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EXECUTIVE SUMMARY

The alarming deterioration rate of the water quality due to pollution causes a severe global health concern to
both the ecosystem and humans. One such concern is contamination of water by potentially toxic elements
(PTEs), which is the most pressing environmental problem in society resulting from industrialisation. Industrial
activities lead to the generation of considerable quantities of wastewater containing PTEs such as arsenic (As),
cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni) and vanadium

(V). The information about the levels of As, Cr and Hg species, and other PTEs such as Cd, Cu, Pb, Ni and V
in water bodies and their transport, and fate is important for risk assessment. In this project, PTEs and their
species in water, sediment, soil, and vegetables were determined to assess the associated risks to humans
via the food chain. The total concentrations of these selected PTEs in water and vegetable samples were
quantified by inductively coupled plasma-mass spectrometry (ICP-MS). Whereas the concentrations of
selected PTEs in sediment and soil samples were quantified by inductively coupled plasma-optical emission
spectrometry (ICP-OES). The accuracy of the methods was confirmed by analysing standard reference
materials (SRMs) of appropriate sample matrices. Total concentrations of PTEs in water were within the
maximum permissible limits (MPLs) stipulated by the guidelines. The concentrations of Cd, Pb, and Hg in
sediment surpassed the probable effect limit (PEL) stipulated by the Canadian Council of Ministries of the
Environment (CCME) during both low and high flow seasons and this suggested adequate biological effects in
aquatic organisms and the food chain. Total concentrations of Cd and Cr in all the soil used for cropping as
well as of Cu in some soil (farm 1 site 2 onion, farm 1 site 3 chomolia, farm 1 site 3 pumpkin and farm 3 site 1
covi) surpassed the SQG values during the high flow season. This was attributed to the use of manure and
organic fertilizers to improve the fertility of the soil used for cropping at farms 1, 2 and 3. High concentrations
of As, Cr, Cd, Pb, and V that surpassed the MPLs stipulated by the WHO and Food and Agriculture
Organization (FAO) were detected in vegetable samples during the low flow season. Whereas high
concentrations of As, Cr, Cu, Pb, Ni and V that surpassed the maximum MPLs stipulated by WHO/FAO were
detected in vegetable samples during the high flow season. The human health risk assessment (HHRA) data
revealed that both the health of adults and children in Lephalale who consume these contaminated vegetables
are threatened since calculated hazard index (HI) values exceed 1. The speciation analysis of Cr and As was
performed using high-performance liquid chromatography hyphenated to inductively coupled plasma-mass
spectrometry (HPLC-ICP-MS). The consumption of some vegetables, particularly by children, could cause
serious health risks as the THQ > 10 was observed for some vegetables contaminated with Cr. The incremental
lifetime cancer risk (ILCR) threshold of 1 x 10™* was exceeded, indicating that the overall consumption of
vegetables had high cancer risks for adults and children. This study suggests that the consumption of vegetable
samples would lead to health risks in the population.

Water, sediment, soil, and vegetable samples were collected from Steelpoort area and analysed to determine
the levels of PTEs. The levels of PTEs in most water samples, including those from the Steelpoort River and
some samples from boreholes, were below the MPLs set by the WHO and South African National Standards
(SANS). However, levels of PTEs in sediments exceeded probable effect limits (PEL) and probable effect
concentrations (PEC) stipulated by American and Canadian SQGs, except for Ni during the high flow season.
The elevated concentrations above the threshold of SQGs suggested frequent biological effects in aquatic
organisms and consequently via the food chain. The PTEs in vegetables exceeded WHO/FAO limits. Hazard

quotient (HQ) and hazard index (HI) values indicated that Cr in water exceeded safety thresholds for children
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(HQ = 1.70) and adults (HQ = 1.12) during the low flow season, with HI = 1.60 and Cr in vegetables
exceeded safety thresholds for Children (HQ = 140) and adults (30). The HQ trend of borehole water during the
low flow season followed this order: Cr >V > As > Ni > Pb > Cd > Cu > Hg and for the high flow season, the
order was Cr>V > As > Hg > Pb > Ni > Cu > Cd. The Hl values for both seasons followed a similar trend, with
the risks being higher during the low flow season. Long-term exposure to contaminated vegetables could pose

non-carcinogenic health risks to both adults and children.

lon imprinting technology attracted our interest to synthesise low-cost ion-imprinted polymers (lIPs) fabricated
sensors for chemo-resistive detection of toxic metal ions using an electronic device that measures impedance
(L), capacitance (C), and resistance (R) (LCR meter) of the sensing material. The fabricated chemo-resistive
sensor has been developed with remarkable re-binding cavities predetermined by the memory effect upon
removing the template ion in the polymeric matrix. A significant contribution of the sensor detection is based
on the novel application of lIP-reduced graphene oxide (rGO) (lIP-rGO) based chemo-resistive sensors for the
detection of metal ions in water using an LCR meter. The synthetic procedure of IIPs, [IP:rGO mass ratio
performance, stability, reusability, and selectivity of fabricated sensors were thoroughly investigated and
optimised to develop a rapid response fabricated sensor for the detection of the selected metal ions in water.
A chemoresistance-based sensor for detecting Cd(Il) using a hybrid material of rGO and IIP was developed.
Various rGO to IIP ratios were investigated to balance conductivity and ion recognition capabilities, with the
1:3 (IIP:rGO) configuration showing the highest sensitivity and wide dynamic range across analyte
concentrations. The sensor exhibited rapid response times and sensitivity (1.765 pg/L), excellent
reproducibility, and a strong linear response up to 600 pg/L with a LOD =0.704 ug/L, validating
its applicability for ultra-trace level detection. Percentage recoveries of 91.6% to 105% in real water samples
confirmed the accuracy of the method. Therefore, the results highlight the effectiveness of combining rGO's
conductive properties with IIP's selective recognition to create a scalable, versatile sensor for environmental
and analytical applications.

This study further aimed to investigate agricultural byproducts, such as sugarcane bagasse and orange peels
as adsorbents for de-contamination of PTEs in water and wastewater and assess bio-reactive organoclays for
transformation of toxic elemental species into less toxic ones. The potential of low-cost and reusable bio-
sorbents: calcined orange peels (OPs) and sugarcane bagasse (SCB) for the removal of Ni(ll) and Cd(ll) from
simulated aqueous solutions and real wastewater was investigated. Batch bio-sorption studies were conducted
under various experimental conditions to optimise the removal efficiency (RE) of calcined OPs, SCB, and OPs:
SCB composite. The solid: liquid ratio of 0.1:100 (0.1 g/100 mL — w/v ratio) was applied at a stirring rate of
200 rpm for contact time ranging from 10 to 300 minutes, and the results revealed that calcined OPs could
remove over 98% of 20 mg/L Ni(ll) and 20 mg/L Cd(ll) at an optimum contact time of between 60 and 90
minutes, while calcined SCB could remove over 97% at an optimum contact time of 120 minutes. The OPs: SCB
composite were able to remove over 92% of Ni(ll) and Cd(ll) at a 5:5 ratio at an optimum contact time between
60 and 120 minutes. The corresponding adsorption capacities for Ni in AMD water were 32 mg/g for calcined
OPs, 26.5 mg/g for calcined SCB, and 30.6 mg/g for the composite, while for Cd, the adsorption capacities
were 40 mg/g for calcined OPs and 20 mg/g for both calcined SCB and their composite.

This work also focused on the removal of Pb(ll) from aqueous solution using kaolin and bentonite clays
modified with hexadecyl trimethyl ammonium bromide (HDTMA). The clays were characterized using a
zetasizer, scanning electron microscopy (SEM), powder X-ray diffraction (PXRD), Brunauer-Emmet-Teller
(BET), Fourier-transform infrared (FTIR) spectroscopy and thermal gravimetric analysis (TGA). Factors that
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influence the adsorption of Pb(ll) from aqueous solution, namely pH, contact time, adsorbent mass, ionic
strength, temperature and initial Pb(ll) concentration were investigated. The results show that HDTMA was

successfully incorporated into the kaolin and bentonite clay structures. The most favorable parameters for the
adsorption of Pb(ll) ions onto all adsorbents was pH of 6.0, temperature of 25 °C and adsorbent mass of 200
mg. Maximum adsorption capacity of organobentonite was 18.75 mg/g, which is higher than that obtained for
the unmodified bentonite (14.71 mg/g); while for organokaolin it was 2.26 mg/g, which is less than that of the
unmodified kaolin (4.19 mg/g). The adsorbents also revealed good removal efficiency for up to four
regeneration cycles.
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CHAPTER 1: BACKGROUND

1.1 INTRODUCTION

The scarcity and pollution of water remain two of the most significant challenges in the 21st century. In
South Africa, particularly, the deterioration of water quality due to water pollution places stress on the
availability of potable water (Letsoalo et al., 2018). South Africa is a water scarce country, and with the
current urbanisation and industrialisation growth, water demand is likely to exceed supply in the near future
(Ochieng et al., 2010). Although industrial developments have substantially contributed to the growth of the
economy, such activities have resulted in severe environmental pollution, of which contamination of water
by the potentially toxic elements (PTEs) is of the utmost concern. Global climate change has also
contributed to the growing water crisis since the rain that usually supplies the water has become sporadic.
Due to a shortage of potable water supply, groundwater has been the most reliable water supply option for
meeting the daily water needs of rural communities in South Africa. This is partly due to the fact that most
rural communities are geographically located in hard-to-reach areas due to their dispersed nature and bad
terrain (Nkuna et al., 2017). These conditions have made it particularly expensive and difficult for water
service providers to provide services to rural communities. Such communities have no option but to rely on
hand-dug wells and springs for their daily water needs (Nkuna et al., 2017). Rural communities regard
springs as a sustainable and reliable means of obtaining water compared to a formal water supply from the
relevant service providers. In Sub-Saharan Africa, groundwater is the most appropriate and commonly used
source of drinking water for many rural communities (Gitari et al., 2015). However, groundwater is becoming
increasingly contaminated because of natural and anthropogenic activities (Obijole et al., 2019). The
communities in rural areas rely on these sources without knowing the imposed effects of PTEs in these
systems because of no physical alteration of water by some of the toxic elements (Kumar and Riyazuddin,
2010; Nkuna et al., 2017). The anthropogenic activities, such as industrial activities, mining, and power
stations, which operate in the proximity of rural communities and rivers, elevate the levels of PTEs in the
aquatic ecosystem and the environment.

A large quantity of PTEs associated with anthropogenic activities have been released into the atmosphere
from where they can reach the soil environment and aquatic ecosystem through both dry and wet deposition
processes (Constantine et al., 2014). Apart from soil environment and aquatic ecosystem, atmospheric
inorganic contaminants of natural origin or anthropogenic sources that contained PTEs such as arsenic
(As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni) and vanadium (V) at
high concentrations could lead to serious ecological consequences and pose human health risks (Neeti
and Prakash, 2013). The PTEs are hazardous to humans and various ecological receptors because of their
toxicity, persistence, bio-accumulative and non-biodegradable nature. Therefore, monitoring, evaluation of
their transportation and fate in the environment as well as removal of PTEs in water are imperative to
identify hazards to human health to prevent bioaccumulation in the food chain and further degradation of
the ecosystem.

Waste generated from mining and industrial activities are a major concern. This waste may contain high
levels of PTEs that may have an adverse effect on humans and animals living in the vicinity or downstream
of the contaminated site. The presence of PTEs in water bodies has been a source of worry to
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environmentalists, government agencies and health practitioners. With the deterioration of water quality,
humans are at an increasing risk of exposure to PTEs.

Water pollution requires ongoing monitoring of pollutants. Water contamination occurs when pollutants are
discharged directly or indirectly into water bodies without adequate treatment to remove harmful
compounds. Pollution of water affects plants, fish, and other organisms in water bodies. The effect damages
the natural biological communities. The contamination of water by PTEs poses a serious concern to public
health and is a serious environmental problem.

The PTEs in the environment could contaminate different environmental compartments. These include
water used for human consumption and irrigation, sediment, fish, soil and crops (Dokou et al., 2016).
Potentially toxic elements in the environment can seriously affect human health via the food chain. Thus,
understanding the transport and fate of PTEs and their species in the biota is vital to conducting the risk
assessment. The accumulation of PTEs in the kidney and liver of humans leads to cardiovascular, nervous,
kidney and bone diseases, whereas in plants, the accumulation may lead to biochemical pathway disorders
mostly related to photosynthesis (Reboredo et al., 2019).

1.2 TRANSFER OF POTENTIALLY TOXIC ELEMENTS THROUGH THE FOOD CHAIN

In aquatic food webs, the food chain is regarded as a major pathway for the transfer of PTEs through
biological interrelationships, such as prey relationships, namely, the toxic element in water bodies is
absorbed and accumulated into organisms. Then, the organism is eaten by its predator, which could result
in the transfer of the toxic element into the predator. Subsequently, the toxic element is transferred into a
final predator, including humans (Wang et al., 2018). The toxic elements ingested by humans lead to
insidious biological effects that indirectly affect health and disease risk (Bost and Sanchez, 2018).

Food is the main source of PTEs for humans. Among food types, vegetables are the most exposed food to
environmental pollution due to the aerial burden. Vegetables take up PTEs and accumulate them in different
parts at concentrations high enough to cause clinical problems to both animals and human beings (Jolly et
al,, 2013). Fresh vegetables are very imperative because they include vitamins, minerals and other
components that promote healthier eating and help to prevent different diseases (Shaheen et al., 2016).
Nonetheless, essential and non-essential elements may be present in vegetables. The concentrations of
PTEs in vegetables are influenced by pollution in the environment, seasonal variation, and the composition
of soil (Scott et al., 1996; Shaheen et al., 2016). The transfer of PTEs from soil to vegetables is very
imperative in their distribution along the food chain trophic levels. Vegetables take up PTEs from soils that
are polluted, and they are then passed along the food chain to humans, who consume these plants (Alloway,
2013). It has been reported that increased levels of Cd and Pb are found in vegetables that are irrigated
with wastewater compared to those irrigated with groundwater (Nica et al., 2012). It has also been reported
that leafy vegetables such as spinach have higher concentrations of these metals compared to stem
vegetables such as tubers, because leafy vegetables have high abilities to uptake and accumulate PTEs
(Nica et al., 2012). Thus, ingestion of vegetables contaminated with PTEs may expose humans to serious
health risks.
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1.3 HEALTH RISKS CAUSED BY POTENTIALLY TOXIC ELEMENTS

Currently, the health risk assessment associated with contamination of PTEs has become one of the hot
topics globally due to increasing public awareness of health risks posed by PTEs. Prolonged consumption
of high concentrations of PTEs via contaminated food may cause chronic PTEs accumulation in humans’
liver, kidney, and bones, resulting in kidney, cardiovascular, nervous, and bone diseases (Anwar et al.,
2016; Gupta et al., 2022). The accumulation of PTEs in vegetables poses long-term risks to the ecosystem
and human health (Khairiah et al., 2006). The PTEs, like Pb, are known to be carcinogenic and their
accumulation in edible vegetables poses long-term risks to the ecosystem and human health. High Pb and
Cd concentrations in food have been linked to the development of gastrointestinal cancer (Sharma et al.,
2008). Most significantly, unveiling the health risk of the PTEs is important in children, who are more prone
to PTEs toxicity than adults.

1.4 HEALTH RISK ASSESSMENT

The human health risk assessment (HHRA) is a tool that involves an estimation of the nature and the
adverse health effects in populations that may be exposed to environmental media contaminated with
chemicals (Li et al., 2014; Oosthuizen et al., 2015). Scientific data is evaluated to yield a scientific basis
that can be utilized to reduce chemical risks brought upon the environment or human health (Beronius and
Vandenberg, 2015). Therefore, it is considered to be the crucial initial step in assessing the need for risk
management strategy developments or the need for a regulation to be introduced (Rasheed et al., 2016).
The HHRA has been popularly conducted to identify hazards towards the labour force, consumers and the
general public who may be exposed to different kinds of potential hazards in the workplace, by consuming
products containing potential hazards or by hazards released in the environment (Gentry et al., 2017).

The HHRA comprises three parts: hazard assessment, exposure assessment, and risk characterization.
The hazard assessment involves reviewing toxicological data to identify the adverse effects that could result
from the compound. It also characterizes the dosage response and concludes a safe dose by calculating a
human reference dose. The exposure assessment determines the sources of exposure to a certain
compound. It estimates the exposure levels in populations such as certain workers, a certain age group or
the general population. The risk characterization step combines the outcomes of the hazard and exposure
assessments in order to draw conclusions concerning the risk, e.g., if the determined safe dosage is
exceeded by the estimated exposure (Beronius and Vandenberg, 2015).

The HHRA involving chemicals can be qualitative or quantitative. The assessment can be utilized to
evaluate exposures from the past, present, and future. These exposures include chemicals present in food,
water, consumer products, soil, air and other materials. It is used to identify high risks that result from
chemical exposures; to assess risks of drinking water; to assess a chemical spillage; to assess old
hazardous sites to see if contaminated soil needs to be cleaned before the development of property; to
impose limits on chemical exposures in occupational environments, environmental media, food and
consumer products; and to limit chemical emissions from various human activities such as agricultural and
industrial (WHO, 2010).
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1.5 HEALTHRISK ASSESSMENT MODELING AND INDICES

There are several exposure pathways associated with the PTEs, primarily dependent on pollution media
such as water, soil, air, food, and the exposed population. However, among these pathways, exposure via
vegetable consumption and drinking contaminated water is critical for PTEs entering the human body
(Hoaghia et al., 2022; Muchuweti et al., 2006; Caussy et al., 2003). The human health effects of PTEs
ingestion through vegetable consumption are divided into carcinogenic and non-carcinogenic health effects.

The most applied HHRA method is based on the evaluation of non-carcinogenic effects, particularly by
estimation of the target hazard quotient (THQ). The THQ is not only limited to the metal intake parameter
but also includes other parameters such as exposure duration, exposure frequency, oral reference doses
and body weight (Manea et al., 2020). The method of estimating risk by calculating THQ based on the
following equation (Amwele et al., 2017).

FFyjx EEF  XEEppXCC .
TTTTTT = - SRR Equation 1
RRRRRRXAAAAAAXAATT

Where Ekr is the frequency of exposure or the number of exposure events per year of exposure (365 days/
year for adults and 350 days/year for children), Ep is the duration of the exposure (30 years for adults and
6 years for children) which is equivalent to the average lifetime (Manea et al., 2020; Dadar et al.; 2017:
Fakhri et al., 2017); Fir is the rate of food ingestion (114.77 g/person/day), C is concentration of element in
vegetables, RfD is the oral reference dose (for example: 0.0003 mg/kg/day for As and 0.003 mg/kg/day for
Cr) which is defined as the daily oral exposure to a substance that will not result in any harmful effect in a
life time for a given population; ABW is the average body weight (for South Africa ABW is 68.1 kg for adults
and 13.8 kg for children), and Ar is the average exposure time for non-carcinogens (365 days/yearx number
of exposure years (10950 days for adults and 2190 days for children)) (Manea et al., 2020; Fakhri et al.,
2017).

The level of non-carcinogenic health risks can be evaluated using the calculated THQ values. The THQ <
1 reveals that the exposed population is safe (Manea et al., 2020) or is not under potential health risk (Fakhri
et al., 2017). Whereas, THQ > 1 indicates potential health risks, and THQ > 10 indicates a serious chronic
health risk (Fakhri et al., 2017).

The carcinogenic risk assessment is regarded as the probability of an individual developing any kind of
cancer in their lifetime due to exposure to carcinogenic hazards (Sun et al., 2017). The carcinogenic risk
assessment is determined using the Incremental Lifetime Cancer Risk (ILCR) (Sharafi et al., 2019), as
shown by equation 2.

I = EEEEIl x 1ICCCC Equation 1

where EDI is the estimated daily intake (mg/kg/day).

The CSF is the cancer slope factor (mg/kg/day) (Sharafi et al., 2019. For example, CSF for As is 1.5 mg/kg-
day (Rockafellow-Baldoni et al., 2018), whereas for Cr, the CSF is 0.5 mg/kg-day (Sharma, 2020;

Onyedikachi et al., 2019). The tolerable or acceptable carcinogenic risk ranges between 10-¢ to 104
whereby if ILCR < 108, the cancer risks are negligible and denotes that 1 cancer case would occur per
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1 000 000 population exposures, whereas an ILCR > 10-* indicates that the risks are unacceptable by most
international regulatory agencies and denotes that 1 cancer case would occur per 10 000 population
exposures (Sharafi et al., 2019).

The daily intake of PTEs mainly depends on the concentration of PTEs in food and the quantity of regular
food consumption (Antoniadis et al., 2019). Furthermore, human tolerance for particular PTEs may also
depend on the person’s body weight. The EDI of PTEs through vegetable consumption (mg/kg/day) can be
calculated by using the following equation (Antoniadis et al., 2019).

FFypXEEppXEEppXCC
AAAAAAXAdTT

EEEEIl = Equation 3

1.6 SPECIATION ANALYSIS OF SELECTED POTENTIALLY TOXIC ELEMENTS

According to the International Union of Pure and Applied Chemistry (IUPAC), chemical speciation is defined
as the distribution of a specific form of an element amongst defined chemical species in a system (Kiss et
al., 2017). Chemical species identification in various environmental matrices such as food, water, sediment,
soil and air allows us to set a benchmark against ecosystem health based on the forms of chemical species
present (Van Vuuren, 2014). The toxicity, bioavailability and transport properties of the elements depend
on the specific form in which the element is present in the environment. Speciation of As, Cr and Hg is of
particular interest because these elements exhibit acute toxicity at low concentrations (Jagtap and Maher,
2015). The inorganic As species are highly toxic, with As(lll) being the most toxic of As species and a
human carcinogen. The As(V) exhibits relatively high toxicity, whereas monomethylarsonic acid (MMA) and
dimethylarsinic acid (DMA) are least toxic species and occur rarely because they are produced through
activities of microbial metabolism (Chen et al., 2014; Schmidt et al., 2017). The Cr speciation is more
complex with Cr(lll) being a necessary nutrient for humans, and Cr(VI) reported as very mobile in the
environment, carcinogenic and mutagenic (Markiewicz et al., 2015). The World Health Organisation (WHO)
and International Agency for Research on Cancer (IARC) have classified As(lll), As(V) and Cr(IV) as group
1 carcinogens and genotoxic species based on findings that these species may cause bladder, lung and
skin cancers (IARC, 2004; WHO, 1996).

Exposure to Hg, even in very low concentrations, may cause serious health problems. Mercury has toxic
effects on the nervous, digestive, and immune systems, as well as lungs, kidneys, skin, and eyes. Mercury
is considered by the WHO as one of the top ten chemicals or groups of chemicals of major public health
concern (Menon, 2016). The United States Comprehensive Environmental Response, Compensation, and
Liability Act lists Hg and its species in third place on the “Priority List of Hazardous Substances” (Jagtap and
Maher, 2015). The toxicity of Hg also depends upon its chemical form. Its organic form (methyl Hg) is more
toxic than the inorganic form (Hg(ll)) (Jagtap and Maher, 2015).

The strong affinity of Hg to natural particles allows this toxic metal to ultimately settle down and accumulate
in sediments (Chakraborty et al., 2012). Thus, sediments act as a major sink for Hg and other PTEs.
However, the polluted sediment can be a potential source of Hg in the aquatic environment (Randall &
Chattopadhyay, 2013). Changes in the distribution and speciation of Hg in sediment can alter the
bioavailability of Hg in the system. The inorganic Hg can accumulate in sediments where it can be converted
into methyl Hg, which is generally considered to be the most concerning form of Hg due to its neurotoxicity
to humans (Wang et al., 2012).
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Speciation analysis has become an irreplaceable tool in human health risk assessment, environmental
monitoring, or food quality control. For instance, a reliable assessment of human exposure to some
elements requires knowledge of the chemical species in which they occur, their bioavailability and metabolic
pathways in living organisms (Marcinkowska and Baratkiewicz, 2016). Due to significant differences in the
biochemical properties of As, Cr and Hg species, there is an obvious need for their accurate quantification
(Markiewicz et al., 2015). Relatively few studies have been conducted in South Africa dealing with the levels
of PTEs, particularly their speciation in surface waters (Letsoalo et al., 2018). Limited reports dealing with
the speciation of PTEs in South African rivers and a lack of information on transport and fates of PTEs and
their species in water, sediment, soil, and biota make it difficult to assess the potential health risks
associated with contaminated water. Thus, it is necessary to assess their transport accompanied by fates
and chemical forms in water, sediment, soil, and biota.

The risk of contaminated sediment by PTEs is strongly related to their specific chemical fraction and binding
state; thus, analysing the total concentration alone is insufficient. Furthermore, speciation analysis of PTEs
in sediment is helpful to understand their source, mode of occurrence, mobility, and bioavailability related
to the realistic risk assessment (Yang et al., 2014).

If not properly controlled, PTE pollution could pose serious challenges to the community, particularly in the
mining areas. Frequent monitoring of the levels of PTEs and their sources will help in policy making and
easy management of water bodies. This will also assist in preventing disasters and in saving lives. Therefore,
the main objective of this project is to assess selected PTEs (As, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, V and Zn)
and their species in water, sediment, soil and vegetables or edible crops collected from selected rivers in
Limpopo Province, South Africa. Our previous Water Research Commission (WRC) funded project
(K5/2515/1) results revealed that the concentrations of most of the selected PTEs, particularly in Blood
River, exceeded the permissible limits of drinking water by the WHO. The high levels of PTEs in water and
sediment samples, particularly from Blood River, show the impact of anthropogenic activities in the river.
Furthermore, the findings showed the potential of high mobility of Cr, Cu, and Pb from sediments to water
(Matabane et al., 2021). Thus, there is an increased possibility of risks of these PTEs to the biota and
humans.

Accumulation of PTEs and their species in sediments threatens ecosystems due to the potential
mobilisation of these species and their subsequent uptake into food webs. Thus, this study follows very well
our previous successfully completed WRC-funded project (K5/2515/1) and focuses on assessing the
transfer of PTEs to humans through the food chain since it is important to monitor the presence and effects
of PTEs in the sediment/water-plant-animal-human chain. The impact of toxic elements on the aquatic
system and potential health risks to humans will be investigated.

After successful completion of the WRC-unded project (K5/2515/1), we continued the project focusing on
multi-elemental speciation of As and Cr in sediments and water using high-performance liquid
chromatography—inductively coupled plasma—mass spectrometry (HPLC-ICP-MS), which substantially
reduced analysis time, reagent consumption, and waste production (Letsoalo et al. 2021a; Letsoalo et al.
2021b). The speciation of Hg(ll) and MeHg(l) in river sediments by HPLC-ICP-MS was also conducted
(Kgabi and Ambushe, 2021). The hyphenated techniques have the advantages of exceptional sensitivity and
selectivity for the separation and detection of elemental species in a single analytical run. However,
instruments such as HPLC and ICP-MS are expensive techniques with high maintenance costs, labour-
intensive, and require experienced personnel for operation. Therefore, developing an alternative detection
technique for the quantification of toxic elemental species is necessary.
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1.7 ION-IMPRINTED POLYMERS FOR DETECTION OF POTENTIALLY TOXIC ELEMENTS
IN WATER

The recent advances in the development of nanotechnology and polymeric scientific areas have emerged
as newly developed analytical techniques that attracted significant interest, counteracting conventional
techniques (Cui et al.,, 2015). Molecular imprinting technology (MIT) has established procedures for
synthesising molecular imprinted polymer (MIP) and ion-imprinted polymer (IIP) based on designing an
artificial receptor macro porous three-dimensional polymeric network. The IIP inherits similar features as
MIP except that IIP specifically recognises metal ions and is in the development stage, whereas MIP has
been studied extensively. The MIPs have been used for various applications that include separation
science, purification, recognition for peptides or biomolecules, sensors, biosensors, catalysis, and drug
delivery (Branger et al., 2013; Kusumkar et al., 2021).

As an alternative detection technique for toxic elemental species, ionic imprinting technology attracted our
interest to synthesise low-cost IIPs fabricated sensors for chemo-resistive detection of toxic metal ions
using an electronic device that measures impedance (L), capacitance (C), and resistance (R) (LCR meter)
of the sensing material. lon/Molecularly imprinting technology is a technology that utilises the advantages
of molecular lock to match a molecular key function to recognise a specific molecule ion or in a matrix. This
can be achieved by synthesising ion or MIPs with tailor-made binding sites complementary to the template
molecule or ion in specific size, shape, charge, and functional groups. lon-imprinted polymer and MIP are
used in various application areas, although they are most frequently used in the extraction of precious
metals and as a stationary phase in chromatographic separation, they have been used in the detection of
active molecules, pharmaceuticals, environmental pollutants, and toxic metal ions in sensors.

The high physical strength and resistance capability of the imprinted polymers to a variety of adverse
conditions, such as high pressure, high temperature, and various chemicals (organic solvents, acids, and
bases), can sustain the lifespan for several years (Wackerlig & Schirhagl, 2016). Moreover, they can be re-
reusable without loss of selectivity and specificity with low production costs (Kibechu et al., 2014; Kusumkar
et al., 2021). The large surface area embedded in the IIP matrix exhibits sufficient ionic recognition cavities
per unit area, which is critical for binding the target analyte. In addition, their macro-porous structure allows
the recognition of the target analyte diffusion during the binding and re-binding processes (Kibechu et al.,
2014). The imprinted polymer's imprinting effect and efficient binding capacity can be evaluated by
monitoring the non-imprinted polymer (NIP) performances, which is commonly known as a control material.
The NIP bears similar virtues as IIP but lacks distinct recognition cavities.

Application of IIP/MIP in chemical and biological sensing has made considerable progress since the
synthesis method is well developed and most of them follow one-pot synthesis methods or require minimum
steps, which adds cost efficiency in the production. More importantly, IIP/MIP are easy to manipulate or
tunable for a specific target by changing the template and functional group. In addition to this, it has high
stability and excellent selectivity, and wide practicality of sensing performance. In the past few decades,
several scientific reports have been published on the application of the IIP/MIP based sensors in detecting
inorganic ions, drugs, nucleic acids, proteins, and viruses using different templates for specific target
molecules and modifying imprinting structures. The characteristic future of the IIP/MIP based sensors has
the ability to recognise the specific targets that bind the cavity since it has predetermined selectivity toward
recognising particular targets and can also be used as a transducer that can send an output signal to the
process. The change in the output signal is due to the interaction between the sensing materials, IIP/MIP
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and the target analyte, when the target analyte binds the cavity, it changes the electrical property of the
sensor, either in impedance (L), capacitance (C) or resistance (R). This change in electrical property could
be either an increase or a decrease, depending on the type of target analytes or the templates, which is
usually proportional to the target analyte that binds to the cavities.

In chemo resistive sensor, the sensor performance is measured in terms of the change of resistance. It has
advantages such as quick response, low power consumption, low-cost effectiveness, portability, and simple
fabrication methods were used to fabricate the devices. In this project, we will be focusing on the fabrication
of sensors for the detection of Pb(ll), As(lll), As(V), Cr(VI), Hg(ll) and Cd(ll) ions in river and groundwater
at very low concentrations. The fabricated sensors will be cost-effective, portable and with excellent
sensitivity, stability, and reliability.

1.8 UTILISATION OF LOW-COST ADSORBENTS FOR REMOVAL OF SELECTED
POTENTIALLY TOXIC ELEMENTS FROM WATER AND WASTEWATER

Several agricultural activities contribute a large amount of waste that could potentially cause environmental
problems in the soil, water, and air. Agricultural waste materials are generally produced in the processing
of agricultural and forestry products and livestock breeding. If these waste products are not disposed of
appropriately, environmental disputes will arise. Most of the available disposal measures are complex,
economically impractical, and could potentially create secondary pollution. The environmental issues could
be addressed by finding a conceivable usage of these waste products (Mo et al., 2018). Adsorbents from
agricultural wastes are easily collected, prepared, applied, and recovered without causing environmental
problems (Kwikima et al., 2021). The concept of applying agricultural waste materials in wastewater
treatment is innovative, effective, and sustainable (Kwikima et al., 2021). Agricultural by-product adsorbents
are easily acquired; hence, their wide application in the removal of PTEs is highly relevant. Agricultural by-
product adsorbents have been applied to remove a wide range of PTEs due to the abundance of binding
sites on the surface of adsorbents. These binding sites create a strong affinity and high selectivity for PTEs
in wastewater (Kwikima et al., 2021). In general, modified agricultural adsorbents exhibit higher removal
efficiencies than unmodified agricultural adsorbents (Baig et al., 2015). Fruits and vegetables produce
several by-products and wastes during several industrial processes and secondary product manufacturing.
The potential environmental impacts may be reduced by finding promising and renewable industrial
applications for them (Baig et al., 2015). Fruit waste products contain structural components such as pectin,
cellulose, and hemicellulose, which contain hydroxyl and carboxylic functional groups. These structural
components are involved in the adsorption of PTEs such as Pb, Cr, As, Cu, and Ni (Baig et al., 2015).

Waste collected from agriculture may be modified by pyrolysis to produce highly efficient biochar (carbon
material) with high PTEs adsorption efficiencies (Baig et al., 2015). Agricultural waste adsorbents release
highly soluble organic compounds, contributing to chemical oxygen demand (COD), biological oxygen
demand (BOD), and total organic carbon (TOC). An increase in COD, BOD, and TOC release results in the
depletion of dissolved oxygen (DO), which threatens all life underwater (Wan Ngah et al., 2008). Adsorbents
may be modified for the purpose of reducing soluble organic compounds. Modifying agents such as NaOH
and Ca(OH)2, Na2COs, several organic acids and compounds, and oxidising agents are used to remove
soluble organic compounds, eliminate aqueous solution colour changes, and improve removal efficiencies
(Wan Ngah et al., 2008). Agricultural waste sorbent material may be modified using different chemicals to
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enhance adsorption capacities and removal efficiencies of surface functional groups. Modification may also
increase physical components of adsorbents such as pore volume, pore distribution, and surface area (Baig
et al., 2015).

This study further aims to investigate agricultural by-products such as sugarcane bagasse (SCB) and
orange peels (Ops) as adsorbents for the decontamination of PTEs in water and wastewater. An adsorption
using low-cost adsorbents has received extensive attention since it is simple, easy to operate and highly
effective (Sarkheil & Tavakoli, 2015). In the past decade, the search for low-cost, easily accessible,
abundant, and efficient bio-sorbents has received a great deal of attention (Montero et al., 2018). The low-
cost bio-sorbents are produced using natural and agricultural waste products (Bajpai & Katoch, 2017). The
use of agricultural by-products is economically favoured, and most importantly, they are a good
representation of green chemistry due to the ease in handling, storing and safety of the waste materials
during operation. In addition, the use of agricultural by-products in wastewater treatment creates a noble
destination for organic load that has been deemed agriculturally futile.

Some examples of agricultural by-product adsorbents are sugarcane bagasse, coconut shells, rice husk,
sawdust, maize cob, and orange peels (Bajpai & Katoch, 2017; Montero et al., 2018). In this study, the low-
cost, green adsorbents, namely, sugarcane bagasse and orange peels, will be investigated for the removal
of selected PTEs. Sugarcane bagasse, a bio-sorbent, is a low-cost residue (by-product) of the sugar industry
remaining after sugar has been extracted (Esfandiar et al., 2014). On the other hand, one of the most
valuable biomass wastes is orange peels. Despite the high removal capacity for PTEs that may be achieved
using these agricultural by-products, it is highly advantageous to find industrial usage for them as their
disposal is usually significantly problematic (Lasheen et al., 2012; Sarker et al., 2017). The use of these
agricultural by-products, which are abundant and easily accessible in South Africa with minimal
consumption of energy in the removal of PTEs from contaminated water, responds to the global call to raise
awareness and capacities on applicable green chemistry approaches.

Another alternative low-cost adsorbent to be investigated for the removal of PTEs from water and
wastewater, in this study, is bio-reactive organoclay. Commercial applications of the organoclay materials
have steadily increased in recent years, but mainly for the remediation of organic contaminants. Unlike
organic contaminants, limited studies focused on the investigation of whether inorganic contaminants
immobilised onto organoclays are available to microorganisms or not. Organoclays have shown promising
efficiency as an adsorbent due to their high adsorption capacities, relatively low cost, simple preparation,
and efficiency for re-use after regeneration. To date, fewer studies have investigated the ability of bio-
reactive organoclays for the transformation of PTEs into less toxic ones. The discovery of viable bio-reactive
organoclays for PTEs remediation can be used to overcome the challenge of costly and less effective
techniques. Furthermore, the use of low-cost materials will help in improving the quality of our water
resources, particularly in vulnerable communities.

There are two main reasons why clay minerals are frequently selected as starting materials for the
development of important adsorbents. Firstly, the clay minerals usually have a very large surface area.
Secondly, the clay mineral's expansive surface often has an electrical charge that results in the
accumulation of inorganic and organic cations (Sarkar et al., 2012). Clay surface charge is caused by
isomorphic substitution within the crystal structure, defects, and broken edges of clay minerals (Sarkar et
al., 2012; Xu et al., 2018). Both factors are very important, and they have made clays very suitable to be
developed as sorbents in many areas.
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It is evident from several studies that organoclays are highly efficient in cleaning up organic and inorganic
contaminants from the environment, and sorption is the guiding principle for this. However, a remediation
technology or material that is based on the sorption of contaminants has some basic disadvantages in its
long-term use. For example, a sorbent reaches its maximum adsorption capacity in due course of time, after
which it should be either regenerated for further use or replaced with fresh material (Sarkar et al., 2012).
Total replacement of a whole lot of spent sorbents might need additional infrastructure, which would require
more time, work, and cost. There is also the chance that contaminants may re-disperse from spent
organoclay at a new site, depending on environmental conditions such as pH, redox conditions, temperature,
ionic strength, and dissolved organic matter (DOM). One economically viable and environmentally
sustainable solution to these problems is the sorption of the contaminants followed by their degradation on
the organoclay surface. Degradation can be achieved by imparting either chemical or biological activity to
the organoclays. Chemically reactive organoclays, which are capable of sorption and degradation of
contaminants, basically act as catalysts (Kapahi and Sachdeva, 2019). These materials have received huge
attention and popularity in recent years. On the contrary, biologically reactive organoclays remain largely
unexplored. Organoclays imparted with biological degradation properties can be termed bio-reactive
organoclays. If microorganisms thrive well on an organoclay, they can take part in the degradation of
adsorbed contaminants (Witthuhn et al., 2005, 2006). Thus, combining sorption and degradation by
bioreactive organoclays could facilitate the regeneration of this remediation material (Yang et al., 2003).
Microorganisms that use a particular organic contaminant as the sole carbon and energy source and are
capable of mineralising the organic contaminant completely into CO2 and water can be combined with
organoclays to obtain the best results. Even inorganic pollutants such as arsenite and chromate can be
targeted by microorganisms thriving on organoclays to bio-transform them into less toxic forms. However,
the degradation performance of the introduced microorganisms depends on many factors. The growth and
proliferation of the microbes should not be prohibited by any kind of toxicity from the organoclay or the
contaminant in question. Also, the contaminants sorbed on the organoclay should be available to the
microbes for degradation (Sarkar et al., 2012). The microbes may need additional nutrient sources as well.
However, information on these in the literature is very scarce because it is a very recently emerging
technology that combines material science and microbiology (Sarkar et al., 2012).

