Simazin Terbuthylazin Carbamazepin Metolachlo Testosteron Progesteron Ibuprofe Estradio Triclosa 17 alpha Comments
P phen e Atrazine e e r e e n | n ethyn
SWRS03 - 1.510 0.063 0.065 0.580 0.027 - - 1.000 0.080 - 25.000 Renosterspruit
SWBS04 - 5.670 0.053 0.210 0.680 0.009 - - 3.440 - 0.089 13.100 Bloemspruit
SWKORO05 0.081 - 0.002 0.007 - 0.003 - - - - - 0.090 Koringspruit
SWMOR06 Modder
- 0.055 0.012 0.014 0.496 0.004 - - 1.580 0.062 - 12.200 river/Lekatlong
SWKLMO07 0.149 0.047 0.015 0.012 0.512 0.006 - - 2.870 - - 10.500 Klein Modder
Summer
SWRS03 - 0.743 0.0356 0.118 0.488 0.0716 - - 0.753 - - 9.2 Renosterspruit
SWBS04 - 3.22 0.105 0.137 0.505 0.117 - - 1.4 - - 14.5 Bloemspruit
SWKORO05 - - 0.0321 0.0349 - 0.0159 - - - - - 1.08 Koringspruit
Modder river/
SWMOR06 - 0119 00311 0.0611 0.396 0.0248 - - 0.383 - - 3.85 Lekatlong
SWKLMO7 - 0.0958 0.0347 0.0477 1.43 0.0537 - - 2.11 - - 10.3 Klein Modder
Autumn
SWRS03 - 0.9060 0.0247 0.0309 0.3200 0.0294 - - - - - 53.8000 Renosterspruit
SWBS04 - 0.4810 0.0184 0.0219 0.2850 0.0228 - - 2.2600 - - 38.0000 Bloemspruit
SWKORO05 - - 0.0014 0.0016 - 0.0007 - - - - - - Koringspruit
SWMOR06 Modder
- - 0.0099 0.0064 0.2230 0.0210 - - 0.2220 - - 24.6000 river/Lekatlong
SWKLMO07 - - 0.0188 0.0063 0.1680 0.0233 - - 0.2680 - - 9.7800 Klein Modder
Winter
SWRS03 - 0.12 0.316 0.156 0.304 0.0629 - - 1.71 - - 235 Renosterspruit
SWBS04 - 0.613 0.0728 0.0667 0.324 0.119 - - 3.91 - 18.9 Bloemspruit
SWKOR05 - - 0.00163  0.000701 - - - - - - - 0.281 Koringspruit
Modder
SWMOR06 - - 0.0165 0.00917 0.358 0.00731 - - 0.597 - - 11.7 River/Lekatlong
SWKLMO07 0.0333 0.0452 0.0088 0.00547 0.272 0.00371 - - 2.57 - - 7.33 Klein Modder
Notation: <LOQ is represented by a dash (-).
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Dams
Acetaminophe Simazin  Atrazin  Terbuthylazin Carbamazepin Metolachlo Testosteron Progesteron |buprofe Estradio Triclosa 17 alpha
Sample ID Comment
n e e e e r e e n | n ethyn
Spring
Maselspoo
SWMS01 - 0036  0.010 0.012 0.327 0.002 - - 0.038 - - 3.370 it
SWMDO02 - 0.028 0.008 0.011 0.342 0.002 - - 0.061 - - 4.060 Mockes
Krugersdrif
SWKD08 0.026 0203  0.030 0.057 0.133 0.029 - - - - - 4.490 t
SWSD09 0.123 0.113 0.016 0.048 0.632 0.009 - - 0.812 - - 6.130 Seroalo
SWRUSD1 .
0 - - 0.022 0.018 0.010 0.009 - - - - - 0.277 Rustfontein
Summer
Maselspoo
SWMS01 - 00529  0.031 0.0416 0.0876 0.0375 - - - - - 15 it
SWMDO02 - 0.0144  0.0308 0.0419 0.154 0.0273 - - - - - 3.4 Mockes
Krugersdrif
SWKDO8 - 0235  0.0392 0.0618 0.0778 0.0392 - - - - - 1.99 t
SWSD09 - 0.203 0.0355 0.0846 0.208 0.0238 - - - - - 2.01 Seroalo
SWRUSD1 '
0 - - 0.0215 0.0246 0.0107 0.0101 - - - - - 0.251 Rustfontein
Autumn
Maselspoo
SWMS01 - 00422  0.0034 0.0070 0.0410 0.0115 - - 0.0108 - - 1.3000 it
SWMDO02 0.0936 0.0439  0.0047 0.0049 0.0335 0.0118 - - 0.0297 - - 4.3000 Mockes
Krugersdrif
SWKDO8 - 02920  0.0191 0.0296 0.0704 0.0241 - - - - - 5.8600 t
SWSDO09 - 0.0864  0.0099 0.0068 0.0855 0.0089 - - - - - 8.2300 Seroalo
SWRUSD1 Rusufontei
0 - - 0.0091 0.0026 0.1860 0.0153 - - - - - 14.8000 n
Winter
Maselspoo
SWMS01 - - 0.08 0.00734 0.0437 0.00385 - - - - - 1.04 it
SWMDO02 - - 0.0515 0.00953 0.0774 0.00548 - - - - - 3.34 Mockes
Krugersdrif
SWKDo8 - 0233 00474 0.0301 0.0644 0.0161 - - - - - 453 t
SWSD09 - 0.0493  0.0052 0.0249 0.0455 0.00446 - - 0.103 - - 4.62 Seroalo
SWRUSD1 Rustfontein
0 - - 0.00911 0.00626 - 0.00287 - - - - - 0.387
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Notation: <LOQ is represented by a dash (-).
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Treated Drinking Water

