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Abstract 

 

Exposure to Endocrine Disrupting Chemicals (EDCs) has potential carcinogenic and 

mutagenic effects to human health. Endocrine Disrupting Chemicals are contaminants that 

have the potential to disrupt the processes of natural body hormones that enables the 

organism to respond normally to its environment. The primary source for EDC exposure is 

through the consumption of foodstuff like contaminated fruits, vegetables, fish, and beef. In 

fruits and vegetable farms, most EDCs originate from the fertilizers applied to the soil. The 

EDCs are constantly being leached from the soil environment and released into rivers and 

other aquatic ecosystems. Eventually, they make their way into the lipid membranes and 

further into the muscles of fish via the process of bioaccumulation. For beef, some of the 

EDCs bioaccumulates within their muscles when the cattle (cow or bull) drink the 

contaminated river water when grazing. When humans consume the foodstuff contaminated 

with the EDCs, the EDCs are passed onto their body muscles via the process of 

biomagnification. Due to the EDC toxicity in humans from from diet, it is essential to 

investigate their levels in foodstuff like fruits, vegetables, fish and beef muscle.  

 

On the other hand, bioeconomy is an interesting research field which is gaining a lot of 

attention. Currently, there is considerable need to maximize the use of plant based biomass 

in analytical chemical processes. One such source is the use of Moringa Oleifera (M.O) seed 

protein bio sorbent which can be extracted, purified, and applied for a greener and low-cost 

sample clean-up. The aim of this study was to optimize the QuEChERS method using 

Primary secondary amine (PSA) sorbent and then comparing it with Moringa Oleifera 

protein biosorbent sorbents and other sorbents like Hemp cellulose, activated carbon sorbent 

for the extraction of selected organic EDCs in foodstuff. The optimization was done using 

chemometrics called Response Surface Methodology (RSM). A Design of Experiment (DoE) 

was used to investigate the effect of the sample mass (0.5-3 g), centrifuge speed (3400- 4000 

rpm) , time (5-20 mins), mass of 𝑁𝑎𝐶𝑙 and 𝑀𝑔𝑆𝑂4(1 − 3 𝑔), and solvent extraction volume 

(5-10 mL). Firstly, a screening on the aforesaid parameters was done using an L8 (3 levels) 

linear model. Thereafter, a Central Composite Orthogonal (CCO) approach was used to 
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optimize the QuEChERS technique for maximum extraction of the selected EDCs. The 

analysis was done using Gas chromatography – Electron capture detection (GC-ECD) and 1 

dimensional gas chromatography mass spectroscopy time of flight (1D GCxGC MSTOF). 

The PSA method presented optimal values of 3 g of sample, 150 mg PSA, 4000 rpm for 6 

mins centrifuge conditions, 2 g NaCl, 2 g 𝑀𝑔𝑆𝑂4 extracted in 10 mL methanol, respectively. 

The PSA method presented recoveries between 74.1 ± 1.12% and 107.4 ± 0.88%. 

Furthermore, the Moringa Oleifera method presented recoveries between 76.2 ± 0.85% and 

105.1 ± 2.24%. Limits of detection and quantification ranged between 0.16 to 1.77 𝜇𝑔 𝑘𝑔−1 

and 6.1 to 17.7 𝜇𝑔 𝑘𝑔−1with RSD values ≤ 13.32 ,respectively. From this investigation, the 

Moringa Oleifera seed protein bio sorbent is a promising alternative to the synthetic PSA 

and other sorbents like cellulose, C18 and activated carbon in clean-up of food samples using 

QuEChERS approach as it was more selective towards target compounds 

 

The optimal Moringa Oleifera method was then applied to thirty-eight different samples from 

Johannesburg (CBD Open markets, City deep main market and a farm along Hennops river) 

and Pretoria (Open markets and Tshwane main market) including fruits and vegetables, fish 

and beef samples. The maximum detected concentrations of six organic Endocrine 

Disrupting Chemicals extracted (Dimethyl phthalate, Diethyl phthalate, 4-n-Nonylphenol, 

4,4’-DDT, 4,4’-DDD and 4,4’-DDE) were 65.93 ± 9.80, 111.61 ± 11.27, 115.15 ±12.18, 

101.17 ± 9.65, 114.7 ±20.76 and 105.45 ± 18.33 𝜇𝑔 𝑘𝑔−1, respectively. WHO regulation 

comparison of the determined concentrations revealed that consumers staying in the two 

cities are not at risk of cancer from ingestion of the studied organic EDCs in the detected 

levels. 

 

Secondly, the study aimed at extracting and determining the levels of inorganic Endocrine 

Disrupting Chemicals (selected metals) which are toxic at certain doses. The same thirty-

eight samples collected for organic analysis were digested using Anton Paar microwave 

digestion system using 10% nitric acid and hydrogen peroxide. Thereafter, the total metal 

concentration analysis was done with Inductively Coupled Plasma Optical Emission 

Spectroscopy (ICP-OES). The selected metals of interest from the totals were Aluminum 
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(Al), Arsenic (As), Cadmium (Cd), Chromium (Cr), Copper (Cu), Arsenic (As), Lead (Pb), 

Manganese (Mn), Selenium (Se) and Zinc (Zn). The results show that the mean metal 

concentrations for Johannesburg foodstuff is not significantly higher (𝑃 > 0.05)  than the 

mean concentration for Pretoria foodstuff. However, the two samples from the Hennops river 

farm (Rape and Spinach), exhibited the highest metal concentrations among all samples. 

Most of the metal concentrations were generally higher than the limits set by the World 

Health Organization (WHO), which alerts critical endocrine disrupting issues associated with 

the two cities under study. However, to critically conclude this regard, future work for 

thorough carcinogenic risk assessments must be established in terms of Daily limit Intake of 

Metals (DIM) and Hazard index (HI).  
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CHAPTER 1: INTRODUCTION 

 
Endocrine Disrupting Chemicals are now detected everywhere: the food we eat, the water we 

drink and the soil we plant in. This chapter details the background information on Endocrine 

Disrupting Chemicals, their origin, toxicity and extraction. 
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1.1 Background 

Natural bodily hormones bind to their respective receptors via a lock and key mechanism 

(Alon 2021). For instance, each body hormone (key) in the endocrine system fits exactly into 

its receptor (lock), resulting in desirable cellular responses (Sanford, 2019; Okpashi et al., 

2019). Endocrine Disrupting Chemicals (EDCs) are chemicals that mimics this normal 

hormone binding to bring about undesirable cellular responses (Autrup et al., 2020; de Coster 

and van Larebeke, 2012; Yilmaz et al., 2020). Examples of this include the mimicking of 

melatonin hormone in the pineal gland by carbaryl and carbofuran insecticides, mimicking 

of prolactin and oxytocin in the pituitary gland by Bisphenol A and the metal cadmium 

(Cd)(Steinmetz et al., 1997), mimicking of insulin and glucagon in the pancreas by phthalates 

and the metal Selenium (Se)(Rotondo and Chiarelli, 2020). Some EDCs are reported to 

completely discontinue the production of the bodily hormones and thus prevent any cellular 

response (Newbold et al., 2007; Heindel et al., 2015).  

 

The main source of EDCs in human bodies is through eating contaminated foodstuff  (Sharma 

et al., 2021). Further, contamination by Endocrine Disrupting Chemicals in foodstuff is 

classified into two forms (Nuapia et al., 2016; Kopittke et al., 2019). More commonly, it is 

by long-term contamination of organic and inorganic EDCs in ppb and ppt levels. This occurs 

via the diffusion of the EDCs into the foodstuff before they reach the markets (Torretta et al., 

2018; Vikrant et al., 2018). Less commonly, it is by short-term contamination of highly 

concentrated organic and inorganic EDCs, which occurs via accidental release of the 

contaminants from its source. They are detected in ppm or higher levels (Nuapia et al., 2016) 

meaning that they are more potent. In general, the foodstuff contamination can occur during 

the farming and cultivation stage, during transportation of the foodstuff to the main markets 

and during the handling of the foodstuff in open markets (Greenberg, 2017; Borsellino et al., 

2020; Pais et al., 2020). As a result of the effects of the foodstuff contamination in open 

markets, there was a 2019 appeal signed for the immediate removal of raw fruits and 

vegetables in some open markets which contain harmful preservatives. Most were coated 

with cancerous chemicals to increase their product life span in the markets (Delhi High Court, 
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2019). These chemicals include some Endocrine Disrupting Chemicals (EDCs), which can 

be organic and inorganic. 