Unlike organic contaminants, little attempt has been made to date to investigate whether inorganic
contaminants (e.g., toxic metals and metalloids) immobilised onto organoclays are available to
microorganisms. A bioremediation approach utilising specific microorganisms may be employed to degrade
organoclay-immobilised PTEs, given that those become bioavailable to microbes. In addition to adsorption
by modified organoclays, remediation by reduction of toxic form to a less toxic oxidation state is the focus
of this project. Conversion of carcinogenic Cr(VI) to Cr(lll), As(Ill) and As(V) to the less toxic organic forms,
namely monomethylarsonic acid (MMA), dimethylarsinic acid (DMA), and trimethylarsine oxide (TMAO) and
more toxic vanadium(V) to other less toxic oxidation states will be investigated. This will combine
remediation with speciation studies to identify the different oxidation states before and after treatment.
Some extra nutrients may need to be added to the system for the proper functioning of the microbes. So,
this study saw it essential to understand the possibility of integrating microbial degradation/transformation
of inorganic toxic metals and metalloids held on organoclays. Thus, the bio-reactive organoclays will be
employed for the transformation of more toxic elemental species to less toxic forms.

This project will focus on Steeelpoort River in Steelpoort, which is heavily affected by mining activities in
the area and the Mokolo River in Lephalale, which is situated close to Grootegeluk coal mine as well as
Medupi and Matimba power stations. In addition to these study areas, which were selected in the first cycle
of the WRC project, particularly, borehole water in the Sekhukhune district will be investigated to evaluate
the impact of mines such as the Tubatse Ferrochrome mine on the groundwater. Thus, a survey of the
groundwater quality of these areas on a large scale is vital as a first step in the development of a
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groundwater management strategy for the communities residing in these areas.

1.9 PROJECT AIMS

The following are the aims of the project:

1. To conduct a literature review that focuses on levels of PTEs and their speciation in South African
water bodies, transport, fate, and risk assessment of PTEs via the food chain, IIP-based sensors
application for detection of toxic metal ions, agricultural by-products such as sugarcane bagasse
and orange peels as adsorbents for de-contamination of PTEs in water, and bio-reactive
organoclays for transformation of toxic chemical forms into less toxic species.

2. To quantify the total concentrations of As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, and V in water, sediment,
soil, and vegetable samples using atomic absorption spectrometry (AAS), inductively coupled
plasma-mass spectrometry (ICP-MS) and inductively coupled plasma—optical emission
spectrometry (ICP-OES).

3. To optimise method(s) for simultaneous determination of As and Cr species in water, sediment,
soil and vegetable samples using HPLC hyphenated to ICP-MS as well as a method for
quantification of Hg species (methyl mercury [MeHg(l)] and inorganic Hg [Hg(ll)] in sediment, soil
and vegetable samples using HPLC hyphenated to ICP-MS.

4. To compare the mobility of PTEs and their species through the food chain and determine fate by
identifying steps where in the food chain transfer of PTEs and their species may be enhanced or
constrained.

5. To evaluate concentrations of PTEs and their species in water, sediment, soil, and vegetables
collected from selected areas and conduct risk assessment for human health, which will be
addressed through the determination of the estimated daily intake dose (EDI) and the tolerable
upper intake (TUI).

6. To fabricate ion-imprinting polymer-based sensors for the detection of selected toxic metal ions in
water.

7. To investigate agricultural by-products, such as sugarcane bagasse and orange peels, as
adsorbents for decontamination of PTEs in water and wastewater, and assess bio-reactive
organoclays for transformation of toxic elemental species into less toxic ones.
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CHAPTER 2: METHODOLOGY

2.1 CHEMICALS, STANDARDS, AND CERTIFIED REFERENCE MATERIALS

Ultrapure water with a resistivity of 18.2 MQ.cm was obtained using a Milli-Q System (Millipore, France)
and used for dilutions and washing glassware. Chemicals of high purity were utilized throughout this study.
These include 65% suprapur HNOs (Merck, Germany), 40% HF (Merck, RSA), and H3sBOs (Sigma-Aldrich,
Germany), which were utilized for sample digestion. Stock solutions of 1000 mg/L PTEs (Inorganic
Ventures, USA), 500 mg analytical grade MMA (Supelco, USA), and 500 mg analytical grade DMA
(Supelco, USA) were utilized to prepare standard solutions. An ACS reagent > 98% NH4NO3 (Thembane
chemicals, RSA), 28-30% NHs basis NH4OH (Sigma Aldrich, Germany), 99% dibasic (NH4)2HPO4 (Merck,
Germany), analytical grade> 99% EDTA (Merck, RSA) for preparation of mobile phase and extraction of As
and Cr Species. Standard reference materials (SRMs) of trace elements in natural water (SRM 1640a)
(NIST, USA), San Joaquin soil (SRM 2709a) (NIST, USA), and tomato leaves (SRM 1573a) (NIST, USA)
were used to evaluate methods utilized for the determination of trace elements in water, sediments, soil,
and vegetables, respectively. The test of interference by polyatomic ions was carried out using NaCl

(Promark chemicals, RSA).

The rGO, IIP and NIP were synthesised and purified using the following chemical reagents. A <20 pum
graphite (G) powder, hydrogen peroxide (H202) (30%), sulfuric acid (H2SOa4) (98.0%), potassium
permanganate (KMNO4) (99.0%) and phosphoric acid (H3POa4) (85%) were used in the preparation of GO
from G. Ascorbic acid (CeHsOs) (99.0%) was used in the reduction of GO to rGO. For the synthesis of IIP
and NIP, a mixture of acetonitrile (ACN) (99.9%) and dimethyl sulfoxide (DMSO) (99.9%) was used as a
porogen to dissolve the source of template ion; cadmium(ll) nitrate (Cd(NO3)2.4H20) (98.0%), the monomer
methacrylic acid (MAA) (99%) and the cross-linker; ethylene glycol dimethylacrylate (EGDMA) 98.0%.
Azobisisobutyronitrile (AIBN) (98%) was used as an initiator for polymerisation. The synthesised GO and
polymers were purified in ethanol (EtOH) (97.2%) and hydrochloric acid (HCI) (30%). The nanocomposites
(rGO-Cd-IP and rGO-NIP) were composed using a polysulfone membrane (used as a binder) with an
average MW = 3500 and dissolved in 1,2-dichloroethane (DCE) (99.8%). A potassium bromide (KBr) salt

(=99%) was used to prepare samples for FTIR spectroscopy analysis.

All high-density polyethylene bottles, microcentrifuge tubes, and glassware were cleansed with detergent,
rinsed with de-ionized water, and soaked for 24 h in an acid bath solution composed of 10% HNOas.
Analytical grade lead nitrate (Pb(NOs)2), hexadecyl trimethyl ammonium bromide (HDTMA), nitric acid
(HNOs, 65%), sodium hydroxide (NaOH, 98%), all purchased from Sigma-Aldrich (Darmstadt, Germany);
hydrochloric acid (HCI, 37%) purchased from Chemistore (Kempton Park, South Africa); as well as silver

nitrate (AgNOs) purchased from Rochelle Chemicals (Johannesburg, South Africa) were used without
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further purification. Natural kaolin (CEC = 13.1 meq/100 g) and bentonite (78.6 meqg/100 g) clays were

purchased from Micronized (Johannesburg, South Africa) and Imerys (Pretoria, South Africa), respectively.

2.2 INSTRUMENTATION AND APPARATUS

All synthesised materials for sensor fabrication were ground using an Agate mortar and pestle and sieved
through a 0.045 mm mesh wire. These materials were then characterised using various instrumental
techniques. A Witec 300 Confocal Laser Raman spectrometer (Witec Focus Innovations, Germany) was
used for Raman shifts identification, and a Frontier FTIR spectrometer (PerkinElmer, Germany) was used
to identify and monitor functional group changes using a potassium bromide (KBr) pellet. The KBr was
preferred since carbon-based materials like graphite have reduced sampling depths and weaker signals in
the Attenuated total reflectance (ATR) mode (Tseng et al., 2024). Brunauer-Emmett-Teller (BET) analysis
was used for nitrogen (N2) adsorption/desorption studies using a surface and pore analyser (Micromeritics
Instrument Corporation, USA). An Empyrean powder X-ray diffractometer (P-XRD) (Malvern Panalytical,
UK) with a Cu-Ka radiation source of 0.154184 nm wavelength was used for characterising crystallinity and
amorphousness of the materials for morphological studies and elemental composition, a Tescan Vega 3
scanning electron microscope (SEM) (Tescan, Czech Republic) equipped with an energy dispersive X-ray
spectrometer (EDS) and a Joel-Jem 2100F transmission electron microscope (TEM) (Joel, Japan) were
used. The concentrations of PTEs were determined using Spectro Arcos ICP-OES (Spectro, Germany) and
NexION 300 ICP-MS (Perin Elmer, Canada). Sensor performance testing was monitored using an E4980AL
Precision inductance, capacitance, and resistance (LCR) meter from Keysight, USA, operating using
LabVIEW 21.0 software.

The flame atomic absorption spectrometer AAS-7000 from Shimadzu (Kyoto, Japan) was used to measure
the concentrations of Pb(ll) in solutions before and after adsorption. The surface morphology of the clays
was investigated using the TESCAN VEGA 3 LMH SEM (TESCAN, Brno-Kohoutovice, Czech Republic);
the zeta potential of the clays was determined using the Malvern Zetasizer (Malvern Panalytical, Randburg,
South Africa). The functional groups present were identified by means of an IR Affinity-1S FTIR
spectrophotometer (Shimadzu, Kyoto, Japan). An STA 6000 TGA (TA Instruments, New Castle, DE, USA)
was used to determine the thermal stability of the clays. The solutions were stirred on an RS Pro stirrer
plate (RS Components, Midrand, South Africa).

2.3 STUDY AREAS

This study is based on the Mokolo River, which is in Lephalale, Limpopo Province, South Africa. The Mokolo
River serves as a water source for activities that are industrially, recreationally, and agriculturally based, as
well as a water source for domestic use. Lephalale is home to various industrial activities, including mining
(Grootegeluk Coal Mine) and the production of electricity (Matimba and Medupi Power Stations) (Letsoalo
et al., 2018). The coal contains PTEs such as U, Pb, Mn, Cr, As, and Cu, some of which are released
through combustion when utilized in power stations (Cui et al., 2019). The combustion of coal is reported
to release PTEs such as As and Cr in the form of atmospheric particles, which are dispersed by wind (Cui
et al., 2019; Letsoalo et al., 2018). The dust particles released through coal mining and power stations'
operation can highly impact the ecosystem, resulting in high concentrations of Cd, Pb, Cu, Ni, Hg, V, Cr,
and As in water, sediment, soil and vegetables. These particles often end up in water sources, putting water
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sources like the Mokolo River at risk of being exposed to toxic elements. There are various activities which
were observed during sampling, including sand mining and water abstraction pumps used for irrigation
purposes. Therefore, there is a need to assess the different environmental samples in the Mokolo River
and its surroundings to determine their distribution and the levels of the PTEs.

This study also focused on the Steelpoort River, a prominent tributary of the Olifants River in Limpopo
province, which is a critical watercourse with significant ecological and economic importance. Originating
in the northern part of the province, the river flows eastward before joining the Olifants River. Its catchment
area is characterized by a mix of natural landscapes and intensive human activities, which are significantly
impacted by both mining and agricultural activities. Key tributaries of the Steelpoort River include the Elands
River, which joins from the northwest, the Dikgatlong River from the north, and the Jubilee Creek from the
west. Each of these tributaries contributes to the river's flow and influences its water quality, reflecting the
varying degrees of local anthropogenic impacts.

The Steelpoort River and its tributaries are essential for local communities, agriculture, and industry,
providing water for domestic use, irrigation, and industrial processes. However, the river system faces
considerable environmental challenges due to extensive mining operations, particularly for ferrochrome and
platinum, and intensive agricultural practices (Department of Cooperative Governance and Traditional
Affairs, 2019). These activities lead to the release of pollutants, including PTEs such as V, Cr, Ni, As, Cu,
Cd, Pb, and Hg, alongside pesticides and organic matter. These PTEs can accumulate in sediments and
adversely affect both water quality and aquatic ecosystems.

2.4 SAMPLE COLLECTION

Sampling from the Mokolo River was carried out in August 2022 and May 2023 for low and high flow
seasons, respectively. Fifteen sampling sites were identified, of which ten (10) are in the Mokolo River, two
(2) are in Mokolo Dam and three (3) are the farms in the vicinity. From Mokolo River and Mokolo Dam,
water and sediment samples were collected and from the farms, irrigation water, soil and vegetable samples
were collected. However, for the high flow season, only twelve sampling sites were identified, of which eight
are in the Mokolo River, two are in Mokolo Dam, and two are from the farms. Figure 2.1 displays a map
with different sampling sites that were chosen in the Mokolo River and Mokolo Dam. One litre (1 L) of water
samples was collected into polyethylene bottles. Sediment samples of 500 g were collected at a depth of
30 cm with an auger sampler. Vegetable samples were collected from the 3 farms. Similarly, soil samples
were collected at a depth of 30 cm with an auger sampler from the farms. The important water quality
physicochemical parameters like pH, electrical conductivity (EC), dissolved oxygen (DO), salinity, resistivity,
oxidative reduction potential (ORP), and total dissolved salts (TDS) were recorded on site.

The samples were kept in a cooler box with ice. The water, sediment, and soil samples were collected in
high-density polyethylene bottles of 1000 mL, 500 mL, and 500 mL, respectively, which were previously
soaked for 24 h in 10 % HNOs. The vegetable samples were collected into a plastic bag. The global
positioning system (GPS) coordinates were documented at each sampling point.
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Figure 2.1. Map displaying water and sediment sampling sites from Mokolo Dam and Mokolo River together
with the farms in the vicinity of Mokolo River, Limpopo Province.

Some of the vegetables collected and activities observed from the farms and along the river are displayed
in Figures 2.2 and 2.3.
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Figure 2.2. Images showing vegetables grown on farms, which include pumpkin (left), chomolia (middle),
and a water system (right) used to irrigate the vegetables.

Figure 2.3. Images showing site 9 (left), site 10 (middle) and a board (right) indicating that sites 9 and 10
are mining sites.

Figure 2.4 shows a map indicating the study area of the Steelpoort River and Greater—Tubate/Fetakomo
region.
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Figure 2.4. Geographical area of sampling sites.

The detailed map is colour-coded to represent various geological formations, each denoted by distinct
shades of yellow, brown, and green. These formations include significant geological features such as the
Malmani Subgroup, Nebo Granite, and Magaliesberg Formation, among others. The legend provides a
comprehensive list of these formations, which range from alluvial deposits to various types of bedrock,
highlighting the diverse geological landscape of the region. The geology of Sekhukhune District is
dominated by ultramafic substrate, which is known as serpentine soil of Rustenburg-layered suited
bushveld complex (Kgaphola et al. 2023).

The maps in Figures 2.5 and 2.6 present a detailed overview of the Steelpoort River and borehole water
sampling sites located in Limpopo province. The map also highlights the surrounding towns, such as
Steelpoort, Driekop, and Tubatse, and identifies significant industrial landmarks, including the Lion Smelter
for ore smelting and Tubatse Ferrochrome for Cr mining. Major roads like the R555 have been marked for
reference.
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Figure 2.6. Sampling sites for borehole water and vegetables in the Steelpoort and Driekop areas.
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Sampling sites 1, 3, 4 and 6 are associated with farms where both borehole water and vegetables were
collected. At sites 2, 5 and 7, there were no farms, and only borehole water samples were collected for
analysis. Sampling was conducted during the low flow season from 13 to 14 September 2023 and during the
high flow season from 24 to 25 April 2024.

During the low and high flow seasons, the vegetables collected included chomolia (Brassica oleracea
acephala), spinach (Spinacia oleracea), welsh onion (Allium cepa L.), spring onion (Allium fistulosum L.),
okra leaves (Abelmoschus esculentus), beetroots (Beta vulgaris L.), baby spinach (Spinacia oleracea L.),
yellow spinach (Spinacia oleracea L.), rape (Brassica napas), covo (Brassica oleracea var. capitata L.),
mochina (Brassica perviridis), cabbage (Brassica oleracea var. capitata), carrots (Daucus carota subsp.
sativus), and tomatoes (Solanum lycopersicum). Agricultural topsoil samples were taken from the same
sites where vegetables were collected, providing representative samples of the farm's soil.

2.5 SAMPLE PRESERVATION, PRE-TREATMENT, AND PREPARATION

Upon return to the laboratory, the filtration of water samples was executed through a filtration system fitted
with 0.45 um disk filter paper and were kept in a refrigerator set at 4 °C. A 100 mL of the samples was
acidified with 1% HNOs for use during total concentration measurements, while the unacidified portion of
water was kept for use in speciation analysis. The water was kept in the refrigerator. The vegetable samples
were rinsed three times with deionised water, and all solid samples (sediment, soil, and vegetable) were
dried using a freeze dryer. After drying, the samples were ground with an agate mortar and pestle into fine
particulate matter and sieved using a sieve with a 100 ym aperture opening.

The digestion of sediment and soil samples was executed prior to the determination of total concentrations.
Ahead of digestion, a supersaturated solution of H:BO3 was freshly prepared by dissolving 7 g of HsBOs in
about 60 mL of de-ionised water and topped up to 100 mL. After that, the solution was filtered with a 0.22
pum syringe filter. A 100 mg of homogenised sediment, soil, and SRM 2709a were weighed and transferred
to Teflon vessels of the microwave digestive system. The digestion of homogenised samples involved two
stages. The first stage entailed the introduction of 4 mL of 65% HNO3 and 500 uL of 40% HF to each vessel
containing a 100 mg sample and allowing the vessels to stay open for 20 minutes. The vessels were sealed
and correctly positioned in the microwave digestion system, and the first digestion stage was allowed to
run. After the first stage, 1 mL of a supersaturated solution of HsBO3s was added to each vessel and allowed
to proceed with the second stage on the microwave digestion system. The digestion was done in triplicate.
This method was adapted with slight modifications from Mekonnen et al. (2015).

The plant samples were also digested prior to quantification of total concentrations of analytes. 200 mg of
homogenised vegetable samples and SRM 1573a were transferred to Teflon vessels of the microwave
digestive system, and only 6 mL of 65% HNOs was added to the vessels. The vessels were allowed to
stand with constant swirling after 5-minute intervals for 20 minutes. The vessels were placed on the
microwave digestion systems rotor, and digestion was allowed to proceed with only one stage at 40.0 bar
pressure control of 10 minutes power ramping, 10 minutes power holding, maximum power of 700 W with
an IR temperature of 210 °C and an internal temperature of 240 °C.
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After digestion, the solutions were topped up to 50 mL with de-ionised water and filtration of the solutions
was executed with a syringe fitted with a 0.45 uym syringe filter. Ten reagent blanks were prepared for each
digestion method (10 for the sediment/soil digestion method and 10 for the vegetable digestion method)
following the digestion methods. All samples were prepared in triplicate and concentrations of all the
analytes in the samples were quantified using ICP-MS.

The extraction method adopted from Letsoalo et al. (2021) was used for the extraction of elemental species
in vegetable and soil samples for speciation analysis. Briefly, a buffer prepared using 0.375 M (NH4)2HPO4
and 50 mM EDTA was used for the extraction of As and Cr species in soil, and vegetables collected during
high and low flow seasons from the Mokolo River. A 500 mg sample was transferred into Teflon vessels, and
15 mL of extraction solution was added to each vessel. The extracts were filtered with a syringe fitted with
a 0.22 ym syringe filter without further dilutions. Filtered water samples were injected into an HPLC column
without any further pre-treatment. A gradient mode of elution using 10 mM NH4NO3 and 70 mM NH4H2PO4
at pH 8.7 mobile phase solutions was adopted for the simultaneous separation of As(lIl), DMA, MMA, As(V),
and Cr(VI) (Letsoalo et al., 2021). Prior to speciation analysis, a test solution of 50 mg/L CI- was prepared
and injected for monitoring of polyatomic ion interferences. The HPLC -ICP-MS operating conditions are

presented in Table 2.1.

Table 2.1. Operating conditions for HPLC-ICP-MS.

Parameter Setting

Hamilton PRP-X100
4.6 x250 mm, 5 ym

Analytical column

Column dimension

Guard column 4.6 x 150 mm, PEEK

Pump flow rate 1 mL/min

Pump pressure 2520 psi

Injection volume 100 pL

Mobile phase A NH4NOs (10 mM) and NH4H2PO4 (0.5 mM) at pH 8.7
Mobile phase B NHsNO3 (70 mM) at pH 8.7

Nebuliser gas flow 1.18 L/min

Aucxiliary has flow 1.20 L/min

Plasma gas flow 15 L/min

ICP RF Power 1450 V

Lens voltage

12
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2.6 PROCEDURES FOR DETERMINATION OF ANALYTICAL FIGURES OF MERIT

2.6.1 Determination of limit of detection and limit of quantification

After the analysis of the reagent blanks by ICP-MS, the standard deviations (o) were determined from the
concentrations observed. The products of 3 times the standard deviation (30) and 10 times the standard
deviation (100) were used as the limit of detection (LOD) and limit of quantitation (LOQ) for each sample,

respectively.

2.6.2 Linearity

The linearity was determined for each analyte using 5-point calibration curves, which contain 4 standards
and a blank. The coefficient of determination (R2), along with linear equations, was determined from

calibration curves plotted on Excel.

2.6.3 Method accuracy and precision

The accuracy of the method was confirmed by analysing standard reference materials (SRMs). Tomato
leaves SRM 1573a, trace element in water SRM 1640a and San Joaquin soil SRM 2709a were used to
confirm the accuracy of the methods. The measured concentrations were compared with the certified
concentrations to obtain a percentage recovery. The obtained percentage recoveries were used to confirm
the accuracy of the method. In speciation analysis, the accuracy of the method was evaluated by spiking
soil and vegetable samples at 3x LOQ and 20x LOQ with As(lll), As(V), MMA, DMA, and Cr(VI) before
extraction and the extracts were analysed using HPLC-ICP-MS. The percent relative standard deviation

(%RSD) was utilised to assess the precision of the methods utilised in this study.

2.7 HEALTH RISK ASSESSMENT

The health risk assessment (HRA) to the communities who consume vegetables was assessed by
calculating the targeted health quotient (THQ) and hazard Index (HI). The HHRA was employed to
determine the possibility that consuming vegetables would result in carcinogenic health effects for adults
and children. The estimation of carcinogenic health effects was determined using the ILCR, a product of
EDI and CFS expressions presented in Equations 1 and 2. The EDI parameters employed were ingestion
rate, exposure frequency and duration, oral reference dosage, average body weight, and exposure time.

HIINIT = EEEEIl X JICCCC Equation 1
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EEppxEEppXFEyxCC Equation 2
EEEE| = e i g
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2.8 PREPARATION OF MATERIAL COMPOSITES
2.8.1 Synthesis of NIPs and Cd(ll)-IPs

The polymers were used as a source of support matrix to imprint the target Cd(ll). The bulk polymerisation
process was used to synthesise the polymers imprinted with Cd(Il) and the non-imprinted ones (Letsoalo
et al., 2021). A 0.5 mmol of Cd(ll) source was dissolved in a 10 mL porogen solvent mixture of DMSO and
ACN in a 1:9 ratio. 4 mmol of the MAA monomer and 20 mmol of the crosslinker EDGMA were added to the
dissolved mixture. The mixture was stirred at room temperature for 10 min before adding AIBN (0.3 mmol)
to initiate the polymerisation. After the initiator had dissolved, the reaction flask was sealed and placed in a
preheated oil bath at 65 °C. The reaction was left to proceed for 24 h under a nitrogen atmosphere while
stirring at 1000 rpm. Nitrogen gas was used to remove any potential oxygen gas in the reaction mixture that
could impair the polymerisation process. Polymerisation would usually set in the first few hours of reaction.
The same procedure was employed in synthesising NIPs without the Cd(ll) imprint. A white solid polymer
was ground into a fine powder and sieved before repeatedly washing and rinsing it in EtOH and de-ionised
water to purify impurities. The same process was applied to the NIPs. The purified polymer was dried, and
some of the dry product was leached with 0.01 M HCI solution for several 24 h cycles to remove the Cd(ll)
ions and produce a leached IIP. Leachate solutions were collected after each cycle and analysed for the
presence of Cd until it was no longer detected using ICP-OES and ICP-MS. The dry leached Cd-IP was
stored for further reaction with rGO to form nanocomposites.

2.8.2 Synthesis of GO

Reduced graphene oxide was used to improve the conductivities of polymer nanocomposites. The rGO
was synthesised from GO, which was synthesised following the improved Hummer’s method as reported
by Marcano and colleagues (Marcano et al., 2010) with slight modifications. A 1 L round bottom flask was
pre-cooled in an ice bath. A 3.004 g of graphite powder synthetic was added to the cold flask, followed by
360 mL of conc. H2SO4 (slowly) while stirring. After 30 min, 40 mL of conc. HsPO4 was slowly added with
continuous mixing. The mixture was left to cool before 18 g of the oxidising KMNO4 was added. The oxidant
was added cautiously, and the spatula was full at a time with continuous stirring for at least 30 minutes until
it reached room temperature. The graphite-oxidising reaction flask was transferred to a preheated 50 °C oil
bath under slow stirring. The mixture was allowed to react while monitoring the temperature for 24 h. After
24 h, the purple reaction mixture was removed from heating, carefully poured into 400 mL of ice, and
allowed to cool. A 5 mL of 30% H202 was slowly added to react with the unreacted KMNO4, forming a brown
paste solution. The mixture was sonicated for 4 h at 4000 rpm to exfoliate the formed GO layers while
discarding the supernatant. The resultant pellet was washed with centrifugation twice in each solution of
200 mL absolute EtOH to purify it, 200 mL of 30 % HCI to remove the sulphate and 200 mL of de-ionised
water continuously until the supernatant pH was neutral. The produced GO was dried in a vacuum oven at
50 °C for 72 h, ready for characterisation and synthesis of rGO.
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2.8.3 Synthesis of rGO

Some of the produced GO was used to synthesise rGO. About 0.5 g of GO and 1.0 g of ascorbic acid were
added to 250 mL of de-ionised water in a 500 mL round-bottom flask. The mixture was sonicated for 30 min
and placed in a preheated oil bath at 50 °C for 24 h. The synthesised rGO was washed and rinsed repeatedly
with de-ionised water before drying in the oven, ready for characterisation and synthesis of rGO-based
nanocomposites for sensor fabrication.

2.8.4 Sensor fabrication

The synthesised rGO was mixed with leached Cd-IPs and NIPs to form rGO-Cd-IPs and rGO-NIP
nanocomposites. To make the nanocomposite mixture, 100 mg of polysulfone was dissolved in 3 mL of
DCE. Polysulfone acts as a binder for placing the nanocomposite onto the electrode. This mixture added
leached Cd-IP with rGO in varying ratios of 0:3, 1:1, 1:3, 3:0 and 3:1 for optimisation with continuous stirring
for at least 48 h to form different sensors. After 24 h, 50 uL of the homogenous nanocomposite mixture was
drop cast on a gold interdigitated electrode to form a sensor film and dried in a vacuum desiccator. The
same process was followed for the control rGO-NIP.

2.9 ELECTROCHEMICAL SENSOR MEASUREMENTS
2.9.1 FABRICATION OPTIMISATION AND CALIBRATION

The fabricated sensors were tested for their response sensitivity towards Cd(ll) in solution. During testing,
the sensor was dipped in a Cd(ll) test solution for 300 s, removed, rinsed and placed in a leaching solution
(blank) of 0.1 M HCI for another 300 s to leach out the ions while recording the signal continuously. The
process continued while the blank and test solutions were interchanged. A series of Cd(ll) standard
solutions was prepared from 5 ug/L to 200 pg/L. These were used to calibrate the sensor to determine the
limit of detection, linearity, and sensitivity for method validation. The NIP sensor was used as a control. The
sensor's sensitivity, selectivity, stability, repeatability, reproducibility, and performance in real water
samples were evaluated.

2.9.2 Real water sample analysis

Upon calibration, real water samples from Driekop and Steelpoort, Limpopo, South Africa, were used to
test the sensor’s analytical performance. Two samples were borehole water (BW), and the other was river
water (RW). Since ICP-OES results indicated a Cd concentration of <0.1 ug/L for the real samples, target
concentrations of 1 and 2 ug/L were used for spiking. 45 mL of each water sample was initially spiked with
0.45 mL of a 100 pg/L Cd(ll) solution. The percentage recoveries were to evaluate the method’s accuracy.

2.10 SEM-EDS ANALYSIS

A scanning electron microscope coupled to an energy dispersive X-ray spectrometer was employed in
studying the surface morphology and chemical composition of polymers. Samples were prepared by
dispersing a small amount of fine powder over a double-sided sticky black tape. The tape was mounted on
an aluminium sample holder (20 mm diameter). To coat the samples, a carbon rod source was mounted in
a vacuum system between two high-end current terminal points of an electric sputter coater. Samples were
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then coated with a fine stream of evaporating carbon upon heating. The coated samples were analysed for
surface morphology using a VEGA 3 LMH SEM spectrometer (Tescan, Czech Republic) operating at 20 kV
coupled to an EDS spectrometer (X-max 500 mmz2, Oxford Instruments, Buckinghamshire, UK). The EDS
spectra were obtained to determine the elemental composition.

2.11 FT-IR ANALYSIS

To identify the functional groups in polymers and graphene, FT-IR spectra were recorded in the range of
4000 cm™ to 300 cm™ using a TL 8000 FT-IR EGA Balanced (Perkin Elmer, Canada) flow system
spectrometer. All samples were diluted (100:1 mass ratio) by grinding in KBr using a mortar and pestle to
thoroughly mix them and pelletized using a die at 40 psi. Up to 32 scans were run for each sample at a
resolution of 16 cm'. The obtained spectra were matched to a library of databases to check compounds
with similar functional groups.

2.12 BET ANALYSIS

The pore size, pore volume, surface area analysis and isotherms of leached and unleached Cd(ll)-IPs were
determined after N2 adsorption-desorption analysis following a method by Brunauer et al. (1938). A 0.2 g
sample was degassed at 80 °C for 6 h under a continuous nitrogen flow using the Flow Prep 060 Sample
Degas System (Micrometrics, USA). A low temperature was used to prevent changes in the structure of the
samples from heating. Degassed samples were analysed using an ASAP 2460 N2 adsorption-desorption
analyser (Micrometrics, USA).

2.13 TGA ANALYSIS

Only GO and rGO were analysed for thermal stability using an SDT Q600 TGA Thermobalance analyser
(TA Instruments, USA). The TGA analysis was performed by carefully adding sample material into a sample
holder until it was almost 80% full. The sample holder was introduced into the analyser and calcined up to
1000 °C at 10 °C/min increase rate using lab forceps.

2.14 POWDER X-RAY DIFFRACTION ANALYSIS

A 0.3 g powder sample was pressed to compact in an aluminium sample holder in preparation for PXRD
analysis. Samples were analysed in the range of 5 to 90° (28) at 0.033%s intervals. A diffractometer
equipped with an 8.04 keV X-ray radiation from a Cu-Ka source with a wavelength of 0.15406 nm was
utilised, scanning continuously at a stepwise increase rate of 0.0170/s. The diffractometer operated at a
generator current of 40 mA with a voltage of 40 kV.

2.15 ACQUISITION AND PREPARATION OF BIO-SORBENTS

Sugarcane sticks were obtained from a sugarcane farm in Mpumalanga, while orange fruits were purchased
from a recognized vegetable market. Sugarcane sticks were peeled, and the fibrous parts were crushed to
remove the juice and produce SCB. Orange fruits were peeled to obtain OPs. Then, the obtained SCB and
OPs were washed with tap water, followed by deionized water. They were then left to dry naturally in a
controlled environment before being dried at 105 °C in the oven until their weight was constant. The SCB
and OPs were then ground using a Nama electric grinder (Nima YK, Osaka, Japan) and sieved to obtain a
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powder form of SCB and OPs. The pure SCB and OPs were activated for use in this project. These bio-
sorbents were heated in a furnace to a temperature of 400 °C at a heating rate of 2 °C min-' and under an
inert atmosphere of argon gas to produce the activated forms of SCB and OPs.

2.16 BATCH ADSORPTION AND OPTIMIZATION OF EXPERIMENTAL PARAMETERS

Batch adsorption and optimization studies are already completed for Ni(ll) removal, while the lab work for
Cd(ll) removal is still ongoing. Following the optimization study of each bio-sorbent, the combination study
will follow.

2.16.1 Investigation of the removal of 20 mg/L Ni(ll) and Cd(ll) with a change in pH

The effect of pH was studied at pH 3, 4, 5, 6, 7 and 8. A few drops of 65% HNO3 were added in situations
where the pH exceeded the required pH value. Similarly, a few drops of 0.50 M NaOH were added to
increase the pH of the solution. The bio-sorbent dosage of 0.1 g was used and agitated for an hour. The
calcined OPs and SCB were added to the solutions in steady doses of 0.1 g each, and the mixture was
allowed to react for 1 h. Beyond pH 9, a precipitate was seen for both elements. Hence, the effect of pH
could not be investigated. The solutions were then filtered using filter paper with a 0.45 ym pore size and
put through a FAAS analysis utilising an air/acetylene flame. An analytical wavelength of 232 nm for Ni and
228.8 nm for Cd and a slit width of 0.5 nm were used. The optimum pH for removing Ni(ll) and Cd(ll) with
calcined SCB and OPs was subsequently obtained.

2.16.2 Investigation of the removal of 20 mg/L Ni(ll) and Cd(ll) with a change in contact time

Investigations into the effect of contact time were conducted for contact times of 10, 30, 45, 60, 90, 120,
150, 180, 210, 250 and 300 min. The pH of the solutions was adjusted to the optimum pH. The calcined
OPs and SCB were added to the solutions in steady doses of 0.1 g each. The filtrate was then subjected
to FAAS analysis. The ideal contact time for the remediation of water contaminated by Ni(ll) and Cd(ll)
using calcined SCB and OPs was determined.

2.16.3 Investigation of the removal of Ni(ll) and Cd(ll) with a change in bio-sorbent dosage

The following dosages of calcined OPs and SCB were utilized to examine the impact of adsorbent dosage
on the percentage removal of Ni(ll) and Cd(ll): 0.05¢g,0.1g9,0.259,0.59,0.75g,1.0g,1.259g,1.5¢g, 1.75
g and 2 g. The pH of the solution was adjusted to the optimum pH for the determined optimum contact time.
The ideal dosage of calcined OPs and SCB for Ni(ll) and Cd(Il) removal was determined.

2.16.4 Investigation of the removal of Ni(ll) and Cd(ll) with a change in initial metal ion concentration

To investigate the influence of initial metal ion concentration, the optimum bio-sorbent dosage was added to
100 mL of metal ion concentrated solutions, varying in concentrations at the optimum pH. After that, the
solution was stirred for the optimum contact time. This process was used for concentrated metal ion
solutions of 10, 20, 40, 60, 80, 100, 120 and 150 mg/L. The solutions were filtered, and FAAS was used to
determine the remaining metal ions.
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2.16.5 Investigation of the removal of Ni(ll) and Cd(ll) with a change in solution temperature

To determine the effect of the solution temperature on the adsorption of Cd and Ni ions, all parameters
were held constant while the temperature of the solutions was varied, set at 25 °C, 30 °C, 35 °C, 40 °C, 45
°C and 50 °C. The solutions were filtered and analysed using FAAS to determine the concentration of
remaining metal ions. The optimum temperature for the remediation of water contaminated by Ni(ll) and
Cd(ll) was obtained.

2.17 REAL WASTEWATER SAMPLE

Acid mine drainage (AMD) wastewater was collected from the discharge point of a coal mine, Mpumalanga
province, South Africa. This water was treated with pure and calcinated SCB and OPs to investigate the
potential of SCB and OPs in the presence of competitor ions.

2.18 CHARACTERISATION OF SCB AND OPS

Characterisation studies were performed using different characterisation techniques as highlighted in the
aims and objectives section. The bio-sorbents were characterised before and after adsorption using FTIR
spectroscopy, TGA, SEM, PXRD, and Zeta potential. The efficacy of calcinated SCB and OPs separately
has been investigated for the removal of Ni(ll) and Cd(ll) from water. For both metal ions, the effects of
adjusting pH, contact time, initial metal ion concentration, adsorbent dosage, and temperature have been
evaluated. The metal ion concentration before and after treatment with bio-sorbents was determined using
FAAS. For every parameter, the removal efficiency (RE) of bio-sorbents for Ni and Cd removal was
calculated. For Ni(ll) and Cd(ll) independently, adsorption isotherm, kinetics, and thermodynamic
investigations have been conducted to gain more insight into the adsorption process.

All parameters were studied in triplicate during batch adsorption studies for pH, contact time, adsorbent
dosage, initial metal ion concentration, and solution temperature for both metal ions.

2.19 DESORPTION AND REGENERATION

The used bio-sorbents will be repeatedly cleaned with 0.1 M HNOs acting as the desorbing reagent in order
to regenerate the adsorbents. The adsorbents will be filtered and equilibrated using 20 mL of 0.1 M HNOs
for an hour after each adsorption cycle. The adsorbents will be utilized for the regeneration adsorption
cycles after being thoroughly cleaned with deionized water.

2.20 PREPARATION OF THE ORGANOCLAYS

A mass of 30.0 g of the clay samples was annealed at 500 °C to remove any organic material and increase
the clay’s stability Dinh et al., 2022. After annealing, the organoclays were prepared according to a
procedure reported in the literature Chanra et al., 2019. A mass of 20.0 g of each clay was dispersed in
1500 mL Millli-Q water, the solution was stirred with a high-speed stirrer for 2 h until the clay was
homogenously dispersed in the water. Hexadecyl trimethyl ammonium bromide was weighed (based on
the clay’s 0.5 x CEC) and dissolved in 500 mL Milli-Q water until completely dissolved. The amount of
HDTMA used was calculated based on the CEC of the clay as follows:

WWWWWWWWhtt oooo TTEETTHHHH (WW) = nn xx HEEI] vx HH xx BB M
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where A = weight of the clay (g) and B = is molecular weight of HDTMA (g/mol); n = ratio to be used (0.5).
The amounts of HDTMA used for the surface modification, calculated based on equation 1 is given in Table
22

Table 2.2. Amount of HDTMA calculated for organoclay preparation.

Clay Weight of Molecular Ratio Clay’s CEC Amount of
clay (A) (g) weight of used(n) (meq/100g) HDTMA
HDTMA (B) required (g)
(g/mol)
Bentonite 20.0 364.45 0.5 78.6 2.86
Kaolin 20.0 364.45 0.5 131 0.48

The dissolved HDTMA solution was poured into the clay’s solution and stirred for 24 h at room temperature.
The mixed solution was then precipitated at 4000 rpm in a centrifuge. The precipitate was washed several
times with Milli-Q water until it was free of bromide ions (tested with 0.1 M AgNOs3 solution). The resulting
precipitate was then dried overnight in an oven at 60 °C. The dried organoclay samples were then ground
using a mortar and pestle, sieved through a 100 um sieve, and stored in a desiccator until use.

2.21 BATCH ADSORPTION STUDIES USING CLAYS AND ORGANOCLAYS

Batch adsorption studies were performed by stirring the solutions on a magnetic stirrer plate at a speed of
300 rpm. The effects of pH (2 - 6), contact time (30 - 300 minutes), temperature (25 — 70 °C), adsorbent
mass (0.05 - 0.3 g), initial Pb(Il) concentrations (5 - 100 mg/L) and the concentration of KCI (0.0 — 0.5 mol/L)
on the adsorption were investigated. The adsorption studies were done in ftriplicate. The percentage
removal (%) and adsorption capacity Qe (mg/g) were calculated using equations described by Castro-
Castro et al. (2020):

W = ccee-ceec

wlV (2)
100 (3)

ccec-ceec

mm
% rriWWrroorrrrrr =
e

where Qe (mg/g) is the adsorption capacity, m is the adsorbent mass (g), V is the volume (L) of the solution,
Co (mg/L) is the Pb(ll)concentration before adsorption, and Ce (mg/L) is the Pb(ll) concentration after
adsorption.