Sample ID Acetamino Simazin  Atrazin  Terbuthylazin Carbamazepin Metolachlo Testosteron Progesteron Ibuprofe Estradio Triclosa 17 alpha

phen e e e e r e e n | n ethyn Comment
Spring
TWWRUSO01 - - 0.019 0.020 0.010 0.009 - - - - - 0.145 Rustfontein
TWWMSPO2 0.102 0.027 0.015 0.019 0.253 0.010 - - 0.014 - - 2.780 Maselspoort
Summer
TWWRUSO1 - - 0.0175 0.0155 - 0.00652 - - - - - 0.144 Rustfontein
TWWMSPO2 - 0.039 0.119 0.161 - 0.0939 - - - - - 0.259 Maselspoort
Autumn
TWWRUSO01 - - 0.0083 0.0039 - 0.0038 - - - - - 0.4220 Rustfontein
TWWMSPO2 - - 0.0297 0.0172 - 0.0390 - - - - - 1.0400 Maselspoort
Winter
TWWRUSO1 0.28 - 0.0092 0.00597 - 0.00232 - - - - - 0.155 Rustfontein
TWWMSPO2 - - 0.0283 0.0102 - 0.023 - - - - - 0.727 Maselspoort

Notation: <LOQ is represented by a dash (-).
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Wastewater Influent

Sample

D Acetaminophen Simazine Atrazine Terbuthylazine Carbamazepine Metolachlor Testosterone Progesterone lbupr-fen Estradiol Triclosan 17-alpha ethynyl-estradiol Comment
Spring
WWTPO1l 2.730 0.576 0.067 0.051 0.742 0.008 0.006 0.008 4.610 - 0.291 19.900 BNE
WWTPO2I 5.350 0.040 0.018 0.006 0.164 0.003 0.009 - 3.320 - - 47.000 Botshabelo
WWTPO3I 8.810 0.483 0.030 0.042 0.945 0.014 0.008 0.028 11.100 - 0.314 26.700 Bloemspruit
Summer
WWTPOL1I 14 0.394 0.0657 0.114 0.54 0.0872 - - 14.2 - 0.131 29.1 BNE
WWTPO2I 14.3 0.107 0.0179 0.0226 0.826 0.017 0.00138 - 8.16 - 0.365 46.1 Botshabelo
WWTPO3I 16.1 0.453 0.0467 0.0897 0.555 0.04 0.00288 - 8.39 - 0.137 23.1 Bloemspruit
Autumn
WWTPO1I - 0.1180  0.0657 0.0806 0.2540 0.0651 - - 5.1000 - 0.4870 17.3000 BNE
WWTPO2I 39.2000 - 0.0499 0.0311 0.4760 0.0220 0.0358 0.0491 9.4600 - 0.7600 62.1000 Botshabelo
WWTPO3I 17.1000 0.1850  0.0170 0.0203 0.3050 0.0088 0.0286 0.0343 9.2800 - 0.6210 33.2000 Bloemspruit
Winter
WWTPOL1I 5.28 0.536 0.148 0.279 0.0819 0.211 - 0.00142 5.74 - - 6.43 BNE
WWTPO2I 18.1 0.0509 0.00975 0.00857 0.198 0.00243 - 0.023 7.58 - - 25.8 Botshabelo
WWTPO3I 10.1 0.0919  0.0491 0.0172 8.89 0.00507 0.0131 - 7.8 - - 32.8 Bloemspruit
Notation: <LOQ is represented by a dash (-).
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Sample ID Acetaminophen Simazine Atrazine Terbuthylazine Carbamazepine Metolachlor Testosterone Progesterone Ibuprofen Estradiol Triclosan 17-alpha-ethinyl-estrogen Comment