 

Organic EDCs are volatile or semi-volatile chemicals that disrupt the endocrine system to 

cause toxic effects (Chen et al., 2019; Lauretta et al., 2019). Organic EDCs include most 

Persistent Organic Pollutants (POPs), some pesticides and some preservatives found in 

foodstuff including fruits and vegetables (Vlassi et al., 2020) which are mostly man made 

meaning their quantities are controlled (Petrovic et al., 2002). Some man-made EDCs are 

plasticizers and pesticides (Ingerslev et al., 2003; Ripamonti et al., 2018; Sabir et al.,2019). 

Examples include DDT and its metabolites (van Cauwenbergh et al., 2020; Jaacks et al., 

2019), bisphenol A (BPA), dioxins, monomethyl phthalate, dimethyl phthalate, and diethyl 

phthalate. Their target organs are the brain and prostate glands (Nesan et al., 2018; Rosenfeld 

and Cooke, 2019).  

 

Another group of EDCs receiving some attention is inorganic EDCs. They are metals such 

as Hg, As, Pb, Cd, Cu, Cr, Fe, Mn, and Al. The metals have a tendency of bioaccumulating 

within an organism (Nascimento et al., 2018; Paschoalini et al., 2019). This results in chronic 

toxicity over time within the host (Elgawad et al., 2020). These metals have been found in 

fish samples (El-Moselhy et al., 2014; Gusso-Choueri et al., 2018; Javed and Usmani, 2019; 

Keshavarzi et al., 2018; Korkmaz et al., 2019; Maurya et al., 2019), water samples (Bhuyan 

et al., 2017; Chaturvedi et al., 2018; Mirzabeygi et al., 2017), beef muscle (Inobeme et al., 

2018; Adzitey et al., 2018; Chaturvedi et al., 2018; Kasozi et al., 2018; Duman et al., 2019; 

Oloruntoba and Nathaniel, 2019) and fruits and vegetable samples (Shaheen et al., 2016; 

Gupta et al., 2018; Manzoor et al., 2018; Zwolak et al., 2019; Afonne and Ifediba, 2020; 

Cooper et al., 2020; Moyo et al., 2020; Altarawneh, 2021). Due to the increasing population 

size in South Africa and anthropogenic causes, the quantity and toxicity of these Endocrine 

Disrupting Chemicals are expected to increase over the years (Wooding et al., 2017; Horak 

et al., 2021).  
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Toxicity of both groups of EDCs at certain doses causes health related issues. In fish, this 

may result in decreased fertility and egg production in females or lead to reduced gonad size 

or feminization of genetic male fish (Langston, 2020; Olaniyan and Okoh, 2020; White et 

al., 2017). In humans, the toxicity results in abnormal reproductive processes (Rehman et al., 

2018; Rahman et al., 2021), and the development of testicular and prostate cancer, even at a 

trace concentration of 1𝑛𝑔 𝑘𝑔−1 (Gaudriault et al., 2017; Kaushik and Bhartiya, 2018; 

Kubincová et al., 2019). Developmental exposures of EDCs have also been hypothesized to 

be a leading factor for the increasing incidences of breast cancer in industrialized countries 

(Perrot-Applanat et al., 2018; Rodgers et al., 2018). For the developing embryo and infants, 

exposure can cause a delay in their early development and later reproduction, causing 

neurological and immune system defects (Mezcua et al., 2012). Further, the toxicity can give 

rise to complications such as cancerous tumors, obesity, diabetes, hypertension, attention 

deficit hyperactivity disorder (ADHD) and other developmental disorders (Shoaff et al., 

2020; Street et al., 2018). The extent of the diseases varies depending on the level of EDC 

exposure (Parkkinen et al., 2018). These levels can be determined directly from human 

samples such as blood, breast milk and adipose tissue (Nuapia et al., 2016) , and they can 

also be measured indirectly from foodstuff consumed in relation to the everyday food intake 

(FAO/WHO, 1999) using different extraction and analysis techniques.  

 

There are already various analytical techniques for the extraction of organic Endocrine 

Disrupting Chemicals in food including QuEChERS, Soxhlet extraction, Ultrasonic Assisted 

Extraction (UAE), Pressurized Fluid Extraction (PFE), Pressurized Hot Water Extraction 

(PHWE) and Supercritical Fluid extraction (SFE) (Cloutier et al., 2017; Rasul, 2018). A 

conventional Soxhlet extraction has been used for the extraction of EDCs with acceptable 

recoveries (Cloutier et al., 2017). However, the limitation with this technique is that it is time 

consuming as the reflux must be done for 24 hours,  and it requires large amount of solvent 

which has negative disposal effects on the environment (Juhaimi et al., 2018; Hirondart et 

al., 2020a; Zhang et al., 2018). Ultrasonic Assisted Extraction technique overcomes the 

Soxhlet extraction disadvantages of time consumption and large volume usage; however, its 

limitation is the repeatability of the method as the ultrasound energy that transfers from the 
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ultrasonic bath to the sample container is dependent on the properties of the bath and as a 

result, a probe is needed to control the ultrasound frequency and amplitude for precise 

repeatability (Nuerxiati et al., 2019; Wu et al., 2020). The elevated temperatures used in 

Pressurized Fluid Extraction may degrade unstable Endocrine Disrupting Chemicals 

(Marcon et al., 2019; Yang et al., 2019). Also, the rate of diffusion of the solvent to the 

sample increases as the solvent volume is increased, which is not ideal when the solvent 

volume is increased above the optimized amount (Casella et al., 2021). QuEChERS 

extraction technique is preferred for the study because it limits the extraction labour 

intensities and uses less solvent to produce optimal recoveries (Campêlo et al., 2021; 

Montemurro et al., 2021). This chosen technique is quick, easy, cheap, effective, rugged, and 

safe to use (Anastassiades et al., 2003; Lehotay et al., 2010; Golge et al., 2018; Santana-

Mayor et al., 2019).  

 

Lastly, sustainable and Green Chemistry Principles (GCPs) in the development of chemical 

processes enable us to protect the environment and conserve energy (Keijern et al., 2019). 

One example is the profound research gap in moving from synthetic to greener biomaterials 

in the analysis of EDCs when using QuEChERS as the sample preparation technique. A 

commercial primary secondary amine (PSA) adsorbent is used at present, but very costly. A 

possible cheaper and greener alternative is the Moringa Oleifera seed protein biosorbent 

which can be applied as a QuEChERS sample clean-up sorbent.  

 

This project aimed to explore the use of Moringa Oleifera seed protein as a clean-up 

biosorbent as a PSA alternative in QuEChERS extraction technique of selected EDCs in fish 

muscle, beef muscle, fruits and vegetables sold in open and main markets in South Africa 

from Johannesburg and Pretoria. Furthermore, the QuEChERS extraction technique was 

optimized using chemometrics, a Response Surface Methodology. A linear L8 model and a 

quadratic central composite design model were employed to investigate and optimize the 

speed of centrifuge, time of centrifuge, amount of salt, volume of solvent and type of solvent. 

The optimized method and parameters were applied to quantify different real food samples 

taken from selected open markets in Johannesburg and Pretoria, along with a farm by 
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Hennops river. This was done to provide evidence on the status of Endocrine Disrupting 

Chemicals in these areas. Further samples were microwave extracted for the extraction of 

selected metals followed by ICP-OES analysis. The levels are then compared to regulatory 

bodies, FAO/WHO. 

 

1.2 Problem Statement  

Endocrine Disrupting Chemicals have been known to disrupt the normal human health and 

well-being in South Africa (Horak et al., 2021a).  Monitoring of EDC levels in South African 

open market foodstuff is very poor (Farounbi and Ngqwala, 2020). This is because many 

sellers and hawkers in the open markets don’t know the main sources of their fruits and 

vegetables as they stock from different sources every day, so the levels of EDCs present are 

very difficult to track and attribute. 

A vast number of residents in Johannesburg and Pretoria depend on foodstuff sold in open 

markets as they are cheap, healthy, locally owned and most are available for consumption 

on-the-go. Many open markets in JHB and PTA operate on unsanitary and busy roads. This  

makes it easier for the pollution particulates and chemicals emitted from the vehicles to make 

their way into the food items sold there (Nuapia et al., 2016). More important, EDC 

contaminated foodstuff has been known to cause endocrine related diseases all over the 

world, South Africa included. This ranges from minor and controlled effects to more chronic 

effects (Kabir et al., 2015). This widens the research gap in finding the effects of endocrine 

disruption in South Africa. Also, much of environmental risk assessment has focused on 

water and soil related pollution but very little on foodstuff. Thus, data on the presence and 

quantity of Endocrine Disrupting Chemicals is mostly available for water and wastewater but 

not in food related studies. A continued monitoring of EDCs levels in foodstuff in South 

Africa is essential to supply more evidence of EDCs contamination to the government to 

revise legislations and policies for consumer safety. 