2.22 REAL WATER APPLICATION AND REGENERATION STUDIES

Borehole water was used to study the applicability of the clay adsorbents in removing Pb(ll) from real water
samples, as well as for the regeneration-reuse studies. The concentration of Pb(ll) in borehole water was
significantly lower than the highest Pb concentration that can be removed by the adsorbents; as such, the
borehole water was spiked with 30 mg/L of Pb for adsorption onto bentonite and organobentonite, as well
as 10 mg/L of Pb for adsorption onto kaolin and organokaolin. The usage of borehole water ensures the
presence of matrix effect and, as such, can be used as a real water sample. The experiments were all
performed in triplicate at a solution pH of 6, and an adsorbent mass of 1.0 g at room temperature. The best
contact times for adsorption onto bentonite, kaolin and organokaolin were 120 minutes and 300 minutes for
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organobentonite. After adsorption, the clay and Pb solution mixtures were filtered through a 0.45 pm filter
papers and the clear solution was analysed using FAAS.

To regenerate the spent adsorbents, the residues, i.e., the clay-adsorbed materials, were agitated in 100
mL of 0.01 M HCI solution for 60 min. After agitation, the mixture was filtered and the obtained residue was
rinsed with Milli-Q water and oven dried overnight at 60 °C Mudzielwana (2019), ground to a fine powder
using a pestle and mortar and sieved through a 100 um sieve. The recovered clays were used again to
treat the real water samples. The regeneration-reuse process was repeated 3 more times.

2.23 STATISTICAL ANALYSIS

The analysis of variance (ANOVA) incorporated into Microsoft Excel as an add-in was used to evaluate
variations occurring seasonally. The variations were determined using one-way ANOVA. The variation was

considered statistically insignificant if p > 0.05 and significant if p < 0.05 at a 95% confidence level.
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 PHYSICOCHEMICAL PARAMETERS

Physiochemical parameters of water, such as pH, temperature, EC, DO, salinity, resistivity, ORP and TDS,
were measured for all samples collected from the Mokolo River and the farms in the vicinity of the river.
These physicochemical parameters are mostly used as water quality parameters. These parameters were
measured in situ and their relationships are shown in Figures 3.1 and 3.2.
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Figure 3.1. Correlation plot of all the physicochemical parameters during low-flow season.

According to Wang (2021), water with a TDS value that does not exceed 600 mg/L satisfies the water quality
guidelines and is recommended for drinking and irrigation purposes (DWAF, 1996b; SANS, 2015; WHO,
2019). The TDS of water from the Mokolo River during the low flow season ranged from 23.1 to 47.8 mgl/L,
and it could be deduced that this water is of good quality. The ORP indicates the relationship between the
reductants and oxidants, mainly focusing on the oxidants, which is the quality of water. Positive ORP
readings indicate the sanitary state of water, while negative ORP readings indicate the presence of
contaminants in water (US Environmental Protection Agency, 2021). The presence of elements such as
DO and chlorine promotes high levels of ORP and indicates increased contamination in water. However,
increasing levels of ORP indicate higher levels of water quality and sanitation. The ORP is dependent on
DO. As the temperature increases, DO decreases, and ORP decreases as well. Other factors that influence
DO are pressure and salinity. Dissolved oxygen decreases with a decrease in pressure as well as an
increase in salinity. Decreased levels of DO indicate decreased levels of ORP. It is reported that positive
ORP values that range between 650 and 750 mV indicate good sanitation (US Environmental Protection
Agency, 2021). In this study, positive ORP values of 80.5 and 13.3 mV were observed in sites 8 and 11,
respectively, and these ORP values indicate good sanitation. Negative ORP values were observed in all
other sites except sites 8 and 11, which indicated increased contamination.
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Salinity increases with an increase in EC. Thus, an increase in salinity and EC implies that the water
contains high concentrations of minerals and ions. This was not the case with water samples from the
Mokolo River since a constant relationship between salinity was observed. Indicating that the water from
the Mokolo River does not contain high concentrations of ions. From the plot it is observed that water with
lower resistivity had a high EC. There is an inverse proportionality relationship between EC and resistivity.
The water samples from the Mokolo River indicated lower values of resistivity and high values of EC during
low-flow season (US Environmental Protection Agency, 2021).

The TDS values of the water collected from the Mokolo River during high flow season did not exceed 600
mg/L with the exception to farm 3, which had a high TDS value of 639 mg/L. This clearly indicates that the
water from this farm is not safe for consumption and irrigation purposes. It is also noted that the TDS value
is extremely high as compared to the ones obtained during low flow season. This could be due to high levels
of water were observed during high flow season as compared to low flow season. Additionally, it is observed
that there is no clear relationship between TDS and temperature as the TDS values are scattered. Salinity
and resistivity are not shown on the correlation plot for high flow season. This is because they were not
measured due to the defaulting of the multi-meter during sampling.
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Figure 3.2. Correlation plot of all the physiochemical parameters during high flow season.

Positive ORP were observed at sites 5, 6, 8, 10, 11 and 12 as well as farm 1. This clearly indicates that the
water from these sites and farm is of good quality. However, negative ORP were observed at sites 1, 2, 7,
9 and farm 3, indicating increased contamination.

A pH serves as a measurement of the alkalinity and acidity of the solution, influenced by chemicals present
in water. Assessing the pH of water is crucial as it can reveal potential contamination or chemical impacts.
Accurate pH assessment is particularly vital in treating both potable water and wastewater. Acceptable pH
range for drinking and irrigation water falls within the range of 6.5 to 8.5 as recommended by guidelines
(DWAF, 1996b; WHO, 2017). Drinking water that usually has a lower pH may lead to corrosion of pipes,
resulting in the release of harmful metals such as Cu and Pb into the water supply. Conversely, water with
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excessively high pH can have an unpleasant taste and be overly salty. In wastewater treatment, pH is
regulated to facilitate the prompt occurrence of desired chemicals and microbial reactions.

3.2 CALIBRATION CURVE

Five (5) point calibration curves that contained 4 standards and 1 blank were constructed for quantification
of all PTEs in samples by ICP-MS. These calibration curves had shown an excellent linearity with coefficient

of determination (R?) values greater than 0.999.

3.3 DETERMINATION OF LOD AND LOQ

In this study, the LOD and LOQ values obtained for the determination of selected PTEs in water samples
in ug/L are 0.00720 and 0.0218 (V), 0.0114 and 0.0344 (Cr), 0.00449 and 0.0136 (Ni), 0.0213 and 0.0646

(Cu), 0.0198 and 0.0600 (As), 0.0364 and 0.110 (Cd) and 0.00696 and 0.0211 (Hg) as well as 0.0477 and

0.145 (Pb). Similarly, the LOD and LOQ obtained for the determination of vegetable samples in ug/g were
found to be 0.0526 and 0.175 (V), 0.175 and 0.585 (Ni), 0.226 and 0.754 (Cu), 0.0334 and 0.111 (As),
0.00951 and 0.0317 (Cd), 0.0188 and 0.0628 (Hg), as well as 0.0534 and 0.178 (Pb). The obtained LODs
for all the analytes, both in water and vegetable samples, are below 1 ug/L and 1 ug/g, respectively. The
LOD of Hg, V and Pb in water samples are comparable with those reported by Nsaka, Mccrindle and
Ambushe (2018). The authors reported the LOD values of 0.01, 0.05 and 0.015 pg/L for Hg, Pb and V,
respectively. The obtained LOD of Cr and Cu were lower than 0.030 and 0.040 ug/L, reported by the same
authors except Cd, which was above 0. 0038 ug/L reported by the authors using ICP-MS. The LOD obtained
for As in this study is comparable with 0.22 ug/L reported by Letsoalo et al. (2018), with the employment
of ICP-MS. The LODs obtained in this study show great sensitivity of the ICP-MS instrument used for

analysis.

3.4 ACCURACY OF THE METHODS

Various SRMs suitable for the sample matrices were used to evaluate the accuracy of analytical methods
employed for quantification of selected PTEs in water, sediment, soil, and vegetable samples using ICP-
MS and ICP-OES. The percentage recoveries were computed by comparing the measured values with the
certified values, as shown in Tables 3.1 to 3.4. In general, the percentage recoveries ranged from 97.5 to
115% for SRM 1640a, 76.4 to 113% in tomato leaves SRM (SRM 1573f) and tea leaves (INCT-TL-1) SRMs,
75.5 to 89.8% in SRM 2709a and SRM 2589 as well as 84.3 to 94.1 in AMIS 0373 SRM. The obtained
percentage recoveries of the selected analytes in water, vegetable, soil, and sediment samples are within
the acceptable range of 75-125%, which confirms a good percentage recovery as it falls within the
acceptable range set by the United States Environmental Protection Agency (US EPA) (2010). Therefore,
the
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quantitative percentage recoveries obtained confirm the accuracy of the methods employed for the
quantification of selected PTEs in the specified matrices. The precision of the method was evaluated by
determining the relative percentage standard deviations (%RSDs) from triplicates of each sample. Lower
%RSD that ranged from 0.0881 to 12.5% was obtained. The repeatability of these methods was proven by
%RSD below 10%, falling within the acceptable range recommended by the US EPA. This aligns with the
recommended %RSDs of less than or equal to 15% for each analyte, confirming the reliability and
repeatability of the method employed (US EPA, 2017).

However, the percentage recovery of Hg in water was not determined due to a lack of water SRMs with
established certified values for Hg. A spiking technique was introduced for the determination of Hg, but it
did not produce a good percentage recovery for Hg. This was also observed with the use of SRMs that had
certified values for Hg in vegetables, sediment, and soil. Though the ICP-MS is a highly effective instrument
extensively employed in environmental sample analysis, detecting Hg is very challenging. This is because
Hg adheres to the walls of the spray chamber and introductory system, which requires prolonged rinsing.
As a result, it causes a memory effect and affects the sensitivity of the method. Therefore, the use of Hg
Zeeman analyser is recommended for the successful determination of Hg in water, sediment soil and
vegetables (Nsaka et al., 2018).

Table 3.1. Percentage recoveries of analytes in water SRM 1640a.

Analytes
As Cd Cr Cu Pb Ni \Y
Measured 9.30 3.80 41.2 88.6 11.8 26.0 15.4
Value (pg/L)
Certified Value 8.075 3.992 40.54 85.75 12.101 25.32 15.05
(Mg/L)

Recovery (%)

Table 3.2. Percentage recoveries of analytes in tomato leaves (SRM 1573f) and tea leaves (INCT-TL-1)
SRM.

Analytes
As Cd Cr Cu Pb Ni \%
Measured 0.100 1.46 1.79 4.75 1.36 1.78 0.654
Value (ug/g)
Certified Value 0.1126 1.517 1.998 4.70 1.78 1.582 0.835
(ug/9)
Percentage 88.8 96.2 89.6 101 76.4 113 78.3

Recovery (%)
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Table 3.3. Percentage recoveries of analytes in SRM 2709a and SRM 2589 for soil and sediment.

Analytes
As Cd Cr Cu Pb Ni \
Measured 104 1.51 98.2 26.6 2775.02 64.4 85.9
Value (ug/g)
Certified Value 12.2 1.80 130 33.9 3091 85.0 110
(Mg/g)
Percentage 85.3 83.9 75.5 78.5 89.8 75.8 78.1

Recovery (%)

Table 3.4. Percentage recoveries of analytes in AMIS 0373 SRM for soil and sediment.

Analytes
As Cd Cr Cu Pb Ni \
Measured 78.7 <0.072 88.7 16.1 17.5 14.6 425
Value (ug/g)
Certified Value 83.6 0.09 109 20.0 20.9 16.4 47.6
(Mg/9)
Percentage 941 - 843 805 837 890 893

Recovery (%)

3.5 QUANTIFICATION OF TOTAL CONCENTRATIONS OF PTEs IN WATER SAMPLES
COLLECTED FROM THE MOKOLO RIVER

The total concentrations of PTEs in water samples from the Mokolo River during the low flow season are
presented in Figure 3.3. The total concentrations of all the analytes in water samples were detected using
ICP-MS and they varied from site to site. This might be due to different sources that contributed to the PTE

levels in the Mokolo River at different sampling sites.

The total concentrations of analytes in water samples collected during the low flow season followed this
trend: Ni > Cu > Cr > As > Cd > V > Pb > Hg. The total concentrations of Ni in water samples from the
Mokolo River ranged from 0.557—1.22 ug/L, of which the lowest and the highest total concentrations of Ni
have been detected in irrigation water samples collected from farms 1 and 2, respectively. Farm 2 is located
near the main road and the two power stations located in Lephalale. Therefore, high total concentrations of
Ni detected in the irrigation water from this farm could be derived from combustion of coal, diesel and fuel
oils used in vehicles (Genchi, Carocci, et al., 2020). Farm 1 is located far from the power stations and the
main road, so lower total concentrations of Ni were detected. High total concentrations of Cu and Pb

were detected in water collected from farm 2 and site 4. During sampling, two main activities that could
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contribute to high total concentrations of PTEs at this site and farm were observed. It was observed that at
farm 2, they were fixing cars and welding steel. The crude oil from cars and steel produces PTEs,
contributing to high total concentrations of PTEs such as Ni, Pb and Cu. Site 4 is one of the sand mining

sites; hence, high total concentrations of PTEs in water collected from this site were observed.
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Figure 3.3. Total concentrations of PTEs in the water samples from the Mokolo River during low flow season.

Addo-Bediako (2020) assessed pollution by PTEs in the Blyde and Steelpoort Rivers of the Olifant River
system, South Africa. The author reported Ni total concentrations that ranged from 26 pg/L to 100 pg/L in
river water samples employing ICP-OES. The source of high metal total concentrations in the water could
be due to sedimentation, environmental change, or from untreated industrial effluents. The more
contaminated the sediment is, the higher the total concentrations of PTEs in water, as the water and the
sediment layers are in direct contact with each other. In this study, it is evident that Cd was not detected in
Mokolo River water in all the sites, with the exception of site 2, which contained a total Cd concentration of
0.180 pg/L. However, the detected Cd total concentration in site 2 could be due to agricultural activities
taking place in the vicinity of this site. The total concentrations of Cd in other sites, as well as farms 1 and 2,
were below the LOD value of 0.0364 pg/L. The results obtained for Cd in this study can be compared with
those reported by Nsaka, McCrindle and Ambushe (2018). The authors reported that Cd total concentrations
in most of the samples were below the LOD value of 0.0038 ug/L with the employment of ICP-MS. They
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also reported the highest Cd total concentration of 0.946 ug/L, which was detected in water collected from
Wonderfonteinspruit Dam. The Cd total content obtained in this study is 249 times greater than that
obtained by Nsaka, McCrindle and Ambushe (2018).

The total concentrations of PTEs in water samples collected during the high flow season followed the
following trend: Pb > Ni > Cu > As > Cr >V > Cd > Hg. As shown in Figure 3.4, it is evident that lower total
concentrations of Cu, Cr, As, V, and Hg were detected in the majority of the sites. However, Cd was not
detected in almost all the sites, with the exception of sites 5 and 6 that showed Cd total concentrations of
0.0380 and 0.0379 pg/L, respectively. On average, it is observed that high total concentrations of Pb were
detected in water from site 5 (located near the R518 bridge) and site 8 (located near the bridge on R33
road), as well as from farm 1. Various activities were spotted at site 5, which include fishing and dumping of
waste. At farm 1, they connected a pipe collecting water directly from the river, which they use for irrigation.
Therefore, high total concentrations of Pb from these sites and farms could be attributed to anthropogenic
activities observed, emissions from vehicle traffic, pipe rust, and burning of coal from mining and industrial
activities. Maximum total concentrations of Ni (13.5 pg/L) were detected. The total concentrations of Pb in
water from the Mokolo River ranged from 0.0168 to 9.95 ug/L, of which the lowest and highest total
concentrations were observed in water from sites 8 and 1, respectively. High total concentrations of Ni were
observed from site 11, and this could be attributed to anthropogenic activities, such as illegal dumping and

untreated industrial effluents observed at this site during sampling.

The results obtained in this study are comparable to those reported by Shanbehzadeh et al. (2014). The
authors carried out a study to investigate the total levels of PTEs in both water and sediment samples at
upstream and downstream of the Tembi River, where sewage is discharged in Iran. They reported high total
concentrations of PTEs in water at sites located downstream from sites located upstream. They further
reported the highest total concentration on the downstream for Pb (1950 pg/L) in water. However, this was
not the case in this study. The highest Pb total concentration reported in this study was 9.95 ug/L upstream.
The highest Pb concentration in this study is 196 times lower than the one reported by the authors in their
study for water and it was suggested that it is due to the effect of the entry of sewage, including untreated
municipal sewage, run-offs, wastewater and leachate of solid wastes around the river (Shanbehzadeh et
al., 2014).

35



Investigation of Potentially Toxic Elements in Selected Water Bodies in Limpopo Province

16.0

14.0

12.0

10.0

8.0

6.0

4.0

Concentration (ug/L)

2.0

0.0

-2.0

&

Ll

Site 1

L 1 J-
Site2 Site5 Site6

i .

mV mCr

4] T_},J_H,.F N . .

+ 1 1

Site 7~ Site 8+ Site9 Site10 Sitell Sitel2 Farm1l Farm 3

Sampling sites

ENi mCu WmAs mCd mHg mPb

Figure 3.4. Total concentrations of PTEs in the water samples from Mokolo River during high flow season.

The overall total concentrations of all the selected PTEs quantified in water from the Mokolo River and Dam

for both low and high flow seasons were compared with the guideline values established by water quality

standard guidelines for safe drinking and irrigation water. Guidelines are typically used to evaluate the

safety of drinking and irrigation water, with the concern to ensure water quality (DWAF, 1996b, 1996a;
SANS, 2015; WHO, 2017). Table 3.5 illustrates the maximum permissible levels (MPLs) stipulated by WHO,

SANS and DWAF for drinking water and Table 3.6 illustrates the target water quality range for irrigation

water.

Table 3.5. Maximum permissible levels (MPLs) stipulated for drinking water.

Analyte

As
Cd
Cr
Cu
Pb
Hg
Ni

\%

Standard Guidelines

Maximum Concentrations

WHO (ug/L) DWAF (ug/L) SANS (ug/L) Low flow season High flow season
(MglL) (MglL)

10 10 10 0.325 0.362

3 5 3 0.180 0.0380

50 50 50 0.519 0.380

2000 1000 2000 1.39 0.665

10 10 10 0.00810 9.95

6 6 6 0.0107 0.0290

70 - 70 1.22 13.5

100 100 - 0.157 0.220
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Table 3.6. Target Water Quality Range (TWQR) stipulated for irrigation water (DWAF, 1996a).

Irrigation water guideline Maximum Concentrations
Analyte

TWQR DWAF (ug/L) Low flow season (ug/L) High flow season (ug/L)
As 100 0.325 0.326
Cd 10 0.180 0.0380
Cr 100 0.519 0.380
Cu 200 1.39 0.665
Pb 200 0.00810 9.95
Hg - - -
Ni 200 1.22 13.5
\Y, 100 0.157 0.220

As recommended by the guidelines set by DWAF, WHO and SANS, the total concentrations of the selected
PTEs in drinking and irrigation water are presented in Tables 3.5 and 3.6, respectively. Total concentrations
of the selected PTEs in water samples collected from the Mokolo River and Dam during low and high flow
seasons were below the MPLs stipulated by DWAF, WHO and SANS. The results showed that the water
quality of the Mokolo River and Dam is at an acceptable level. Therefore, the water can be recommended
as safe or suitable for drinking and irrigation purposes with respect to the specified analytes. The statistical
seasonal variation was insignificant (P > 0.05) for As and Ni and significant (P < 0.05) for Cd, Cr, Cu, Pb,
Hg, and V at 95% confidence level. The significant variation could be attributed to increased runoffs,

untreated industrial wastes and sewage discharged observed during the high flow season.

3.6 QUANTIFICATION OF TOTAL CONCENTRATIONS OF PTEs IN SEDIMENTS
COLLECTED FROM MOKOLO RIVER

This study measured the total concentrations of the selected PTEs in sediments obtained from the Mokolo
River and Dam during high and low flow seasons. The quantification of PTEs in sediment samples was
conducted to evaluate the extent of water contamination in the Mokolo River and Dam. The polluted
sediment could represent an additional source, given its capability to retain metals over extended periods
and serves as a potential pollutant to surface water pollution under specific physicochemical conditions.
Total concentrations of all the PTEs in sediments from the Mokolo River and Dam during low-flow season

are illustrated in Figure 3.5.
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Figure 3.5. Total concentrations of analytes in sediments from Mokolo River and Dam during low flow
season.

The total concentrations of analytes in sediments collected during the low flow season followed this trend: Cr

> Cu > Ni > Pb > Cd > As > V. The highest total concentration of Cr (69.3 ug/g) was detected in sediment
from site 9. From Figure 3.5, it is also evident that maximum total concentrations of Cu (47.1 pg/g), Ni (15.1
pa/g), Cd (6.45 pg/g), As (2.55 pg/g), and V (0.425 ug/g) were detected in the sediment sample from site
9. Site 9 is located next to the bridge or main road; these maximum total concentrations could be attributed
to particulates released from vehicles as reported by Luo et al. (2019). The authors reported that the primary
source of pollution by PTEs is predominantly attributed to vehicle exhaust-related activities. Particularly, the
release of Cu and Pb into the environment occurs due to the wear and subsequent degradation of materials
from automotive components, along with the use of lubricants and gasoline. Additionally, Kumar et al.
(2020) reported that traffic emissions contribute to the pollution of Pb and Ni. Anthropogenic activities such
as runoffs, waste disposal, and sewage sludges were observed at this site. The mentioned activities as well
as the industrial and agricultural activities taking place in Lephalale are also potential contributors to these
high total concentrations of Cr, Cu, Ni, Cd, As, and V at this site. The industries in Lephalale release their
wastewater directly into the Mokolo River without any basic treatment and fly ash is deposited into the river
through dry and wet depositions, leading to the accumulation of PTEs in sediments (Jin et al., 2022). The
results obtained in this study are similar to those reported in the literature (Sojka, 2022). In their study, they
examined the spatial arrangement, pollution levels, potential ecological hazards, and quantities of pollutants
origins for Cr, Cu, Ni, Pb, Cd and Zn within the sediment of 47 rivers in Poland. They reported high total
concentrations of Cr, Cu, Ni and Pb following the same trend as in this study, with Cd not being detected in

some regions. Their findings revealed that the primary source of Cr, Cu, Ni and Pb in water and sediment is
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attributed to both point and non-point origins, whereas the prevalence of Cd total concentrations is mainly
derived from natural and point sources. Among these factors, they further concluded that urban pollution

contributes to the transportation of Cu and industrial pollution is responsible for the delivery of Cr and Ni.

The total concentrations of PTEs in sediment collected during the high flow season followed this trend: Pb > Cr

> Cu > Ni > Cd > As >V > Hg, as shown in Figure 3.6. This trend is like the one obtained for the low flow
season, although Pb total content was observed to be the highest, followed by Cr, Cu and Ni, respectively.
This also correlates with the trend obtained for water during the high flow season, whereby Pb total content
was the highest. The high flow season was observed to have the highest Pb total content of 157 ug/g,
detected in sediment from site 10. High Pb total concentrations were observed at sites located downstream
and low Pb total concentrations were observed at sites located upstream. Sojka (2022) reported that it is
expected that PTE content should increase from upstream to downstream, which is in harmony with the
findings from this study. This was also confirmed by Jin ef al. (2022). The authors reported that the highest
levels of pollution with Cr, Cd, Cu, Ni, Pb, and Hg were identified at sites located midstream and
downstream of the river. The High Pb levels from these sites could be attributed to various anthropogenic
activities taking place closer to these sites. Sites 9, 11, and 12 also displayed high Pb total concentrations
of 139, 151, and 142 ug/g, respectively. This trend is observed at sites located near the bridge and main
road and the high Pb total concentrations at these sites could be attributed to vehicle exhaust and the dust
from the road. In opposite sites 11 and 12, the land is being used for agricultural activities. Therefore, the
high levels of Pb from these sites could be attributed to manure and fertilizers used for agricultural purposes.
And as mentioned before, some of the activities observed at site 9 included waste disposals, sewage
discharge and runoffs. These activities were also spotted at site 10, which could have contributed to the
high total concentrations of Pb at both sites 9 and 10. However, previous studies reported that industrial
operations significantly contribute to the presence of Cu and Pb (Luo et al., 2019). Similar studies indicated
that industrial activities are the primary sources of contamination involving Cr, Cu, Ni, and Hg (Chen et al.,
2016; Liang et al., 2017). Furthermore, Ji et al. (2019) reported that industrial production, particularly the
discharge of industrial wastewater from factories, is linked to contamination of Pb and Ni. In this study,
conducted within the industrial district of Waterberg, the Mokolo River experienced substantial impacts due
to industrial operations in Lephalale area, although other sources are not ruled out. Mokolo River is also
situated in a tributary of sedimentation. Therefore, it is proposed that the presence of these PTEs could be

attributed to geogenic sources as well (Dong et al., 2019; Tian et al., 2020).
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Figure 3.6 Total concentrations of all analytes in sediments from Mokolo River and Dam during high flow
season.

South Africa has not set national Threshold Effect Concentration (TEC), Probable Effect Level (PEL), and
the Interim Sediment Quality Guidelines (ISQGs) for freshwater ecosystems. As a result, the ISQGs and
PELs proposed by the Canadian Council of Ministries of the Environment (CCME) were used in this study
to assess the extent of negative health impacts resulting from the presence of PTEs in sediment exposure.
These Sediment Quality Guidelines (SQGs) were formulated using ecotoxicological and ecological
information sourced from various global regions, making them suitable for application in areas lacking local
SQGs. Values may fall either below ISQG, within the range of ISQG and PEL or exceed PEL. These
variations can result in diverse outcomes, including infrequent, periodic, and frequent occurrences of
adverse biological effects. The ISQG and PEL of selected PTEs investigated in this study are presented in

table 3.7, except for Ni and V as their thresholds are not provided in guidelines.

Table 3.7 The ISQGs and PELs for selected PTEs in sediment (Canadian Sediment Quality Guidelines,
1998).

Canadian Sediment Quality Guideline

Analyte
1ISQG (pg/g) PEL (ug/9)
As 5.90 17.0
Cd 0.600 3.50
Cr 37.3 90.0
Cu 35.7 197
Pb 35.0 91.3
Hg 0.170 0.486
Ni - -
\Vj - -
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The ISQG and PEL values of selected PTEs in sediment as stipulated by the CCME (1998) are 5.90 - 17.0
(As), 0.600 — 3.50 (Cd), 37.3 —90.0 (Cr), 35.7 =197 (Cu), 35.0 — 91.3 (Pb) and 0.170 — 0.486 ug/g (Pb). It

was noted that the total concentrations of As during low and high flow seasons were below the ISQG and
PEL in all sites. The Cd total content in majority of the sites were observed to be within the ISQG and PEL
values except for sites 3, 6, 9, and 12 for low flow season as well as sites 2 and 8 for high flow season,
which surpassed the PEL value of 3.50 ug/g. The Pb total content during low and high flow seasons were
observed to be below the ISQG value in majority of the sites, apart from sites 9, 10, 11, and 12 for high flow
season, which surpassed the PEL value of 91.3 ug/g. The Cr total content in majority of the sites were
observed to be within the ISQG and PEL values, whereas in some of the sites it was observed to be below
the ISQG value both for low and high flow seasons. The Cu total content during both high and low flow
seasons were observed to be below the ISQG value, except for site 9 that surpassed the ISQG value of

35.7 ug/g during low flow season. The Hg total content in majority of the sites were below the ISQG value
both for low and high flow seasons, with the exception of sites 1, 2, 4, 5, and 11 (low flow season) and site
12 (high flow season), which surpassed the PEL value of 0 486 ug/g. Total concentrations below the ISQG
value suggest that harmful impacts on aquatic species and the food chain are infrequent, as the recorded
total concentrations of As (in all the sites), Pb, Cr, Cu, and Hg in some of the sites are below the ISQG
values. In contrast, total concentrations within the ISQG and PEL range will result in moderate biological
effects towards the aquatic species and the food chain with respect to Cd, Cr and Cu total content in some
of the sites. However, sites which surpassed the PEL value suggest that adverse biological effects will
occur frequently on the aquatic species and the food chain with respect to Cd, Pb, and Hg. In general, the

obtained results revealed that Cd, Pb, and Hg are of concern. This poses a serious threat to the food chain

since the elevated total concentrations adversely impacts crucial components of the food chain (plant and
bacteria). Consequently, posing an increased risk to consumers of the affected aquatic species. The
statistical evaluation of seasonal variation revealed that Cd, Cr, Cu, Ni, and V were insignificant (P > 0.05)
at 95% confidence level. However, As and Pb revealed significant variation (P < 0.05) at 95% confidence
level. The significant variation could be due to increased runoffs and high-water levels observed during high

flow season.

Nickel and V total concentrations were not examined as they do not have any ISQG and PEL values

provided by the CCME. However, the results obtained for Ni in this study were compared with those

reported by Mohajane and Manjoro (2022). The authors assessed the potential ecological risk of an urban
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river in South Africa, and they used the TEC and PEC reported elsewhere (Vivien et al., 2020). The TEC
was referred to indicate the threshold of PTEs concentration at which it is anticipated that there will be no
negative ecological effects. It was reported that concentrations equal to or surpassing the TEC but falling
below the PEC indicate a range where ecological effects are rarely observed. In contrast, concentrations
exceeding the PEC suggest a range where ecological effects are likely to occur frequently. The reported
TEC and PEC for Ni by the authors are 22.7 and 48.6 ug/g, respectively. The maximum total concentrations
obtained for Niin this study are 13.8 and 15.1 ug/g for high and low flow seasons, respectively. The obtained
Ni total concentrations in this study are below the TEC and PEC values reported by the authors. Thus, this
suggests that there will be no negative biological effects likely to occur towards the aquatic species and
food chain with respect to Ni in the current study. However, the results obtained in this study are different
to those reported by the authors in their study. They reported minimum total concentrations that are higher
than the maximum total concentrations obtained in this study for Ni in both high and low flow seasons. They
reported the minimum and maximum Ni total concentrations of 20.88 and 64.58 ug/g and Ni was recognized

as having the potential to cause adverse impacts on aquatic animals and food chain in their study area.

3.7 QUANTIFICATION OF TOTAL CONCENTRATIONS OF PTES IN SOIL SAMPLES
COLLECTED FROM LEPHALALE

In this study, PTEs in soil samples were quantified to evaluate the quality of the soil used for crop cultivation
and to assess the pathways through which the selected PTEs are transported to vegetables. A total of
thirteen (13) soil samples were successfully analysed during low flow season and the total concentrations

of PTEs are presented in figure 3.7.
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Figure 3.7. Total concentrations of PTEs in soil during low flow season.

The total concentrations of all the analytes in soil collected during low flow season followed this trend: Cr >
Cu>Ni>Pb>Cd > As >V > Hg as shown in figure 3.7. The soil samples were observed to contain the
highest total concentrations of Cr ranging from 34.8 — 94.1 ug/g and lowest total concentrations of Hg
ranging from 0.929 — 4.90 ug/g. The highest total concentration of Cr was observed in soil (F2S2-S)
collected from farm 2 and the highest total concentration of Hg was observed in soil (F1S4-T) collected
from farm 1. Similarly, the highest total concentrations of Cd (8.15 pg/g) and Ni (20.7 ug/g) were observed
in soil collected from farm 2. Whereas, the highest total concentrations of As (4.52 pg/g), Cu (65.6 ug/g),
Pb (8.15 pg/g) and V (0.149 ug/g) were observed in soil collected from farm 1. These highest total
concentrations of Cr, Cd and Ni at farm 2 could be attributed to the various activities taking place at this
farm, which include panel beating steel, use of manures, petrol chemicals and vehicle exhaust. Alternately,
the highest total concentrations of As, Cu, Pb, Hg and V at farm 1 could be attributed to the mining industries
taking place in Lephalale, burning of coal from the power stations, use of manure and water from Mokolo
River for irrigation purposes (Hasnine et al., 2017; Obinnaa & Christian, 2019; Rashid et al., 2023). The
results for the soil are in consistent to those obtained for vegetables during low flow season. It was observed
that the soil (F2S2-S) that contained high total concentrations of Cr is the same soil that was used for
cropping the spinach vegetable (F2S2-S) that contained the highest total concentration of Cu during low
flow season. Therefore, this clearly shows that when PTEs accumulate in agricultural soil, the non-

biodegradable PTEs are taken up by plants, resulting in contamination of the food chain.
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The measured total concentrations of As, Pb, Ni, Hg, and V in all the soils that were used for cropping the
13 vegetables were below the MPLs of 12, 70, 50, 6.6 and 130 ug/g, respectively, as stipulated by the
Canadian soil quality guidelines shown in table 3.8 (Canadian Council of Ministries, 1999). However, the
total concentrations of Cd in all the soils that were used for cropping the 13 vegetables surpassed the MPL
of 1.4 ug/g stipulated by the Canadian soil quality guideline. Additionally, the highest total concentrations of
Cronly surpassed the MPL of 64 ug/g with respect to the soil that was used for cropping spinach vegetables
from farm 2 site 1 (F2S1-S) and farm 2 site 2 (F2S2-S). Whereas, the highest total concentration of Cu
surpassed the MPL of 63 ug/g with respect to the soil that was used for cropping the spinach vegetable
from farm 1 site 2 (F1S2-S). The introduction of the highest total concentrations of Cr and Cu could be due
to the use of manures to improve the fertility of the soil used for cropping. Livestock manures primarily
derived from poultry, cattle, and pig manures, serve as organic fertilizers and they contain elevated total
concentrations of PTEs such as As, Cd, Cr, Cu, Pb, Ni, Hg, and V as pollutants. The prevalent agricultural
practice involves applying these manures and the resulting compost to farmlands for crop production, hence
highest total concentrations of Cd, Cr and Cu in these soils (Liu et al., 2020; Zhuang et al., 2020). Overall,
it can be deduced that majority of the soils used for cropping the 13 vegetables during low flow season
were not contaminated with high levels of As, Cd, Cr, Cu, Pb, Hg, Ni, and V. The results obtained from soil
analysis are also in agreement with those obtained for water in this study. The water used for irrigation in
all the farms was found to be safe for irrigation and drinking regarding the investigated PTEs, in this study.
Therefore, the soil used for cropping in the three different farms is suitable for commercial and agricultural
practices.

Table 3.8. Canadian Soil Quality Guidelines for selected PTEs.

CCME Maximum Concentrations
Analyte SQG (ug/g) Low flow season High flow season
(ug/9) (ug/9)

As 12 4.52 3.25
Cd 1.4 8.15 29.1
Cr 64 94.1 92.6
Cu 63 65.6 89.9
Pb 70 8.15 81.7
Hg 6.6 4.92 < 0.0387
Ni 50 20.7 121

V 130 0.149 0.145
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Similar to vegetables collected during high flow season, a total number of seven (7) soil samples used for
cropping the respective vegetables were successfully analysed and the total concentrations of all the
analytes are presented in Figure 3.8. It is also important to note that only soil collected from farms 1 and 3

were analysed due to not getting access to farm 2 during high flow season.
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Figure 3.8. Total concentrations of all the analytes in soil during high flow season.

The total concentrations of all the PTEs in soil collected during high flow season followed this trend: Cr >
Cu>Pb > Cd > Ni >As > V. Similar to the trend observed during the low flow season, Cr was found to be
the highest, with total concentrations ranging from 54.0 to 92.6 ug/g followed by Cu. However, Cd and Pb
total concentrations are higher than Ni total concentration as compared to the low flow season. The results
obtained are comparable to those reported by Balkhair and Ashraf (2016). The authors reported high total
concentrations of Cr ranging from 0.87 to 1.00 mg/kg in soil from the Western region of Saudi Arabia, which
is lower than the highest total concentration of Cr reported in this study. Additionally, they also reported
lower total concentrations of Cd, Cu, Pb, and Ni than those reported in this study. This could be due to soll
from Lephalale being more contaminated with the selected PTEs than soil from the Western regions of
Saudi Arabia. From Figure 4.20, it is also evident that Hg was not detected in all the analysed soil samples.
Soil used for cropping in farm 1 accumulated the highest total concentrations of the selected PTEs than the
soil used for cropping in farm 3. The highest total concentrations of As (3.25 ug/g), Cr (92.6 pg/g), Cu (89.9
pa/g), Ni (12.1 pg/g), and V (0.145 pg/g) were observed in soil used for cropping vegetables in farm 1.
Whereas, the highest total concentrations of Cd (29.1 ug/g) and Pb (81.7 ug/g) were observed in soil used
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for cropping vegetables in farm 3. At both farms they use water from the river for irrigation and manure for
increased soil fertility, of which attributes to high total concentrations of the selected PTEs in soil from these
farms. It is also evident that high total concentrations of Cr, Cu, and Ni were observed in soil sample where
onion sample collected from farm 1 site 2 (F1S2-Onion), Covi soil sample from farm 3 site 1 (F3S1-Covi),
and pumpkin soil sample from farm 1 site 3 (F1S3-Pumpkin), respectively. The results obtained are in
consistent with those obtained for vegetables during high flow season. It was observed that the soil (F3S1-
Covi) that contained the highest total concentrations of Cu is the same soil that was used for cropping the
Covi vegetable (F3S1-covi) that contained highest total concentration of Ni during high flow season. As
compared to the low flow season, the total concentrations of As and Ni decreased with 68.9 and 72.0 %,
respectively from high to low flow season in relative to all the soil used for cropping. However, total
concentrations of Cd, Cr, Cu, Pb, and V increased with 63.0, 77.5, 61.2, 16.8, and 98.8 %, respectively
from low to high flow season in relative to all the soil samples used for cropping. The statistical analysis
revealed that Cd, Cr, Cu, Ni, and V were insignificant (P > 0.05) at 95% confidence level. However, As and
Pb were significant (P < 0.05) at 95% confidence level. This variation is due to higher water levels in

seasons of higher precipitations or rainfall as well as use of organic fertilizers to improve the fertility of soil.

The total concentrations of As, Pb, Hg, Ni, and V in all the soil used for cropping the 7 vegetables were
below the soil quality guideline values of 12, 70, 6.6, 50, and 130 ug/g, respectively with the exception to
Cd and Cr, which surpassed the soil quality guidelines of 1.4 and 64 ug/g, respectively. However, the highest
total concentration of Cu surpassed the soil quality guideline of 63 ug/g with respect to the soil that was
used to crop the onion vegetable from farm 1 site 2 (F1S2-O), chomolia vegetable from farm 1 site 3 (F1S3-
C), pumpkin vegetable from farm 1 site 3 (F1S3-P) and Covi vegetable from farm 3 site 1 (F3S1-Covi). Luo
et al.( 2011) also reported Cd total concentrations that surpassed the action values of the Dutch standard
in soil near E-waste processing site in China. The results are in harmony with those reported for soil during
low flow season. They revealed that the soil used for cropping at farm 1 and farm 2 during high flow season

is suitable for commercial and agricultural use regarding As, Pb, Hg, Ni, and V.

3.8 QUANTIFICATION OF TOTAL CONCENTRATIONS OF PTEs IN VEGETABLES
COLLECTED FROM LEPHALALE

The PTEs may enter the human body through consumption of contaminated food. In this study, the total
concentrations of the PTEs were quantified to assess if the vegetables collected from the farms, irrigated
with water from Mokolo River are safe for consumption. Total concentrations of all the PTEs in these
vegetable samples collected from the vicinity of Mokolo River during low flow season were successfully

quantified and are presented in Figure 3.9.
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Figure 3.9. Total concentrations of all the PTEs in vegetables during low flow season.