Spring
WWTPO1E - 0281  0.131 0.098 0.506 0.027 0.003 0.005 6.220 - 0.083 18.300 BNE
WWTPO2E - 0.028 0.018 0.013 1.090 0.003 - 0.006 3.830 - - 11.200 Botshabelo
WWTPO3E - 0.322  0.034 0.059 1.200 0.022 - - 2.860 0.034 0.166 20.300 Bloemspruit
Summer
WWTPO1E - 0.722  0.0719 0.106 1.64 0.0747 - - 0.22 - - 2.64 BNE
WWTPO2E 8.7 0131  0.0217 0.0285 2.82 0.119 0.00224 - 7.67 - 0.142 26.4 Botshabelo
WWTPO3E - 0.481  0.0374 0.0685 0.567 0.0261 - - 3.28 - - 11.7 Bloemspruit
Autumn
WWTPO1E - 0.3780  0.1110 0.0524 0.8050 0.1430 - - 2.0500 - - 45.2000 BNE
WWTPO2E 11.8000 0.0488  0.0111 0.0102 0.5790 0.0119 0.0039 - 4.0800 - - 26.2000 Botshabelo
WWTPO3E - 0.2850  0.0174 0.0115 0.5080 0.0147 - - 0.0664 - - 52.8000 Bloemspruit
Winter
WWTPO1E - 845  0.0327 0.0185 0.305 0.0279 - - 0.421 - - 14.7 BNE
WWTPO2E - 0.192  0.0212 0.0185 0.604 0.00343 - - 5.58 - - 20.1 Botshabelo
WWTPO3E - - 0.0454 0.0148 0.162 0.0226 - - 0.577 - - 18.9 Bloemspruit
Notation: <LOQ is represented by a dash (-).
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following qualification from the Central University of Technology, Free State:
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In this capacity, | have linguistically revized (in Englizh) the following title:

FORMER TITLE: Environmental health risk assessment of potential emerging contaminanis
identified from water sources around Bleemfontein in Free State Province
of South Africa

HEW TITLE: Environmental health risk assessment of potential emerging contaminants
identified from water sources around Bloemfontein in the Free State
province of South Africa

DEGREE: FhD in Environmental Health
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Appendix H
TECHNICAL EDITING CONFIRMATION LETTER

Certificate of Editing

DORATHEA (DORA) DU PLESSIS
Technical & Language Editing

POy Box 38917 DE2 G35 0214
Langenhovenpark, Bloemifontein 9330
technicalediting.dora@hgmail.com

CONFIRMATION OF TECHNICAL FORMATTING AND LANGUAGE EDITING

I hereby confirm that Thave done the technical formatting and language editing for the following doctoral thesis:
Student: Innocent Mugudamani

Student number: 221002562

Title: Environmental Health Risk Assessment of Polential Emerging Contaminants Identified
from Waler Sources around Bloemfontein in the Free State Province of South Africa|

Degree: Doctor of Philosophy: Environmental Health

Faculty: Department of Life Sciences, Faculty of Health and Environmental Sciences

University: Central University of Technology, Free Stale

Technical formatting included the layout done onan M5 Word template that I created specilically for this thesis.
Technical editing focused on the correct use of citations, style and formatting. [ also checked that all relerences
mentioned in the reference list are ciled in the text. T also made sure that dates and author names used in the
text matched those in the list of references, and nolified the student on missing references that still needed 1o
be added.

Langnage editing locused on puncluation, spelling, vocabulary, sentence structure and grammar. T iried to
retain the student’s own writing stvle, while making sure that the student’s intended meaning was not altered
during the editing process. All amendments were marked with the Microsoft Word Track Changes feature. 1
also left comments for issues that the student needed to check or revise. The student, therefore, had the option
Lo accepl or reject the suggestions and recommended changes to the document.

I have more than 40 years ol experience in typing, formatting of documents and language editing for
postgraduate students from universities all over South Africa and also abroad. I gained my experience during
the years I was typing student dissertations and theses and while working at different departments at the
University of the Free State [Tom 1978 to 1981 and again [rom 1998 1o 2014. T also assisted in compiling a
document on technical lavoul and referencing methods and have presented a couple of guest leclures on
referencing methods and technical layout issues o postgraduate students at the University of the Free State.
In the past couple of vears, I have also done language editing for a number of journal articles as well as seven
books for publication.

Disclaimer: The ultimate responsibility for accepling or rejecting the amendments and recommendations made
by means of track changes rests with the student. The editor cannol be held responsible for any later changes
to the document in terms of format and style and subsequent amendments or additions to the text.

Yours sincersly

Dorathea (Dora) du Plessis
Technical & Language Editor

3 July 2024
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