Moreover, Aluminum salts and synthetic polymers are currently used as solutions in water 

purification and extract cleaning sorbents. The cost, health, and environmental impacts of 

these make the processes less green and unsustainable. Hence, it is of vital importance to 
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develop and optimize the type and amount of cleaning sorbents by keeping the process as 

green as possible as opposed to fossil fuel driven economy. The use of the protein extracted 

from Moringa Oleifera seeds has a fast separation and enhanced removal efficiency 

advantage over synthetic sorbents (Amuanyena et al.,2019). This study aims to test the 

Moringa Oleifera seeds protein as a QuEChERS clean-up bio sorbent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

8 

 
 

 

 

 

 

CHAPTER 2: LITERATURE REVIEW 

This chapter provides literature review on: 

• The characteristics of organic Endocrine Disrupting Chemicals 

• Target organic Endocrine Disrupting Chemicals. 

• Sources of Endocrine Disrupting Chemicals in foodstuff 

• Toxicity of organic EDCs 

• Limits and regulations of EDCs concentration by WHO/FAO 

• Moringa Oleifera seed protein bio sorbent 

• Different extraction techniques for organic EDCs extraction 

• Analytical instruments for detection of EDCs 

• Heavy metals 

• Freeze-drying technique for sample sublimation 
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2.1 Introduction: Endocrine Disrupting Chemicals (EDCs) 

The United States Environmental Protection Agency (US EPA) lists Endocrine Disrupting 

Chemicals under groups of heterogeneous chemicals with concerning health and 

environmental effects (Harding et al., 2006). This is because they have the potential to cause 

cancer in humans and also cause negative effects in the aquatic environment (Harding et al., 

2006; la Merrill et al., 2020; Lauretta et al., 2019) . The primary source of Endocrine 

Disrupting Chemicals to humans is through the diet (Li et al., 2018; Sharma et al., 2021b), 

hence the popular phrase “you are what you eat” (D’Souza and Bhattacharya, 2019; Petta et 

al., 2020),originally came up by Jean Anthelme Brillat-Savarin, 1926.  

Pesticides are one class of EDCs (Encarnação et al., 2019). Commonly used pesticides 

include 4,4’-DDT and its metabolites, which has already been reported as endocrine 

disruptors (Guarino et al., 2021; Jaacks et al., 2019). The pesticide 4,4’-DDT was once used 

as a random pesticide from the 1940s in the protection of malaria and other insect-borne 

diseases. It was also used in the protection of crops in the agricultural sectors, thus being 

introduced into the environment (Li et al., 2018; Malusá et al., 2020) . Because it is hazardous 

in nature, it was disqualified and later banned as a pesticide, although it remains active in 

some countries today (Davis, 2019; Wolmarans et al., 2021). 4,4’-DDT is accumulated in the 

fat, until it is converted to usable forms of bodily energy (Tawar et al., 2021). Once reaching 

toxic levels, it causes immune-suppression, reproductive and behavioral effects, like delays 

in immune responses in children (Marziali et al., 2017; Pavlikova et al., 2020). One study 

reported that utero exposure of 4,4’-DDT is linked to breast cancer later in life which debates 

the safety of 4,4’-DDT(Cohn et al., 2019). It is thus essential to thoroughly investigate 4,4’-

DDT and its metabolites and its toxicity thereof. 

2.2 The characteristics of organic Endocrine Disrupting Chemicals 

4,4’-DDT is a very persistent organochlorine pesticide and has a half-life of approximately 

15 years in soil (Zhang et al., 2018) . During this period, its metabolites in the soil 

environment are 4,4’-DDD and 4,4’-DDE, which are also persistent and have comparable 

endocrine disruption properties as 4,4’-DDT (Guan et al., 2009). It functions by opening 

sodium ion gates in the neuron of an insect, which is usually fatal (Boussahel et al., 2009). It 
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has since been banned for agricultural use in North America, although it is still commonly 

used to treat malaria in some countries (Ayejuyo et al., 2008). 4, 4’-DDD is a 4, 4’-DDT 

metabolite and is chemically and structurally similar, although it is generally less toxic to 

humans than the parent pesticide (Golfinopoulos et al., 2003). BHC (Lindane) is another 

organic group which has been used both as an insecticide and as a pharmaceutical treatment 

for lice (Ghahvechi Khaligh et al., 2021; Hassan et al., 2020). In humans, it affects the 

nervous system, liver and kidney (Seth et al., 2005). It is currently unclear whether BHC is 

an endocrine disruptor or not although it has been reported to cause neurological effects in 

humans (Meyer et al., 2014). WHO classifies BHC as moderately hazardous (WHO, 2000). 

In 2009, the agricultural use of BHC was also banned amid the Stockholm convention on 

Persistent Organic Pollutants, though it was exempted to be used as a second-line 

pharmaceutical treatment for lice (WHO, 2009). WHO and FAO have reported high levels 

of these metabolites in vegetables and fish consumed by many people in Africa (WHO, 

2000). 

Organophosphorus pesticides are another class of pesticides which are predominantly used 

worldwide in agriculture (Nakata et al., 2002). Farm workers are thus the target population 

susceptible to exposure to organophosphorus pesticides, which results in increased risk of 

development of respiratory symptoms as compared to the normal population. Example of this 

class is chlorpyrifos, which is used in pest control (Ventura et al., 2019; Xiao et al., 2021). 

 

Some aquatic animals, like fish, are an essential constituent in the human diet (Muncke, 

2009). In aquatic environments, some EDCs are very persistent (Bai and Acharya, 2019; 

Carnevali et al., 2018). They tend to bioaccumulate and biomagnify for long periods of time 

because they are lipophilic and make their way easily cross the lipid membrane of fish species 

(Diao et al., 2017; Liu et al., 2015). These further find their ways into the muscles of the fish 

(Casanova et al., 2011). They have longer half-lives in sediments, soils, and biota (Pojana et 

al., 2007). The physical and chemical characteristics of target EDCs are given in table 2.1. 

2.3 Target organic Endocrine Disrupting Chemicals 

2.3.1 Dimethyl Phthalate 
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Dimethyl phthalate (Molecular weight 194.19 g 𝑚𝑜𝑙−1 𝐶𝐴𝑆 𝑛𝑢𝑚𝑏𝑒𝑟 131 − 11 − 3) is an 

organic Endocrine Disrupting Chemical which is a methyl ester of phthalic acid (Kaur et al., 

2021; Şolpan and Mehrnia, 2018). Dimethyl Phthalate is used in many ways, including, but 

not limited to plasticizers, solid rocket propellants and insects repellents (Kaur et al., 2021). 

Its structure is given in figure 2.1. 

 

                                         

                       Figure 2.1 chemical structure of dimethyl phthalate 

            

Its toxicity effect depends on the mode and extent of  exposure. Acute or short-term exposure 

via inhalation causes eye and nose irritation (Rodrigues et al., 2019; Tse et al., 2021). Chronic 

or long-term effect are still being studied and no information is confirmed for human beings. 

For animal species, a study by the United States Environmental Protection Agency reported 

light effects on growth and on the kidney as a result of chronic exposure to the endocrine 

disruptor (Jeong et al., 2020; Weaver et al., 2020). Human beings are exposed to dimethyl 

phthalate by eating contaminated food, including fruits and vegetables sold in open markets, 

as many are rinsed and cleaned with contaminated water (Hou et al., 2021; Wang et al., 2018). 

Other sources of exposure include drinking contaminated water and using hemodialysis tubes 

which are made up of the chemical (Das et al., 2021). Workers in factories that manufacture 

the chemical are also at a risk of contact with the pesticide (Ruiz et al., 2018). 
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Table 2. 1 Physical and chemical properties of target EDCs. 

Compound Number of 

rings 

MW 

(𝑔 𝑚𝑜𝑙−1) 

Water 

Solubility 

(𝑚𝑔 𝐿−1) 

B.P (℃) 𝐿𝑜𝑔 𝑃 Vapor 

pressure 

Dimethyl 

phthalate 

1 194.2 4.3 284 1.11 0.01 mmHg at 

20 ℃ 

Diethyl 

phthalate 

1 222.2 1080 302 2.181 2.1 × 10−3 

mmHg at 20 

℃ 

4-

Nonylphenol 

1 220.35 1.1 293-297 5.761 

 
8.18 × 10−6 

mmHg at 20 

℃ 

4,4’-DDD2 2 320.05 0.05 305 5.18 1.60× 10−7 

torr at 20 ℃ 

4,4’-DDT2 2 354.5 0.025 Decomposes: 

185-187 

5.18 1.35× 10−6 

torr at 25 ℃ 

 

1. Itokawa H et al; Chem Pharm Bull 37: 1619-21 (1989) 
 

2. (Agency for Toxic Substances and Disease Registry, 1995) 

All the chemical and physical properties of the chemicals were referenced from  PubChem database  library, 20
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2.3.2 Diethyl Phthalate 

Diethyl Phthalate (Molecular weight 222.24 g 𝑚𝑜𝑙−1, CAS number 84-66-2) is produced in 

industry via a reaction between phthalic anhydride and ethanol and a  sulphuric acid catalyst 

(𝐻2𝑆𝑂4) (Khadka et al., 2020). Its structure is given in figure 2.2.  