The total concentrations of the PTEs in vegetables during low flow season followed this trend: Cu > Cr > Ni
>Pb >V > As > Cd > Hg. This shows that these vegetable samples contained high total concentrations of
Cu, which ranged from 2.04 to 7.31 pg/g, of which the lowest and highest total concentrations of Cu were
detected in vegetable samples collected from farm 2 site 3 and farm 2 site 1, respectively. The lowest Cu
total concentration of 2.04 pg/g was detected in cabbage sample (F2S3-CB) and the highest Cu total
concentration of 7.31 pg/g was detected in spinach sample (F2S1-S). High total concentrations of Cu were
detected from the vegetables collected from farm 2. As mentioned above, at farm 2 there was panel beating
of steel. Hence, high total concentrations of Cu, Cr, Ni and Pb in these vegetable samples could be linked
to the panel beating activity. Copper is one of the elements found in fertilizers, high total concentrations of
Cu in vegetables from this farm might be due to the use of fertilizers to enhance plants growth. Although,
Cu is regarded as one of the essential macronutrients for plants because of its role as activators of
numerous enzymes and cofactors for oxidative enzymes, excessive absorption of it may inhibit numerous
metabolic functions, resulting in plant retardation and damage, which, in turn, results in lower yields (Malan
et al., 2015). Due to the fact that plants serve as significant sinks for both essential and non-essential PTEs
within the terrestrial ecosystem, elevated levels of PTEs in agricultural soil would consequently raise the
absorption of these PTEs by crops cultivated in such soils. Consequently, this heightened uptake would
contribute to an increase in PTEs content in the human diet (Malan et al., 2015).

The results obtained in this study are comparable to those reported by Bvenura and Afolayan (2012) in their

study of PTEs contamination of vegetables cultivated in home gardens in the Eastern Cape. They
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reported high Cu total concentrations that ranged from 0.62 to 8.70 ug/g. The Cu total concentration range
of 2.04 to 7.31 ug/g that was detected in vegetables, in this study, falls within the same range reported by
the authors in their study. The authors also reported that high total concentrations of Cu were obtained in
onion, followed by tomato and spinach, whereas low total concentration of Cu were obtained in cabbage
samples. In this study, high total concentrations of Cu were detected in spinach followed by tomato and low
total concentration of Cu were detected in cabbage. The results obtained in this study provide clear
evidence that leafy vegetables accumulate high total concentrations of PTEs than fruity and stem

vegetables (Mekonnen et al., 2015).

Low total concentrations of Hg that ranged from 0.00561 to 0.0637 ug/g were detected in vegetable
samples, of which the lowest total concentration (0.00561 ug/g) of Hg was detected in tomato sample from
farm 1 site 4 (F1S4-T) and the highest total concentration (0.0637 ug/g) of Hg was detected in Mo’china
sample from farm 3 site 4 (F3S4-M).

The vegetable samples collected from the farms in the vicinity of Mokolo River contained varying total
concentrations of all the analytes. These total concentrations were compared with those recommended by
the World Health Organisation and the Food and Agriculture Organization (WHO/FAQO) as well as those
used by other authors in other studies as shown in table 3.9 (Codex Alimentarius Commission Joint
FAO/WHO, 1995; Gebeyehu & Bayissa, 2020; Li et al., 2018; Mekonnen et al., 2015; Shaheen et al., 2016).

Table 3.9. The MPLs stipulated by WHO/FAOQO in vegetables.

Standard Guideline Maximum Concentrations
Analyte WHO & FAO (ug/g) Low flow season (ug/g) High  flow season
(ug/9)
As 0.1 0.260 0.273
Cd 0.2 0.309 0.0825
Cr 2.3 5.63 7.72
Cu 10 7.31 26.3
Pb 0.3 1.36 8.75
Hg 0.03 0.0637 0.0255
Ni 10 3.00 54.7
\ 0.03 0.540 0.630

From this study, it is evident that the concentrations of Cu, Hg and Ni were below the MPLs stipulated by
the WHO/FAO of 10, 0.03 and 10 ug/g, respectively (table 3.9). Concentration of Cd in almost all the
vegetable samples were observed to be below the MPL of 0.2 ug/g, except for F2S2-S and F3S4-M, which

48



Investigation of Potentially Toxic Elements in Selected Water Bodies in Limpopo Province

surpassed with concentrations of 0.251 and 0.309 ug/g, respectively. Whereas Cr concentrations in almost
all the vegetable samples exceeded the MPL stipulated by the WHO/FAO of 2.3 ug/g, apart from F1S3-S
(2.10 pg/g), F1S4-T (1.76 ug/g), F2S3-CB (1.89 pg/g), and F3S3-C (1.93 pg/g). It is also evident that V
concentrations in all the vegetable samples exceeded the MPL stipulated by WHO/FAO of 0.03 pg/g, except
for tomato sample (FIS4-T), which had low concentration of 0.02 ug/g (Shirkhanloo et al., 2015). Whereas
As concentrations in 8 vegetable samples were below the MPL stipulated by WHO/FAO of 0.1 ug/g except
for onion (F1S1-0), chomolia (FIS1-C), rape (F1S2-R), cabbage (F2S3-CB) and mo’china (F3S4-M), which
had concentrations of 0.167, 0.260, 0.195, 0.194 and 0.178 ug/g, respectively. Concentrations of Pb in 9
vegetable samples were also observed to be below the MPL of 0.3 ug/g, with the exception to onion (F1S1-
O and F3S1-0) and chomolia (FIS1-C and F3S2-C) samples, which surpassed with 0.560 to 0.620 ug/g
and 0.457 to 1.36 pg/g, respectively. Therefore, it can be deduced that the vegetable samples collected
from the farms in the vicinity of Mokolo River during low flow season are contaminated with high
concentrations of As, Cr, Cd, Pb, and V.

Vegetables collected during high flow season are fewer as compared to those collected during low flow
season. This is due to not getting access to farm 2 and some of the vegetables were unavailable at local
farms as they grow different vegetables each season. In general, seven vegetables were collected during
high flow season and the total concentrations of all the PTEs in each vegetable sample are illustrated in
figure 3.10.
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Figure 3.10 Total concentrations of all the analytes in vegetables during high flow season.
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The total concentrations of all the PTEs in vegetables collected during high flow season followed this trend:
Ni> Cu > Cr>Pb >V > As > Cd > Hg as shown in figure 3.10. This vegetable samples contained highest
total concentrations of Ni, which ranged from 2.16 to 54.7 ug/g. This trend is similar to the one obtained for
low flow season, although Ni level was observed to be the highest, followed by Cu, Cr and Pb, respectively.
The lowest and highest Ni total content were observed in vegetable samples from Farm 3 site 2. The lowest
Ni level was observed in Mo’china vegetable sample (F3S2-M), and the highest Ni level was observed in
covi vegetable sample (F3S2-Covi). It is evident that Hg total concentration was the lowest in all the
vegetable samples as it was also observed during low flow season, with a range of 0.00420 to 0.0254 ug/g.
The lowest Hg total content was observed in spinach (F3S4-S) sample from farm 3 site 4 and the highest
Hg total content was observed in Mo’china (F3S2-M) sample from farm 3 site 2. The highest total
concentrations of Cu (26.3 pg/g), As (0.273 ug/g) and Pb (8.75 pg/g) were observed in the covi (F3S2-
Covi) sample collected from farm 3 site 2, which is the same covi sample that contained the highest Ni total
concentration. The highest Cr (7.72 ug/g) and V (0.630 ug/g) total concentrations were observed in onion
(F3S2-0) and pumpkin (F3S2-P) samples from farm 3 site 2, respectively. However, the highest Cd (0.0825
pg/g) total concentration was observed in chomolia sample (F1S2-C) from farm 1 site 2. The results
revealed that highest total concentrations of Ni, Hg, As, Pb, Cu, Cr, and V were observed in vegetable
samples collected from farm 3. At farm 3, they were burning wood next to the vegetable garden and use it
to cook food. Burning of wood results in the generation of a significant quantity of ash. This ash contain
varying concentrations of PTEs such as As, Cd, Cr, Pb, and Hg, though these total concentrations can be
highly variable (Etchie et al., 2020). Ash can be transported by wind, spread out and deposited in surface
water and soil and alternately accumulated by plants from the soil resulting in contamination of the food
chain. Since the ash may contain elevated total concentrations of PTEs, it poses a potential risk to humans
and other animals that come into contact with airborne particles or consumes the contaminated vegetables
(Pacifico et al., 2023).

The total concentrations of Cr and V in all the vegetable samples during high flow season surpassed the
MPLs stipulated by WHO/FAO of 2.3, and 0.03 pg/g, respectively except for Cd and Hg which were below
the MPLs stipulated by WHO/FAO of 0.2 and 0.03 pg/g, respectively. Alternately, it is observed that the
total content of Cu in F3S2-Onion, F3S4-Spinach, F1S2-Onion, and F3S2-Mo’china were below the MPL
of 10 pg/g stipulated by WHO/FAQO apart from its concentrations in F3S2-Pumpkin, F1S2-Chomolia and
F3S2-Covi, which were higher than 10 ug/g stipulated by WHO/FAO with concentrations of 13.3, 18.6, and
26.3 pg/g, respectively. Similarly, it was observed that the total concentration of As in F3S2-Covi (0.273
pg/g) as well as Ni in F1S2-Chomoila (34.2 pg/g) and F3S2-Covi (54.7 ug/g) surpassed the MPL stipulated
by WHO/FAO of 0.1 and 10 ug/g, for As and Ni, respectively. However, the total concentration of Pb in
almost all the vegetable samples surpassed the MPL of 0.3 ug/g, except for F3S2-Onion, which was below
the MPL with concentration of 0.122 ug/g. Therefore, the obtained results for high flow season revealed

that majority of the vegetable samples are contaminated with high concentrations of As, Cr, Cu, Pb, Ni, and
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V posing a serious threat to the people who consumes them. The statistical seasonal variation was
insignificant for As, Cd, and V (P > 0.05) and significant for Cr, Cu, Pb, Hg, and Ni (P < 0.05) at 95%
confidence level. The difference in variation could be attributed to agricultural activities observed during
high flow season.

The results obtained in this study can be compared with those reported by Malan et al.( 2015) in the Phillippi
horticultural area in the Western Cape province, South Africa. The authors reported maximum total
concentrations of 0.06, 4.48, 9.24, 1.66, and 0.14 mg/kg for Cd, Cr, Cu, Ni, and Pb, respectively in
vegetables during high flow season. However, the maximum total concentrations obtained in this study are
higher than those reported by the authors in their study. The authors further reported that maximum total
concentrations of these PTEs were detected in leafy vegetables such as lettuce and cabbage. This was
also confirmed in this study since the maximum total concentrations of selected PTEs were mostly observed
in leafy vegetables such as Mo’china and Covi. Additionally, the authors reported high total concentrations
of Pb and Cd, which surpassed the MPLs stipulated by South African legislation and regulations made for
cosmetics, and disinfectant act during winter than summer, whereas Cu and Ni were reported to be high
during summer than winter, but within the MPLs stipulated. However, in this study high total concentrations
of the selected PTEs were observed during high flow season than low flow season. This could be because
Cape Town experiences lower temperature and most rainfall during winter, whereas Lephalale experiences
high temperature and most rainfall during summer. They further reported that Cd and Pb surpassed the

MPLs stipulated, whereas Cu and Ni were below MPLs.

3.9 HUMAN HEALTH RISK ASSESSMENT

In performing the human health risk assessment for both the adult and child population of Lephalale that
consumes the contaminated vegetables, the THQ was used to determine the non-carcinogenic human risk
associated with consumption of these contaminated vegetables (Gebeyehu & Bayissa, 2020). The obtained
THQ values for adult and children population of Lephalale for both seasons are presented in Figures 3.11
to 3.14.
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Figure 3.11 THQ values for adult during low flow season.

From Figure 3.11, it is evident that the THQ values of the adult population that consumes the contaminated
vegetables are below 1, with consumption of all the vegetables contaminated with Cu, Pb, Hg, Ni, and V.
Consumption of almost all the vegetables contaminated with Cd showed THQ values less than one, with
the exception to Mo’china vegetable (F3S4-M) from farm 3 site 4, which showed THQ value (1.15) greater
than 1. This clearly indicates that consumption of these vegetable samples will pose no risk to human
health, with the exception to F3S4-M contaminated with Cd. However, Cr showed the highest THQ of 3.17
with consumption of onion (F3S1-O) from farm 3 site 1. There are possible high risks associated with
consumption of almost all the vegetables contaminated with Cr with the exception to consumption of these
vegetables (F1S4-T) from farm 1 site 4, which had THQ value (0.987) less than 1. Additionally, it is also
observed that consumption of chomolia (F1S1-C), rape (F1S2-R), and cabbage (F2S3-CB) vegetables that
had THQ values (1.46, 1.10, and 1.09, respectively) greater than 1 pose serious risks to the adult population
with respect to As. The majority of the vegetable samples showed THQ values less than 1, indicating that
there will be no risks threatening the health of the adult population that consumes these contaminated
vegetables, with respect to Cu, Pb, Hg, Ni, and V during low flow season. However, consumption of all the
vegetables contaminated with Cr and some of the vegetables contaminated with As and Cd is of serious

concern.
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Figure 3.12. THQ values for adult during high flow season.

The THQ values of the adult population that consumes the contaminated vegetables during high flow
season were less than 1, with consumption of all the vegetables contaminated with Cd, Hg, and V.
Consumption of almost all the vegetables contaminated with As and Cu showed THQ values less than 1
apart from Covi vegetable (F3S2-Covi) from farm 3 site 2, which had THQ values of 1.53 and 1.11 for As
and Cu, respectively. However, the THQ values of all vegetables contaminated with Cr were greater than
1 with the highest THQ of 4.33 observed in onion (F3S2-0) from farm 3 site 2. It is also evident that
consumption of chomolia (F1S2-chomolia) and Covi (F3S2-Covi) will result in possible health risks with
respect to Ni (2.88 and 4.61) and Pb (1.17 and 4.21). The results revealed that THQ values obtained during
high flow season are greater than THQ values obtained during low flow season. Consumption of Covi (F3S3-
Covi) will result in higher possible risks to the adult population as compared to 6 other vegetables. However,
consumption of all vegetables contaminated with Cr and some of the vegetables contaminated with As, Cu,
Pb, and Ni threatens the health of the adult population during high flow season. The results obtained are
similar to those reported by Duan et al. (2017). The authors reported Cr as one of the PTEs that
accumulated high THQ values for both the adult and children population. In this study, Cr accumulated

highest THQ values than other PTEs in almost all the vegetables for both adult and child population.
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Figure 3.13. THQ values for children during low flow season.

The THQ values for children population that consumes the contaminated vegetables were observed to be
greater than 1 with consumption of all the vegetables contaminated with Cr. The highest THQ value was
observed to be 15.1 with consumption of onion (F3S1-O) contaminated with Cr from farm 3 site 1 as
displayed in figure 3.13. Consumption of almost all the vegetables contaminated with As showed THQ
values greater than 1 with the exception to consumption of thepe (F1S4-T) from farm 1 site 4, which had a
THAQ value (0.646) less than 1. Additionally, it is observed that vegetables contaminated with Cd (F2S2-S
and F3S4-M), Cu (F1S3-S, F1S4-T, F2S1-S, and F2S2-S), Pb (F1S1-O, F1S1-C, F3S1-0O, and F3S2-C),
Ni (F1S4-T, F2S1-S, and F3S1-0) and Hg (F1S2-R, F2S2-S, F3S2-C, F3S3-C, and F3S4-M) had THQ
values greater than 1. The results revealed that the health of the children population is threatened with
exposure to As, Cd, Cr, Cu, Pb, Ni, and Hg. However, it is observed that the THQ values of all vegetables
with exposure to V were less than 1, indicating that there are no possible health risks associated with

consumption of these vegetables to the children population.
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Figure 3.14. THQ values for children during high flow season.

The THQ values for the child population that consumes the contaminated vegetables during high flow
season are observed to be less than 1, with consumption of all the vegetables contaminated with Cd, Hg,
and V. However, consumption of all the vegetables contaminated with Cr and Cu will result in possible
health implications to the children population. The highest THQ value was observed to be 21.8 for Ni with
respect to consumption of F3S2-Covi as shown in Figure 3.14. Consumption of Covi (F3S2-Covi) pose
serious health risks to the children population as compared to other vegetables. Similar results were
observed for adult population during high flow season. The health of the child population is threatened with
consumption of majority of vegetables contaminated with As, Pb, and Ni. Therefore, the results have
revealed that the health of the children population is more threatened than the health of the adult population
during both low and high flow seasons. This could be because the average body weight and exposure
durations of children are lower than those of adults. Similar results were reported by Xu et al. (2016) and it
was proposed that it could be attributed to the fact that children have lower body weight as compared to

adults.

The hazard index (HI), which considers the cumulative effect of ingesting numerous PTEs from various
vegetables, has also been determined and the results are shown in figure 3.15 (low flow season) and 3.16
(high flow season). For each vegetable, the HI was computed by finding the sum of all the analytes in each

vegetable sample.
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Figure 3.15. The HI values for adult and children population of Lephalale during low flow season.
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Figure 3.16. The HI values for adult and children population of Lephalale during high flow season.
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From Figures 3.15 and 3.16, it is observed that the HI values for the children and adult population during
both low and high flow seasons are greater than 1. The highest HI values obtained during low flow season
are 5.13 and 21.3 (observed in F3S4-M) for adult and children’s population, respectively. Alternately, the
highest HI values obtained during high flow season are 13.2 and 62.3 (observed in F3S2-Covi) for adult
and children’s population, respectively. Therefore, this confirms that there are potential health implications
threatening both the health of the adult and children population with consumption of all the vegetables
during both low and high flow seasons in relative to the PTEs considered in this study. The results obtained
in this study are similar to those reported by Jiménez-Oyola et al. (2021). The authors reported that both

the adult and children’s exposure were above the exposure safety limit.

3.10 TOTAL CONCENTRATIONS OF PTEs IN WATER SAMPLES FROM
STEELPOORT AREA

River water (RW) and borehole water (BW) samples were analysed to determine the total concentrations
of the selected PTEs. The variation in concentrations of PTEs reflected the diverse activities occurring
within the sampling areas. Table 3.10 provides the total concentrations of PTEs during the low-flow season.
The detailed summary of PTEs concentration during low-flow season showed that most elements were
within MPL of the WHO and SANS except V in RW4 and Cr in BW5 to BW7. The overall average observed
concentrations of PTEs in BW and RW samples followed the trend: Cr >V > Ni > Cu > Pb > As > Cd > Hg.
The highest total concentrations of Cr from Steelpoort River and boreholes ranged from 1.69 to 114 ug/L
and an average of 24.5 pg/L with about 23% above MPL. The lowest concentration was observed in RW1
(1.69 pg/L), while the highest concentration was in BW6 (114 pg/L). The total concentrations of V ranges
from 1.66 to 31.1 pg/L with an average of 18.8 ug/L. The total concentrations of V in about 8% of the total
sampling sites exceeded the MPL stipulated by the WHO. The value of Ni ranged from 0.741 to 14.2 pg/L
and was within the permissible limit. The concentrations of Cu ranged from 0.703 to 7.05 pg/L, which is
negligible when compared to MPL of 2000 pg/L stipulated by the WHO and SANS. Munyangane et al.
(2017) reported that As is mostly found bearing within various mineralization, especially gold mineralization.
The concentration of As ranged from 0.16 to 1.12 pg/L, which was also below the MPL of 10 pg/L. Cadmium
is not abundant when compared to other minerals in earth crust and mostly exist in groundwater naturally
(Panda et al. 2022). Low concentrations of Cd were also observed from the study conducted by Nsaka et
al. (2018). Cadmium was found to be the second least dominant at the range of 0.0385 to 0.107 ug/L. The
concentrations were within MPL, which indicates that the Cd-bearing rocks and pollutants were not
dominant in the region compared to V and Cr-bearing rocks. Mercury was least dominant element with total
concentrations ranging from 0.00737 to 0.0248 ug/L in water. The total concentrations of Pb in water ranged

from 0.134 to 1.80 pg/L, which was also found to be within acceptable limit.

The sampling site RW1 (Figure 3.17), located upstream and distant from anthropogenic activities, showed
minimal PTEs contamination, confirming its relatively pristine condition. In contrast, the borehole where

BW&6 sample was collected, has been operating for over 36 years, may also be a factor contributing to the
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elevated levels of PTEs, as shown in Figure 3.18. Other boreholes have been operating for 10-20 years,
and also reflected these factors in their levels of PTEs. The prominent level of Cr concentration in BW was
also observed from the study conducted by Munyangane et al. (2017) from Greater Giyani, with the average
concentration of 33.1 ug/L for the low-flow season. The authors also reported one borehole with the highest
concentration of 69.5 ug/L, which is above the MPL established by SANS (SANS, 2015). Munyangane et
al. (2017) related the increase of Cr level in BW in their study with the Cr-bearing mineral chromite,
evapotranspiration effects due to hot climate changes, and high pH, which could also be related to the current
observation of Cr concentration in samples BW5 to BW7. Elsewhere in India, the study by Panda et al.
(2022) reported high concentrations of Cr in BW with a range of 38.5-256.1 pg/L during the low-flow season.
The authors related the increase of Cr contamination with the opencast mine within the region and soil

erosion in relation to the geological process.

Table 3.10. Total concentrations of PTEs in water during the low-flow season.

Samples  V(ugll) Cr(ug/l) Ni(ugll) Cu(ug/l) As(ug/l) Cd(ugll) Hg (ug/L) Pb (ug/L)
RW1 180+ 169+ 0741t 0933 0142+ 00397+ 0.00855+ 0516+
0.0692  0.0971  0.0364 +0.0229  0.00589  0.00831  0.0000234  0.00424
RW2 166+ 178+  1.00% 155+ 0.157 00385+  0.00744 0.355+
00777 00665  0.0788 0.0884 +0.0238  0.00482  0.000286 0.0190
RW3 244+ 266+ 0860+ 0960+  0.189+ 00547+  0.00853+ 0.421%
0.108 0.116 0.0133 0.0496 0.0102 0.00395  0.000180 0.0133
RW4 311+ 838+ 0633z 113+ 0226+  0.0626%+  0.00797 + 0.491 %
0.326 0.131 0.00423  0.0468 0.0234 0.00298  0.000337 0.00161
RW5 246+ 436+ 0774 1.07 £ 0208+  0.0636+  0.00846 + 0.375+
0.557 0.105 +0.0356  0.0458 0.0242 0.00851  0.000517 0.0175
RW6 281+ 574+ 119t 133+ 0318+ 0107+  0.0248+ 110+
3.39 0.554 0.0861 0.115 0.0325 0.0655 0.00182 0.209
Bw1 203+ 837+  115% 1.64 + 0327+  0.0954+  0.00832+ 0.327 %
1.31 0.606 0.0502 0.178 0.0209 0.0109 0.000864 0.0490
Bw2 204+ 320+ 922 121+ 1.03 ¢ 00592+  0.00737 % 0.719
1.08 0.192 0.292 0.0863 0.0208 0.00365  0.000220 +0.0442
Bw3 228+ 314t 347 0761+ 0377+ 00703+  0.00837 + 0.380 +
1.36 0.358 0.259 0.0184 0.0344 0.00922  0.000292 0.0785
Bw4 132+ 428+ 1341 0.703 +1.10 0.0639+  0.00885 + 0.134 +
1.74 00262  0.0597 0.00219  £0.158  0.00149  0.000652 0.0209
Bw5 208+ 916+ 199t 133+ 0224+ 00721+ 0.00776+ 1622
0.812 462 0.0679 0.0186 0.0344 0.0101 0.000526 0.0801
Bw6 202+ 114t 142+ 3.69+ 0279+  0.0675+  0.00743+ 1.80%
0.458 2.92 0.670 0.0560 0.0304 0.00889  0.000213 0.00889
Bw7 191+ 689+ 0404t  7.05% 0259+  0.0687+  0.0074 0.719+
0.763 273 0.0334 0.272 0.0249 0.00371  +0.000369  0.0972
Min 1.66 1.69 0.404 0.703 0.142 0.0385 0.00737 0.134
Max 31.1 114 14.2 7.05 1.10 0.107 0.0248 1.80
Average  18.8 245 377 1.80 0.372 0.0664 0.00933 0.689
SANS@ - 50 70 2000 10 3 6 10
WHOP 30 50 70 2000 10 3 6 10
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Figure 3.17. Total concentrations of PTEs in Steelpoort River water samples during low-flow season.
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The trend in RW samples followed the order; V > Cr > Cu > Ni > Pb > As > Cd > Hg. Vanadium
concentrations in RW ranged from 1.16 to 31.1 ug/L. The RW1 had the lowest V concentrations due to its
distance from possible contamination sources. The observation was evident when Makgoale et al. (2022)
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conducted the study in Steelpoort River; the authors reported species of vertebrates that are sensitive to
pollution adapting to live at sites where pollutants are not prominent. The sites where this pollution-sensitive
vertebrate was obtained were within the proximity of RW1, confirming the least contamination by pollution.
Sample collected from site RW4, located under a bridge, near a main road, and close to a smelting area,
exhibited the highest V concentration, which could be related to emissions from the smelting industry and
frequent gas emissions by vehicles. The water samples from RW5 and RW6 also showed prominent V and
Cr levels, which could be associated with industrial activities.

High levels of V were consistently observed in BW samples from Steelpoort and Driekop areas. The total
concentrations of Cr and V in RW3-6 could be attributed to nearby mining, smelting, and human activities
observed during sample collection. The sampling site where RW3 was collected is located directly across
from a smelting industry and a sub-power station. Additionally, due to the absence of a bridge at the site,
vehicles frequently drive through the river, as illustrated in Figure 3.19. This could contribute significantly to
the levels of PTEs. At RW4, a scrap yard, mining activities, road, and brick-making processes were close
to the site, contributing to PTE levels through oil spillage, grease, and particulate distribution from cement,
including constant gas emissions from mines and vehicles. Similarly, the effect of greases and oil spillage
was observed by Dikotla and Ambushe (2024) from the study conducted in Mokolo River, Lephalale of
Limpopo province. The authors reported high levels of PTEs associated with the bridge over the river and
human activities such as welding and scrapyard.

Figure 3.19. Images showing vehicles and animals passing through site 3 of Steelpoort River.

Sampling site RW5, located under a bridge, showed contamination from the discharge of the domestic
sewer and possible mining effluent, as observed from the water's colour and odour in Figure 3.20.
Concentrations of PTEs for most samples were within the MPLs set by SANS, DWAF, and WHO (DWAF
1996; SANS 2015; WHO 2017), except for V in RW4 and Cr in BW5-BW?7. The V concentrations in RW6,
BW1, and BW2 were close to the MPL threshold, making them potentially unsafe for drinking, as levels could
increase over time.
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Figure 3.20. Image showing the colour of the water and pollution around site 5 of Steelpoort River.

The observed concentrations of PTEs from different sites were within safe levels, except for RwW4 and BW5
to BW7. Regular monitoring and mitigation measures are essential to ensure the safety and reliability of
these water sources. The results of the current study are comparable with those reported by Nsaka,
McCrindle & Ambushe (2018). The authors reported high levels of Cr and V in surface and groundwater,
which were found to be higher than 1 and 0.763 ug/L, respectively, than world average concentrations in
unpolluted water.

High levels of V and Cr in RW and BW samples in the study area were anticipated since the production of
high-quality steels involves the use of ferrous materials containing V, making smelting and ferrochrome
industries prominent sources of V and Cr contamination. These industries, located near sampling sites
RW3-RWE6 in Steelpoort, could contribute significantly to the elevation of levels of PTEs, including V levels,
due to industrial waste and metallurgical slags (Moskalyk and Alfantazi, 2003).

The abundance of V in the Earth's crust, being 1.2 times that of Cr and 66.7 times that of As, also explains
the higher V concentrations in water. Moderate levels (25-49 ug/L) of V were reported by Wright & Belitz
(2010) in California, USA, similar to the moderate contamination observed in three RW and six BW samples.
Existence of V in RW could have resulted from the by-product of the smelting industry near the river and
geological position for BW due to the black reef belt in the Sekhukhune District (Moskalyk and Alfantazi,
2003). This suggests a combination of anthropogenic sources and natural geological contributions.

In BW samples, V concentrations can be influenced by ORP and pH, which affect the
dissolution/precipitation and adsorption/desorption of V-bearing rocks such as carnotite, roscoelite,
vanadinite, mottramite, patronite, and descloizite ores in South Africa. Vanadium readily reacts with oxygen
across various pH ranges. According to Wright & Belitz (2010), V(lll) and V(V) species are dominant at pH
7-8. The findings of polluted water by V align with the study conducted by Nsaka et al. (2018), where
borehole and river water were observed to exceed the world average concentration in an unpolluted river.
Meanwhile, the study conducted by Dikotla & Ambushe (2024) in Mokolo River reported a low concentration
of V in water, which was below 0.763 pg/L, which confirms the unpolluted river water by V.
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Chromium levels in river water were expected to exceed permissible limits due to nearby chromite mines.
However, the total concentrations were below MPL, possibly due to effective waste effluent control to the
river. Adhikari et al. (2022) reported high Cr levels in Steelpoort River from smelting and mining industries,
which were anticipated in the current study. The low-flow rate during sampling likely caused Cr particles to
settle into sediments and river tailings, as observed by Adhikari et al. (2022) in Sekhukhune land. A study
by Addo-Bediako et al. (2018) at De Hoop Dam and Steelpoort River reported increased Cr downstream
compared to upstream, with concentrations of 30-80 ug/L using ICP-OES. This increase was attributed to
mine waste washing off riverbanks. Another study by Addo-Bediako (2020) found that the Steelpoort River
was more contaminated than the Blyde River, with Cr concentrations ranging from 0.2-0.9 ug/L, lower than
previous and current studies. Kgaphola et al. (2023) suggested that land use and cover could influence Cr
contamination levels.

The total concentrations of Ni, Cu, and Pb in RW samples were found to be low when compared with other
studies conducted on similar locations and Limpopo province. Previous studies conducted by Addo-Bediako
(2020) and Addo-Bediako et al. (2018) reported higher concentrations of Ni, Cu, Pb, and As in Steelpoort
River. The current study found Ni concentrations ranging from 0.76 pg/L in RW1 to 1.20 pg/L in RW86,
significantly lower than the 10-30 ug/L and 26—100 ug/L reported in studies conducted in 2015 and 2018
by Addo-Bediako et al. (2018, 2020), respectively. The observed 98.8% decrease in Ni concentration could
be due to improved waste control and reduced industrial activity during the COVID-19 lockdown (2020-
2022).

Similarly, Cu concentrations in the current study ranged from 0.94-1.34 pg/L, lower than the 20 ug/L
reported by Addo-Bediako et al. (2018), indicating a 93.3% decrease between 2015 and 2023. As
concentrations showed a slight decrease, ranging from 0.16-0.35 ug/L compared to the 0.3-0.6 ug/L
reported by Addo-Bediako (2020), reflecting a 41.7-46.7% decrease between 2018 and 2023. Lead
concentrations ranged from 0.355—1.10 ug/L, higher than those reported by Addo-Bediako (2020), with an
increase of over 80%. Sedimentation could be a major factor contributing to the increased Pb levels, as
observed further in this chapter.

The samples collected during the high-flow season were obtained from the same locations as those
collected during the low-flow season. However, it's important to note that Farm 1, corresponding to BW1,
was not accessible during the high-flow season. As a result, any comparison between the low and high-
flow season variations for samples from Farm 1 will be omitted from the analysis.

The concentrations of PTEs in water samples during the high-flow season were measured for the samples
obtained from the same sources and locations to compare the variation of PTE concentrations between the
two seasons. Twelve water samples were collected, comprising six samples each for RW and BW, as
indicated in Table 3.11 for MPLs for drinking water and Table 3.12 for irrigation water. The elevated levels
of Cr and V in both RW and BW remained high in both seasons, whereas the concentration of Hg was
below the LOD value of 0.00357 pg/L in some samples.

62



Investigation of Potentially Toxic Elements in Selected Water Bodies in Limpopo Province

Table 3.11. The statistical summary of PTEs concentration in BW and RW obtained from Steelpoort River and surrounding areas.

Sample V (ug/L) Cr (ug/L) Ni (ug/L) Cu (pg/L) As (ug/L) Cd (pg/L) Hg (ug/L) Pb (ug/L)
RWA1 833533 0.167 £0.00779 0.455+0.0107 0.780+0.00761 0.134+0.0108 0.176 +0.0183 0.0743 £ 0.001407 0.508 + 0.0296
RW?2 ;3::0 0.0755+0.00193 0.659+0.0224 2.47 +£0.0207 0.165+0.0122 0.00293 + 0.00942 <0.00357 0.605 £0.0247
2.03+ 0.183
RW3 0.0205 0.167 £0.00231 0.479+0.0144 0.642+0.0106 0.0127 0.00269 + 0.00000679 0.0544 +0.00422 0.191+0.0237
+
Rw4 14.5+0.321 2.53+0.0826 0.503+0.0154 0.713+0.0250 8§(1)26_7 0.115+0.00970 0.0265+0.0127 0.402+0.0152
RW5 12.7£0.719 2.33+£0.150 0.544+0.375 |0.716+0.0418 0.188+0.0149 0.0395+ 0.00510 <0.00357 0.345+0.0179
+
RW6 ;24‘718_ 2.34+0.103 0.506 £0.0162 0.661+0.0369 0.197 £0.0273 0.0189 £ 0.00255 <0.00357 0.320+0.0213
BW2 22.8+0.332 2.60+0.0628 0.425+0.0100 0819 0.654 £ 0.0161 £ 0.00255 <0.00357 0.224 + 0.00635
R R T 0.00933 0.0223 ' - ' ' o
BW3 20.1+0.184 1.40+£0.00805 0.851+0.0253 0.616+0.0205 0.427 +0.0169 0.0240+ 0.00511 <0.00357 0.192 £0.00670
BW4 11.3£0.150 1.78+0.00766 9.85+0.135 1.32+0.00954 1.09+0.0538 0.0398+ 0.00255 <0.00357 0.0392 + 0.00367
BW5 15.8+0.564 73.6+2.91 0.124 £0.00943 0.537 £0.0116 0.280+0.0372 0.0280 + 0.00306 <0.00357 0.25+0.0121
+
BW6 (1)5237_ 90.2+1.42 0.159+0.00579 10.3+£0.0822 0.345+0.0226 0.0298 + 0.00153 0.05+0.0229 1.18+0.116
BW7 17.1+£0.354 32.0+0.638 0.128 £ 0.00100 4.76 £ 0.118 0.473+0.0406 0.0269 + 0.00357 0.04 £ 0.0267 0.44+0.0103
Min 1.37 0.0755 0.12 0.54 0.13 0.00269 <0.00357 0.0392
Max 22.8 90.2 9.85 10.3 1.09 0.18 0.07 1.18
Average 12.3 17.4 1.22 2.03 0.363 0.0433 0.00648 0.392
SANS - 50 70 2000 10 3 6 10
WHO 30 50 70 2000 10 3 6 10
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Table 3.12. Target water quality range (TWQR) stipulated for irrigation water (DWAF, 1996a).

Irrigation water guideline Maximum Concentrations

Analytes TWQR DWAF (ug/L) Low-flow season (ug/L) High-flow season (ug/L)
\Y 100 31.1 22.8

Cr 100 114 90.2

Ni 200 14.2 9.85

Cu 200 7.05 10.3

As 100 0.107 1.09

Cd 10 0.107 0.176

Hg - - -

Pb 200 1.80 1.18

The data in Table 3.11 presents the concentrations of PTEs during high-flow seasons, including V, Cr,
Ni, Cu, As, Cd, Hg, and Pb, in RW and BW samples from various locations. The observed values are
compared against the MPLs stipulated by SANS, DWAF, and WHO. The high-flow season trend was
as follows: Cr >V > Cu > Ni > Pb > As > Cd > Hg. During high-flow season, Cr was a dominant pollutant
in BWs; meanwhile, V was dominant in RWs.

Vanadium ranged from 1.37 ug/L (RW2) to 22.8 ug/L (BW2) with an average of 12.3 pg/L, which is
below the MPL stipulated by the WHO. The V concentrations were generally higher in BW samples
compared to RW samples. The highest concentration was observed in BW2, which may be attributed
to natural geological sources as well as industrial activities related to steel production. The higher levels
in BW samples could also be influenced by the dissolution of V-bearing minerals (carnotite, roscoelite,
vanadinite, mottramite, patronite, and descloizite ores) due to changes in ORP and pH. The
concentration of V decreased significantly when compared to the low-flow season, as expected from
previous studies. The observed concentration during the low-flow season ranged from 1.66 pg/L (RW2)
to

31.1 pyg/L (RW4) with an average of 18.8 pg/L. The decrease in concentration shows that climate
conditions and seasonal variation play a pivotal role in PTEs distribution across the environment.

Chromium levels for drinking exceeded the MPL of 50 pg/L in BW5 and BW6, indicating significant
contamination possibly from ferrochrome production and smelting industries. The irrigation water MPL,
as recommended by DWAF, was low except for Cr during the low-flow season, with 114 ug/L. Therefore,
the water obtained from Steelpoort River and borehole water can be recommended as safe for irrigation
and drinking purposes, except for water obtained in BW6. In contrast, RW samples had much lower Cr
concentrations, suggesting effective control of waste effluents into rivers or sedimentation processes
that trap Cr particles in riverbeds. The range of 0.0755 ug/L (RW2) to 90.2 ug/L (BW6) was observed
during high-flow season compared to 1.75 pg/L (RW1) to 114 ug/L (BW6) during low-flow season. As
expected, the decrease in Cr concentration shows high levels of water, which results in dilution of PTEs
that were distributed during the low-flow season (Paerl et al. 2018). The BW6 showed high levels of Cr
in both seasons, which suggests that dissolution of Cr containing minerals dominates throughout the
seasons. Similar dominance of Cr was reported by Panda et al. (2022) for groundwater of an industrial
city in eastern India, which was related to opencast mining. Additionally, Munyangane et al. (2017)
reported high levels of Cr in some regions and related it to Cr-bearing mineral chromite. Sekhukhune
District contained various rocks, including alluvium and black reef formations. Black reef formation is
rich in gold and uranium, which is also associated with the chromate minerals (Fuchs et al. 2016; Nwaila
et al. 2022). Therefore, elevated concentrations of Cr in water from BW5, 6, and 7 could be attributed
to geological sources.
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The concentrations of other PTEs, such as Ni, Cu, As, Cd, Pb, and Hg in water samples were found to
be below their respective MPLs. Nickel concentrations indicated relatively low contamination, ranging
from 0.12 pg/L at BWS5 to 9.85 ug/L at BW6, with an average concentration of 2.03 ug/L. The elevated
Ni concentration observed at BW6 may be attributed to localised geological sources or specific industrial
discharges. Copper concentrations were also low, ranging from 0.54 ug/L at BW5 to 10.3 ug/L at BWG6,
suggesting minimal contamination from industrial sources. The high Cu concentration could be due to
natural mineral dissolution. Copper levels were negligible in comparison to the MPL for Cu (2000 pg/L).
The highest As concentrations in both water samples, ranging from 0.13 ug/L at RW1 to 1.09 ug/L at
BW4, are relatively low and suggest that contamination may stem from natural geological sources with
minor contributions from anthropogenic activities.

The concentration of Cd in the samples ranges from 0.00269 ug/L at RW3 to 0.176 ug/L at RW1, with
an average of 0.04 ug/L. These values are significantly lower than the MPL set by both the SANS and
the WHO, which are 3 ug/L. The low levels of Cd across the samples suggest minimal contamination
and indicate that the sources of Cd, whether natural or anthropogenic, are either absent or very limited
in the area. The highest detected Cd concentration (0.176 pg/L) remains well below regulatory limits,
indicating that the water quality in terms of Cd contamination is within acceptable safety standards. The
results obtained in this study are comparable to those reported by Munyangane et al. (2017) and Nsaka
et al. (2018). The authors found Cd below 0.200 and 0.0038 ug/L, respectively.

Mercury was detected at very low concentrations across the samples, ranging from <0.00357 in RW2,
RWS5, and BW1 to BW5 to 0.07 ug/L in RW1, with an average concentration of 0.00648 pg/L. Both the
SANS and WHO guidelines establish the MPL for Hg at 6 ug/L. The measured Hg concentrations are
significantly below this threshold, indicating that Hg pollution is not a concern in the study area. The
presence of Hg at such low levels suggests the absence of prominent local sources of Hg
contamination, such as industrial discharges, mining activities, or the use of Hg-containing products.
This finding is positive for both the aquatic environment and public health, as Hg is a highly toxic element
capable of bioaccumulating in aquatic organisms such as fish, leading to serious health risks. Figures
3.21 and 3.22 summarised the concentrations of BW and RW during high-flow seasons.
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Figure 3.21. Concentrations of PTEs in RW samples during high-flow seasons.
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Figure 3.22. Concentrations of PTEs in BW samples during high-flow seasons.

A comparable study conducted by Aralu et al. (2024) in Awka, Nigeria, demonstrated similar seasonal
variations between rainy and dry seasons. Contrary to the current study, which observed a slight decline
in pollutant concentration from the low to the high-flow season, Aralu et al. (2024) reported an increase
in PTEs such as Pb, Cd, and Ni during the transition from low to high-flow seasons. These elevated
concentrations, particularly during the dry season, were attributed to reduced dilution effects from
rainfall. The study highlighted significant health risks, especially for children, due to the elevated levels
of toxic PTEs like Cd, which exceeded the WHO thresholds and are considered highly toxic. The decline
of concentration between low and high flow seasons is commonly observed in many studies, in South
Africa and worldwide (Aralu et al. 2024; Bhuyan & Bakar, 2017; Edokpayi et al. 2018; Munyangane et
al. 2017; Panda et al. 2022; Pant et al. 2021). In South Africa, the study by Dintsi et al. (2023) for As
and Cr in Mokolo River, Lephalale found that the concentration of Cr and As showed a significantincrease
in the high-flow season than in the low-flow season, which contradicts the findings in the current study,
where the concentration was decreasing from low to high-flow season.

3.11 TOTAL CONCENTRATIONS OF PTEs IN SEDIMENT SAMPLES FROM
STEELPOORT RIVER

The total concentrations of PTEs in the sediments from Steelpoort River are presented in Figure 3.23.
The origin of contamination in the sediments is the mixture of nearby pollution and weathering of rocks,
which influences the elevation of PTEs (Martinez et al. 2024). The total concentrations of selected PTEs
in sediments collected from the Steelpoort River during the low-flow season followed a distinct trend:
Pb > As >V > Cr > Cu > Cd > Ni. Site 3 exhibited the highest concentrations of V, Cr, Cu, As, and Pb,
with values of 1581, 1566, 1065, 6227, and 9932 ug/g, respectively. These PTE concentrations patterns
differ from those observed in water during the same season, where V and Cr were more prevalent than
Pb and As. The maximum Pb concentration in sediments was detected at site 3, whereas in water, it
peaked at RW6 (corresponding to site 6 in the sediments). The elevated Pb levels at RW6 are likely
influenced by the second-highest Pb concentration found in sediments at site 6. Similar discrepancies
between sediment and water PTEs concentrations were reported by Bhuyan and Bakar (2017), which
supports the findings of this study. The highest concentrations of Ni and Cd were observed at site 6,
with values of 253 and 664 ug/g, respectively.
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Figure 3.23. Total concentrations of PTEs in sediments from Steelpoort River during the low-
flow season.

The significant Pb concentration (9932 pg/g) at site 3, located near a smelting industry, mining activities,
a main road, dust, and vehicle exhaust, could be a primary source of contamination. This study's
results align with those of Kien et al. (2010), who found high concentrations of PTEs in sediments,
particularly Cr (10 428 pg/g) and Ni (4 200 pg/g), near mining tailings. Similarly, McConnell et
al. (2018) documented Pb pollution stemming from mining activities, highlighting a historical pattern
of sediment contamination. In the Steelpoort area, activities such as construction (building of
bridges), heavy vehicular traffic (mining trucks), and dust from mining (coal, chrome, and platinum
group metals) could contribute to elevated levels of V, Cr, Ni, Cu, Cd, Pb, and As in the environment,
especially in far areas. Addo-Bediako (2020) also reported high Ni and Cr concentrations in
Steelpoort River sediments, particularly near ferrochrome mines. The proximity of site 3 to a
ferrochrome mine in this study further corroborates these findings. While no significant waste pollution
from communities or industries was observed along the Steelpoort River, site 2 revealed evidence of
construction activity and discarded liquor bottles.

The distribution of V observed in this study is consistent with findings by Tulcan et al. (2021, 2023), who
linked high V concentrations in surface sediments along China's central coast and Shandong Peninsula
to industrial activities such as coal power plants, petrochemicals, and oil fields, reporting V
concentrations ranging from 35.1 to 135 pg/g. Similarly, da Silva Junior et al. (2022) found the highest
concentrations of Pb, Ni, Cr, Cu, and V in Brazil to be 18.7, 48.6, 6.50, 13.3, and 12.9 ug/g, respectively,
attributing these levels to anthropogenic sources. The current study suggests that the levels of Pb, Ni,
Cr, Cu, and V released by nearby industries such as coal mines and smelting in the Steelpoort area are
significantly higher than those reported in similar studies worldwide. This suggests a substantial impact
from local industrial activities on the levels of PTEs in sediments in the Steelpoort River.

The observed concentrations of PTEs in sediments collected during the high-flow season followed the
trend: Pb > As > Cr >V > Cu > Cd > Ni. This trend was similar to the low-flow season, where Pb had
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the highest concentration and Ni the lowest. However, during the low-flow season, Cr was found to be
lower than V, whereas in the high-flow season, V was lower than Cr. The highest Pb concentration,
8350 pg/g, was recorded at site 3, consistent with observations during the low-flow season. The highest
level of Pb was also observed in the study conducted by Martinez et al. (2024), when measuring the
concentration of sediments near an abandoned mine. Bedrock and soil weathering were dominated by
Alluvium rocks in the province of Jaen (Andalusia, Spain), where the high content of Pb over 2000 ug/g
was distributed from across stream bed sediments, floodplain sediments, and riverine soils (Martinez
et al. 2024). Similar to the current study, the authors reported arsenic as the second-highest
concentration from sediments. Therefore, the deposition of Alluvium soil content from mines and rock-
weathering influences the elevation of Pb and As concentrations.

Figure 3.24 indicates that sediment concentrations did not correlate consistently with the concentration
observed in RW samples. A similar finding was reported by Nsaka et al. (2018) when observing the
concentration of PTEs in sediment, where the concentration of water did not follow the same trend as
sediment concentration. Typically, higher concentrations of PTEs are expected downstream compared
to upstream. Addo-Bediako (2020) reported variations in concentrations of PTEs from upstream to
downstream, noting the highest As concentrations upstream and the lowest midstream to downstream,
which aligns with this study’s findings, where As was highest upstream and lowest at midstream sites
4 and 5. Similarly, V, Cr, Ni, Cu, and Pb concentrations were higher upstream compared to midstream
sites, except for Cr. Nickel concentrations decreased from upstream to downstream in both seasons, a
trend also reported by Addo-Bediako et al. (2018). They also noted a decrease in Cu concentrations
midstream. The consistency of PTEs gradients between upstream and downstream was unclear for
both water and sediment, likely due to localised pollution sources rather than upstream-to-downstream
effluent flow (Addo-Bediako et al. 2018; Bhuyan & Bakar, 2017).

Total concentrations of PTEs varied from site to site, influenced by local pollution sources. Sites 1 and
2 upstream experienced minimal activities, with potential pollution from bridge construction, human
activities, and vehicle exhaust. Site 3, near a smelting area, likely had pollution from atmospheric
particulates from the smelting industry. Sites 4 and 5, located midstream near a main road, had PTEs
likely from vehicle exhaust and road dust. Site 6, downstream, was close to manufacturing industries
and urban areas, which could be contributing to higher levels of PTEs compared to sites 4 and 5.
Previous studies have identified various activities contributing to the concentrations of PTEs in
sediments and water, including mining, agriculture, topography, road dust, and smelting (Adhikari et al.
2022b; Niu et al. 2023; Teng et al. 2009). The topography of the Sekhukhune District along the
Steelpoort River influences PTEs distribution in water, plants, and sediments (Adhikari et al. 2022).
While natural sources of PTEs cannot be ruled out since the high levels of PTEs observed could suggest
a combination of anthropogenic and geogenic sources.
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Figure 3.24. Total concentrations of PTEs in sediments from Steelpoort River during high-flow
season.

In South Africa, there are no established guidelines specifying the MPLs for PTEs in sediments of
freshwater ecosystems, such as the Probable Effect Level (PEL) and the Interim Sediment Quality
Guidelines (ISQGs). Consequently, the proposed PELs and ISQGs adopted from the CCME were used
to assess the safety of the aquatic ecosystem and freshwater. The maximum concentrations of PTEs
in river sediments are compared against these PEL and ISQG benchmarks, as indicated in Table 3.13,
except for Ni and V, which are not included in these guidelines.

Table 3.13. The ISQGs and PELs with the maximum concentrations of PTEs in sediments.

Canadian Sediment

lit
. QualyCurrentstudyMaximum
Analyte  Guidelines

I1ISQG (ug/g) PEL (ug/g) low-flow (ug/g) High-flow (ug/g)
As 5.90 17.0 6227 4990
Cd 0.60 3.50 664 527
Cr 37.3 90.0 1566 1083
Cu 35.7 197 1065 897
Ni NA NA 253 238
Pb 35.0 91.3 9932 8350
Y NA NA 1581 899

NA: not available

The ISQGs and PEL for sediments were established by the CCME in 2002. It was found that all detected
concentrations of PTEs during both low and high-flow seasons exceeded the ISQG and PEL values.
The concentrations of PTEs can be categorized based on their occurrence of adverse biological effects.
None of the total concentrations of PTEs were below ISQG or PEL, suggesting a frequent occurrence
of adverse biological effects, which could harm aquatic species and food chains. The observed
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concentrations of V, Cr, Cd, Cu, Pb, Ni, and As across all sites were several times higher than the PEL
and ISQG values, indicating frequent biological effects on aquatic species.

The CCME did not provide ISQG and PEL thresholds for Ni and V for comparison with the current study.
However, the Ni results from this study can be compared with other studies conducted on the Steelpoort
River, such as the one by Addo-Bediako et al. (2018). The ISQG and PEL values are typically used in
ecological studies to investigate the toxic effects of PTEs on vertebrates, which might also affect human
health. A study by Mohajane and Manjoro (2022) reported total concentrations of PTEs in sediments
and compared them against the threshold effect concentration (TEC) and probable effect concentration
(PEC) to assess potential ecological risks in Mahikeng, North—West province of South Africa. In the
current study, all selected PTEs were above TEC and PEC, except for Ni at sites 4 and 5 during the
high-flow season, where levels were below PEC.

Table 3.14 shows the minimum and maximum concentrations of PTEs measured during low and high-
flow seasons compared with the TEC and PEC values. The minimum concentration of Ni during the
high-flow season was above TEC but below PEC, indicating rare ecological impacts. Higher
concentrations than PEC observed in sediments suggest frequent negative impacts (Mohajane &
Manjoro, 2022). Conversely, concentrations below TEC and PEC suggest no expected ecological
impacts. The selected PTE concentrations are expected to cause significant ecological impacts, except
for Ni at sites 4 and 5 during the high-flow season.

Table 3.14. Comparison of measured concentrations of selected PTEs in sediments and

SQGs.

SQGs (ug/g) Minimum (ug/g) Maximum (ug/g)
Analytes - .

TEC PEC Low-flow High-flow Low-flow High-flow
As 9.79 33.0 4824 3476 6227 4990
Cd 0.990 4.99 221 109 664 527
Cr 434 111 352 3915 1566 1083
Cu 31.6 149 324 215 1065 900
Ni 22.7 48.6 49.2 335 253 238
Pb 35.8 128 6361 4132 9932 8350
\% NA NA 612 241 1581 899

Similarly, a study by Vallius (2015) on the Gulf of Finland in the Baltic Sea revealed a comparable trend
of sediment toxicity. The author noted that the Gulf of Finland has been subjected to prolonged
anthropogenic activities, leading to widespread pollution, particularly in the sediments. In the study,
American SQGs were applied, which differ from the Canadian SQGs, as highlighted in Table 3.15. This
distinction underscores the variation in environmental standards used to assess sediment
contamination across different regions. The distinction between American and Canadian SQGs is the
references used in determining the toxicity level of PTEs in sediment. Americans add effects range-low
(ERL) and effect range-medium (ERM), which refer to lower and upper reference values, respectively.
Meanwhile, Canadians use ISQG and PEL, where ISQG is also considered TEL (Vallius 2015).
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Table 3.15. Distinction of the various environmental standards used to assess contamination

of sediment across different regions.

A Canadian SQGs American SQGs
nalytes ISQG (uglg)  PEC (uglg) ISQG (ug/g) PEL (ug/g)

As 5.90 33 7.24 41.6

Cd 0.60 4.99 0.7 4.2

Cr 37.3 111 53.3 160

Cu 35.7 149 18.7 108

Pb 35 128 30.2 112

Hg NA NA 0.13 0.70

3.12 TOTAL CONCENTRATIONS OF PTEs IN SOIL SAMPLES FROM
STEELPOORT AREA

The present study also investigated the total concentrations of PTEs in soil samples where vegetables
were cultivated during the low-flow season. A total of nine soil samples were successfully analysed
using ICP-OES for quantification of total concentrations of selected PTEs, as illustrated in Figure 3.25.
The average total concentrations of selected PTEs in the agricultural soil obtained during the low-flow
season followed this trend: Pb > As > Ni>Cr>Cu>Cd>V.
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Figure 3.25. Total concentrations of selected PTEs in the soil during the low-flow season.

The results indicated that most collected soil samples exhibited high total concentrations of Pb, except
for samples from F1S1 and F2S2. When comparing the concentrations of Pb in the soil and the
vegetables planted in it, substantial differences in Pb accumulation were observed among various
species. Leafy vegetables, such as spinach in F1S1, F2S2, F3S1, and F4S8, showed lower
concentrations of Pb compared to other leafy vegetable varieties, namely Mochaina, Chomolia, Covo,
and Beetroot leaves. Further analysis of different plant parts, including leaves, fruits, and roots from
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species such as beetroot, carrot, tomato, and spring onions revealed noticeable variations in the total
concentrations of Pb accumulated in the tissues. Specifically, tomatoes from farm 2 (F2S5-T) and cherry
tomatoes from farm 4 (F4S3-CT) exhibited elevated concentrations of Pb, found to be above 12.0 ug/g
in both farms, despite their geographic separation. This finding suggests that Pb is more likely to reside
on the fruit of the plants than leaves and roots. Interestingly, the total concentration of Pb in the soil
where tomato plants were cultivated was lower compared to other sites within the same farm where
leafy and root vegetables were grown. This observation indicates that when the soil concentration of Pb
is high, the concentration found in the vegetables cultivated in such soil may be reduced, demonstrating
the transfer effect of Pb from the water, soil to plant tissues. The low movement of Pb to leafy parts of
spinach was also observed in a study conducted by Gupta et al. (2019) where spinach accumulates
less Pb compared to other leafy vegetables. The total concentration of Pb across the samples ranged
from 2893 to 10139 ug/g, while the lowest total concentration of V ranged from 157 to 329 ug/g. Notably,
the highest total concentration of Pb was recorded in the soil sample collected from farm 1 (F1S1-S),
whereas the highest total concentration of V was observed in soil from farm 2 (F2S3- O/Ch).

When observing the concentrations of PTEs in vegetables during the low-flow season, Cu, Cr, and V
were amongst the prominent PTEs in vegetable species. However, when observing the concentration
of Cu in the soil across all farms and vegetables, it is noticeable that the soil had an influence in
transferring of Cu from soil to plant tissues for leafy vegetables, roots, and fruits. Gupta et al. (2019)
reported higher Cu translocation when comparing the concentration of Cu in water and soil with Cu in
vegetables, both in roots and leaves. The evidence supports the essentiality of Cu in plants for
functioning, where it absorbs high levels of Cu from soil to maintain itself for growth. The presence of
lower levels of Cr in the soil and prominent levels of Cr in vegetables is similar to Cu and Pb
translocation. Chromium and Cd ions can compete with essential elements such as calcium and
phosphate ions, therefore leading to plants accumulating more Cr and Cd in instances where soil had
high levels of Cr or Cd (Oliveira, 2012).

Chromium had the highest concentration of 1892 ug/g in the soil sample from farm 3 F3S1-9. The soil
samples collected from farm 1 had the highest concentrations of Cu (1531 ug/g) and As (10340 ug/g).
Cadmium was the highest in soil samples collected from farm 4 F4S1-8, with a total concentration of
844 ug/g. In farms 3 and 4, soil samples were collected separately from various locations within each
farm to ensure a comprehensive representation of the soil's characteristics. The samples from each
farm were then combined into a single composite sample for each location. This approach provides an
average concentration of PTEs across the farms while accounting for spatial variability. By mixing the
individual samples, the aim is to obtain a more uniform and representative assessment of soil
contamination, particularly in areas where vegetables are grown, as these vegetables are directly
influenced by the surrounding soil conditions and the size of the farm (Saini et al. 2015; Pelcové et al.
2021).

The highest concentrations of Cu, As, and Pb at farm 1 could be attributed to the smelting industry
situated directly opposite the farm. The highest concentration of Cr in farm 3 could be due to the
manufacturing industry and the proximity of the main road, which contributes waste products from fuel
combustion and particulates from mining, concrete, and cement users near the farm. The highest total
concentration of V from farm 2 (F2S2-O/Ch) could also be linked to the smelting industry situated
opposite the farm. The highest total concentration of Cd from farm 4 might be due to the type of soil and
the nearby mining industry. Studies have found that soils such as mafic and ultramafic soils can have
high Cd contamination levels, up to 100 ug/g (Khan et al. 2017), which is similar to the present study's
soil types (alluvium and colluvium), ranging from 5.00 to 1050 ug/g (Ozunu, 2015).
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It was observed that soil collected from farms 1 and 2, which was used to cultivate vegetables such as
spinach (F1S1-S), spring onion (F1S2-S0), okra (F1S3-0k), spinach (F2S1-S), beetroot (F2S2-BL),
chomolia (F2S3-Ch), spring onion (F2S4-SOL), and tomato (F2S5-T), had high Pb concentrations
during the low-flow season. This suggests that accumulated PTEs are transferred to plants. The present
study showed that the elevated concentrations of PTEs in the soils could have been taken up by plants.
Khan et al. (2017) reported that highly contaminated soils result in highly contaminated vegetables,
which supports the findings that vegetables cultivated in contaminated soils contribute to a
contaminated food chain. The study by Dintsi et al. (2023) showed low concentrations of As across all
farms where vegetables were obtained, and that was reflected by the amount of As detected in the
vegetables, which coincided with the Khan et al. (2017) suggestion of PTEs transferable from soil to
vegetables.

Total concentrations of V, Cr, As, Cd, Pb, Ni, and Cu in all soil samples collected during the low-flow
season were above the MPLs stipulated by the Canadian Council of Ministers of the Environment
(CCME) of 130, 64, 12, 1.4, 70, 50, and 63 ug/g, respectively (Canadian Council of Ministers of the
Environment, 1999). The MPL and maximum concentration of soil detected between the low and high-
flow seasons are shown in Table 3.16. The lowest and highest concentrations of V are 1.22 to 2.53
times more than the MPL stipulated by the CCME. The high concentration of V in the soil increases its
prevalence in vegetables, as observed in Figure 4.12. Vanadium is more accumulated in roots and
shoots than leaves, as reported by Chen et al. (2021). The current study corroborates findings where
V concentrations in beetroot roots and leaves were measured at 1.42 ug/g and 0.967 pg/g, respectively.
Similarly, spring onion roots and leaves contained 0.273 ug/g and 0.210 ug/g of V, respectively. These
results highlight a higher accumulation of V in the roots compared to the leaves for both vegetables,
consistent with trends observed in previous studies.

The total concentrations of Cr are 5.03 to 30 times more than the MPL, with the highest Cr concentration
in farm 3 (F3S1-9(all)) surpassing the MPL by 30 times. Elevated Cr concentrations in farm 3 soils and
vegetables could be due to the proximity to the main road and the use of inorganic manure and compost.
Other PTEs were 862, 603, 145, 57, and 24 times more than the MPLs for As, Cd, Pb, Ni, and Cu,
respectively. The elevated Cd levels could be attributed to the use of inorganic manure, particularly in
farms 3 and 4 (Haider et al. 2021). Mining, smelting, proximity to main roads, and manufacturing
industries around the Steelpoort area may have enriched many parts of the region with PTEs from
atmospheric deposition. The soil used to grow vegetables is unsafe for agricultural, residential,
commercial, and industrial purposes due to high levels of PTEs, which are above the CCME MPLs. The
borehole water (BW6) used for irrigation could also contribute to the increase of Cr and V in the soill,
and subsequently in the vegetables.

Table 3.16. Canadian Soil Quality Guidelines (SQGs) for the protection of environmental and
human health.

Analyte CCME Maximum Concentration
SQG (ug/lg)  Dry-season (ug/g) Wet-season (ug/g)

As 12 10340 13

Cd 14 844 744

Cr 64 1892 4014

Cu 63 1531 131

NI 50 2850 375

Pb 70 10139 5096

\ 130 329 181
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The total concentrations of seven soil samples obtained from Steelpoort and Driekop farms were
analysed and illustrated in Figure 3.26. Collected soil samples were used to grow crop vegetables
obtained during the high-flow season. It is important to notice that when compared to the low-flow
season, high-flow is missing farm 1 results due to no access to the farm since the owner was not
available during the sampling period.

The observed total concentrations of PTEs during the high-flow season followed the trend: Pb > As >
Cr> Cd > Ni >V > Cu. Conversely, during the low-flow season, the trend was: Pb > As > Ni > Cu > Cr
> Cd > V. The consistent dominance of Pb and As in both seasons highlights the prevalence of these
toxic elements in the environment. Lead concentrations ranged from 3421 to 5027 ug/g during the high-
flow season, while during the low-flow season, its concentration ranged from 2893 to 7862 ug/g.
Similarly, As concentrations ranged from 2626 to 3713 ug/g during the high-flow season and 2278 to
7628 pg/g during the low-flow season.

The decrease in concentrations of PTEs between the low- and high-flow seasons aligns with the findings
of Rahman et al. (2012), who reported a decrease in As concentrations from 4073.1 ug/g in the low-
flow season to 2326.2 ug/g in the wet season in Depz, Bangladesh. They also observed a wide range of
As concentrations (0-14307 ug/g) during the high-flow season, higher than the current study's findings.
Rahman et al. (2012) also reported trends for Cu, Cr, Pb, Ni, and Cd, which followed Cu > Cr

> Ni > Pb > Cd in the low-flow season and Cu > Ni > Cr > Pb > Cd in the high-flow season, with
concentrations lower than those in the present study due to varying point sources of contamination.
Figure 4.19 indicates that soil had the lowest total concentration of Cu. The highest total concentrations
of PTEs were observed in soil from farm 4, with V (182 pg/g), Cr (4015 ug/g), Ni (375 pg/g), Cu (132
pa/g), As (3713 ug/g), Cd (744 ug/g), and Pb (5027 ug/g). The soils from these farms rely on borehole
water and rainfall for irrigation, potentially increasing PTE concentrations, particularly at farm 4. The use
of animal manure to fertilize the vegetables could also add a significant amount of PTEs in the soils,
such as Cd from phosphate fertilizers, which could be seen by elevated levels of Cd in farm 4 (Nifio-
Savala et al. 2019; Suciu et al. 2022). The increase in composition mineral hosting Cr could be attributed
to the increase of Cr and As, which could be comparable with that conducted by Dintsi et al. (2023),
where total concentrations of As and Cr were high when compared to the acceptable value by the
FAO/WHO.
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Figure 3.26. Total concentrations of selected PTEs in soil collected during high-flow season.

The decrease in PTE concentrations during the high-flow season compared to the low-flow season
might be due to the continuous uptake by vegetables grown in the sampled areas (Rahman et al. 2012),
and infiltration by rainfall, which results in PTEs carried into the groundwater. During high-flow season,
increased growth of weeds, vegetables, and other plants could result in higher PTE uptake, reducing
soil concentrations. Additionally, rainfall can wash away topsoil, further lowering PTE concentrations.
Compared to the low-flow season, there was a decrease in total concentrations of V, Ni, Cu, As, and
Pb by 32.9%, 81.8%, 88.4%, 58.3%, and 49.3%, respectively. Conversely, Cr and Cd concentrations
increased by 153.6% and 7.91%, respectively, due to high concentrations at farms 3 and 4. Nde et al.
(2021) reported similar differences in soil PTEs concentrations between pre- and post-cultivation
periods, noting decreases in PTEs concentrations post-cultivation. The study also highlighted elevated
concentrations of As, Cu, Pb, Cd, and Cr in soils that were used for the cultivation of spinach, cabbage,
and onions, exceeding Canadian Council of Ministries of the Environment (CCME) thresholds.

In the current study, total concentrations of V, Cr, Ni, Cu, As, Cd, and Pb in all soil samples collected
during the high-flow season from farms exceeded the CCME MPLs of 130, 64, 50, 63, 12, 1.4, and 70
pa/g, respectively. The highest concentrations observed were 182, 4015, 375, 132, 3713, 744, and
5027 pg/g for V, Cr, Ni, Cu, As, Cd, and Pb, exceeding the guideline values by 1.4, 62.7, 7.5, 2.1, 309,
532, and 71.8 times, respectively. Rahman et al. (2012) also reported Cu concentrations exceeding the
CCME limits, consistent with the current study's results. These findings, corroborated with various
studies (Addo-Bediako, 2020; Addo-Bediako et al. 2018; Dintsi et al. 2023;Khan et al. 2008), indicate
that the collected soils remain unsuitable for agricultural purposes, as evidenced by both high- and low-
flow season results.
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3.13 TOTAL CONCENTRATIONS OF PTEs IN VEGETABLES FROM
STEELPOORT AREA

One of the routes of human exposure to PTEs is through the consumption of contaminated vegetables.
In this study, the total concentrations of PTEs in vegetables irrigated with borehole water from various
farms were analysed using ICP-MS to assess their safety. Samples were collected from four small-scale
commercial farms: Farm 1 (BW1), Farm 2 (BW3), Farm 3 (BW4), and Farm 4 (BWG6). The results were
categorized by farm number, sample number, and vegetable species. Some vegetables exhibited
higher concentrations of PTEs than others, which is consistent with their differing capacities to absorb
nutrients and contaminants from soil and water.

Figures 3.27 to 3.30 present the total concentrations of selected PTEs in vegetables across all four
farms during the low-flow season. The observed concentration trends followed the order: Cu > Cr > Pb
> Ni >V > As > Cd > Hg. The trend observed in the current study is similar to the findings observed by
Dikotla & Ambushe (2024) from Mokolo River in Lephalale, Limpopo, which was as follows: Cu > Cr >
Ni> Pb >V > As > Cd > Hg. Copper concentrations were notably high in both studies, ranging from

5.27 to 76.9 ug/g for the current study, with the lowest detected in Chomolia (F4S5-Ch) and the highest
in cabbage (F4S7-Cb). High levels of Cu were detected in vegetables from all farms, except for Farm
2. Dikotla & Ambushe (2024) reported Cu ranging from 2.04 to 7.31 ug/g during the low-flow season.
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Figure 3.27. Total concentrations of PTEs in vegetables from farm 1 during low flow season.
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Figure 3.30. Total concentrations of PTEs in vegetables from farm 4 during low flow season.

The elevated levels of Cu across all farms in edible parts such as leaves and roots of vegetables may
be attributed to atmospheric deposition from nearby mining activities. Although there was no direct
evidence of pesticide use contributing to vegetable or soil Cu levels, the proximity of Farm 3 to a major
road and industrial activity likely contributed to the high PTE concentrations observed there. Road dust,
which is known to contain elevated levels of PTEs, particularly Cu, can settle on nearby farmland,
increasing contamination in soils and leaves of the vegetables. Similar findings were reported by Du et
al. (2013) in Beijing, China, where Cu levels in road dust reached 72.1 pg/g, which was deposited in
nearby farms. In the current study, the concentration of Cu in soil from farm 3 reached 490 pg/g, which
could be influenced by road dust, mining dust, and other industries nearby.

Copper, an essential micronutrient for plants, plays a crucial role in photosynthesis, respiration, and
oxidative stress protection (Yruela, 2009). However, excessive Cu can hinder plant growth by affecting
root and shoot development and interfering with the uptake of other essential nutrients, such as iron
(Fe) and calcium (Ca). Plants are unable to differentiate between essential and non-essential elements,
leading to the accumulation of PTEs in agricultural soils and, consequently, in crops. This increases the
risk of human exposure to elevated levels of PTEs through dietary intake.

The results of this study align with findings from other regions. For example, Singh & Kumar (2006)
reported Cu concentrations ranging from 15.3 to 29.4 pg/g in vegetables grown in the peri-urban areas
of New Delhi, India. Similarly, Gupta et al. (2019) documented Cu concentrations between 0.03 and 71
pg/g in various vegetables worldwide. The Cu levels observed in this study (5.27 to 76.9 ug/g) are within
the range reported in these previous studies, although the highest Cu concentration in this study was
found in cabbage (76.9 ug/g), contrasting with the 430 ug/g reported by Mohamed et al. (2003) for
cabbage from Al-Taif, Saudi Arabia. These results also highlight the point source of pollutants, the type
of pollutants, and the different geological settings between the two countries. Al-Taif District consists of
mountainous and desert areas with few anthropogenic activities (Bishta et al., 2015) when compared
to Sekhukhune District (Kgaphola et al., 2023). The difference in concentration between different
countries could be due to soil composition, as reported in the literature (Mohamed et al., 2003).

Hg concentrations were the lowest among the targeted PTEs, ranging from 0.02 to 0.31 pg/g, with the
lowest detected in spring onion (F1S2-SO) and the highest in cabbage (F4S7-Cb). The variations in
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PTE concentrations across the sampled vegetables reflect the influence of environmental factors,
including proximity to mines, smelters, roads, industrial activities, and the type of rock formations in
which soils are planted. The total concentrations detected were compared to the MPLs set by the WHO
and the Food and Agriculture Organization (FAQO), as well as other studies, as detailed in Table

4.6 (Codex Alimentarius Commission joint FAO/WHO, 2002; WHO, 1988; Zondo, 2021). The results
of Cr and As in the current study are comparable to those reported elsewhere in vegetables planted in
Lephalale, Limpopo province (Dintsi et al. 2023). The authors reported a range of 0.0205 to 0.106 ug/g
of As using ICP-MS during the low-flow season, which is comparable with the current range of 0.0749
to 0.788 ug/g. Furthermore, the range of Cr reported by the authors was 1.02 to 4.15 ug/g, which is lower
than 2.90 to 56.2 ug/g of the current study. The reported results showed that vegetables obtained from
Lephalale had lower concentrations of Cr when compared to the vegetables obtained from the
Steelpoort District. The authors outline various industries, which could be involved in contamination of
vegetables in Lephalale, including Grootegeluk coal mine and Matimba and Medupi power stations. The
study conducted by Dikotla & Ambushe (2024) coincides with findings obtained by Dintsi et al. (2023),
where the concentration of various vegetables showed high levels of Cr.

The total concentrations obtained from the current study revealed that all PTEs, except for Ni, had
maximum concentrations higher than the MPLs stipulated by the WHO/FAQ, as shown in Table 3.17.
The total concentration of Ni was below the 67.0 ug/g limit set by WHO/FAO. The total concentration of
As was generally below the recommended limit of 0.5 ug/g, except in F1S3-Ok (Okra), F4S7-Cb
(Cabbage), and F4S8-S (Spinach), which had concentrations of 0.764, 0.555, and 0.788 ug/g,
respectively.

Table 3.17. The MPLs of PTEs in vegetables stipulated by WHO/FAO.

Guideline limits Maximum concentration in the study
Analyte
WHO/FAO (2002, 2011) ug/g Dry season (ug/g) wet season (ug/g)
Cu 73.0 76.9 33.8
Ni 67.0 23.9 13.2
Hg 0.100 0.314 <0.0234
Pb 0.300 214 7.00
Cr 1.30 56.2 401
Cd 0.200 0.674 0.50
As 0.500 0.788 042
\% 0.0300 3.62 1.38

Most vegetables exceeded the MPL for Cd (0.20 pg/g), except for eight samples that were below the
MPL. These samples include F1S3-Ok (Okra), F251-S (Spinach), F2S52.1-BR (Beetroot roots), F254-
SOL (Spring Onion Leaves), F3S2-YS (Yellow Spinach), F3S6-BS (Baby Spinach), F3S7-Ca (Carrots),
and F3S8-SO (Spring Onion), with concentrations of 0.179, <0.234, 0.170, 0.177, 0.187, 0.185, 0.190,
and 0.174 ug/g, respectively.

Mercury concentrations in vegetable samples were mostly below the MPL of 0.100 ug/g, except for ten
samples: F2S5-T (Tomato), F4S1-Co (Covo), F4S2-BR (Beetroot Roots), F4S2.1-BL (Beetroot
Leaves), F4S3-CT (Cherry Tomato), F4S4-SO (Spring Onion), F4S5-Ch (Chomolia), F4S6-Mo
(Mochaina), F4S7-Cb (Cabbage), and F4S8-S (Spinach), with concentrations of 0.251, 0.257, 0.175,
0.211, 0.235, 0.273, 0.211, 0.271, 0.314, and 0.207 ug/g, respectively.
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All vegetable samples had total Cu concentrations below the MPL of 73.0 ug/g, except for F4S7-Cb,
which had 76.9 ug/g. The total concentrations of V, Cr, and Pb were above the MPLs of 0.03, 1.3, and
0.30 ug/g, respectively. From the obtained results, it can be explained that vegetables collected in the
vicinity of mines, main roads, and industrial activities are contaminated with high concentrations of V,
Cr, and Pb. The data also indicate that vegetables from Farm 1 in the Steelpoort area were highly
contaminated with V, Cr, Ni, Cu, As, and Pb compared to other farms, which could be associated with
the dominant anthropogenic activities in the area. Farm 4 in Driekop was highly contaminated by Cd
and Hg compared to the other three farms in the study. The contamination could be attributed to the
geological setting and anthropogenic sources, especially atmospheric deposition from mining industries
in the area (Ao et al. 2020; Zhang et al. 2023).

Similar to the water samples, vegetable samples during the high-flow season were collected from the
same farms as those during the low-flow season. A total of eight vegetable samples were collected
during the high-flow season, which is fewer than the number collected during the low-flow season. This
reduction in the number of vegetable samples during the high-flow season is attributed to seasonal
variations and weather conditions. Specifically, the low-flow season coincided with spring, a period
known for promoting vigorous plant growth and increased agricultural yield due to favourable
temperatures and longer daylight hours. In contrast, the high-flow season occurred during autumn, a
time when cooler temperatures and shorter days generally result in reduced plant growth and lower
agricultural productivity. This seasonal difference likely influenced the availability of plant samples
during the respective sampling periods. Figure 3.31 represents the PTE concentrations in different
vegetable samples, which were collected during the high-flow season.
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Figure 3.31 Concentrations of PTEs in vegetables collected during high-flow season from
Sekhukhune District.

The results showed the following trend for vegetable contaminations with PTEs: Cr > Cu > Ni > Pb >
As >V > Cd > Hg. As observed during both flow seasons, Cr and Cu are dominant contaminants,
meanwhile Cd and Hg remain the lowest contaminants in vegetables. Amwele et al. (2017) observed
the dominance of Cr in spinach samples collected in Mafikeng, South Africa, with Cr concentrations
exceeding 1.150 ug/g and a minimum concentration of 0.005 pg/g.

Vanadium concentration was observed to be consistently exceeding the guidelines limits of 0.03 ug/g
set by the WHO/FAO. The samples of spinach obtained from farms 3 and 4 were found to be above the
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limit with values of 0.342 ug/g (F2S1-S) and 0.314 pg/g (F4S2-S), respectively. This finding suggests
significant contamination, which could potentially lead to toxic effects in both plants and consumers.
Therefore, as V is not a nutrient for plants or consumers, it can become highly toxic at elevated levels.
Chromium was also observed to exceed the MPL stipulated by the WHO/FAO of 1.3 ug/g in all samples
collected during the high-flow season. Notably, the higher concentration than guidelines was also
observed in the soils where vegetables were planted. The highest concentration of Cr was observed in
pumpkin leaves (F2S3-Pk) from farm 2, showing a concentration up to 40.1 ug/g. The lowest
concentration was observed in spring onion (F3S2-SO) from Farm 3, showing 2.10 ug/g due to its
thick cuticular, which could resist the sinking of PTEs into the plant's system. Similarly, low Cr level in
onions was reported by Amwele et al. (2017), with the highest concentration reaching 0.021 ug/g. This
significant exceedance points to high contamination, which is concerning given the Cr toxicity,
especially in its hexavalent form, which is carcinogenic.

The concentrations of Ni and Cu were observed to be below guidelines across all samples, respectively.
Copper was most concentrated in spinach (F2S1-S) at 33.8 ug/g, while Cu is an essential trace element
for plants and animals, its excessive concentration can cause phytotoxicity and health issues in humans
(Kopittke et al. 2010). Though the concentrations of the current study are not at concerning levels, which
ranged from 2.56 ug/g to 33.8 ug/g when compared to the guideline value of 73.0 ug/g by FAO/WHO,
constant accumulation of these PTEs can cause a serious health risk. The highest concentration of Ni
was observed in F251-S, with 9.09 pg/g. Although this concentration level is relatively low, chronic
exposure, even at these concentrations, could still pose a risk of sensitization or allergic reaction in
vulnerable individuals (Das et al. 2008; Genchi et al. 2020).

3.14 NON-CARCINOGENIC HUMAN HEALTH RISK ASSESSMENT

The current study assessed ingestion of PTEs as the primary pathway of exposure to toxic elements
through the ingestion of contaminated vegetables and drinking of contaminated water. This study
assessed the total concentrations of PTEs in water and vegetables to evaluate the associated human
health risks. The HQ and HI values calculated for both water and plants indicated a health hazard linked
to the consumption of BW and vegetables. The HQ is a risk assessment metric used to evaluate the
non-carcinogenic risk posed by individual elements when ingested through water, with an HQ value
greater than 1 suggesting a potential health risk (Birch et al. 2023; Panda et al. 2022).

3.141 Human health risk assessment of borehole water

The HHRA of RW was not presented in the current study due to its low concentrations of PTEs, which
resulted in low HQ when compared to levels of PTEs in BW samples. The elevated levels of Cr in BW
necessitated the need to assess the human health risk of the water to evaluate the risk associated with
the consumption of such water. Based on HQ for children and adults, the trend for HHRA followed this
order: Cr>V > As > Ni>Pb > Cd > Cu > Hg.

Figure 3.32 presents the HQ for adults based on low-flow season BW samples (BW1 to BW?7) for various
PTEs: V, Cr, Ni, Cu, As, Cd, Hg, and Pb. The figure highlights that adults consuming water from BW6
face an elevated risk of developing Cr-related health issues. The health risk assessment across the BW
samples indicates that the HQ values for V, Cr, Ni, Cu, As, Cd, Hg, and Pb are generally below
1. However, the water sample from BW8, collected from Driekop village, exhibits a Cr HQ value of 1.12,
surpassing the safety threshold of 1. This indicates that consuming water from BW6 could pose a
significant health risk due to the elevated Cr concentration.
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Observations show consistently low HQ values for V across all borehole water samples, indicating
negligible health risk from V exposure through these water sources. While Cr HQ values are elevated
in BW5 and BW?7, they remain below 1, suggesting a moderate risk from Cr exposure in these water
sources. The HQ values for Ni, Cu, As, Hg, Pb, and Cd are low across all samples, indicating negligible
health risks from exposure to these PTEs through the BW. The results found elsewhere by Belew et al.
(2024) on a similar study found that Pb, Cd, Ni, and Cu were the main PTEs contributing to HQ of adults
and child population; meanwhile, the current results found Cr as the main contributor to the HQ of adults
and children in BW samples. The findings suggested the difference in the geological setting of the two
countries and the source of pollution.
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Figure 3.32. Adult HQ assessment from borehole water during the low-flow season.