                                               

                             Figure 2. 2  Structure of diethyl phthalate 

                                    

Diethyl phthalate is used as a plasticiser in a wide variety of consumer products such as 

cellulose ester plastic films and cosmetic packaging (WHO, 2003). It is reported as a 

constituent in sixty seven cosmetic formulations, including bath oils and salts, eye shadow, 

toilet waters, perfumes and other fragrance preparations (Khalid and Abdollahi, 2021) . Both 

as a short and long term effect, Diethyl Phthalate is likely to undergo biotic (environmental) 

biodegradation (Prasad, 2021; Zhang et al., 2019). However, it is unlikely to undergo abiotic 

degradation processes such as hydrolysis, oxidation, and photolysis (Min et al., 2021). To 

add,  Diethyl phthalate is not likely to biomagnify through the food-chain (Cheng et al., 

2021). 

Dimethyl phthalate is introduced in the environment as a result of its manufacturing in 

industry and also during its disposal (US EPA). Environmental releases are mainly from 

water and soil as a result of leaching from landfills. Furthermore, dimethyl phthalate may 

enter the atmosphere via combustion reactions of plastics (Rajmohan et al., 2019; Velis and 

Cook, 2021).  

Biodegradation of diethyl phthalate in soil occurs as a series of sequential steps, similar to 

all phthalate groups. It degrades into phthalic acid when it comes in contact with water (Wang 

et al., 2018). Phthalic acid further converts to monoethyl phthalate when more water 
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molecules is added. This is called the hydrolysis of dimethyl phthalate chains ( Lu et al., 

2020; Ozaki et al., 2017; Shariati et al., 2021; Zhang et al., 2018).  

In soil, diethyl phthalate has a half-life if 0.75 days at 20℃ and thus not expected to persist 

in the environment (Billings et al., 2021; Deng et al., 2021). Humans are exposed to diethyl 

phthalate mainly by eating the seafood contaminated with this type of pesticide (Kuzukiran 

et al., 2018; Talley et al., 2020). Also, exposure is by eating fruits and vegetables that were 

washed with contaminated water or contaminated with diethyl phthalate leached from 

packaging materials (Lestido-Cardama et al., 2020; Talley et al., 2020). Also, human 

exposure can come from breathing contaminated air (Demirtaş et al., 2020; Szewczyńska et 

al., 2020). Direct levels of diethyl phthalate in humans can be detected in adipose tissue 

samples (Jeong et al., 2019). 

2.3.3 4-Nonylphenol 

4-Nonylphenol (Molecular weight 220.35 𝑔 𝑚𝑜𝑙−1 CAS number 104-40-5) is an estrogenic 

disruptor (disrupts the normal female reproductive processes and secondary sex 

characteristics) (Sheikh, 2020). It is found  in detergents and is known to contaminate food 

and drinking water (Study and Ferguson, 2021; Sukuroglu et al., 2021). In the environment, 

it is a toxic contaminant and when released into the environment, it is very persistent and 

over time, it can be broken down into its metabolites like alkylphenol, which can also disrupt 

the endocrine system (Lalonde and Garron, 2021; Mahalakshmi et al., 2020; Wilkinson et 

al., 2017). The structure of 4-Nonylphenol is given in figure 2.3. It is widely used to make 

lubricating oil additives, plasticizers, fungicides, and plastics for industrial, agricultural and 

domestic (Anh et al., 2019; Liu et al., 2020). 

                                               

                                            Figure 2.3 Structure of 4-Nonylphenol 
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Workers in factories that manufacture the chemical may inhale 4-Nonylphenol vapors 

(Chmielewski et al., 2021; Darbre, 2018). The general population are exposed to 4-

Nonylphenol primarily by ingesting food contaminated with the chemical, by drinking 

contaminated water or by dermal contact with the chemical (Chung, 2021; Zhou et al., 2020). 

People consmuning open markets food are also exposed to traces of the chemical as some 

originate from the farms where the samples were harvested (Aworh, 2021; Kapeleka et al., 

2020). Most fruits and vegetables are also washed and rinsed with contaminated water 

unknowingly. 

4-Nonylphenol has been detected in human breast milk, urine, and blood samples (Sukuroglu 

et al., 2021). Several studies have reported that 4-Nonylphenol increases the risk of 

autoimmune diseases such as inflammatory bowel disease (Malaisé et al., 2020; Popescu et 

al., 2021). Data on the effect of 4-Nonylphenol on infertility, birth defects and cancer are not 

available. Since 4-Nonylphenol is hydrophobic, it can easily accumulate in humans, where it 

will display a wide range of toxic effects (Paolella et al., 2021; Study and Ferguson, 2021; 

Tato et al., 2018). 4-Nonylphenol tends to bioconcentrate to a notable degree in aquatic 

species (Graca et al., 2021). The bioconcentration factors (BCFs) are measured by the US 

Environmental Protection Agency in some fish at alarming levels. 4-Nonylphenol has been 

detected in twenty-five tissues of fish in descending order of concentration:bile, liver, kidney, 

fat, gill, heart,  and muscle (Mohamed et al., 2019).  

2.3.4 4,4’-Dichlorodiphenyltrichloroethane 

4,4’-Dichlorodiphenyltrichloroethane (4,4’-DDT) (Molecular weight 354.49 g 𝑚𝑜𝑙−1, CAS 

number 50-29-3) is a synthetic organochlorine endocrine disruptor. It was banned in several 

countries in the early 1970’s due to its ecological properties in the environment. However, in 

some countries it is used for the control of insect-transmitted diseases such as yellow fever, 

malaria and others (Burgos-Aceves et al., 2021; Chandra et al., 2021; Maia et al., 2020; 

Olatunji, 2019). It was designed as a Persistent Organic Pesticide (POP) by the governing 

council of the united nation in 1997 (Islam et al., 2018). It is persistent in the environment 

depending on temperature and is resistant to complete degradation by microorganisms and 

by light (Bilal et al.,2019; Gaur et al., 2018). At tropical climates, 4,4’-DDT is less persistent 
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than in temperate conditions (Ding et al., 2021). The structure of 4,4’-DDT is given in figure 

2.4. 

                                               

                                      Figure 2.4 Structure of 4,4’-DDT. 

                                 

4,4’-DDT is readily absorbed onto sedimens and soils, which serve as long term exposure 

mediums (Jin et al., 2019). It has a very strong affinity to be absorbed onto surfaces and so it 

persists on soil particles (Ahmed et al., 2018). It is readily taken up by organisms that drink 

contaminated water and from food. In fish, it is directly absorbed from the water medium 

(Abbassy et al., 2021; Topal and Onac, 2020). Due to its hydrophobicity, it retains in the fatty 

tissue of an organism (Jackson et al., 2017; Onal et al., 2017; Yamashita et al., 2021). 

Organisms in higher trophic levels are more supsciptible to 4,4’-DDT exposure. It can be 

transported around the world in the bodies of animals, in air and in the ocean (Ghani et al., 

2017; Tsygankov, 2019). Humans are thus exposed to 4,4’-DDT through air, water and food 

(El-Nahhal, 2021; Mazlan et al., 2017). In a vast majority of South African population, they 

are exposed to the chemical via ingestion of fruits and vegetables sold in open markets 

(Aworh, 2021).                                                                      

2.4 Sources of Endocrine Disrupting Chemicals in Foodstuff 

Fruits and vegetables can accumulate toxic chemicals from the environment they grew in 

(Nuapia et al., 2016). This occurs via deposition of the contaminants from the soil to the plant 

surface (Shahawi et al., 2010). It is general knowledge to wash fruits and vegetables bought 

from local markets before consumption, to decrease the chances of direct chemical transfer 

into the human body(Wanwimolruk et al., 2015), however washing samples does not remove 

100% of the contaminants as some penetrate within the samples. The sources of these soil 
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particulates are affected by mining activities (Cobb et al., 2000), atmospheric deposition and 

other emission sources in agriculture (Hu et al., 2017; Nuapia et al., 2015). These chemicals 

find their way into the human immune system by inhalation, ingestion and skin contact 

(Oduntan et al., 2014). 

Moreover, environmental pollution is another source of toxic organic chemicals that end up 

in food (Gallo et al., 2018; Seltenrich, 2015). This type of pollution is caused by 

manufacturing facilities which deals with cement, ceramic and brick production, among 

others (Mostafa and Peters, 2017; H. Zeng et al., 2020). The elements of great concern range 

from more hazardous Ag, As, Au, Cd, Cr, Cu, Hg, Pb, Sb and Zn to less hazardous Ga, La, 

Nb, Sr and Zr (Borghesi et al., 2016; Kanduč et al., 2019; Lazareva et al., 2019; Nuapia et 

al., 2018) . Emission sources can also be anthropogenic, caused by human activities (Sobota 

et al., 2015; Streets et al., 2017). They include origin sources such as petroleum refineries, 

gas gasification, agricultural and refuse combustion, automobiles ad vehicles (Ben-Iwo et al., 

2016). 

2.5 Bioaccumulation of organic Endocrine Disrupting Chemicals 

The potential of bioaccumulation of this class of chemicals followed by the level of toxicity 

they possess continues to be an important environmental concern in South Africa and 

throughout the world (Liu et al., 2017). EDCs tend to spread and distribute globally through 

various pathways including the atmosphere, streams, rivers, oceans, and many others 

(Hochella et al., 2019; Kumar and Mukherji, 2017); hence EDCs distributed in some regions 

of the world can travel and end up in areas far from their point source (Liu et al., 2017). The 

potential of the long-range travel of these compounds has caused legislation bodies globally 

to take urgent global actions to eliminate their use and discharge into the environment 

(Environment Canada, 1995; Geyer et al., 2000).  

2.6 Toxicity of target organic Endocrine Disrupting Chemicals 

Toxic elements cause negative effects to humans (Mahurpawar, 2015; Sun et al., 2014). The 

cause ranges from cumulative to non-cumulative effects, which vary based on dose, exposure 

duration, route of pathway and the state of health of consumers (Evans et al., 2015; Moreira 

et al., 2015). Cumulative effects occur after repeated exposure by a toxic substance, while 
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non-cumulative effects may be caused by rapidly absorbable and rapidly eliminated toxic 

substances (Ambwani et al., 2018; Duffus et al., 2007). Contamination by organic 

compounds is a serious problem, as most of them are carcinogenic and mutagenic agents 

(Cheng et al., 2016; Prathyusha et al., 2016). Exposure to small concentrations of EDCs was 

reported to be associated to pathogen resistance, chronic toxicity, and endocrine gland 

malfunction (Braun, 2017; Kabir et al., 2015). The Endocrine Society and the European 

Commission has shown evidence for adverse effects of the EDCs on reproduction, thyroid 

functioning, metabolism, obesity and brain functioning (Diamanti-Kandarakis et al., 2009; 

Kortenkamp et al., 2011). Organic molecules are also an environmental problem and may 

lead to global changes, such as the greenhouse effect or the ozone hole (Manisalidis et al., 

2020; Petrescu et al., 2018; Varela et al.,2020). 

2.7 Regulations and limits of Endocrine Disrupting Chemicals 

The World Health Organization and (WHO) has established maximum tolerable daily intake 

of Endocrine Disrupting Chemicals as non- toxic (Bergman, United Nations Environment 

Programme., World Health Organization. 2013). These values vary, depending on the body 

mass index (BMI) of a person. The toxicity extent of each endocrine disruptor also varies 

from person to person, and is based on the age at exposure, the latency from exposure, non-

traditional dose-response dynamics, and transgenerational effects (Lymperi and Giwercman, 

2018; Schug et al., 2011). Table 2.2 shows the levels of six endocrine disruptors and their 

estimated mean daily intake. 

 

Table 2.2 Maximum average tolerance limits per day for an adult consumer 

Endocrine disrupting chemicals Tolerable mean adult 

intake(𝜇𝑔 𝑘𝑔−1𝑑𝑎𝑦−1) 

References 

1.  Dimethyl Phthalate 13.5 in fruits and 

vegetables 

(Serrano et al. 

2014) 

 

2.  Diethyl Phthalate 13.8  (Koch et al., 

2003) 
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3.  4-Nonylphenol 1500  (Nielsen et al., 

2000) 

4. 4,4’-DDT 3.5-10 in fruits and 

vegetables 

(FAO/WHO,  

1968) 

5. 4,4-DDD 3.5 – 10 in fruits and 

vegetables 

(FAO/WHO,  

1968) 

6. 4,4’-DDE 3.5 – 10 in fruits and 

vegetables 

 (FAO/WHO,  

1968) 

 

 

  

 

2.8 Gamma- Hexachlorocyclohexane as an Internal standard 

 

𝛾 − 𝐻𝑒𝑥𝑎𝑐ℎ𝑙𝑜𝑟𝑜𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑒, 𝐴𝐾𝐴 𝛾 − 𝐿𝑖𝑛𝑑𝑎𝑛𝑒 is used an insecticide on fruits and 

vegetable farms (Glover-Amengor and Tetteh, 2008). It behaves similar 

chromatographically, but not identical to 4,4’-DDD, 4,4’-DDT and 4,4’-DDE (Franken et al., 

1976 ; Garcia Lara et al., 2021), which are being monitored in this study. It can be added to 

all the samples to be extracted in constant amount which can be used for calibration by 

plotting the ratio of the peak area of the analyte signal against the peak area of the internal 

standard signal as a function of the analyte standard calibration curve. This ratio is known as 

the response factor (Boysen et al., 2018; Čapoun & Krykorková, 2021). It is done to validate 

the QuEChERS method. The response factor equation is given as (Chandra et al., 2019; Wang 

et al., 2017): 

 

𝑅𝐹 =
((𝐴𝑋)(𝐶𝐼𝑆))

((𝐴𝐼𝑆)(𝐶𝑋))
  𝑤ℎ𝑒𝑟𝑒: 

𝑅𝐹: 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟  

𝐶𝑋 is the concentration of the target EDC 

𝐴𝑋 is the area of the target EDC 

𝐴𝐼𝑆  is the area of the internal standard 

𝐶𝐼𝑆  is the concentration of the internal standard 
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The areas are deduced from the calibration curve of the analyte standard. 

 

The structure of 𝛾 − 𝐻𝑒𝑥𝑎𝑐ℎ𝑙𝑜𝑟𝑜𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑒 and its chromatogram is given in figure 2.5 

and 2.6. It is essential to note the similarities of the structure in the hydrogen, carbon and 

chlorine empirical chains and substituent between the compound and the organochlorine 

pesticides being targeted in this present study. However, it is also essential that the gas 

chromatography detection is able to distinguish between the internal standard and the target 

compounds, to be able to quantify it individually. The disadvantage with the chosen internal 

standard (𝛾 − 𝐻𝑒𝑥𝑎𝑐ℎ𝑙𝑜𝑟𝑜𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑒) is that it must not be commonly found in the 

samples that are being extracted. This is to ensure that the internal standard is not affected by 

matrix interferences and coelutions, or target analytes interferences.  

                                                          

                   Figure 2.5 Chemical structure of γ-Hexachlorocyclohexane. 

                                

 

                        

                  Figure 2.6 Certified chromatogram of γ-Hexachlorocyclohexane 

As discussed for the other EDCs, workers in factories that manufacture the compound are 

also at risk of dermal contact and by inhalation during its formulation. To add, during its 

disposal, traces of the chemical may travel by wind from contaminated soil. 𝛾 −

𝐻𝑒𝑥𝑎𝑐ℎ𝑙𝑜𝑟𝑜𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑒 has been detected in groundwater and surface water samples that 
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were tested near hazardous waste sites (Rodríguez et al., 2018; Seopela et al., 2021; 

Vasseghian et al., 2021). It has been listed as a pollutant of concern to EPA's Great Waters 

Program due to its persistence in the environment, potential to bioaccumulate, and toxicity 

to humans and the environment (Barnhoorn and Cobus Van Dyk, 2020; Luisa et al., 2020; 

Olisah et al., 2020).  

2.9 Different techniques for the extraction of Endocrine Disrupting Chemicals  

Several techniques have been developed over the years for the extraction of pesticide 

residues, such as EDCs. Environmental analytical chemists are continuously improving these 

techniques by using modern developments like automation and new clean-up sorbents which 

shortens analysis time and make the techniques greener and more sustainable, without 

compromising accuracy and sensitivity (Khezeli and Daneshfar, 2017; Maciel et al., 2019; 

Parrilla Vázquez et al., 2019). 

Traditional sample preparation methods such as Soxhlet extraction requires considerable 

time and effort, they are expensive and uses up large volumes of organic solvents and the 

recovery is often compromised (Boyaci et al., 2015; Goh et al., 2019; Mwaurah et al., 2020; 

Pérez-Rodríguez et al., 2018; Shams et al., 2015; Xu et al., 2016). Therefore, modern sample 

preparation methods have been developed to overcome these drawbacks. Some modern 

extraction techniques include QuEChERS (quick, easy, cheap, effective, rugged, and safe), 

Supercritical Fluid Extraction, Pressurized Hot Water Extraction (PHWE), Soxhlet 

extraction, Ultrasound-Assisted Extraction (UAE) and Pressurized Fluid Extraction (PFE) 

among others. This chapter aspect describes several modern extraction techniques, looking 

at their advantages and drawbacks and their capacity to extract Endocrine Disrupting 

Chemicals.  