Therefore, the results suggest that BW is generally safe for adult consumption regarding V, Ni, Cu, As,
Cd, Hg, and Pb during low-flow seasons. However, the elevated Cr levels in BW5, 6, and 7, particularly
in BW6, raise significant concerns. Targeted interventions are recommended to address Cr
contamination in these specific water sources to mitigate potential health risks.

Figure 3.33 indicates that the HQ for children exposed to Cr in BW5, 6, and 7 exceeds the safety
threshold of 1, with values of 1.36, 1.70, and 1.02, respectively. This suggests that these BW sources
pose a significant health risk to children, more than to adults. It was observed that the total Cr
concentrations in water exceeding 70 pg/L and 65 pg/L for adults and children, respectively, result in
HQ values above the safety threshold. This observation was also confirmed by the study conducted by
Panda et al. (2022), where most samples were Cr surpassed the 70 and 65 pg/L for adults and children,
respectively, resulted in HQ greater than 1.
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Figure 3.33. Children HQ assessment from BW during the low-flow season.

The results obtained in this study are consistent with the findings of Atangana & Oberholster (2021),
who investigated borehole water from the Limpopo and Mpumalanga provinces of South Africa. Their
study investigated PTEs such as Cu, Ni, Fe, Ba, Zn, and Mn, and concluded that all PTEs, including Cu
and Ni, were safe for adults, children, and infants. Similarly, a study by Mallongi et al. (2022) on Pb, Cr,
and Cu in groundwater from the Maros Karst area reported HQ of less than one for both adults and
children during high-flow and low-flow seasons. The Maros Karst area, like the Steelpoort and
Burgersfort regions, is characterized by illuvial soils. It was also noted that the concentrations of Cu, Cr,
and Pb in groundwater from the Maros Karst were comparable to those observed in the current study.
These findings suggest that groundwater contamination can be attributed to both natural processes and
anthropogenic activities. Therefore, no health risk is expected for V, Ni, Cu, As, Cd, Hg, and Pb during
the low-flow season. However, the elevated Cr levels in BW5, 6, and 7 require attention due to their
potential health hazards, particularly for children.

The HI values are calculated for all measured PTEs. The dashed line represents the safety threshold
(HI = 1), above which there is a potential health risk. Figure 3.34 illustrates the HI for both adults and
children across seven BW samples collected during the low-flow season. For BW1 to BW4, the HI
values for both adults and children are below 1, indicating a low risk of adverse health effects due to
PTEs. However, in BW5 and BW86, the HI values exceed the safety threshold of 1, with children showing
higher HI values than adults. Specifically, BW6 exhibits the highest HI values, with children reaching an
HI of approximately 2, suggesting a significant health risk, particularly for children. The BW7 also shows
elevated HI values of 1.26 in children; though it remains closer to the threshold for adults, it was a
significant risk for children.
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Figure 3.34. Comparative analysis of the Hl for adults (orange bars) and children (grey bars)
based on low-flow season BW samples (BW1 to BW?7).

Overall, the data suggest that borehole water samples BW5, 6, and 7 pose a potential health risk,
particularly for children, due to the elevated levels of PTEs. The results highlight the need for targeted
interventions to reduce exposure to these contaminants, especially in vulnerable populations such as
children.

The risk assessment of BW quality during the high-flow season is critical for understanding potential
contamination risks posed by increased surface water runoff and groundwater infiltration. During this
period, the elevated flow of rivers and streams can transport pollutants from agricultural, industrial, and
urban sources into groundwater systems (Datry et al. 2004; Singh et al. 2018). This may lead to
uncertainty of PTEs and microbial contaminants in BW. Evaluating the health risks associated with
consuming or using this water is essential for developing mitigation strategies, ensuring safe water use,
and protecting community health, particularly in regions dependent on BW as a primary source of
drinking water.

During high-flow season, Cr continues to be a dominant pollutant and emerges to be more unsafe
amongst other measured PTEs. Based on the HQ values measured during the high-flow seasons
indicated the order was indicated: Cr >V > As > Hg > Pb > Ni > Cu > Cd, for both adults and children.
The decrease of HQ values between low and high-flow seasons was also observed in the current
study, as observed by Panda et al. (2022). The decrease in concentrations of PTEs in water
influences the decrease in HQ, as HQ and concentrations of PTEs are directly proportional to each
other.

Figure 3.35 illustrates various HQ values for adults. During the high-flow season, the HQ values for
adults across all BW samples (BW2, BW3, BW4, BW5, BW6 and BW7) remained below the threshold
of 1. This indicates that the exposure to PTEs in these water samples does not pose a significant health
risk to adults. The results suggest that the natural dilution effect during the high-flow season effectively
reduces the concentration of contaminants, thereby lowering the HQ values. The most notable reduction
was observed for Cr in BW5 and BW6, where the HQ values were significantly higher during the low-
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flow season than the high-flow season. This reduction highlights the importance of seasonal variations
in the assessment of water quality and associated health risks.
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Figure 3.35. The HQ for adults from BW samples during the high-flow season.

The elevated HQ values for Cr in BW5 and BW6 suggest that Cr contamination poses a substantial risk
during the high-flow season. Chromium, particularly in its hexavalent form (Cr(VI)), is highly toxic and
carcinogenic, though the study did not conduct the speciation of Cr. The presence of Cr at these levels
could be linked to geogenic sources other than anthropogenic sources. Additionally, increased runoff
during the high-flow season likely exacerbates the leaching of Cr into groundwater, elevating the
contamination in these boreholes, which is likely to be observed during the low-flow season.

Other elements, such as V and As showed lower HQ values than Cr, but their presence in samples like
BWS5 and BW6 still raises public health concerns. While their HQ values remain below 1, the moderate
levels of V and As suggest that these elements, though not the primary contaminants, may contribute
to the overall health risk. The V levels, particularly in Bw6, are still notable but do not exceed the HQ
threshold in any sample, suggesting that V contamination may not be as prevalent during this season.
Copper, Pb, Ni, Cd, and Hg exhibit HQ values well below 1 in all borehole water samples, indicating
minimal health risks during the high-flow season. However, the detection of these elements, particularly
Cd, should not be overlooked, as chronic exposure even at low levels can result in long-term health
effects (Suciu et al. 2022). The relatively low HQ values could be due to the dilution effect during the
high-flow season or reduced contamination sources affecting these specific PTEs (Paerl et al. 2018).
There is considerable variation in HQ values across the different BW samples, with BW5 and BW6
showing significantly higher Cr levels compared to other sites like BW2 and BW3. This suggests
localized sources of contamination near BW5 and BW6, possibly due to geogenic and opencast mines
on the opposite side of the village, which could introduce higher concentrations of Cr into the
groundwater system. These localized variations highlight the importance of site-specific monitoring and
targeted interventions.
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The high HQ values for Cr in BW5 and BW6 indicate a pressing need to address Cr contamination in
these boreholes, particularly during the low-flow season. The potential health risks associated with Cr
exposure, especially in its toxic hexavalent form, warrant immediate attention and remediation efforts.
While other elements, including V and As, present moderate risks, Cr clearly dominates as the primary
contaminant of concern.

Figure 3.36 presents the HQ values for children during the high-flow season. The HQ values are
generally higher than those for adults, reflecting the increased vulnerability of this population group with
exposure to PTEs. However, during the high-flow season, the HQ values for children also showed a
significant decrease compared to the low-flow season. In particular, the HQ values for Cr and V in BW5
and BW6, which were previously concerning during the low-flow season, were substantially reduced
during the high-flow season. Despite the higher HQ values for children compared to adults, the decrease
during the high-flow season suggests a reduced health risk due to the dilution of contaminants.
Nonetheless, the HQ values for children, especially in BW5 and BW8, still approach the threshold of 1,
indicating the need for continued monitoring and potential intervention during periods of low water flow.
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Figure 3.36. The HQ values for children from BW samples during the high-flow season.

Similar to adults, the persistent toxic elements such as V and As showed a moderate health risk to
humans. With V and As noticeable from BW1 to BWG, it aids a strategy to reduce the risk of continuous
exposure to such elements, as the consumers may develop diseases related to such contaminants.
Figure 3.37 displays the HI values, which represent the cumulative risk from exposure to multiple PTEs,
and shows a significant decrease during the high-flow season for both adults and children when
compared to the low-flow season. For adults, the HI values across all BW samples were well below the
threshold of 1, except for BW6 with 1.04, indicating that the combined exposure to all measured PTEs
does not pose a significant health risk. The reduction in HI values in the high-flow season compared to
the low-flow season reflects the overall decrease in contaminant concentrations due to the natural
dilution effect.
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Figure 3.37. Comparative analysis of the Hl for adults (blue bars) and children (orange bars)
based on high-flow season BW samples (BW2 to BW7).

For children, the HI values were also reduced during the high-flow season but remained higher than
those for adults. The HI values for BW5 and BW6 were of particular concern during the high-flow
season, as they approached or exceeded the threshold of 1. However, during the high-flow season,
these values decreased significantly, reducing the cumulative health risk for children. Despite this
reduction, the HI values for children in BW5 and BW6 still warrant attention, as they are closer to the
threshold compared to other BW samples, emphasizing the importance of ongoing risk assessments
and possible interventions, particularly during the low-flow season.

In contrast, during the low-flow season, the HQ and HI values were notably higher, particularly for Cr
and V. The higher values during the low-flow season could be due to the reduced dilution of
contaminants, as water levels are generally lower, leading to higher concentrations of PTEs in the
borehole water. This seasonal variation suggests that during the low-flow season, there is an increased
risk of exposure to these contaminants, which is subsequently alleviated during the high-flow season
when water levels rise and dilute the concentrations of PTEs. The observed decrease in HQ and HlI
values during the high-flow season indicates a seasonal mitigation of health risks, likely due to natural
dilution processes that reduce the concentrations of PTEs in the water.

3.14.2 Human health risk assessment of vegetables

Figure 3.38 illustrates the HQ for children due to various PTEs in low-flow season vegetable samples
from three different vegetables in farm 1 (F1S1-S, F1S2-S0O, and F1S3-Ok). The elements investigated
include V, Cr, Ni, Cu, As, Cd, Hg, and Pb. The results indicated that children who consume most
vegetables from farm 1 are exposed to the HQ of less than 1, except for Cr in all vegetable samples.
Chromium levels showed significantly high HQ values across all three vegetable samples, with F1S3-
Ok having the highest HQ of approximately 180, followed by F1S1-S and F1S2-SO with HQs of around
100. This indicates a severe risk to children from Cr exposure via vegetable consumption in these areas.
The F1S3-Ok shows a notable HQ for As, indicating a considerable risk, though not as high as Cr. The
HQ for As in F1S1-S and F1S2-SO is lower but still of concern. Lead shows significant HQ values in all
samples, with F1S3-Ok and F1S1-S having higher values, indicating a considerable risk for children.
HQ values suggest lower immediate health risks compared to Cr, As, and Pb. The Pb
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and Cd of F1S1-S have HQ greater than 1, which indicates the possibility of being hazardous to adults
who consume spinach vegetables planted in farm 1. Cadmium is comparatively lower than those for Cr
and Pb, but still presents a risk, especially in F1S2-SO and F1S3-Ok. Nickel, Cu, V, and Hg exhibit
relatively low HQ values across all samples.
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Figure 3.38. The HQ assessment of vegetables obtained from farm 1 for children.

The data reveals that Cr poses the highest risk to children, with HQ values significantly exceeding the
threshold of 1, indicating a potential for adverse health effects. Lead and As also present notable risks,
particularly in F1S3-Ok, where both elements show elevated HQs. The presence of these high-risk
elements in the vegetables is alarming, especially since these farms are likely to sell them to small
markets, which could lead to further exposure through dietary intake. The current results are similar to
those reported elsewhere (Dintsi et al. 2023). The authors reported elevated HQ of greater than 1 in the
child population for vegetables such as spinach, mochaina, and onion. The current results showed HQ
greater than 1 for all samples collected at farm 1. The authors also noted that the high level of HQ when
compared to adults was similar to the current study.

Figure 3.39 presents the HQ of adults for various PTEs in vegetable samples collected from different
sections of Farm 1 (F1S1-S, F1S2-S0O, F1S3-0k) during the low-flow season. Similarly, an HQ greater
than 1 indicates a potential health risk for adults who consume vegetables planted in farm 1. The
elements quantified include V, Cr, Ni, Cu, As, Cd, Hg, and Pb. The HQ values indicate the potential
health risk posed by these elements to adults. The Cr exhibits the highest HQ values across all three
sampling sites. Figure 3.39 shows that F1S3-Ok contains the highest HQ value for Cr, exceeding 30,
which indicates a significant potential health risk to adults who consume okra from farm 1. The F1S1-S
and F1S2-SO also showed elevated levels of HQ for Cr exceeding 15.
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Figure 3.39. The HQ assessment of vegetables obtained from farm 1 for adults.

In the low-flow season for farm 2 samples, the HQ values for adults in Figure 3.40 reveal that Cr and
Pb contribute significantly to the risk profile, with Cr showing the highest HQ across multiple samples,
especially in F2S2-BL (Beetroot leaves) and F2S3-Ch (Chomolia). The HQ values for Cr range from
1.7 (F2S4.1-SOR) to 10.3 (F2S2-BL), indicating a higher potential health risk for adults in these samples
compared to other metals, such as V, Ni, Cu, Cd, As, and Pb, which were below 1 except As in F251-
S, F2S2-BL, F2S3-Ch, and F2S4.1-SOR with 1.01, 1.38, 1.61, and 2.62, respectively. Lead also
presents substantial HQ values over 4.0, particularly in F2S2-BL, F2S3-Ch, F2S4.1-SOR, and F2S5-T,
however, these are still significantly lower than those for Cr. Overall, the adult HQ for low-flow season
indicates that Cr is the predominant risk factor among the measured PTEs, followed by As and Pb.
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Figure 3.40. The HQ assessment of vegetables obtained from farm 2 for adults.

The results presented in Figure 3.41 highlight significant variations in the HQ values for children during
the low-flow season across Farm 2 samples. Chromium is the dominant PTEs at most sites, with HQ
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values exceeding 50 at F2S2-BL and F2S5-T, indicating a severe health risk. Lead also shows elevated
HQ values, particularly at F2S2-BL and F2S5-T, further contributing to the potential risk. The HQ values
for other PTEs, including V, Cd, and Cu, are moderate but still contribute to the overall risk at certain
sites. Notably, F252.1-BR exhibits lower HQ values for all PTEs, suggesting reduced contamination at
this part of the vegetable when compared to its leaf part. In contrast, vegetables such as F254.1-SOR
and F2S4-SOL show high HQ values for Cr and Pb, reinforcing their dominance in risk contribution. The
significant spatial variation in HQ values underscores the influence of localised contamination sources,
such as industrial or agricultural activities, near Farm 2. These findings emphasise the urgent need for
targeted mitigation strategies to address Cr and Pb contamination and reduce associated health risks
for children. The current results are comparable with findings from Dikotla and Ambushe, (2024), where
Cr was the dominant contaminant in vegetables and showed higher levels for children compared to the
adults.
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Figure 3.41. The HQ assessment of vegetables obtained from farm 2 for children.

Figure 3.42 represents the HQ results for adults on Farm 3, which present a concerning picture,
particularly regarding Cr, As, and Pb, which consistently showed elevated levels across various
sampling sites. For instance, the HQ for Cr reaches a striking value of 7.78 for the F3S1-S, indicating
significant exposure risks. Arsenic and Pb also display alarmingly high HQ values, with As peaking at

1.97 in F3S2-YS and Pb reaching a critical 11.7 at the same site. These high HQ values suggest that
adults in the area are exposed to potentially hazardous levels of these toxic elements, which could lead
to severe health implications over time, including respiratory, neurological, and cardiovascular issues.
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Figure 3.42. The HQ assessment of vegetables obtained from farm 3 for adults.

The elevated levels of HQ for Pb in F3S2-YS, particularly, highlight a potential hotspot of contamination,
which might be linked to nearby industrial activities, the use of leaded materials, or historical pollution
that persists in the soil. The high HQ for As further intensifies concerns, as it points to possible
contamination from pesticides, mining activities, dust-borne from the main road nearby, or natural
geochemical processes that introduce As into the environment.

Other elements, such as Ni and Cd, while showing relatively lower HQ values compared to Cr, As, and
Pb, still contribute to the overall risk profile. For example, Ni in F3S5-Mo has a HQ value of 0.891, and
Cd in F3S3-T has a value of 0.723. These levels, although not as immediately alarming, are still
significant, as chronic exposure to even moderate levels of these elements can accumulate over time,
leading to long-term health issues. What stands out in all these results is the variability in HQ values
across the different sampling sites, suggesting that the contamination is not uniformly distributed but
rather concentrated in specific areas and the translocation factor of the vegetable. This patchy
distribution of contaminants could be attributed to localized sources such as specific agricultural
practices, proximity to industrial zones, or variations in soil composition that affect the mobility and
bioavailability of these PTEs.

Given the substantial HQ values observed for multiple toxic elements, there is a clear need for targeted
risk mitigation strategies. These should include detailed soil and water testing, public health
interventions to reduce exposure, and possibly the introduction of phytoremediation or soil washing
techniques in the most affected areas. Furthermore, raising community awareness about the risks
associated with these contaminants is crucial to protect both current and future generations from the
adverse health effects of prolonged exposure.

Figure 3.43 illustrates the HQ results for children on Farm 3, which reveal a significantly higher risk of
exposure to PTEs compared to adults, which is a crucial concern given the vulnerability of children to
environmental contaminants (Singh et al. 2018).
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Figure 3.43. The HQ assessment of vegetables obtained from farm 3 for children.

For instance, the HQ for Cr in children reaches extremely high values, particularly at the F3S1-S site
(36.8) and F3S5-Mo (16.4). In comparison, the HQ for Cr in adults, although high, is substantially lower
(7.78 at F3S1-S and 3.46 at F3S5-Mo) than that of children for 36.8 and 16.4 of F2S1-S and F3S5-Mo,
respectively. This suggests that children are at a much higher risk of adverse health effects due to Cr
exposure, which can include skin irritation, respiratory issues, and potential carcinogenic effects over
prolonged exposure.

Lead showed the most alarming disparity between children and adults. The HQ for Pb in children peaks
at an astounding 55.3 in the F3S2-YS, compared to 11.7 in adults at the same site. This indicates a
highly elevated risk for children, as Pb exposure is associated with severe developmental and
neurological effects, especially in young individuals.

Arsenic also demonstrates higher HQ values for children compared to adults. At F3S3-T, the HQ for
children is 12.4, while for adults it is 2.61. This stark difference underscores the greater susceptibility of
children to As-related health risks, including potential carcinogenic effects and developmental disorders.

Other elements like Ni and Cd show similar trends, with children's HQ values consistently higher than
those for adults across most sampling sites. For example, Ni at F3S5-Mo shows an HQ of 4.22 in
children, while in adults it is 0.891. Cadmium at F3S2-YS shows an HQ of 1.23 for children, compared
to 0.261 in adults.

These comparisons highlight that children are more at risk from exposure to these PTEs, emphasising
the need for targeted interventions to protect them. The higher HQ values in children are likely due to
their lower body weight, higher intake rates of food and water relative to body size, and their developing
bodies, which make them more susceptible to environmental toxins. This underscores the importance
of prioritising children's health in environmental risk assessments and implementing protective
measures to reduce their exposure to hazardous substances.
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Figure 3.44 presents the HQ values for various PTEs across different sample sites, focusing on adult
exposure. Chromium exhibits notably high HQ values across several sites, with F4S8-S recording the
highest at 15.7, indicating a significant risk. Similarly, Ni shows elevated HQ at F4S7-Ca with a value
of 3.49, suggesting potential health concerns. Arsenic poses a notable risk at F4S3-CT, F4S4-SO, and
F4S8-S, with HQ values of 2.66, 2.54, and 4.41, respectively, indicating severe contamination levels
that could lead to adverse health effects. Cadmium and Hg also show concerning HQ values,
particularly in F4S1-Co and F4S6-Mo, with Cd reaching 2.26 and Hg at 1.52, respectively. Lead, while
generally lower than other elements, spikes at F4S3-CT with an HQ of 6.77, indicating a serious health
risk. Copper and V show relatively lower HQ values across the sites, with a few exceptions, such as Cu
in F4S7-Ca (HQ 3.11) and V in F4S8-S (HQ 0.27). Overall, the results highlight that several sites exhibit
HQ values above the threshold of concern (HQ > 1), particularly for Cr, As, Cd, Hg, and Pb, suggesting
significant health risks for adults due to exposure to these elements. These findings underscore the
need for immediate intervention and remediation strategies to mitigate exposure and reduce potential
health impacts on the affected population.
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Figure 3.44. The HQ assessment of vegetables obtained from farm 4 for adults.

Figure 3.45 illustrates the HQ values for various PTEs in children across different sampling sites during
the low-flow season at Farm 4. Chromium exhibits the most significant concern, with HQ values
reaching alarming levels, particularly at sites F4S2-BL and F4S8-S, where Cr HQs exceed 60 and 80,
respectively. This indicates a severe health risk to children exposed to Cr at these locations. Arsenic
also shows elevated HQ values, with F4S3-CT and F4S8-S standing out, both exceeding an HQ of 20,
highlighting a substantial risk.
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Figure 3.45. The HQ assessment of vegetables obtained from farm 4 for Children.

Nickel and Cu present moderate HQ values across several sites, with Ni showing higher risks at F4S7-
Ca and F4S3-CT, while Cu peaks at F4S7-Ca. Lead shows significant HQ values, particularly at F4S3-
CT, where the HQ approaches 30, indicating a critical health concern. Mercury and Cd also contribute
to the potential health risks, especially at sites like F4S1-Co and F4S6-Mo, where their HQ values are
relatively higher than those of adults.

Vanadium exhibits lower HQ values, but they still contribute to the cumulative risk. The overall trend
indicates that several sites, especially F4S2-BL, F4S3-CT, F4S6-Mo, and F4S8-S, have multiple PTEs
with HQs significantly above the safe threshold for children (HQ > 1). These findings emphasize the
urgent need for targeted interventions to reduce exposure and mitigate the health risks posed to children
in these areas.

The study conducted by Ametepey et al. (2018) in the Tamale Metropolis, Ghana, revealed elevated
HQ values for Cd in carrots, cabbage, onions, and tomatoes. The authors reported HQ and HI values
greater than 1 for both adults and children, suggesting significant contamination in the environment that
contributes to the accumulation of Cd in vegetables. Similarly, Kumar et al. (2021) carried out a study
in the metropolitan city of Lucknow, India, investigating vegetables obtained from street markets to
assess human health risks associated with PTEs. In their study, spinach, tomatoes, cabbage, and
beetroot were analysed, and the authors reported HQ values greater than 1 for Pb, indicating that lead
was the dominant pollutant in the region. Other PTEs, such as Cr, Ni, and Cu, were found to have HQ
values below the threshold of 1, indicating a lower health risk. Despite this, the cumulative effects of
these elements contributed to higher HI values for both adults and children, indicating a potential risk
of long-term exposure.

Figure 3.46 presents the HI values for both adults and children across various vegetable samples
collected during the low-flow season. The HI represents the cumulative risk that results from exposure
to multiple PTEs and highlights significant disparities between adult and children’s populations.
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Figure 3.46. The Hl assessment of vegetables obtained from farm 1 to 4 for adults and
children.

Children consistently exhibit higher HI values compared to adults across all sampling sites, reflecting
their increased vulnerability to PTEs exposure. The most alarming results are observed at F13-S-OK,
where the HI for children exceeds 200, indicating an extremely high risk that demands immediate
attention. Similarly, sites such as F12-SO and F25-S-T also show critically high HI values for children,
exceeding 100, further underscoring the severe risk posed to this demographic.

In contrast, adult HI values remain significantly lower across all sites, with the highest recorded value
being at F13-S-OK, yet still markedly lower than that of children. This stark difference highlights the
disproportionate impact of PTEs exposure on children, making them a priority group for risk mitigation
strategies. The impact was also observed from the data reported by Dintsi et al. (2023). Other sites,
such as F4S5-SO, F4S8-S, F5S7-Ca, and F2S2-BL, also showed the elevated HI values for children,
though not as extreme as the aforementioned sites. However, the consistent pattern of higher risk in
children across nearly all sampling sites indicates a widespread issue that must be addressed
comprehensively.

Overall, the results indicated that children are at a significantly higher risk from PTEs exposure through
vegetable consumption, especially at specific sites like F1S3-OK, F1S2-SO, and F2S5-T. These
findings highlight the urgent need for targeted interventions, such as soil and water remediation, public
health advisories, and continuous monitoring, to protect vulnerable populations from the adverse health
effects associated with these environmental contaminants. The current results are comparable with
various studies conducted in Limpopo province (Dikotla and Ambushe, 2024; Dintsi et al. 2023; Moyo
and Rapatsa, 2019).
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Figure 3.47 presents the HQ values for adults across various vegetable samples from Farms 2, 3, and
4 during the high-flow season, highlighting the potential health risks associated with exposure to multiple
PTEs. The data reveals a distinct pattern, with Cr standing out as the most significant contributor to the
overall HQ, particularly in specific farm samples. At Farm 2, the sample F2S3-Pk exhibits the highest
HQ for Cr, exceeding 20, which indicates a substantial health risk. Other Farm 2 samples, such as
F2S1-S and F2S2-BelL, also showed the elevated HQ values for Cr, though they are considerably lower
than the content in F2S3-Pk. These findings suggest that Cr contamination is a critical concern in Farm
2 during the high-flow season, requiring immediate attention to mitigate potential health impacts on
adults consuming these vegetables.

In Farm 3, the HQ values for Cr are also prominent, particularly in samples F3S3-Co and F3S1-S, where
the HQ values are notably higher compared to other PTEs. This trend is consistent across the farm,
indicating that Cr is a pervasive contaminant in this area, contributing significantly to the overall risk.
Farm 4 continues this pattern, with samples F4S1-Co and F4S2-S showing elevated HQ values for Cr,
further underscoring the widespread issue of Cr contamination across these farms. The HQ for other
PTEs, such as V, Ni, Cu, As, Cd, Hg, and Pb, remains relatively low across all farms, indicating that Cr
is the primary driver of health risks during the high-flow season.

Overall, the results highlight Cr as the most significant concern across Farms 2, 3, and 4 during the
high-flow season, with HQ values exceeding safe thresholds in several samples. This underscores the
need for targeted interventions, such as soil and water remediation, to address Cr contamination and
reduce the associated health risks for adults consuming vegetables from these farms.
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Figure 3.47. The HQ assessment of vegetables obtained from farms 2—-4 for adults.

The analysis of HQ values for children during the high-flow season across various farm samples
revealed significant health risks associated with exposure to multiple PTEs as shown by Figure 3.48.
Notably, Cr exhibits the highest HQ values across several samples, indicating a substantial risk for
children. For instance, in the F2S3-Pk sample from Farm 2, the HQ for Cr reaches an alarming value
of 106 far exceeding safe thresholds and highlighting a severe health concern. Other Farm 2 samples,
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such as F2S1-S and F2S2-BelL, also show elevated Cr HQ values of 20.1 and 23.3, respectively, further
emphasizing the widespread Cr contamination in this area during the high-flow season.

In addition to Cr, other PTEs such as Pb and As also contribute significantly to the overall HQ in children.
The F3S1-S sample from Farm 3, for instance, shows a high HQ for Pb at 18.1, alongside considerable
HQ values for As at 10.2. This pattern suggests that both Pb and As are critical contributors to health
risks for children consuming vegetables from this farm. Similarly, the F2S1-S sample from Farm 2
exhibits a high HQ for Pb at 17.5, combined with a notable HQ for As at 8.73, indicating a dual threat
from these contaminants.

Farm 4 samples, such as F4S1-Co and F4S2-S, continue this trend, with Cr again emerging as a
dominant contaminant, showing HQ values of 25.3 and 39.2, respectively. These findings underscore
the pervasive issue of Cr contamination across the farms during the high-flow season. While other
elements such as Ni, Cu, Cd, and Hg are also present in the samples, their HQ values are generally
lower, suggesting that they pose a relatively lower risk compared to Cr, Pb, and As.

Overall, the results indicated that Cr, Pb, and As are the primary contributors to health risks in children
during the high-flow season, with HQ values in several samples exceeding safe levels. This underscores
the need for urgent remediation efforts to reduce the presence of these contaminants in the environment
and mitigate the associated health risks for children. The current study aligned with the results obtained
by Dikotla and Ambushe, (2024) & Dintsi et al. (2023), who reported the elevated HQ for the adult and
child population during high flow seasons.
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Figure 3.48. The HQ assessment of vegetables obtained from farms 2—4 for children.

Figure 3.49 illustrates that the HI values for both adults and children during the high-flow season
demonstrate a notable difference in potential health risks across the various sites, with children
consistently facing higher risks compared to adults. The HI values indicate that the cumulative exposure
to PTEs is significantly above safe levels, particularly for children, across all the studied locations. At
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Farm 2, Site 3 (F2S3-Pk), the highest HI values were recorded, with children showing a striking HI of
approximately 127, which is nearly five times higher than the adult HI value for 26.9. This suggests a
severe risk of adverse health effects for children in this area, likely due to elevated concentrations of
PTEs, which demand urgent attention.

Farm 2, Site 1 (F2S1-S) and Farm 4, Site 2 (F4S2-S) also exhibited elevated HI values for children,
with values of approximately 65.6 and 57.7, respectively. These figures indicate that children in these
areas are at substantial risk, likely due to a combination of various PTEs, as reflected by the high
cumulative HI. Adults in these areas, while facing lower risks, still present HI values of 13.9 and 12.2,
respectively, indicating that even the adult population is not immune to potential health impacts. Sites
such as Farm 3, site 1 (F3S1-S) and Farm 2, site 2 (F2S2-Bel ) follow a similar pattern, with children's
HI values of approximately 48.6 and 43.9, respectively, highlighting a moderate to high risk in these
locations. Adults at these sites also showed elevated HI values, although less pronounced than in
children. Lower, yet still concerning, HI values were observed at Farm 3, site 2 (F3S2-SO) and Farm 3,
site 3 (F3S3-Co), where children's HI values were about 32.7 and 27.9, respectively. These values
indicate that while the risk is comparatively lower than at other sites, the cumulative exposure to PTEs
remains a significant health concern for children.

Overall, the data suggests that the health risks associated with exposure to PTEs during the high-flow
season are considerably higher for children across all sites, with several locations showing HI values
well above safe thresholds. This necessitates targeted interventions to reduce exposure, particularly in
the most affected areas, to protect vulnerable populations from long-term health consequences.
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Figure 3.49. The Hl assessment of vegetables obtained from farm 2—4 for adults and children.
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The current study HQ and HI for children and adults’ population showed a significant decrease from
low- to high-flow season, but the study by Dintsi et al. (2023) in vegetable samples during high flow
showed an increase in HQ and HI during high-flow than low-flow season.

3.15 SPECIATION ANALYSIS METHOD

Retention time identification for each species and evaluation of analytical figures of merit were
conducted as reported by Letsoalo et al. (2018) and Letsoalo et al. (2021). The R? values greater than
0.999 obtained for calibration curves constructed for different species quantification indicate a high
degree of correlation between the concentrations of the species and the peak area (King, 2016). The
LODs and LOQs obtained using reagent blanks were comparable to other reported studies, which
shows that the method employed is sensitive. The LODs of higher than those observed in this study for
Cr(VI) have been reported (Mattusch et al., 2000; Lesniewska et al., 2017). The accuracy of the
speciation method was assessed using a spiking-and-recovery procedure due to the lack of SRMs that
contain certified concentrations of As and Cr species. The accuracy of the speciation analysis method
was confirmed by determining acceptable percentage recoveries, which were in the range from 91.9 to
114% and 85.3 to 113% when spiked with 3 and 20x LOQ concentrations, respectively (US EPA, 2011).
The %RSD values of 00603 to 12.4% for the speciation analysis procedure showed high repeatability
and reliability of the method (Tiwari & Tiwari, 2010). Analytical figures of merit for the speciation method
are presented in Table 3.18.

Table 3.18. LOD, LOQ and percentage recoveries for soil, vegetable spiked at 3x and 20x LOQ

Measured Measured Percentage Percentage
LOD LOQ  concentrationat  concentration at recovery recovery (20
Sample Analyte (ng/g) (ng/g) 3 xLOQ (ng/g) 20 x LOQ (ng/g) (3xLOQ) (%) xLOQ) (%)
As(lll)  0.161 0537 26.3+0.90 30.4+3.3 99.2 85.3
DMA 0453 1.51 237 £ 22 245 + 28 103 95.5
MMA 0.343 1.14 109+9.2 116 £ 3.0 114 101
As(V) 1.59 5.30 188+ 8.5 241+ 18 108 91.6
Soil Cr(Vl) 0670 223 120+ 7.5 177 £ 16 98.1 110
As(lll)  0.152 0507 67.7+3.2 64.2 + 6.1 103 87.8
DMA 0.0932 0.311 66.2+49 66.8+ 5.6 104 98.0
MMA 1.35 4.50 554+53 129+ 8.3 97.6 104
As(V) 0458 153 117 £ 10 123+6.9 109 94.1
Vegetable Cr(Vl) 0.598 1.99 1030 + 74 1130 + 47 105 113
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3.16 SPECIES IDENTIFICATION AND CORRECTION OF POLYATOMIC
INTERFERENCES

The retention time is a qualitative analysis parameter and is recorded at the apex of a chromatographic
peak (Moldoveanu & David, 2013; Robards & Ryan, 2022). Single analyte standards were used in order
to identify the retention time of each analyte, and then a mixture of standards was used to correlate
retention time with the identified species in a single analytical run. The resulting chromatogram of the
individual species of As and Cr is presented in Figure 3.50. Detection of As and Cr species in
environmental samples can be interfered with by the presence of high concentrations of Cl, resulting in
polyatomic ion interferences of Ar4CI3® on 75As and O'6CI3” on 53Cr. Polyatomic ion interferences were
identified overlapping with MMA, As(V), and Cr(VI). Interference at MMA, As(V) and Cr(VI) peaks
affected by CI- content were corrected daily prior to analysis as recommended by Letsoalo et al. (2020)
and Low et al. (1986). Elimination of these interferences was achieved through an inter-elemental
procedure using mathematical correction expressions (Letsoalo et al., 2021). In this procedure, a
correction factor (CF) for species affected by polyatomic ions interference is determined as the ratio of
signal intensity of the interference peak at analyte mass to its signal intensity at the interference-free

m/z and is formulated as:

$sssssssaaaq ssssiiiissssssiiii 0000 iiaaiissii ss00ssss aaii iiiiii mm/zz

ccc=

Equation 3

Once the correction factor has been determined, correction of the signals of analytes was carried out

using the following equation:

HoorrrrWWCCEWWCC ssssWWCCWIWWWss rrrrWirr = HH - (BB x IICC) Equation 4

Where A is the measured species area,

B = area of interfering ion (Letsoalo et al., 2021).
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Figure 3.50. Chromatogram showing the separation and retention times of As and Cr species
from a 20 pg/L multi-species standard. The peaks and retention times were identified: (1)- As(lll)-
3.5 min; (2)- DMA-5.7 min; (3)-MMA-8.7-min; (4)-As(V)-10.6 min, and (5)-Cr(VI)-14.7 min.

3.17 SPECIATION ANALYSIS OF As AND Cr IN SOIL SAMPLES

Speciation analysis of As and Cr species in soil samples is presented in Tables 3.19 and 3.20. In the
high flow season, the site with high levels of As and Cr species was F1S3 with 3960, 20600, 3110,
4850, 3000 and 30500 ng/g for As(lll), DMA, MMA, As(V), Cr(VI) and Cr(lll), respectively. The most
dominant species among the six was Cr(lll). Amongst the As species, DMA displayed a higher average
concentration in both seasons of study, which suggests the presence of anaerobic bacteria. The
bacteria convert the more toxic species (As(lll) and As(V)) into less toxic species such as DMA. This
process normally occurs in soil chemically and biologically and is known as As volatilization (Kumar &
Gopal, 2015; Kamal & Miah, 2021). The accumulation of DMA and MMA in soil could be attributed to the
past use of methylated As compounds and DMA and MMA sodium salts as pesticides (Kamal & Miah,
2021). High concentrations of As(lll) in site F1S1 (2010 ng/g) and F2S1 (3960 ng/g) indicate reducing
soil environments that favour As(lll) presence. The reducing environments promote increased solubility,
toxicity and mobility of As(lll) than As(V) (Kamal & Miah, 2021). In the low flow season, As(V) dominates
sites such as F1S1 (1130 ng/g), F1S2 (2570 ng/g) and F2S2 (3570 ng/g), while it predominates in F1S2
(1190 ng/g in high flow), which shows the soil conditions are aerobic and favours As(V) presence
(Moreno-Jiménez et al., 2012). The overall trend of species amongst both seasons is observed as MMA
< As(lll) < As(V) < DMA and As(lll) < MMA < DMA < As(V) in the high and low flow seasons,
respectively. Unfortunately, no recommended soil quality guidelines are available for As species in soil.
The seasonal variation was found to be insignificant as p > 0.05 for As(lll) (p=0.342), DMA (p=0.691),
MMA (p=0.906), and As(V) (p=0.797).

During Cr speciation studies, Cr(lll) was 100% dominating in the high flow and 75% dominating in the

low flow season. Similar observations were noted in South African studies, where Cr(lll) was recorded
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at higher levels than Cr(VI) in soil (Owolabi et al., 2016). Often, high Cr(lll) levels are observed in soil
sites with microbial organisms that can result in the bio-reduction of Cr(VI) directly. The indirect
reduction can also occur in the presence of metabolites from bacteria, which results in Cr immobilisation
in soil and thus the high concentrations (Xiao et al., 2012). With the proximity of power stations in the
Lephalale areas, emissions from coal-fuelled power stations are reported to be major contributors of Cr
species to the atmosphere, which ultimately ends up being deposited in the soil of the area. In another
study, Cr(VI) in particular was observed to surpass the regional background in air, and these were
released through combustion (Venter et al., 2016). The soil quality guideline value for Cr(VI) in
agricultural land use set by the Ontario Ministry of Environment (OME) is 660 ng/g5*. In the high flow
season, this value was exceeded only in F1S2 and F1S3, while in the low flow season, the value was
exceeded in all sites. At a 95% confidence level, the seasonal statistical variation of Cr(VI) (p=0.387)and
Cr(Ill) (p=0.597) was insignificant as p > 0.05.

Table 3.19. Concentrations of As(lll), DMA, MMA, As(V), Cr(VI) and Cr(lll) recorded in soil during
the high flow season.

As(Ill) DMA MMA As(V) Cr(VI) Cr (Ill)
Soil (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)

F1S1  2010+197 1.79+0.15 <0.343 868 + 69 235+ 15 2740 + 250
F1S2  241+19 348 + 25 1200 + 20 1190+ 100 2120+170 949 + 77
F1S3 3960 +240 20600+530 3110+150  4850+350 3000+ 170 30500 + 1800
F1S4 249+13 226+20 92.0+84 158 +0.30 116+ 10 385+ 33
F2S1 359+ 22 <0.453 714+013 <159 236 + 22 284 + 26
F2S2 1.51+0.088 434+062 0.471+0.053 <1.59 11.2+0.99 34.1+30

Table 3.20 Concentrations of As(lll), DMA, MMA, As(V), Cr(VI) and Cr(lll) recorded in soil during
the low flow season.