 

2.9.1 QuEChERS extraction method 

There has always been an interest to improve sample extraction techniques over the years, 

together with a call to limit the labor intensity and the amount of organic solvent used for 

extraction, to limit toxicity and environmental pollution (Armenta et al., 2019; Spietelun et 

al., 2014). This resulted in the development of many extraction techniques (Anastassiades et 
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al., 2003). For solid samples, microwave extraction and pressurized liquid extraction are the 

most popular techniques followed by analysis using the GC-MS or HPLC-MS (Itoh et al., 

2008). However, these sample preparation techniques are expensive to buy. An extraction 

procedure must be efficient, safe, cheap, and easy to use. Thus, QuEChERS has emerged as 

a cheap alternative method for extracting these organic compounds in solid materials (Luo et 

al., 2018). 

The QuEChERS method was introduced in 2003 (Anastassiades et al., 2003). The method 

reduces the complications of analytical processes by using less solvent meaning less solvent 

waste generation (Luo et al., 2018). Multiple extracts can be prepared in minimum time by a 

single analyst and it produces high recoveries with RSD generally < 5%. It requires minimum 

use of lab ware, less labor and has shown high versatility (Anastassiades et al., 2003; 

Kemmerich et al., 2015; Lehotay, 2011). The limitation however is the concentration of the 

final extract to achieve the necessary sensitivity required in the target samples(Barbieri et al., 

2019). This, however, is also dependent on the analytical instrument used. 

The QuEChERS method has been used in the extraction of several compounds such as 

pesticides and EDCs from solid samples (Kalachova et al., 2011). The procedure involves 

three stages: firstly, the extraction stage which involves the mixing of sample and extraction 

solvent. There after the partition of liquid phase containing analytes by using salts and lastly 

the clean-up stage (Pinto et al., 2010). 

The QuEChERS method can be applied to different matrix types, with different types of 

sorbent requirements for the clean-up process as seen in table 2.3 below.  

 

Table 2.3 QuEChERS method sorbent clean-up requirements for different matric types 

Matrix type Examples Sorbent requirements for 

clean-up 

General matrix • Apples 

• Melon 

• Cucumber 

𝑀𝑔𝑆𝑂4 𝑎𝑛𝑑 𝑃𝑆𝐴/C18 

Fatty Matrix • Fish 𝑀𝑔𝑆𝑂4 𝑎𝑛𝑑 𝑃𝑆𝐴/C18 
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• Milk 

• Cereals 

Pigmented matrix • Lettuce 

• Carrot 

• Wine 

𝑀𝑔𝑆𝑂4 𝑎𝑛𝑑 𝑃𝑆𝐴,C18, 

Activated carbon 

 

Yang et al. (2015) did an analysis on the determination of twenty-six Endocrine Disrupting 

Chemicals in fish and water samples using modified QuEChERS method combined with 

solid extraction and HPLC-MS. Various experimental parameters that could affect the 

extraction efficiencies was investigated. For analysis, the sample was extracted by a modified 

QuEChERS method with 20 mL acetonitrile for fish samples. The clean-up was done using 

solid-phase extraction cartridge and the analytes were quantified using an isotope labelled 

internal standards and recoveries of 69.1% and 120.5% were obtained. The relative standards 

deviation was less than 20% and the detection limits ranged from 0.01 to 9.04 𝑛𝑔 𝑔−1. On 

the other hand, Rudel et al. (2003) did an analysis of phthalates, pesticides, polybrominated 

diphenyls esters and other Endocrine Disrupting Chemicals in air and dust, which greatly 

accounts for the amount that end up in food items that are sold in markets for example. Fifty-

two compounds were detected from air while and sixty-six were detected from dust. The 

most abundant compounds in air included phthalates, 4-nonylphenol and 4-tert-butylphenol 

with typical concentration range of 50-1500 𝑛𝑔 𝑚3. The banned pesticides DDT and its 

metabolites were also detected, and the levels exceeded government health-based guidelines 

for fifteen compounds. 

Applications of QuEChERS have been introduced commercially. Other applications are still 

being developed and require modification (Noril et al.,2011), such as analysis of veterinary 

drugs, mycotoxins, and other contaminants which cannot be neglected (González-Curbelo et 

al., 2015). So far, QuEChERS has been predominantly applied for the analysis of 

contaminants in foods of plant origin (Sadowska-Rociek, 2013). In addition to pesticides in 

various fruits and vegetables, acrylamide in potato chips, peanut butter, and chocolate and 

aflatoxins in noodles have been determined using QuEChERS, including acrylamide and 

veterinarian drugs (De Paola et al., 2017). It has already been applied after proper validation 
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to assess pesticides in non-aqueous samples such as olive oil and in a hydroethanolic matrix 

(e.g., wines). 

  

2.9.2 Supercritical Fluid Extraction (SFE) 

A supercritical fluid is a fluid that is compressed below their critical temperature while kept 

in the fluid state but below the pressure required to compress it into a solid state (Sharif et 

al., 2014; West, 2018). The density of a supercritical fluid is comparable to that of a liquid 

whereas its viscosity compares to that of a gas (Abhari and Khaneghah., 2016). As a result, 

these properties permit the fluid to penetrate faster and deeper into solid samples for efficient 

extraction. The restriction to using carbon dioxide as the supercritical fluid is that it does not 

extract polar compounds well enough and as a result, an organic solvent such as methanol is 

usually incorporated in combination to improve extraction efficiency of polar compounds 

(Cifuentes and Herrero,2017). The extraction conditions are mainly pressure and 

temperature, which are responsible for the selectivity of the compounds of interest in the 

supercritical fluid (Baldino et al., 2020; Gallego et al., 2019; da Silva et al., 2016). 

 

Supercritical Fluid Extraction is a technique for separating an extractant from the matrix 

using supercritical fluids as the extraction solvent, such as carbon dioxide which is commonly 

used due to reasonable cost and safety purposes (Abhari and Khaneghah.,2016). Both the 

pressure and the temperature are kept higher above their critical point. Recently, Supercritical 

Fluid Extraction method has been utilized in food, pharmaceuticals and chemical fields (Lv 

et al.,2000). When using 𝑆𝑆𝐶𝑂2 as the fluid, the 𝑆𝑆𝐶𝑂2 is used as the solvent to extract and 

remove oils and other non-polar impurities to yield a highly pure phospholipid. The 

conditions for this are a pressure of approximately 30 MP and temperature of 40-60 ℃ which 

is not high enough to cause a deterioration of the resulting phospholipid. The extraction time 

using this technique is short and the 𝑆𝑆𝐶𝑂2 escapes into a gas state without any solvent with 

it. This is due to the excellent mass transfer performance of the 𝑆𝑆𝐶𝑂2 (Asiri and Isloor, 

2009). 
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Figure 2.7 Simplified flow diagram of the supercritical fluid extraction with 𝑆𝑆𝐶𝑂2  (Dávila 

et al., 2014) 

 

Figure 2.7 shows an overview of the Supercritical Fluid Extraction. In this process, the carbon 

dioxide is cooled to a temperature below its normal boiling point so that the carbon dioxide 

is a liquid when it enters the pump to avoid pressure changes, leading to cavitation. The 

pressurized carbon dioxide is then heated above its critical temperature and hot water added 

so that the extractor is kept at the operating temperature. The 𝑆𝑆𝐶𝑂2 flows into the extractor, 

which extract its soluble compounds. The solvent and extract leave the extractor, and goes to 

the separator, which is at atmospheric pressure (Alvarez et al., 2019; Rai et al., 2014; 

Sánchez-Camargo et al., 2017; Yao et al.,2018; Yousefi et al., 2019). Here the extract forms 

a precipitate due to depressurization (Abhari and Khaneghah., 2016). 

 

Rissato et al. (2004) reported the Supercritical Fluid Extraction of pesticide multiresidue in 

honey by GC-ECD. The report shows that the recoveries for most of pesticides of honey at 

fortification levels of 0.01–0.10 𝑚𝑔 𝑘𝑔−1 ranged between 75–94%. The limits of detection 

found were less than 0.01 𝑚𝑔 𝑘𝑔−1 for ECD (Rissato et al., 2004).  

2.9.3 Pressurised Hot Water Extraction (PHWE) 
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Pressurized Hot Water Extraction (PHWE) is an extraction technique that has become very 

popular as a green extraction method for different classes of compounds in environmental 

and food related fields (Plaza & Turner, 2015; Vazquez-Roig and Picó, 2015). PHWE is also 

used to extract contaminants in soils and sediments for environmental regulations and safety 

analysis (Sushkova et al., 2014). Parameters that affect the extraction efficiency in PHWE 

are temperature which is the most essential, extraction time and flow rates (Plaza and Turner, 

2015). Addition of additives and modifiers are also reported to enhance the extraction 

efficiencies when this method is employed (Teo et al., 2010). 

Compared to traditional methods of extraction such as Soxhlet extraction and sonication, 

PHWE uses less organic solvent, which can be less-environmentally-friendly. Instead, it 

utilizes pressurized water at high temperatures and controlled pressure for the extraction of 

less-polar compounds (Santos-Buelga and González-Paramás,2009). Water is readily 

available, non-toxic, low cost and environmentally friendly both for usage and disposal 

(Kronholm et al., 2007; Smith et al., 2002). 

Water has some essential physicochemical properties which makes it suitable for pressurized 

hot water extraction of polar or inorganic compounds (Plaza and Turner, 2015; Tekin et al., 

2014). At room temperature and atmospheric pressure, water has a notably high dielectric 

constant (𝜀) due to the hydrogen bonds within the structure. Raising the temperature of water 

above room temperature, its surface tension and permittivity decreases, which in turn 

increases its rate of diffusion (Fuentes-Azcatl and Alejandre, 2014; Mao et al., 2020). With 

enough pressure to maintain the water as a liquid at raised temperatures, the dielectric 

constant of water decreases to 27. This value is between that of ethanol and methanol so 

under these conditions, water behaves like an organic solvent, with the ability to dissolve low 

to medium polar analytes (Cvjetko Bubalo et al., 2015; Shitu et al.,2015; Yang et al., 2018). 

Figure 2.8 depicts the working principle and the extraction mechanism of a laboratory 

Pressurized Hot Water Extraction system.  
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Figure 2.8 A schematic diagram of a laboratory PHWE system (Teo et al., 2010) 

 

As seen in the figure, the extraction takes place in four sequential steps. The extraction takes 

place in an extraction cell that is filled with the sample and a high portion of sand material. 

The first step is called desorption. It involves the release of the solutes from the active surface 

of the sample matrix under the elevated temperature and pressure conditions. The extraction 

fluid then diffuses into the matrix and the solutes may partition themselves from the matrix 

into the extraction fluid to be eluted out of the extraction cell to the collection vial (Kronholm 

et al., 2007; Ong et al., 2006). 

 

For the analysis of pesticides such as some Endocrine Disrupting chemicals, Concha-Graña 

et al. (2010) reported the Pressurized Hot Water Extraction of organochlorine pesticides in 

sediments. They further studied the parameters that affects the efficiency of extraction, such 

as organic modifier, percentage of organic modifier, temperature, and static extraction time. 

Results show that quantitative recoveries ranging from 80–115% and satisfactory precisions 

were obtained. The detection and quantification limits were between 0.11 and 16 𝜇𝑔 𝑘𝑔−1  

and between 0.24 and 22 𝜇𝑔 𝑘𝑔−1, respectively with good linearity between LOQs. 

2.9.4 Soxhlet extraction method 
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Soxhlet extraction is typically used when the sample has a limited solubility in the solvent 

while the impurities remain insoluble in the solvent (Kašpárková et al., 2016; Lim et al., 

2020). The technique allows for an unmonitored and unmanaged operation while recycling 

a small amount of solvent in order to dissolve a large amount of sample (Russo et al., 2015; 

Supakot et al., 2015). The technique has been used for over a century as a new extraction 

technique for solid sample preparations.  

The conventional Soxhlet type was originally implemented to determine fat in milk (Ellefson, 

2017). Using this technique, the sample is placed in a thimble holder that is gradually filled 

with condensed fresh solvent from a distillation flask, as seen in figure 2.9.  

 

                                           

Figure 2.9 A conventional Soxhlet extraction set-up (de Castro and Priego-Capote., 2010). 

 

When the solvent reaches the overflow level, a siphon repeatedly loads the solute from the 

thimble-holder and then offloads it back into the distillation flask thus carrying the extracted 

analytes into the bulk liquid until the extraction is complete (Heleno et al., 2016; Russo et 

al., 2015; Supakot et al., 2015). There are some advantages associated with the conventional 
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Soxhlet extraction. Since the sample is repeatedly bought into contact with fresh solvent, it 

enables the displacement of the transfer equilibrium. The distillation flask is heated and as a 

result, the high temperature enables the system to reach the extraction cavity. To add, no 

filtration is required, and multiple simultaneous extraction can be possible using one low-

cost setup, which increases sample quantity and yield (Pandey and Tripathi, 2014a; Teixeira 

et al., 2018; Zhang et al., 2018b). There are also some disadvantages associated with Soxhlet 

extraction as compared to other techniques for solid sample preparation. The most serious is 

long extraction time and large amount of solvent wasted, which carries expensive disposal 

and negative environmental effects. The rate of extraction is not enhanced due to the 

technique providing no agitation, which would assist greatly to accelerate the extraction 

process. Lastly, no automation is possible as the Soxhlet technique is limited by solvent 

(Pandey and Tripathi, 2014; Subramanian et al., 2016). 

 

For the application of organochlorine pesticides in plants, Barriada-Pereira et al. (2003) 

compared microwave-assisted extraction and Soxhlet extraction for twenty-one 

organochlorine pesticides. The pesticides were eluted with hexane–ethyl acetate (80:20, v / 

v) and determined by GC-ECD. Results show that the recoveries were obtained in the range 

75.5–132.7% for Soxhlet extraction and 81.5–108.4% for MAE. This concludes that both 

methods are suitable for the determination of chlorinated pesticides in vegetation samples. 

2.9.5 Ultrasound-Assisted Extraction method (UAE) 

Ultrasonic extraction is a rapid yet effective technique that has been utilized for extraction of 

phytochemical compounds by various companies including food and pharmaceutical areas 

(Vieira da Silva et al., 2016; Zabot et al., 2021). An ultrasound is sound wave that has 

frequencies above the audible limit of human hearing and requires an elastic medium for its 

propagation (Dal Prá et al., 2017). The extraction is based on the difference between the 

physical and chemical properties of the sample matrix after their interactions with the 

ultrasound waves (Tomšik et al., 2016). Cavitation is the fast formation and possible collapse 

of millions of bubbles in a liquid and it is this cavitation effect that eases the extraction 



  

30 

 
 

process and thus increases the mass transfer between the sample and the solvent by disrupting 

the plant cell walls (Zhang et al., 2017). 

 

To add, parameters that affect the rate of UAE process are frequency, temperature, solvent 

and the power of the ultrasound (Albuquerque et al., 2018). These factors affect the extraction 

yield. For instance, increasing the temperature to a controllable amount will speed up the 

diffusion process of the solvent to the sample and in turn increase its solubility. A further 

increase will likely degrade the sample (Giacometti et al., 2018). An increase in the power 

of the ultrasound increases the cavitation effect (Irakli et al.,2018). 

Organochlorine pesticides, like Endocrine Disrupting Chemicals have been extracted before 

using UAE methods with promising results. Tor et al., (2006) reported the ultrasonic solvent 

extraction of organochlorine pesticides such as 𝛼, 𝛽, 𝛾 𝑎𝑛𝑑 ∆ − 𝐵𝐻𝐶, aldrin, 4,4′ −

𝐷𝐷𝐸, 4,4′ − 𝐷𝐷𝐷 𝑎𝑛𝑑 4,4′ − 𝐷𝐷𝑇 extracted from soil. The determination of the presence 

and quantity of the pesticides was done using GC-ECD and recoveries of the pesticides were 

well over 88% for three different fortification levels between 15 and 200 𝜇𝑔 𝐾𝑔−1 with 

standards deviation less than 6%.  

 

2.9.6 Pressurised fluid extraction (PFE) 

Also known as accelerated solvent extraction or pressurized liquid extraction, this technique 

has been used to extract extracts from solid samples for the past sixty years, with 

modifications throughout the years (Lefebvre et al., 2020; Oliveira et al., 2014). The 

technique uses an organic solvent and operates on high temperature and pressure (Dean, 

2000). Together with extraction time, these are the four factors that affect the efficiency of 

the extraction using pressurized fluid extraction (Björklund et al.,2000). Temperature is an 

essential factor which account for the improved recoveries in several extraction techniques 

such as SFE and MAE. Richter et al., (1996) reported an increased recovery of 

polychlorinated biphenyls and poly-aromatic hydrocarbons in sediments at higher 

temperatures. They further reported that at higher temperatures, the organic solvent has 

increased capacity to dissolve analytes and increase diffusion rates for extraction. Some 
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researchers also reported the elevated temperature to improve mass transfer of the analytes, 

which in turn increases its recovery. To add, the surface tension and viscosity are decreased 

with increased temperature, which leads to improved matric penetration (Richter et al., 1996). 