Soil As(Ill) DMA MMA As(V) Cr(VI) Cr (Il
(ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
F1S1 37316 860+ 18 438 + 12 1130 + 43 2260 + 47 635+ 13
F1S2 452+46  2560+220 1070 +59 2570+190 2200+ 73 4540 + 14
F2S1  <0.161 6550 +360 1160 + 65 1330+£160 2890+120 6150 + 250
F2S2 1600+71 2490+150 1390140 3570+120 2370 +59 6770 + 170

102



Investigation of Potentially Toxic Elements in Selected Water Bodies in Limpopo Province

3.18 SPECIATION ANALYSIS OF AS AND CR IN VEGETABLES

Vegetable sample analysis was done in triplicate and summarised in Tables 3.21 and 3.22 for the high
and low flow seasons, respectively. The recorded concentrations in the high flow season ranged from

1.55 to 189 ng/g, 40.1 to 153 ng/g, 9.38 to 292 ng/g, 0.91 to 262 ng/g for As(lll), DMA, MMA and As(V),
respectively. In the low flow season, concentration ranged from 7.03 to 52.9 ng/g, 0.338 to 30.3 ng/g,

2.48 to 15.7 ng/g and 0.72 to 27.8 ng/g for As(lll), DMA, MMA and As(V), respectively. These
concentration ranges are lower than those observed in the high-flow season. The observed
concentrations are higher than those obtained in other studies (Laizu, 2008). Vegetables use various
mechanisms to uptake As. These include the absorption of As(V) from soil to plant via the high-affinity
PO4%
absorption of As(lll), DMA and MMA through the aquaporin channels, which is proposed to be another

transporter through the phosphate transport pathway. The other mechanisms involve the

pathway of absorption (Kamal & Miah, 2021). Overall, in this study, the most dominating species of As
was As(lll), followed by As(V), while DMA and MMA were the least dominating. This raises quite a
concern as it is known that As(lll) and As(V) are classified as carcinogens in humans, and these species
account for 60% and 78% of As species, respectively (Signes-Pastor et al., 2008). Unfortunately, MPLs
of As species in vegetables have not yet been established (EFSA, 2009). Statistical analysis revealed
significant seasonal variations for DMA (p=0284), MMA (p=0.0322), and As(V) (p=0.0347), while

insignificant variation was observed in As(lll) (p=0.0789).

Table 3.21. Concentrations of As(lll), DMA, MMA, As(V), Cr(VI), and Cr(lll) recorded during the
high flow season in vegetable samples.

As(lll) DMA MMA As(V) Cr(Vl) Cr (Il
Vegetable  (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
F1S1-S  63.0+58 62.0+052 343+019  99.8+6.7 963+ 57 15000 + 840
F1S2-C  25.6+0.65 40.1+3.1 353+0.73  897+051 722+62 3820+ 330
F1S2-P  67.5+65 <0.0932 343+087  923+4.1 602+19 7780 + 250
F1S2-S  491+25  <0.0932 61.3+6.6 262 +6.7 1090 +55 10200 * 520
F1S3-C  189+43  131+68 292 +36 489+42 731+24 1850 + 60
F1S3-S 160+ 11 <0.0932 70.7 +87 957 +45 764+40 5930 310
F1S4-T 100+14  119+6.1 107 £ 35 1.05+0.090 956+40 17400 * 740
F2S1-C  16.1+15 53.4+3.1 9.48+0.36  <0.458 1060 + 87 1960 * 120
F2S1-S 502+ 31 <0.0932 <1.35 81.3+35 1180+ 97 9220 + 480
F252-C  155+0.15 <0.0932 31.7+024  091+0070 594+18 185055
F252-S  547+12 153+0.095 27.7+18 1214091 962+88 11100 + 1000
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The concentration ranges of 594 to 1180 ng/g (Cr(VI)) and 1850 to 17400 ng/g (Cr(lll)) were recorded
in the high-flow season, whereas ranges of 197 to 687 ng/g (Cr(VI1)) and 374 to 3540 ng/g (Cr(lIl)) were
recorded during the low flow season in vegetables. Higher Cr concentrations are observed with the less
toxic Cr(lll), and Cr(VI) only accounts for 10% and 27% overall during both sampling seasons, which is
still substantially high in vegetables. It is suggested that high Cr(lll) observed is due to its solubility,
making it highly mobile during its absorption by the vegetables (Gezahegn et al., 2021). Although Cr(lll)
is a crucial nutrient required for normal energy metabolism, high levels of it in children can lead to long-
term adverse health effects (Wilbur et al., 2012). As with As, MPLs of Cr species in vegetables have
not yet been set (Benford et al., 2014). Statistical variation was seasonally significant for Cr(lll) as p <

0.05, whereas for Cr(VI), the variation was not significant as p > 0.05 at 95% confidence level.

Table 3.22. Concentrations of As(lll), DMA, MMA, As(V), Cr(VI), and Cr(lll) recorded during the
low flow season in vegetable samples.

As(Ill) DMA MMA As(V) Cr(VI) Cr (Ill)
Vegetables  (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
F1S1-C  41.8+2.1 0.338+0.032 <1.35 0.870+0.087 19713 1690 + 110
F1S1-M 52.9+26 6.17 + 0.57 <1.35 27.8+0.99 687 +8.7 2590 + 33
F1S1-O 34.0+15 <0.0932 15.7 + 0.36 19.9+ 1.1 603+23 1550 + 58
F1S1-S  7.83+0.62 7.47 £0.55 2.48 + 0.096 0.720+0.045 668+22 652 +22
F1S2-C 28.1+27 6.54+0.097  5.42+0.075 428+0071 566+38 1790 + 100
F1S2-M 37.8+16 30.3+29 3.66 £ 0.23 6.86 + 0.40 608+ 18 3540+ 110
F2S1-C 31.5+17 1.38 + 0.091 4.89+0.24 1.45+0.12 517+9.3 483+86
F2S1-S  8.60 +0.30 3.85+0.19 3.74+0.34 240+0.062 585+87 1240+18
F2S2-C  7.03+0.44 <0.0932 6.97 + 0.00042 2.20 +0.13 646 +31 374+18
F2S2-0 13.8+1.0 <0.0932 <1.35 3.29+0.20 500+28 1750 + 98
F2S2-S 28.6+0.86 1.09+0.054  3.55+0.20 5.30 + 0.31 579+87 931z 51

3.19 CARCINOGENIC EFFECTS BASED ON As(lll), As(V) AND Cr(VI)

Speciation analysis is conducted to determine the toxicity/ carcinogenicity because the total
concentration yielded insufficient information for health risk assessments. This is due to certain species
of PTEs being more toxic than others, which cannot be accurately determined from total concentration
studies (Tchounwou et al., 2012). Therefore, evaluation of carcinogenic effects was based on results

obtained from speciation studies of As(lll), As(V) and Cr(VI). Consumption of a vegetable leads to
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carcinogenic risks if the threshold ILCR is greater than 10-4. The acceptable ICLR ranged from 106 to
10, and an ICLR value less than 106 denotes that cancer risks are negligible. The obtained results are
presented in Tables 3.23 and 3.24.

Table 3.23. The ILCR data obtained from the analysis of As(lll), As(V) and Cr(VI) during the high

flow season.

As(lll) As(V) Cr(VI)
Adults Children Adults Children Adults Children
Vegetable ILCR

F1S1-S 1.59x 104 7.53x10% 252x104 1.19x10°® 243x10% 1.15x102
F1S2-C 6.48x10° 3.06x10* 227x10% 1.07x10% 1.83x103 8.64x103
F1S2-P 1.71x10* 8.07x10% 233x104 1.10x 1073 1.52x10°% 7.20x 103
F1S2-S 1.24x104 587x104 6.61x104 3.13x10°% 275x10% 1.30x102
F1S3-C 478x10% 226x10°% 1.24x104 5.84x 104 1.85x103 8.75x103
F1S3-S 4.04x10% 191x10°% 242x10% 1.14x10°3 1.93x10°% 9.14x 103
F1S4-T 253x10* 1.20x10® 265x10% 1.25x10% 242x10° 1.14x102
F2S1-C 4.07x105 1.93x10% N/A N/A 267x10°% 1.26x107?
F2S1-S 1.27x10°% 6.01x10°% 205x104 9.72x10%4 297x10° 1.41x10?
F2S2-C 3.92x10% 1.85x10% 231x10% 1.09x10°% 1.50x 103  7.11x 102
F2S2-S 1.38x10* 6.54x10% 3.07x10®% 145x10% 243x10% 1.15x10?

In the high-flow season, it was observed that most of the vegetable samples surpassed the
recommended threshold risk limit of 1x10. This was not the case for F1S2 C (adults: As(lll) & As(V)),
F1S4 T (adults and children: As(V)), F2S2-C (adults and children: (As(lll) and As(V)) and F2S2 (adults:
As(V)) as the observed cancer risk value was below the limit indicating that these individual species

would have lower chances of cancer risks. Amongst the three species, Cr(VI) displayed a higher cancer
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risk in the vegetables. The overall cancer risk associated with consuming these vegetables indicates
that all these vegetables have a high chance of cancer risk. In adults, the overall cancer risk ranged
from 1.91x10-3 to 3.54 x10-%in farm 1, whereas it ranged from 1.51 x10-3 to 4.45x102 in farm 2. This
means that an excess of 191 to 354 cancer cases per 100000 adult exposures would occur in farm 1,
and 151 to 445 cancer cases per 100000 adult exposures would occur. In children, the 167 cancer
cases and 211 cancer cases per 10000 children exposure would occur if the vegetable with the highest
ILCR (F1S2-S and F2S1-S) was consumed from farm 1 and farm 2.

Table 3.24. The ILCR data obtained from the analysis of As(lll), As(V) and Cr(VI) during the low
flow season.

As(lI1) As(V) Cr(VI)

Adults Children Adults Children Adults Children
Vegetables ILCR
F1S1-C 1.06 x10* 5.00x10* 220x10% 1.04x10% 498x10* 7.47x10*
F1S1-M 1.34x10* 6.33x10* 7.03x10° 3.33x10* 1.74x10% 2.61x103
F1S1-O 8.61x10° 4.07x10* 5.04x10% 238x10* 1.52x103% 2.29x103
F1S1-S 1.98x10®% 9.37x10% 1.82x10% 8.61x10% 1.69x10°% 2.53x103
F1S2-C 7.09x10% 3.36x104 1.08x10° 5.12x10°% 1.43x10°% 2.15x10°3
F1S2-M 9.56x10®° 452x10% 1.74x10% 821x10% 1.54x10°% 2.31x103
F2S1-C 7.96x10% 3.77x104 3.67x10® 1.74x10°% 1.31x10°% 1.96x 103
F2S1-S 218x10® 1.03x10* 6.07x10® 287x10°% 1.48x10°% 222x103
F2S2-C 1.78x10°% 8.40x105 557x10% 2.64x105 1.63x10% 245x103
F2S2-0 349x10°% 1.65x10% 832x10% 3.94x10% 1.26x10°% 1.90x103
F2S2-S 7.22x10% 3.42x10% 1.34x10% 6.35x10°% 4.88x104 244x10*

In the low-flow season, a decrease in the cancer risk was observed for adults, particularly with As(lll)
and As(V), as most samples had a cancer risk less than the threshold. Only F1S1-C and F1S1-M
displayed a cancer risk exceeding the As(lll) species threshold. Another decrease was observed in
children consuming most vegetables containing As(V) species. Regarding As(lll), a cancer risk below

the threshold was recorded for F1S1-S and F2S2-C. Higher probabilities of cancer risks were observed
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in adults and children consuming vegetable samples containing Cr(VI), which surpassed the
recommended ILCR threshold. The risk of developing cancer trend upon consumption of the vegetable
displayed: F2S2-S < F1S1-C < F252-0 < F2S51-C < F2S1-S < F1S82-C < F1S2-M < F2S2-C < F1S1-O
<F181-S <F181-M. Overall, F1S1-C recorded a high cancer risk of 97 cases per 50000 adults exposed
and 357 cancer cases per 100000 children in farm 1. In farm 2, the 83 cases per 50000 adults exposed
and 8 cancer cases per 50000 children exposed. Overall, all the vegetables, when consumed, lead to
higher cancer cases observed, with the cancer risk in children being higher than that observed in adults.
Amongst the two sampling seasons, more cancer risks were observed in the high-flow season than in
the low-flow season. From the above data, consumption of these vegetables will result in greater cancer
risks in children than in adults and is also observed in similar studies such as that of Bello ef al. (2019)
& Zhang et al. (2018). The Cr(VI) is the most dominant carcinogen, and its exposure and As species to
the environment should be controlled to save the population from exposure and associated health risks
(Sultana et al., 2017).

3.20 IONIMPRINTED POLYMERS BASED SENSORS METHOD
3.20.1 Material characterisation of graphenes and polymers

All synthesised materials were characterised and analysed by various analytical and spectroscopic
techniques, including ICP-OES, ICP-MS, FTIR spectroscopy, PXRD, BET, SEM-EDS, TEM and Raman

spectroscopy.

3.20.1.1 FTIR spectroscopy analysis

The FTIR spectroscopy was employed to analyse the surface properties of polymers and graphene to
study surface modifications and confirm the formation of desired products. As seen from Figure 3.51a,
there are oxygen-containing functional groups such as O-H stretch (~3400 cm™) from adsorbed water
(Mnyipika et al., 2021), C-O-C stretch (~1200-1300 cm™) of epoxy, C-O stretch (~1050-1100 cm™)
related to alkoxy, carbonyl C=0 stretch peak at ~1640 cm™ are observed (Li, Xu, Chen, et al., 2024).
These are to be more visible in GO due to oxidation and slightly reduced in rGO, indicating partial
removal during the reduction process and restoration of the graphene lattice, as shown in the PXRD.
All three spectra show the presence of a C=C stretch peak at ~1493 cm™ with varying intensities due
to the aromatic sp? carbon framework. In GO, this peak is slightly diminished due to oxidation disrupting
the conjugated structure, but it becomes more prominent in rGO as the sp? domains are restored during
reduction (Eigler & Dimiev, 2016). The spectra for polymers (Figure 3.51b) show common peaks for the
polymeric backbone, such as the O-H stretch (~3400 cm™), C-H stretch (~3000 cm™), C=0 stretch
(~1720 cm™), and C-O-C stretch (~1200-1300 cm™). As a reference material with no imprinting or ion
complexation, NIP is similar in backbone (Kong et al., 2018) to IIP but lacks peaks associated with Cd(ll)
interactions (e.g., C=N at ~1400-1500 cm™ and Cd-O (~950 cm™) (Hu et al., 2021). The
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unleached Cd-IP shows peaks for Cd-O (~950 cm™) and stronger C=N (~1400-1500 cm™), confirming

the presence of Cd(ll) ions.
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Figure 3.51. FTIR spectra of (a) G, GO and rGO, (b) imprinted and non-imprinted polymers.

Even though the leached Cd-IP retains slight traces of Cd(ll)-related interactions, it exhibits reduced
intensity for these peaks, indicating successful removal of Cd(ll) ions during leaching. Thus, the FTIR
spectra demonstrate how functional group changes correspond to chemical transformations, which are

crucial for tailoring these materials’ properties for sensor applications.

3.20.1.2 Raman Spectroscopy

Raman spectroscopy is essential for analysing carbon-based materials like G, GO and rGO. Figure

3.52a and b present spectra corresponding to these materials, with notable peaks labelled as D (~1350
cm™), G (~1580 cm™), and 2D (~2700 cm™). There is a sharp G-band and intense 2D-band seen in G
to indicate a highly ordered graphitic structure with minimal defects, correlating to the results reported
in the literature (Sivakumar et al., 2024). The D-band in G is weak or absent, confirming the absence of
significant lattice defects. In GO, the D-band emerges strongly due to defects introduced by the
oxidation process, such as oxygen-containing functional groups (e.g., hydroxyl and epoxy) (Haque &
Wong, 2017). The G-band of GO broadens slightly to reflect a partial disruption of the sp? network, while
the weakening of the 2D-band shows a loss of graphitic stacking. A higher D-band intensity is observed
in rGO than in GO. This indicates increased defects during the reduction process, such as partial
restoration of the sp? structure (Eigler & Dimiev, 2016) and remaining disordered regions, as seen from

FTIR spectroscopy.
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Figure 3.52. Raman spectra of (a) G, GO, rGO, (b) imprinted and non-imprinted polymers.

Structural rearrangement by removal of some oxygen-containing functional groups is seen as a slight
shift in the G-band of rGO. Compared to G, the 2D band in rGO is broader, reflecting incomplete
restoration of graphitic stacking. Increased Ip/lg ratios from 0.95 in GO to 1.07 in rGO (higher than those
reported elsewhere (Bhardiya et al., 2021; Sim et al., 2022) but lower than reported by Kim et al. (Kim
et al., 2023)) and broadened 2D-band show that the reduction process leaves significant defects and
disorder. The Cd-O band (~200 cm') present in the unleached Cd-IP and absent in the NIP and leached
IP confirms a successful incorporation of Cd(ll) into the matrix polymer. Thus, these results are
consistent with FTIR spectra and the expected changes in properties of G, GO and rGO during

functionalisation and synthesis.

3.20.1.3 Powder XRD analysis

The PXRD patterns reveal distinct structural changes during the transformation from G to GO and rGO
(Figure 3.53a). The pristine G exhibits a sharp, intense peak at ~26.6° (002) (Hassanpoor & Roubhi,
2021), indicating a highly ordered crystalline structure with regular interlayer spacing (0.172 nm).
Additional peaks at higher angles of 004 and 006 planes confirm its well-defined crystalline nature.
Upon oxidation to GO, the characteristic G peak shifts to a lower angle (~9.05°), demonstrating
significant expansion of the interlayer spacing (0.488 nm) due to the intercalation of oxygen-containing
functional groups (Hu et al., 2021). This peak's broader and less intense nature suggests reduced

crystallinity and a more disordered structure.
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Figure 3.53. PXRD spectra of (a) G, GO and rGO, (b) imprinted and non-imprinted polymers.

The rGO pattern shows a broad, low-intensity peak at ~24.6° (002), positioned between the GO and G
peaks (Viprya et al., 2023). This agrees with FTIR and Raman spectroscopy results, indicating partial
yet almost complete restoration of the graphitic structure and interlayer spacing (0.1857 nm) during
reduction, though the broadness of the peak reveals that the material retains some disorder and does
not fully recover the original crystalline organisation of G. The above outcome agrees with the published
literature (Bhardiya et al., 2021; Hassanpoor & Rouhi, 2021; Hu et al., 2021; Letsoalo et al., 2021;
Mnyipika et al., 2021). A weak turbostratic peak ~42.6°(011) confirms the incomplete reduction process
in rGO with better electrical properties (Viprya et al., 2023) as seen from the FTIR spectra. The leached
and unleached IIPs and NIP (Figure 3.53b) differ from the presence and absence of the Cd peak
appearing at ~31.4° (Letsoalo et al., 2021).

3.20.1.4 Brunauer-Emmett-Teller analysis

The BET isotherms of unleached and leached Cd(ll) imprinted polymers (IPs) exhibit Type IV isotherms
with H3 hysteresis loops, characteristic of mesoporous materials (Alberoni et al., 2021), as shown in
Figure 3.54. The unleached polymer demonstrated a higher nitrogen adsorption capacity (~500 cm3/g
STP) and larger pore size (17 nm) compared to the leached polymer (~350 cm3/g STP, 14 nm),

indicating a higher total pore volume and more complex pore network.
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Figure 3.54. BET isotherms of (a) unleashed and (b) leached imprinted polymers.

Upon leaching, the BET surface area increased from 130 m?/g to 329 m?/g, significantly higher than the

79.3 and 106 m?/g reported by Letsoalo et al (Letsoalo et al., 2021) and a 270.4 m?*g (Fattahi et al.,
2021) but less than the 546.3 m2/g from Cao et al (Cao et al., 2021) due to their material’'s smaller pore
size (2.07 nm). The pore size distribution became more uniform, reflecting structural changes due to
template ion removal (Kong et al., 2018). Both polymers displayed steep adsorption at high relative
pressures (P/Po > 0.9), suggesting macropores or interparticle voids, with minor micropore
contributions at low pressures (P/Po < 0.1) (Cheng et al., 2017). These transformations highlight the
critical role of the leaching process in modifying porosity and enhancing the polymer's ion recognition

and binding capabilities.

3.20.1.5 SEM-EDS analysis

The SEM and EDS analyses provide comprehensive insights into the elemental composition and
morphological characteristics of the 1IPs before and after the leaching process. The EDS spectrum
(Figure 3.55a) of the unleached polymer shows a prominent peak corresponding to Cd, which
disappeared after leaching (Figure 3.55b), confirming a successful removal of the template Cd(ll) ions
(Wang et al., 2020) during the leaching process, creating specific recognition cavities in the polymer
matrix. These results support the ICP-MS analyses where <0.08 ng/L of Cd was detected in the solution
after seven cycles of 24 h leaching. The SEM micrographs reveal distinct morphological differences
between the three polymer variants. The NIP (Figure 3.55c) displays a relatively smooth, layered
structure with some surface irregularities (Li, Xu, Li, et al., 2024) in contrast to the leached Cd-IP (Figure
3.55e), which exhibits a more rough morphology with an uneven geometric surface, suggesting the

formation of specific binding cavities after template removal (Xiao et al., 2021).
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Figure 3.55. EDS spectra (a) before and (b) after leaching and SEM images of (c) NIP, (d)
unleached IIP, and (e) leached IIP.

The unleached Cd-IP (Figure 3.55d) shows a more aggregated, even surface texture with visible particle
clusters and a few cavities (Letsoalo et al., 2021), likely due to the presence of coordinated Cd(ll) ions
within the polymer matrix. These complementary analyses demonstrate a successful removal of
template ions (Du et al., 2024), creating a material with specific recognition sites for Cd(ll) detection,

supporting the intended design of the sensor material.

3.20.1.6 Chemo-resistive sensor performance

The 1IP-rGO sensor combines the molecular selectivity of 1IPs with the electrical conductivity of rGO to
detect target metal ions. The imprinted cavities in the IIP are highly selective and designed to
complement the size, coordination geometry, and functional groups (Ding et al., 2023) of target ions
(e.g. Cd(ll)). These ions interact with the rGO upon binding, inducing changes in the composite's
electrical properties, such as resistance or conductivity, due to charge transfer or surface modification
effects (Yu et al., 2022). The resulting relative resistance change (AR/R,) correlates with the metal ion
concentration, enabling quantitative analysis. This transduction of metal-ion binding into electrical
signals makes the sensor highly effective for precise detection and calibration in various applications
(Abdul Halim et al., 2024).
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3.20.1.7 The rGO: IIP ratio optimisation

Figure 3.56 illustrates the AR/R, responses for various sensor configurations exposed to Cd(ll)
concentrations ranging from 5 pg/L to 10000 ug/L. All sensors show significant responses to increasing

analyte concentrations, stabilising over time, which indicates reliable signal saturation.
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Figure 3.56. Optimisation of sensor response for pure electrode, NIP and other IIP-rGO ratios
used to make sensors.

The pure electrode demonstrates a high resistance change due to the absence of rGO and IIP, but its
lack of selectivity and stability limits practical use. Even though the 0:3 1IP:rGO sensor shows limited
sensitivity, adding rGO improves conductivity and reduces resistance variation, with higher rGO content
enhancing sensor performance. The 3:0 IIP:rGO sensor offers better resolution due to 1IP's molecular
recognition but lacks rGQO’s conductivity benefits. The 1:1 1IP:rGO ratio shows balanced sensitivity,
stability, and linearity (Zhang et al., 2023), leveraging rGO’s conductivity and IIP’s recognition capability,
making it suitable for scalable applications. Further optimisation led to the 1:3 IIP:rGO sensor, which
combines high sensitivity, selectivity, and dynamic range. The sensor maintains linearity for
concentrations up to 600 pg/L but becomes less effective at extremely high concentrations. At 1000—
10000 pg/L, the response broadens but sacrifices sensitivity. The NIP sensor confirms the specificity of
imprinted sensors, showing consistently low responses and validating the role of analyte-specific
binding in imprinted configurations. Hence, the 1:3 IIP:rGO sensor is the most versatile configuration,
balancing sensitivity, stability, and dynamic range, making it ideal for real-world applications (Zhang et
al., 2024).
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3.20.1.8 Effect of solution pH

Figure 3.57 shows a comparative analysis of IIP and NIP sensor responses across pH levels,
highlighting key interactions between Cd(ll) ions and the sensing materials. The IIP sensor performs
optimally (lowest AR/Ro) in acidic and neutral conditions (pH 2-4 and 7 (Huang et al., 2021)), with the
best response at pH 2, aligning with Cd’s solution chemistry, where free Cd(ll) ions dominate and readily
bind to imprinted recognition sites. Sensor performance declines at higher pH (pH 8-11) due to the
formation of insoluble hydroxide complexes (Cd(OH)* and Cd(OH),), which reduce binding efficiency.
At pH 212, the solubility of Cd complexes like Cd(OH),?” improves, slightly altering sensor response.
Hence, pH 7 (Bhardiya et al., 2021; Hu et al., 2021; Zhang et al., 2024) was chosen as optimum since
most water sources are around neutral pH. Conversely, the NIP sensor exhibits higher and less stable
AR/Ro values, reflecting non-specific, inefficient interactions with Cd(ll) species due to the absence of

imprinted sites. Instability in the mid-pH range (pH 6-8) further supports random binding.
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Figure 3.57. Effect of pH (2-12) on the sensor electrode for Cd-IP and NIP.

This analysis confirms the effectiveness of molecular imprinting, with the IIP sensor being most suitable

for slightly acidic to neutral conditions for specific Cd(ll) recognition.

3.20.1.9 Selectivity, repeatability, reproducibility, and stability

i) Repeatability study

The sensor response was tested in a 20 ug/L standard solution seven times to ensure consistent
readings. The sensor demonstrates excellent reproducibility across seven replicate measurements, with
consistent cycles showing a stable baseline, rapid analyte response (AR/Ro = 7), and effective baseline
recovery upon rinsing (Figure 3.58) with a remarkably low percentage relative standard deviation
(%RSD) of 1.83% and standard deviation (o) = 0.134) almost similar to Bhardiya’s 1.2 % (Bhardiya et
al., 2021).
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Figure 3.58. Repeatability studies of the Cd-IP sensor. (n=7).

The %RSD is less than that reported before in Cd(ll)-IP sensor work (Costa et al., 2023; Mnyipika et al.,
2021; Wang et al., 2020), confirming high precision and repeatability, as values below 5% are
considered acceptable for analytical methods (Mishalanie et al., 2016). The consistent return to baseline
indicates effective surface regeneration, while uniform response magnitudes reflect stable binding site
accessibility and electronic performance. Thus, rapid response times and maintained kinetic properties
across replicates highlight the sensor's reliability for repeated measurements, making it suitable for real-

world analytical applications.

i) Reproducibility study

The fabricated sensors exhibit excellent reproducibility (Figure 3.59), highlighting the robustness and
reliability of the sensor fabrication protocol. A ¢ of 0.036 across six responses and a low %RSD of
2.02% demonstrate superior sensor-to-sensor consistency, surpassing the typical acceptance
threshold for analytical methods (%RSD < 5%) (Mishalanie et al., 2016). These results align with similar
work (Mnyipika et al., 2021; Wang et al., 2020; Wang et al., 2023; Zhang et al., 2024; Zhang et al.,
2023), validating the fabrication process's precision and confirming the sensing mechanism's stability
across multiple sensors. All sensors displayed consistent baseline stability (AR/R, = 0) and comparable
response magnitudes upon analyte introduction, with uniform plateau regions indicating similar binding

kinetics and capacities.
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Figure 3.59. Reproducibility studies of the Cd-IP sensors (S = sensor).

Minor variations in response profiles, likely due to slight differences in electrode surface morphology or
molecular imprinting efficiency during fabrication (Fafa & Zazoua, 2024), were negligible and did not
significantly affect overall performance, as evidenced by the low RSD. These findings confirm the

reliability of the fabrication protocol in producing high-quality, reproducible sensors.

iiii) Selectivity study

The sensor's selectivity towards Cd(ll) was evaluated against potential interfering metal ions (Hg(ll),
Pb(ll), Ni(ll), Mn(ll), Cu(ll), Zn(ll), Mg(ll), Ca(ll), and their mixture) at 20 pug/L concentrations as shown
in Figure 3.60.
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Figure 3.60. Selectivity studies of the Cd-IP sensors towards various cations.

Hg(ll) exhibited the highest interference (+9.8% offset), likely due to its comparable ionic radius and
electronic configuration to Cd(ll) (Fafa & Zazoua, 2024). While Pb(Il) showed moderate interference,
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other ions, including Zn(ll), Mg(ll), and Ni(ll), demonstrated minimal impact (-2.4%, -1.2%, and +0.1%,
respectively), indicating robust selectivity (Hu et al., 2021; Wang et al., 2020). The mixed-ion solution
yielded a -7.3% offset, suggesting competitive binding effects. Although the sensor displayed excellent
selectivity against most interferents, careful consideration is required for samples containing Hg(ll) and
Pb(ll) (Fafa & Zazoua, 2024). Future work should focus on enhanced leaching strategies to improve

template removal and cavity specificity.

iv) Stability study

The long-term stability of the sensor was assessed over 60 days under controlled conditions, with AR/R,
values recorded at 0, 30, and 60 days showing plateau responses of 9.5, 9.8, and 10.2, respectively
(Figure 3.61). Statistical analysis yielded a mean response of 9.8 + 0.35 AR/R, and an %RSD of 3.57%
related to most sensor studies on Cd (Bhardiya et al., 2021; Choudhari et al., 2023; Fafa & Zazoua,
2024; Hassanpoor & Rouhi, 2021; Hu et al., 2021; Huang et al., 2021; Li, Xu, Li, et al., 2024; Wang et
al., 2023; Zhang et al., 2024; Zhang et al., 2023), indicating reasonable stability but with a discernible
trend of increasing resistance drift over time. The drift was observed likely due to material ageing,
structural reorganisation, or environmental interactions affecting binding site functionality. Despite this
drift, the sensor maintained its characteristic response profile, suggesting preserved functionality but

reduced sensitivity at 60 days.
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Figure 3.61. Stability studies of the Cd-IP sensors over a 60-day period.
These findings highlight the need for recalibration or drift compensation strategies for long-term use,

along with optimisation efforts such as improved storage conditions, surface protection measures, and

standardisation protocols to enhance durability and reliability.
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V) Analytical figures of merit and real water sample application

Analytical figures of merit, sensitivity, LOD, and coefficient of determination (R2) were evaluated at
optimum sensor conditions using 50 mL of 5 —200 pg/L standard solutions of Cd(ll) and a blank. The
Cd-IP analytical curve linearised to the equation:
y = 12.732 — 1.765Inx was obtained in a dynamic linear range of 5 —600 pg/L with a R? value of 0.9965
compared to 0.8551 of the NIP electrode Figure 3.62.
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Figure 3.62. Linearised forms of NIP vs IIP calibration plots.

The sensitivity of the sensor (slope of the curve) and LOD were determined at 1.765 ug/L and 0.704
pg/L, (LOD = 3%k s = glope of the curve), which is lower than the WHO and SANS's 3 ug/L limit
S

(SANS, 2022; WHO, 2022). A comparison of this work’s sensor analytical performance to other similar
sensors of Cd(ll) reported in the literature is outlined in Table 3.25. The developed Cd-IIP-rGO sensor
in this work demonstrates balanced performance metrics, showing improved LOD (0.7 pg/L) compared
to similar Cd sensor designs while maintaining a practical linear range. Although some sensors in the
literature show superior individual metrics, the combination of detection limit and working range
positions this sensor as a viable option for practical applications, outperforming several established

electrode designs regarding detection capabilities.

The percentage recoveries (%R) (Table 3.26) for Cd(ll) detection in four water samples analysed using
the 1:3 Cd-IP-rGO sensor ranged from 91.6% to 105% (Costa et al., 2023; Fafa & Zazoua, 2024; Li,
Xu, Li, et al., 2024; Wang et al., 2023; Zhang et al., 2024), indicating acceptable accuracy for ultra-trace

level detection.
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Table 3.25. Comparison of the prepared sensor with other Cd(ll) modified electrodes.

Electrode Linear range (ug/L) Lob Reference
(Hg/L)
[IPpy/rGO/GCE 1-100 0.26 (Xiao et al., 2021)
[IPoPD/rGO/GCE 1-50 0.13 (Xiao et al., 2021)
[IP-PEDOT/SPPtE 0.5-75 0.07 (Fafa & Zazoua, 2024)
IP/rGO-FET 2-200 0.83 (Hu et al., 2021)
RGO/MnO2/Nafion/GCE 4 -150 112 (Hassanpoor & Rouhi, 2021)
SnO@BCG/GCE 1-400 0.1 (Bhardiya et al., 2021)
rGO@TiO2/GCE 0.01-10 uM 12 nM (Zhang et al., 2024)
PoPD-IIP/3DPrGO/GCE 1-100 0.11 (Wang et al., 2023)
MnO2@RGO/GCE/DPV 0.05-700 0.0151 (Mnyipika et al., 2021)
Cd-lIP-rGO 5-200 1.77 (Letsoalo et al., 2021)
CS/rGO-IIP/GCE 1-160 0.2 (Li, Xu, Li, et al., 2024)
rGO@TiO2/GCE 1-1000 nM 1.33 nM (Zhang et al., 2023)
PoPD/ERGO/GCE 1-50 0.13 (Wang et al., 2020)
Cd-IP-rGO 5-200 0.7 This work

Table 3.26. Real water samples spike recoveries for the Cd-IP sensor.

Sample Added Conc (pg/L) Detected Conc (ug/L) %R
Driekop BW 6 0.9 0.945 105
Driekop BW 5 0.9 0.918 102
Steelpoort RW 3 0.9 0.8829 98.1
Steelpoort RW 2 0.9 0.8244 91.6

BW = borehole water, RW = river water, %R = percentage recovery

Samples from Driekop BW showed higher percentage recoveries compared to Steelpoort RW. The
variation in percentage recoveries may result from matrix effects or slight inconsistencies in sensor
performance across different water chemistries. However, all percentage recoveries fall within an
acceptable range for environmental monitoring (typically 80-120%) (Mishalanie et al., 2016),

demonstrating the sensor's reliability for detecting Cd(ll) in diverse water sources.

3.21 REMOVAL OF METAL IONS IN WATER
3.21.1 Effect of pH on the removal of metal ions

The pH level plays a pivotal role in influencing various aspects, including the solubility of metal ions, the
ionization extent of adsorbates during adsorption, and the presence of rival ions competing for active
sites on the bio-sorbent. To ascertain the optimal pH for treating water contaminated with Ni(ll) and
Cd(ll), a batch study was conducted, ranging from pH 3 to 8 and the results are shown in Figure 3.63.
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Figure 3.63. The effect of pH on percentage removal of Ni(ll) and Cd(ll).

In Figure 3.63, calcined SCB showed similar effectiveness to calcined OPs in removing Ni(ll) and Cd(ll)
with the optimum pH being 8 for Ni(ll) and 7 for Cd(ll), regarding the percentage removal. A precipitate
was noticed for both metal ions beyond pH 8, so optimization studies were conducted up to pH 8. This
similarity is attributed to introducing oxygen-rich functional groups that act as attachment points for
positively charged metal ions, leading to increased adsorption as pH levels rise. At lower pH values,
adsorption was limited, and metal ion removal was inhibited, possibly because of the competition
between hydrogen and metal ions on the sorption site. When the concentration of hydronium ions in the
solution is high (at lower pH), these ions seem restricted due to the repulsive forces (Gupta and Kumair,
2019). These findings highlight the effectiveness of the calcined bio-sorbents to remediate water
contaminated by Ni(ll) and Cd(ll).

3.21.2 Effect of contact period on the removal of Ni(ll) and Cd(ll) by calcinated OPs and SCB

Contact time affects the efficiency and the equilibrium process. This is because the extended contact
period means there is more time for metal ions to interact with the surface of the bio-sorbents. However,
a longer contact time also means the process takes longer and can be costly (Khaskheli et al., 2011).
Therefore, the contact period is a crucial parameter affecting the sorption of metal ions for practical
applications, as illustrated in Figure 3.64.
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Figure 3.64. The effect of contact time on percentage removal of Ni(ll) and Cd(ll).

Adsorption exhibited enhancement from the 10t to the 30" min, with a slight further increase from the
30t to the 60" min. The most significant adsorption rate occurred between the 60" and 90" min,
followed by a gradual decline beyond this timeframe. Equilibrium was reached after 270 min, attributed
to the initial abundance of vacant sites for bio-sorption that diminished over time due to surface site
depletion and repulsive forces between solute molecules and the bulk phase. The optimal contact time
for Ni(ll) remediation in water was found to be 90 min.

For Cd(Il), the RE increased from 10 to 120 min, then started decreasing after 120 min due to saturation.
The continued rise in contact time led to desorption of metal ions from the calcined bio-sorbents.
Consequently, 120 min was identified as the maximum contact time for remediating wastewater
contaminated by Cd(ll). In conclusion, knowledge of the delicate adsorption patterns and ideal contact
times for the remediation of Cd(Il) and Ni(ll) is essential for the effective planning and execution of water
purification procedures.

3.21.3 Effect of adsorbent dosage on adsorption of metal ions

The bio-sorbent dosage plays a crucial role in adsorption, impacting both the economic viability of the
technology and its effectiveness. To illustrate, a more significant amount of adsorbent used typically
results in a more effective removal of metal ions. Nevertheless, this also drives up the overall expenses
associated with the technology, as shown in Figure 3.65.
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Figure 3.65. The effect of adsorbent dosage on percentage removal of Ni(ll) and Cd(ll).

The results showed that the percentage removal also increases as the dosage increases. This can be
caused by increased availability of active sites on the bio-sorbents resulting from increasing the bio-
sorbent amount used. Further increase in adsorbent dosage had no significant increase in metal
removal efficiency. This is ascribed to the fact that higher adsorbent dosage provides more active sites
that may remain unused during the ion reaction (Ezeonuegbu et al., 2021). This also highlights the
efficiency of the calcined bio-sorbents in removing these metal ions from simulated aqueous solutions.

3.21.4 Effect of initial ion concentration on adsorption

The initial metal ion concentration is an essential parameter in adsorption because it affects the
equilibrium and kinetics. For example, the process quickly reaches equilibrium when the initial metal
ions concentration is high. This is due to the high metal ions available to interact with the surface sites
of the bio-sorbents and the greater rate of diffusion of metal ions (Mahmudiono et al., 2022), as shown
in Figure 3.66.
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Figure 3.66. The effect of initial metal ion concentration on percentage removal of Ni(ll) and Cd(ll).
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The percentage removal decreased with the increase in metal concentration, as observed in Figure
3.66. This could be explained by the fact that at lower concentrations, there is a higher proportion of
active sites in comparison to the metal ion concentrations. As a result, Ni(ll) and Cd(ll) readily adhere to
the surface of the calcinated bio-sorbents, leading to the observed removal efficiency. The decline in
metal ion removal efficiency at higher concentrations could be attributed to all adsorbents having a finite
number of active sites, which can become saturated beyond a certain concentration threshold (Yin et
al., 2023). Similar adsorption patterns were reported by Yue et al. (2016) on the utilisation of infused
tea leaves for the removal of metal ions, namely, Fe(ll), Pb(ll), and Cd(ll).

3.21.5 Effect of solution temperature on the adsorption of metal ions

The solution temperature is an essential parameter of the adsorption process because it affects the
thermodynamics and adsorption rate. For instance, higher temperature can increase the adsorption
process by increasing the degree of randomness of the process, thereby increasing the rate of
adsorption by increasing the number of collisions between the metal ions and the surface of the bio-
sorbents (Selmi et al., 2020). The effect of solution temperature on percentage removal of metal ions is
shown in Figure 3.67.
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Figure 3.67. The effect of solution temperature on percentage removal of Ni(ll) and Cd(ll).

The findings indicate that as the temperature rises, adsorption decreases, and this is presumably
attributed to various factors. One key factor is the diminished electrostatic forces between the active
sites on the bio-sorbents and the metal ions at elevated temperatures. This phenomenon weakens the
interaction between the metal ions and the active sites. The decline in the RE of Ni(ll) primarily results
from reduced surface activity, implying that the adsorption of Ni(ll) by activated SCB and OPs is an
exothermic process. This means that this process releases energy in heat, indicating that the metal ions
are more stable on the adsorbent's surface than when they are free in the solution (Al-Ghouti and Al-
Absi, 2020). These findings also highlight a crucial insight regarding the developed technique, as they
demonstrate that the utilization of activated SCB and OPs for adsorption doesn't necessitate an external
energy input. This enhances the cost-efficiency and sustainability of the adsorption process, which is a
highly favourable aspect in the design of adsorption systems.

3.22 CHARACTERIZATION STUDIES OF BIO-SORBENTS

Characterization of bio-sorbents was performed, and the results are presented in subsequent sections.
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3.22.1 Characterization of bio-sorbents by Zeta potential
Figure 3.68 shows the zeta potential of the pure and calcinated OPs and SCB.
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Figure 3.68. Zeta potential of the pure and calcinated bio-sorbents.

Zeta potential analysis was conducted to determine the surface charge of biochar and compare it to the
surface charge of pure SCB and OPs. Zeta potential analysis was also employed to identify the point
of zero charge (PZC), which is the pH at which the surfaces of these materials carry no net charge. The
findings revealed that the PZC for OPs biochar was measured at 2.4, while for SCB biochar, it was 2.2.
Beyond this pH threshold, the surface charge became negative, and these conditions are conducive to
electrostatic interactions with cations (specifically, Ni(ll) and Cd(ll)), signifying an imminent adsorption
process at any pH above the PZC. This adsorption results from attractive forces between the biochar's
surface and metal ions. At pH levels below the PZC, the zeta potential was positive for both bio-
sorbents, indicating the presence of repulsive forces within that pH range.

3.22.2 Characterization of bio-sorbents by FTIR spectroscopy

Fourier transform infrared spectroscopy analysis was conducted on pure and calcinated adsorbent
materials to gain a deeper insight into the various functional groups within these materials. Figure 3.69
displays the FTIR spectra of the bio-sorbents before and after calcination, as well as after adsorption of
metal ions by calcinated bio-sorbents.
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Figure 3.69. FTIR spectra of the pure bio-sorbents, calcinated bio-sorbents, and after-adsorption
of Ni(ll).

Similar peaks are generally observable in all materials, but those originating from the pure bio-sorbents
exhibit higher intensity than those from the calcinated bio-sorbents. An exception to this trend is the
peak at 3300 cm-', which is readily detectable in pure SCB, a material that has not undergone
calcination. In contrast, this peak vanishes in the case of calcinated SCB. This peak is attributed to the
stretching vibrations of —OH, indicating the presence of water and hemicellulose, specifically in the
biomass. The reduction in peak intensity in the calcinated materials is linked to the degradation of fibers
during thermal treatments, leading to the breaking of chemical bonds and the disintegration of species.
The peak observed around 3400 cm-"indicates the presence of a hydroxyl group. The peak appearing
around 2900 cm' can be assigned to the C-H stretching vibration. The peaks at 1400 cm' indicate the
C-O groups that come from the presence of carboxylic groups in the biomass (Mahrous et al., 2022).

3.22.3 Characterization of bio-sorbents by SEM-EDS

The pure SCB and OPs were analysed by SEM-EDS to study their structural morphology and chemical
composition. The SEM-EDS of pure OPs and SCB results are shown in Figure 3.70 and the SEM-EDS
of calcinated OPs and SCB results are shown in Figure 3.71.
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The outcomes demonstrate a variety of pore sizes and shapes in both bio-sorbents. These images
illustrate that the prepared SCB and OPs powders exhibit an irregular structure. This irregularity can
enhance the ability of the bio-sorbents to capture Ni ions at various locations on the sorbent material.

¢ Calcinated SCB

Figure 3.71. SEM-EDS of calcinated OPs and calcinated SCB.
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These findings indicate that calcinated organic materials possess a substantial oxygen content of 25%,
while the rest comprises carbon (75%). Before SEM-EDS analysis, the samples underwent Au coating,
elucidating the elevated Au composition evident in the EDS results. This also means that activated
carbon made from OPs has a high percentage of carbon. The uneven composition of the organic
materials' biochar, characterized by lengthy and slender fibres. The biochar's surface is sleek and
features a variety of pores with varying sizes and shapes. The exterior surface displays numerous
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grains and an assorted structural configuration. The presence of a porous structure is a crucial
characteristic of the biochar, enabling it to adsorb metal ions, as explained by Yan et al. (2022).

The SEM micrographs were carried out after subjecting SCB to thermal treatment to explore any
changes in its structure or the effects of pyrolysis on the morphological features of SCB. The
micrographs demonstrate that pyrolyzed SCB possesses a highly porous and uniform structure. This
enhanced porosity in SCB plays a significant role in adsorption, as it increases the biochar's capacity
to retain water and provides additional sites for the sorption of metal ions, as reported in literature (Raul
etal., 2021). The EDS analysis also reveals a substantial presence of carbon and oxygen. This indicates
that the surface polarity (oxygen molecules have a partially negative charge) of SCB is enhanced
following pyrolysis, thereby increasing its capacity to capture metal ions. Simultaneously, the elevated
carbon content and the significant porosity provide additional binding sites for adsorption.

A considerable number of active sites are present, as indicated by the elevated oxygen composition.
These results are consistent with the FTIR data, which show multiple functional groups that carry
oxygen. It is clear that OPs have more oxygen in them than SCB when comparing the pure bio-sorbents.
This difference results from OPs containing pectin, which is made up of chain molecules high in oxygen
atoms and adds to their structural makeup (Karim et al., 2023). Because of the higher oxygen content
in OPs, more surface sites are available for the adsorption of metal ions. The substantial oxygen content
renders these bio-sorbents highly effective in removing water contaminants like Ni(ll) and Cd(ll).

3.22.4 Characterisation of bio-sorbents by SEM-EDS after adsorption

The SEM was used to investigate the interaction of Ni with the calcinated bio-sorbents, and the results
are demonstrated in Figure 3.72.
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Figure 3.72. SEM-EDS of calcinated OPs and calcinated SCB after adsorption of Ni(ll).

Before adsorption, the SEM images of pure SCB revealed a porous structure with irregular shapes.
Subsequent to biosorption, the SEM images displayed pores filled with Ni(ll) on the surface of the bio-
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sorbents. These images exhibited bulky, shiny particles and extended layers loaded with metal ions,
which were not present in the pure bio-sorbents. The EDS analysis confirmed the presence of adsorbed
metal ions, specifically Ni(ll). The compositional percentages of calcinated SCB after adsorption were
found to be 64.4% C, 22.3% O, and 3.9% Ni, providing further evidence of Ni being adsorbed onto the
surface of the calcinated SCB. After adsorption, the elements detected on calcinated OPs were C, O,
and Ni, with the following composition percentages: 65.2% C, 19.9% O, and 4.6% Ni. The data further
substantiates the successful adsorption of Ni(ll) onto the surface of calcinated OPs.

3.22.5 Characterisation of bio-sorbents by PXRD
Powder X-ray diffraction analysis was performed to determine the crystallinity of pure and calcinated

bio-sorbents. The results are shown in Figure 3.73.
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Figure 3.73. PXRD diffractograms of the pure and calcinated bio-sorbents.

A broad peak is observed in the range of 26=18" to 28°, indicating a high level of amorphousness in the
material, which is advantageous for porous materials. These peaks are evident in both the pure and
calcinated bio-sorbents. As previously discussed, these bio-sorbents comprise cellulose, hemicellulose,
lignin, and pectin. The cellulose peak could be attributed to the peaks around 20° and 45°. The non-
crystalline structure of these bio-sorbents results from the interaction between hydrogen bonding and
weak van der Waals forces between adjacent molecules. Johar et al. (2012) reported that the other
components of these bio-sorbents, namely hemicellulose, lignin, and pectin, exhibit amorphous
characteristics by their nature. It is also worth noting that both the bio-sorbents and their calcinated
forms display similar diffraction patterns, indicating that calcination does not alter the amorphousness
of these materials. This also means that the components of these bio-sorbents do not decompose
before the pyrolysis temperature used.
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3.22.6 Characterisation of bio-sorbents by TGA

The International Confederation for Thermal Analysis and Calorimetry (ICTAC) describes TGA as a set
of methods that observe alterations in a sample's physical or chemical characteristics over time under
the influence of a temperature regimen. The thermal decomposition process is influenced by the organic
and inorganic composition of biomass (Yaradoddi et al., 2021). It measures and documents sample
mass and temperature changes. The temperature regimen can involve heating, cooling, maintaining
isothermal conditions, or a mix of these (Saadatkhah et al., 2020). The accompanying figure (Figure
3.74) illustrates the TGA of both the untreated and calcined bio-sorbents.
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Figure 3.74. TGA of the pure bio-sorbents, calcinated bio-sorbents, and after-adsorption of Ni(ll).

The mass loss curves obtained from TGA measurements can be understood to represent the distinct
degradation of the three primary organic components in woody biomass: cellulose, hemicellulose, and
lignin. The TGA curves in Figure 3.27 demonstrate the different weight loss events as the temperature
increases. The first weight loss event occurred between room temperature and 200 °C, and this is the
mass loss of volatile components, particularly water and other light molecules (Yaradoddi et al., 2021).
The loss of cellulose and hemicellulose follows this, which is well supported by Varma and Mondal
(2016), who stated that the loss of cellulose and hemicellulose occurs between 200 and 350 °C. The
last degradation pattern is attributed to the loss of lignin and pectin (Kamsonlian et al., 2011).

The main differences between the pure and calcinated bio-sorbents are that the pure bio-sorbents
showed the loss of moisture and volatile components at lower temperatures. In contrast, pyrolyzed bio-
sorbents showed a reduced weight loss because pyrolysis involves heating the pure bio-sorbents at
high temperatures, leading to a significant reduction in weight. This is evident in Figure 3.27 with the
alteration of peaks observed because pyrolysis can shift or change the peaks. As the temperature
increases, the pure bio-sorbents showed a pattern of degradation of their components, such as
carbohydrates, cellulose, and hemicellulose, while the calcinated bio-sorbents showed no specific
pattern. This indicates that pyrolysis breaks down the complex organic structures of OPs and SCB into
simple compounds, forming char.
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3.23 REMOVAL OF Pb(ll) IONS FROM AQUEOUS SOLUTIONS USING NATURAL AND HDTMA-
MODIFIED BENTONITE AND KAOLIN CLAYS

3.23.1 SEM characterisation

Scanning electron microscopic images of the modified and unmodified clays are depicted in Figure
3.75. Bentonite (a) displays sponge-like structures which are separated by distinct void spaces;
however, upon modification with HDTMA, there is aggregation on the surface of the clay structure. The
void spaces between the clay particles on bentonite also diminish after modification. The modification
of bentonite by HDTMA changes the morphology greatly, and similar observations were reported in
other studies (Dinh et al., 2022; Ltifi et al., 2018). The SEM images of kaolin (c) show an agglomerated
flake-like structure with void spaces also appearing between the particles, the surface morphology of
kaolin upon modification does not change drastically, except the void spaces diminish and there is more
particle agglomeration observed. A study by Prabawa et al. (2020), also reported no significant changes
in the morphology of kaolin upon modification with urea, however, the study reported a slight increase
in the distance between the kaolin particles upon modification, which is opposite to what was observed
in the current study.
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Figure 3.75. SEM images of (a) bentonite (b) organobentonite (c) kaolin and (d) organokaolin.
3.23.2 Characterisation using BET, PXRD and Zetasizer

Summary of the BET, PXRD and Zetasizer characterization results of the four adsorbents are shown in
Table 3.27.

The BET specific surface area results indicate that the modification of bentonite and kaolin by HDTMA
reduced the specific surface area by almost 50% and 12%, respectively. The average pore sizes and
pore volumes also decreased upon modification. A study by Andrunik and Bajda (2019) also reported
a decrease in pore volume and specific surface area of bentonite clay upon modification with a cationic
surfactant. The decrease in pore size, pore volume and specific surface area can be explained by the
change in surface properties of the clays upon incorporating HDTMA. The addition of HDTMA into the
interlayer space causes an expansion of the interlayers. The doo1 space for bentonite increased from

17.6 to 17.9 A, while that of kaolin increased from 3.59 to 3.68 A upon modification. This behaviour
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leads to an increase in the packing density of the organoclays, as a result, the pores get blocked, leading
to a decrease in pore size, pore volume and BET specific surface area (Choi et al., 2023; Schmidt et
al., 2020).

Table 3.27 Summary of BET, PXRD and Zetasizer results.

Parameters Adsorbent
Bentonite Organobentonite Kaolin Organokaolin
BET specific surface area 38.7 194 9.51 8.37
(m?g)
Pore size (A) 190.9 123.9 957.6 95.12
Pore volume (cm®/g) 0.185 0.0191 0.228 0.0251
Point of zero charge None 7.6 25 11.1
(PHpzc)
doo1-space (A) 17.6 17.9 3.59 3.68

3.23.3 Characterisation using FTIR spectroscopy and TGA

To confirm the successful incorporation of HDTMA into the clays, further characterization of the modified
clay samples was conducted by means of FTIR spectroscopy and TGA analysis. The results of the
analysis are recorded in Figure 3.76. The FTIR spectra and TGA thermograms of the unmodified kaolin
and bentonite clays used in this study are discussed in previous work (Kgabi and Ambushe, 2023). The
successful intercalation of HDTMA into the clays’ structures has been confirmed in other studies by the
appearance of CHz2 and CHzs group peaks in the region around 2930 and 2870 cm-!, respectively (Dinh
et al., 2022; Ltifi et al., 2018). This study also confirmed the successful modification of the clays by
HDTMA through these characteristic peak intensities. The sharp CH2 and CHjs vibrations observed at
2933 and 2864 cm-' confirm the intercalation of HDTMA onto the clays. The spectra of bentonite, kaolin
and organobentonite also show the presence of -OH stretching bands at 3618 — 3684 cm-'. The bands
at 995 — 1003 cm™' are assigned to the Si-O stretching vibrations (Kgabi and Ambushe, 2023;
Morekhure-Mphahlele et al., 2017). The band at 1472 cm-'is attributed to the N-C stretching of HDTMA
(Castro-Castro et al., 2020), further confirming the successful modification.
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Figure 3.76. (a) FTIR spectra and (b) TGA curves of the natural and modified kaolin and bentonite
clays.

To further reconfirm this intercalation of HDTMA into the structures of the clays, the clays were
subjected to thermal treatment using TGA set to a temperature range of 25 - 800 °C for 90 minutes.
The TGA curve of organobentonite shows three stages of mass loss. The first stage (A) at 90 -200 °C
shows a mass loss of 2.8% which is attributed to dehydration of physically adsorbed water molecules
and those intercalated in the interlayers. This mass loss is lower than that of unmodified bentonite
(12.23%) and confirms the modified bentonite is less hydrophilic (Bousba et al., 2018). The second
stage (B) occurs between 200 — 300 °C shows a mass loss of 19.2% which is due to the decomposition
of HDTMA on the surface of bentonite (Sternik et al., 2017). The mass loss of 9.7% occurring at the
third stage (C) between 300 — 450 °C is due to the decomposition of HDTMA in the interlayer spaces
of the clay (Bousba et al., 2018; Sternik et al., 2017).
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The TGA curve of organokaolin shows two stages of mass loss, the first stage (D) at temperatures
between 220 - 450 °C is likely due to the decomposition of both the HDTMA on the surface and the
interlayers of the clay. This mass loss is very minimal compared to that of organobentonite, this is
because kaolin has less CEC, as such less HDTMA was used to modify the clay. The second stage of
mass loss (E) at 450 - 650 °C is due to dehydroxylation (Kgabi and Ambushe, 2023). The mass loss
due to dehydroxylation is less in organokaolin (7.11%) compared to kaolin (13.37%). The annealing of
the kaolin prior to modification with HDTMA dehydrolyzes it (Wahyuni et al., 2018), as such organokaolin
has fewer OH groups in its interlayers resulting in less dihydroxylation (Wahyuni et al., 2018). Both the
FTIR spectra and TGA results confirm the successful intercalation of HDTMA onto bentonite and kaolin
clays.

3.24 FACTORS AFFECTING THE PB(ll) UPTAKE
3.24.1 Effect of pH

The effect of solution pH on the removal of Pb(ll) using bentonite and HDTMA-bentonite was studied
by adsorbing 10 mg/L of Pb(ll) solution in 100 mL at pH range of 1 to 6. The mass of clay used was 300
mg, and the solution was agitated at 300 rpm for 2 hours. Figure 3.77a shows the results of the study.
The pH plays an important role in the removal of Pb(ll) due to its impact on the formation of different
forms of Pb(Il) compounds, such as Pb(OH)* or Pb(OH)2 precipitates (Cruz-Lopes et al., 2021). As
depicted in Figure 3.77a, the effectiveness of the adsorption of Pb(ll) onto all four adsorbents increased
as the pH was raised from 1 to 6. Above the pH of 6, Pb(ll) ions precipitated out of solution; hence, pH
6 was chosen as the ideal pH for this study. The precipitation of Pb(ll) ions from solution at pHs above
6 was also reported in other studies [54]. Bentonite exhibits a negatively charged surface throughout all
pH ranges, as determined by the zeta potential studies. This allows it to remove Pb(ll) ions at most pH
ranges. The adsorption phenomenon of bentonite and kaolin can be well explained by ion exchange
mechanism (Obsa et al., 2024; Dinh et al., 2022). However, the maximum removal of Pb(ll) cations at
pH of 6 by the two organoclays indicates that the main mechanism of removal is not ion exchange since
the point of zero charge (pHerzc) is at pH 7.8 and 10.2 for organobentonite and organokaolin,
respectively. This finding suggests the removal of Pb(ll) ions by the organoclays is likely to be due to
the formation of inner-sphere complexes, as reported in a similar study (Dinh et al., 2022). The
modification of bentonite and kaolin reduces hydophilicity of the clay’s structures, which allows for the
Pb(ll) ions to form inner-sphere complexes with the silanol and aluminol groups on the surface of the
organoclays (Strawn, 2021).

3.24.2 Effect of Pb(ll) concentration

To investigate the maximum Pb(ll) concentration removal by the adsorbents, the initial metal ion
concentration was varied from 5 to 100 mg/L. The experiments were performed at a pH of 6. Figure
3.77b shows the impact of initial Pb(ll) concentrations on the adsorption efficiency of the adsorbents.
The results clearly show that the removal efficiency decreases with an increase in initial concentration
for all adsorbents. This can be attributed to adsorption site saturation (Dinh et al., 2022). As the
concentration of Pb(ll) ions in the solution increases, the available adsorption sites on the clay start to
get saturated. At higher concentrations, more and more of these sites become saturated with Pb(ll)
ions, leading to reduced capacity for further adsorption (Tadesse, 2022; Hussain et al., 2021). The
maximum adsorption concentration for bentonite and organobentonite was 30 mg/L, while for kaolin
and organokaolin, it was 10 mg/L. As expected from the elemental composition of the clays, natural
kaolin showed a lower Pb(ll) removal compared to natural bentonite due to its having low CEC and
specific surface area.
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Figure 3.77. The effects of (a) pH, (b) initial Pb(ll) concentration, (c) adsorbent mass, (d) contact time,
(e) temperature and (f) KCl ionic strength (KCI concentration) on the removal of Pb(ll) from solution.

The presence of cations such as Na*, K* and Ca2* allows for bentonite’s better ion-exchange capacity
(Kumari et al., 2021). Modified kaolin showed a lower Pb(ll) removal compared to the natural kaolin,
which can be attributed to the increased hydrophobicity of the clay. Because kaolin has a low CEC, the
incorporation of HDTMA into its structure renders it almost completely hydrophobic, making it difficult
to adsorb the Pb(ll) ions in solution.

3.24.3 The effect of adsorbent mass

The effect of adsorbent mass on the removal of Pb(ll) was studied through adsorbing 10 mg/L of Pb(ll)
solutions using kaolin and organokaolin, as well as 30 mg/L of Pb(ll) solutions using bentonite and
organobentonite at pH of 6 for 2 hours. The mass of the adsorbents was varied between 50 mg and
300 mg. Figure 3.77c shows the results of the study. As expected, the percentage removal of Pb(ll)
ions from solution increased with an increase in the adsorbent mass. This is because the addition of
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more adsorbent implies an increase in the available adsorbent sites for adsorption to take place (Abbou
et al., 2021). An increase in the specific surface area allows more opportunities for Pb(ll) ions to interact
with the surface of the clay with less competition. For bentonite and organobentonite, the mass of 200
mg was sufficient to remove 55% and 65% of the 30 mg/L Pb(ll) ions. Although the percentage removal
for kaolin and bentonite increased with an increase in the adsorbent dosage, beyond 200 mg/L, there
was little change in percentage removal; thus, 200 mg was chosen as the ideal amount of adsorbent
for this study.

3.24.4 The effect of contact time

To study the effect of contact time, solutions of 10 mg/L of Pb(ll) were treated with kaolin and
organokaolin, while 30 mg/L solutions were treated with bentonite and organobentonite using 200 mg
of adsorbent at pH 6. The contact time was varied from 30 to 400 minutes. The results from Figure
3.77d indicated that adsorption efficiency increased with contact time until equilibrium: 180 minutes for
bentonite, 120 minutes for kaolin and organokaolin, and 300 minutes for organobentonite. Within the
first 30 minutes, over 50% of Pb(ll) was adsorbed by bentonite and organobentonite, compared to
approximately 15% and 10% by kaolin and organokaolin, respectively. The removal capacity increased
steadily until equilibrium. Organobentonite's Pb(Il) removal gradually increased until equilibrium at 300
minutes. The modification with the surfactant facilitates inner-sphere complex formation [59]. This
formation of inner-sphere complexes, while increasing the removal efficiency, also prolonged the time
to reach equilibrium due to complex interactions (Dinh et al., 2022; Zhu et al., 2015). The highest
percentage removals were 20.1% for organokaolin, 36.4% for kaolin, 72.7% for bentonite, and 82.5%
for organobentonite.

3.24.5 The effect of temperature

The effect of temperature on the removal of Pb(ll) was studied through adsorbing 10 mg/L of Pb(ll)
solutions using kaolin and organokaolin, as well as 30 mg/L of Pb(ll) solutions using bentonite and
organobentonite at a pH of 6, using 200 mg of the adsorbent at the equilibrium contact times reported
in section 3.24.4. The temperature was varied between room temperature (23 - 25 °C) and 70 °C. The
findings are shown in Figure 3.77e. The results show that Pb(ll) removal efficiency by the four
adsorbents decreased with an increase in temperature, indicating an exothermic nature of the
adsorption. The decrease in the percentage removal could be attributed to the weakening of the
attraction between the Pb(ll) ions and the clay material (Ergiivenerler et al., 2020; Singh and Bhateria,
2020). This results in a decrease in the sorption of the ions. At high temperatures, the boundary layer’s
thickness is decreased because of the increased tendency of the Pb(ll) ions to desorb from the surface
of the adsorbent back into the solution, which results in a decreased adsorption as the temperature is
increased (Singh and Bhateria, 2020). Thus, room temperature was chosen as the best temperature
for this study. The final concentrations of Pb(ll) in solution after treatment were reduced from 10 mg/L
to 7.96 mg/L using organokaolin and to 6.33 mg/L using kaolin. For bentonite and organobentonite, the
remaining Pb(ll) ions in solution were reduced from 30 mg/L to 8.12 mg/L and 5.25 mg/L, respectively.

3.24.6 The effect of ionic strength (KCI concentration)

The effect of ionic strength on the adsorption of Pb(ll) ions onto the various adsorbents was studied by
varying KCI concentration. The results shown in Figure 3.77f demonstrated that the removal efficiency
of Pb(ll) decreased with increasing KCI concentration. Specifically, organobentonite's adsorption
dropped from 83% to 41%, while bentonite, kaolin, and organokaolin showed reductions from 78.2%,
37.4%, and 20.8% to 21.1%, 3.7%, and 0.1%, respectively. The electrostatic attraction between the K*
cations and the permanent negative charge on the clay’s surface can result in the formation of outer-
sphere complexes at the planar sites. Inner-sphere complexes can also be formed between the K*
cations and the Al-O- and Si-O—groups in the clays’ structure (Dinh et al., 2022). Thus, this leads to
fewer adsorption sites being available for the uptake of the Pb(ll) ions, resulting in a lower percentage
removal of Pb(ll) by the adsorbents. Similar findings were reported elsewhere (Hu et al., 2014), where
the presence of Na* in solution resulted in a decrease in the adsorption of Cd(ll) ions.
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3.25 REAL WATER TREATMENT AND REUSABILITY STUDIES

The application of the clay adsorbents to real water samples is of crucial importance for industrial
applications. Figure 3.78 shows the treatment of borehole water samples using the four adsorbents. The
removal percentages for Pb(ll) ions in solution were 72.3% for bentonite, 77.8% for organobentonite,
21.9% for kaolin and 5.4% for organokaolin. Due to the loss of the clay sample with each regeneration
cycle, 1.0 g mass was used as the initial mass for this study. Considering the initial mass used in this
experiment was 1.0 g, compared to the mass of 200 mg used for the simulated solutions, it is evident
that the percentage removal for Pb(ll) in borehole water samples is lower compared to that of simulated
solutions. This can be attributed to the presence of other competing ions in solution. The real water
sample contains trace amounts of other PTEs such as Cd, Cr, As and others, which all compete for the
active sites on the adsorbents.

80 - I Bentonite
. I Organobentonite
70 4 I I Kaolin ]
_ [ Organokaolin
60 4
— 50- I
g |
O 40-
£
@ 1 1
X 30-
s I
20 -
10 -

Figure 3.78. Reusability cycles of the four adsorbents on Pb(ll) uptake.

The reusability of adsorbents is another important factor in determining the economic feasibility of the
adsorbents in terms of production costs. Therefore, investigating the reusability of adsorbent materials
is essential. The spent adsorbents were regenerated using 0.01 M HCI as a desorbing agent
(Mudzielwana, 2019). Figure 3.78 shows that the removal efficiency of the adsorbents decreased with
each of the four regeneration cycles. For the first two cycles, organobentonite removed more Pb(ll) ions
from solution compared to the natural bentonite, however, from cycle 3 the performance of
organobentonite decreased sharply and the regenerated natural bentonite showed greater efficiency
than that of organobentonite. The regeneration of organobentonite with HCI may lead to the destruction
of the surfactant, and therefore changing the chemistry of the clay. This results in decreased
performance of the clay with each regeneration cycle (Momina et al., 2018). The decrease in Pb(ll)
percentage removal with each cycle may also be due to incomplete Pb(ll) ions removal from previous
cycles, which reduce the available active sites for the adsorption of more Pb(Il) ions (Mudzielwana,
2019). The successful regeneration of the adsorbents for up to four cycles indicate their potential as a
stable and re-usable adsorbent for Pb(ll) removal from real water samples.
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3.26  WORKSHOP ON COMMUNITY ENGAGEMENT

This section focuses on community engagement workshop, which outlines the workshop activities, the
targeted communities, and findings of the research that were presented in the workshop.

The workshop was held on 3 and 4t of October 2024 in Polokwane, Limpopo province. The workshop
involved participation of project leaders and team members of other currently running and recently
completed projects that focused on water quality of water bodies in Limpopo province. These projects
include:

1. Investigation of Potentially Toxic Elements in Selected Water Bodies in Limpopo Province:
Transport, Fate and Risk Assessment, and Detection and Remediation Method Development — In
progress (Project leader: Prof AA Ambushe (University of Johannesburg))

2. A Combination of Rapid Direct Analysis and Machine Learning Assisted Suspect Screening of
Emerging Pollutants and their Contribution to Antimicrobial Resistance — In progress (Project
leader: Dr Nuapia (University of Limpopo))

3. Development and Testing of Zr**Ag* Metal Oxide Modified Zeolite-Cellulose Membrane for Fluoride
and Pathogen Removal from Groundwater-Completed (Project leader: Dr Mudzielwana (University
of Venda))

The project leaders of the aforementioned projects met via Microsoft Teams on 17 July 2024. The
meeting was chaired by Dr Eunice Ubomba-Jaswa (Research Manager: Water Resources Quality &
Management), and the project leaders agreed to run the workshop on 3 and 4 October 2024 in
Polokwane, Limpopo province. The stakeholders from different sectors and communities were invited
to participate in this workshop. These include water treatment professionals from municipalities and
communities in the study areas in Limpopo province. Project leaders and team members of the above
three projects participated and presented the findings of their research.

The presentations from this project entailed the status of water quality of selected rivers as well as
borehole water in study areas, with special focus on levels of potentially toxic elements and their species.
The human health risk assessment associated with water and vegetables was presented in this
workshop. The treatment methods developed using agricultural by-products were presented in this
workshop. This project included fabrication of ion-imprinted polymer-based sensors for the detection of
toxic elemental species such as Pb, Cd and Hg in water. The developments in sensor fabrication and
their application will also be presented in the workshop.

The Community Engagement Workshop on Water Quality was held from 3 to 4 October 2024 in
Polokwane, Limpopo Province. The workshop focused on the knowledge dissemination of outputs from
the Water Research Commission (WRC) funded projects. (Research Manager: Water Resources
Quality & Management) and Ms Penny Jaca from the WRC attended the workshop. Dr Eunice Ubomba-
Jaswa delivered opening remarks. Prof AA Ambushe presented an oral presentation entitled:
“Identifying the Complex Drivers of Water Quality Deterioration in Limpopo Province and Strategies to
Improve and Remediate Water in South Africa”. Prof MA Mamo also attended the workshop and
presented an oral presentation entitled: “A novel chemo-resistive sensor for sensitive detection of Pb(ll)
ions using interdigital gold electrode fabricated with reduced graphene oxide-based ion-imprinted
polymer”. Both Prof AA Ambushe and Prof MA Mamo chaired presentation sessions and discussions
with invited stakeholders. Seven postgraduate students (Sifelani Dube, Vincent Masilela, Ntsieni
Molaudzi, Pertunia Dikotla, Tsakane Maluleke, Samuel Makobe and Lutendo Mashavha) from Prof
Ambushe’s research group attended the workshop and presented their research findings as oral
presentations and all performed very well. Dr Nuapia from the University of Limpopo presented via
Teams presented an oral presentation. Dr Mudzielwana from the University of Venda and his team
presented three oral presentations. Dr Mudzielwana also chaired a session. Prof Ambushe’s
collaborators from the University of Limpopo (Prof Magadzu and Dr Macevele) attended the workshop.
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Prof Magadzu chaired a session and Dr Macevele delivered an oral presentation. Each workshop
session was followed by questions, comments and discussion, which gave opportunities to stakeholders
to participate in the discussion. The workshop offered an opportunity for invited stakeholders to
understand the findings of the research work on the water quality of rivers in Limpopo Province and
possible solutions from these projects that might have a direct application to the problems of the
communities residing in the vicinity of polluted water bodies. The workshop also served as a platform
for stakeholders to express their research needs regarding water quality in the province to the WRC
and the Universities of Johannesburg, Limpopo and Venda, which should enable better alignment
between research output and stakeholder needs.
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CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS

The methods employed in this study yielded accurate results for quantification of As, Cd, Cr, Cu, Pb, Ni,
Hg, and V in water, sediment, soil, and vegetable samples with quantitative percentage recoveries,
which ranged from 75.5 to 115%. It was observed that the total concentrations of As, Cd, Cr, Cu, Pb,
Hg, Ni, and V in water were below the MPLs stipulated by the WHO, SANS and DWAF during both low
and high flow seasons. As a result, the water from Mokolo River was found to be safe for drinking and
irrigation purposes with respect to the measured PTEs (As, Cd, Cr, Cu, Pb, Hg, Ni, and V). The total
concentrations of Cd, Pb, and Hg in sediment in both seasons surpassed the PEL values recommended
by Canadian sediment quality guidelines in some sites, suggesting that adverse biological effects will
occur frequently on the aquatic species and food chain with respect to these analytes. This threatens
the aquatic species available and was likely linked to untreated industrial effluents and sewage
discharge into the river. The total concentrations of Cd, Cr, and Cu surpassed the soil quality guidelines
stipulated by the CCME, posing a serious threat to the food chain, and this was linked to the use of
fertilizers, which presumably contain the PTEs at the farms to improve the fertility of the soil. The total
concentrations of Cd, Cr, Hg, Ni, and V surpassed the MPLs stipulated by WHO/FAO during the low-
flow season, whereas Cd, Cr, Cu, Pb, Ni, and V exceeded during the high-flow season. Increased
concentration of As, Cd, Cr, Cu, Pb, Hg, Ni, and V were observed in water, sediment, soil, and vegetables
during the high-flow season than during the low-flow season. Thus, this variation is due to higher water
levels in seasons of higher precipitation or rainfall, whereby PTEs are carried out by rain from the
environment into the water bodies. The non-carcinogenic health risk assessment revealed that the THQ
values of PTEs owing to consumption of vegetables from the farms in the vicinity of Mokolo River were
greater than 1 for As, Cd, Cr, Cu, Ni, and Pb with respect to the adult population. Additionally, it was
discovered that due to consumption of these vegetables, the THQ values of PTEs for the child
population were greater than 1 for As, Cd, Cr, Cu, Pb, Ni, and Hg. Due to the consumption of each
vegetable, the total non-carcinogenic effect of PTEs as calculated by the HI was greater than 1 for both
the adult and child population. This suggests that there are possible health risks threatening the health
of the Lephalale adult and child population consuming these contaminated vegetables. This study
revealed that non-carcinogenic health risks associated with vegetable consumption would be far greater
in children than in adults with THQs, suggesting that serious chronic risks could be observed. The
carcinogenic risk assessment indicated that the probability of higher cancer risks associated with
vegetable consumption was 4.73 times higher in children than in adults. When the assessment was
based on the toxic As and Cr species, Cr(VI) had the highest cancer risk. In general, it was concluded
that the consumption of contaminated vegetables could result in high cancer risks for both adults and
children.

This study also investigated the presence and distribution of selected PTEs in water, soil, sediment,
and vegetable samples from the Sekhukhune District, focusing on seasonal variations and associated
health risks. The findings revealed that Cr and V were the dominant contaminants in both river and
borehole water samples, particularly during the low-flow season. These elevated concentrations are
likely linked to industrial activities, such as mining and smelting, as well as the proximity to roads and
human settlements. In addition to water contamination, the study highlighted the significant
accumulation of PTEs in soils and vegetables irrigated with borehole water. High concentrations of Cr,
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V, Pb, and As were detected in soils, particularly in farms located near industrial and road areas.
Vegetables such as cabbage and spinach showed elevated levels of Cu and Cr, raising concerns about
the transfer of contaminants from soil to edible plants, which poses a potential risk to human health
through dietary intake. Overall, the study revealed that industrial activities, particularly mining and
smelting, could be major contributors to PTEs contamination in the region. The findings indicate the
need for regular monitoring of water, soil, and vegetable quality to mitigate health risks and ensure the
sustainability of agricultural practices. The human health risk assessment of this study revealed
significant health risks associated with the ingestion of PTEs through contaminated water and
vegetables in the Sekhukhune District. The evaluation, based on HQ and HI metrics, highlighted risks
to both adults and children, with children being more vulnerable during both low and high-flow seasons.

This study also presented a highly effective approach for fabricating a Cd(lIl) sensor based on rGO and
[IPs. Through systematic optimisation, the sensor demonstrated an excellent sensitivity of 1.765 ug/L,
selectivity, and stability, particularly with the 1:3 (lIP:rGO ratio), which emerged as the most suitable
configuration for practical applications. The results confirmed a LOD of 0.704 pg/L in a dynamic linear
range of 5 - 600 pg/L Cd(ll) solution, which revealed the robustness of the sensor's molecular
recognition sites and its ability to maintain consistent performance over multiple measurement cycles
and extended storage periods. While some drift was observed over a sixty-day period, the response
profiles retained their characteristic patterns, indicating that the sensor's fundamental sensing
mechanism remained intact. Percentage recoveries of 91.6% to 105% from real water sample analysis
emphasise the potential of the rGO-IIP-based sensor for real-world applications in environmental
monitoring and other analytical fields. Future work should focus on enhancing long-term stability and
selectivity through improved fabrication techniques and storage conditions.

This study successfully assessed and compared the efficacy of calcined OPs and SCB for removing
Ni(ll) and Cd(ll), both individually and in combined form, from simulated aqueous solution and real
wastewater samples (AMD). Investigation of Ni(ll) and Cd(ll) bio-sorption included examining the
impacts of pH, contact time, bio-sorbent dosage, initial metal ion concentration, and solution
temperature. The results revealed that calcined OPs achieved over 99% removal of 20 mg/L Ni(ll) within
60-90 minutes, while calcined SCB reached over 97% removal within 120 minutes. The OPs: SCB
composite, in a 5:5 ratio, removed over 92% of Ni(ll) under optimal conditions. Calcined OPs could
remove over 98% of 20 mg/L Cd(ll) at an optimum contact time of 120 minutes, and calcined SCB could
remove over 96% at the same optimum contact time. The OPs:SCB composite were able to remove
over 92% of Cd(ll) at a 5:5 ratio at an optimum contact time of 60 minutes.

In this study, organokaolin and organobentonite were successfully synthesized using HDTMA as the
modifier, and the adsorbents’ efficiency in removing Pb(ll) from aqueous solutions was investigated.
Organobentonite showed a higher Pb(ll) adsorption capacity (18.75 mg/g) compared to the natural
bentonite (14.71 mg/g) , while the opposite effect was observed for kaolin (4.19 mg/g) and organokaolin
(2.26 mg/g). The most favorable conditions for Pb(Il) removal were pH = 6, room temperature (23 - 25
°C) and adsorbent mass of 200 mg. The ideal contact time for adsorption by organokaolin, kaolin and
bentonite were 120 minutes, while for organobentonite it was 300 minutes. This time increase in
organobentonite-Pb(ll) adsorption is due to the formation of new chemical bonds. The results of the
removal of Pb(Il) using kaolin and organokaolin were unsatisfactory due to the low adsorption capacities
determined. The combination of bentonite and HDTMA did, however, demonstrate the synergetic
advantage towards Pb(ll) adsorption. The reusability study also revealed that the spent adsorbents can
be reused to achieve good Pb(ll) percentage removal for up to four cycles. Overall, the results of this
study showed that organobentonite and bentonite can serve as promising materials for the removal of
Pb(ll) ions from water/wastewater in South Africa and other countries. However, modifying bentonite
with HDTMA increases the costs of the adsorbent material. The unmodified natural bentonite yielded
about 79% of the capacity of removal of Pb(ll) by organobentonite. Furthermore, to achieve the best
removal of Pb(ll) by organobentonite, it required 300 minutes compared to the contact time of 120
minutes, which needed by bentonite to achieve the highest removal of Pb(ll). Thus, taking into
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consideration costs incurred by modification and the longer time required to achieve the best removal
of Pb(ll) using organobentonite as an adsorbent material, we recommend the use of natural bentonite,
which yielded quantitative removal of Pb(ll) from water. This study is not only limited to Pb but can also
be extended to treating other PTEs such as Cr, As, Cd and others from aqueous solutions.
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