 

Increased pressures used in pressurized liquid extraction is used to keep the solvent from 

boiling but plays little to no effect in recoveries of the target analytes (Andreu and Picó, 2019; 

Hoff and Pizzolato, 2018). Pressure mainly plays an essential role for sample with small 

particle size, as it increases the fill time of the solvent into the cells. To ensure that the 

maximum analyte is extracted, new solvent is poured into the extraction chamber to produce 

an uneven distribution of solute in the solution by increasing the rate of diffusion (Alara et 

al., 2021) 

Figure 2.10 summarizes the process of pressurized liquid extraction. The sample is placed 

vertically in the extraction cell and the organic solvent filled into the cell through a solvent 

tube. The extraction cell is then heated to a temperature of 150℃ 𝑡𝑜 200℃ with a pressurized 

to a set value for 5 to 10 mins. This is called a pre-extraction step. The temperature and 

pressure set are kept at their specified values by electronical heaters and pumps. This is called 

a static extraction step. The solvent is the collected in a vial and then new solvent poured into 

the cell to remove any analyte left in the cell. Nitrogen gas is then purged onto the cell to 

remove solvent left in the extraction cell (Dierkes et al., 2019; Hirondart et al., 2020; Subedi 

et al., 2015; Xynos et al., 2014). 

 

                            

Figure 2.10  A schematic diagram of a basic PLE setup (Bjorklund and Nilsson, 2000). 
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Prior to loading the sample into the extraction cell, the sample is often dried either by plain 

drying, which takes about 24 to 48 hours, or freeze dried to remove moisture as water in the 

matrix may reduce extraction efficiency and sometimes sodium sulphate is added to the 

sample to compensate high amount of water (Laskin and Lanekoff, 2016). The drying step is 

often followed by sieving or grinding for small and uniform particle sizes. 

2.10 Analysis of EDCs 

2.10.1 HPLC-MS analysis of EDCs 

High-Performance Liquid Chromatography (HPLC), also called liquid chromatography is 

the most applied separation method for complex matrices such as proteins and plant-based 

materials (Huang et al., 2004). Its instrumentation is usually made of a pump, an injector, a 

column, a detector, and a data acquisition system (Johnson et al., 2000) (As seen in Figure 

2.12). In the HPLC, the mobile phase consists of a single solvent or a mixture of solvents in 

which the pH is regularly modified with acids, bases or buffer solutions depending on the 

analyte to be isolated (Motilva et al., 2013). The mobile phase moves through the column 

with the help of the pump.  

The stationary phase is packed in the column and its physical and chemical properties are 

important to predict further separation (Rodríguez-Pérez et al., 2015). Normal phase HPLC 

separates analytes based on polarity and the interactions between the analyte and the 

stationary phase is purely adsorptive (West and Lemasson, 2019). This type uses polar 

stationary phase (amino, cyano or silica) and a non-polar mobile phase (e.g., 

dichloromethane). It is used when an analyte of interest is relatively polar. Reverse phase 

chromatography consists of a non-polar stationary phase (𝐶18, 𝐶8 etc.) and a polar mobile 

phase (methanol – water mixture) (Olsson et al., 2014). It is used when an analyte of interest 

is non-polar. Reverse phase operates on the principle of hydrophobic interactions which 

results from the repulsive forces between a relatively polar solvent, the relatively nonpolar 

analyte, and the non-polar stationary phase (Huang et al., 2006).  

There are many types of detectors that can be used in HPLC. Some of the more common 

detectors include refractive index, ultra-violet, fluorescent, radiochemical, electrochemical, 
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near-infra red, mass spectroscopy, nuclear magnetic resonance, and light scattering (Swartz, 

2010). Mass spectrometry detectors ionize a sample and use a mass analyzer to detect the ion 

current (Seger and Stuppner, 2013). Figure 2.11 shoes a chematic diagram for HLPC-MS.  

Nuclear magnetic resonance detectors irradiate nuclei that are placed between the poles of a 

strong magnet. The radiation is absorbed, the parallel nuclei enter a higher energy state, and 

each atom produces a spectrum specific to its location and chemical composition (Lindon et 

al., 2000). The most utilized detector in HPLC work is UV-VIS (Herzallah, 2009). UV 

absorption detectors respond to those substances that absorb light in the range 180 to 900 nm. 

Three examples of UV detectors are fixed wavelength, which measures at one wavelength, 

usually 254 nm, variable wavelength which measures at one wavelength at a time but can 

detect over a wide range of wavelengths and diode array which measures a spectrum of 

wavelengths simultaneously. The diode array has an advantage in that it is used for further 

identification. The UV spectrum of any compound is unique though compounds of the same 

family tend to have similar spectrum (Bechtel et al., 2005; Gülfen et al., 2020). These can be 

differentiated based on retention time (Seeley, 2007). 

 

                

                   Figure 2.11 Schematic diagram of HPLS-MS working set-up. 
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                                   Figure 2.12 Laboratory HPLC set-up 

Work done by Villar-Navarro et al. (2013) reported the HPLC determination of two 

Endocrine Disrupting Chemicals (n-octylphenol and n-nonylphenol) in environmental 

samples using fluorescence detection. The extraction was carried out through a dihexyl ether 

liquid membrane and optimum pH and extraction time was determined. The method was 

successfully applied for the determination of these EDCs in environmental water samples. 

For fish samples, Jakimska et al. (2013) reported the development of HPLC-MS procedure 

for the determination of nineteen Endocrine Disrupting Chemicals in various classes of fish 

species from four impacted Mediterranean rivers. This was done using the QuEChERS 

approach and the matrix effect on the analytical performance was evaluated. Eleven out of 

nineteen target EDCs were found present at least once in each fish. Among the rest, bisphenol 

A and methyl and benzyl paraben which are potential EDCs were detected in high 

concentrations. The procedure provided satisfactory recoveries in range from 40% to 103% 

with accuracy <20%. HPLC-MS (Figure 2.11) is the best approach when looking at speed, 

efficiency and accuracy. It uses a pump rather than gravity to force a liquid solvent through 

a solid adsorbent material (Ganzera and Sturm, 2018; Timofeeva et al., 2017). 
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2.10.2 Gas Chromatography analysis of EDCs 

This it suited for compounds that can be volatized such as most non-polar compounds and 

medium polar compounds. Polar compounds like most pharmaceuticals are not suited for GC 

analysis unless are derivatized to make them volatile (Schummer et al., 2009). 

In gas chromatography, gaseous analytes are transported through the column by a gaseous 

and inert mobile phase, called carrier gas (Al-Rubaye et al.,2017). The carrier gas is 

hydrogen, helium or nitrogen depending on the sensitivity of detection.  

 

There are various detectors used in gas chromatography such as Flame ionization detector, 

electron capture detector, thermal conductivity detector, mass spectrometry detector. Mass 

spectrometry is the most popular because it is sensitive and identification is accurate (Miller 

et al., 2008). 

The flame ionization detector (FID) is used to measure concentrations of hydrocarbons 

within a sampled gas. The presence of hydrocarbons is detectable by burning the sample gas 

in an air-hydrogen flame (Nwoko et al., 2019; Pan et al., 2017). The presence of 

hydrocarbons in the sample, when burnt with an air-hydrogen mix causes high levels of 

ionization. The ionization occurs because of the carbon atoms present in the sampled gas 

(Bertuzzi et al., 2018; Spanjers et al., 2017). The level of ionisation is proportional to the 

number of carbon atoms within the sample .This relationship is used for the quantification 

by running standard samples. Figure 2.13 shows a set up of a basic laboratory GC instrument 

with manual injection using ECD/FID detection. 

                                        

                                                    Figure 2.13 Laboratory GC-ECD/FID 
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GC-MS had been applied to real samples. Yu et al. (2015) determined the occurrence of 

thirteen EDCs in fish muscles and bile in Californian lake. Seven of the thirteen EDCs were 

detected with total concentrations of up to 39 𝑛𝑔. 𝐿−1 with recoveries ranging from 60% to 

91%. He further found that the level of bisphenol A from fish diet is unlikely to pose a health 

risk as its mean concentration was 7.26 𝑛𝑔. 𝑔−1. Schillirò et al. (2011) investigated the 

endocrine disrupting activity in forty-four fruits and vegetable samples of which ten did not 

contain any EDC residues. The other thirty-fur samples had EDC concentrations ranging 

from 0.03 to 1.91 ppm. The study further suggested that the calculated intake of dietary EDCs 

might represent the concentration comparable to that of the normal estrogen levels found in 

human blood. Another study by Jeannot et al. (2002) focused on the determination of EDCs 

in environmental samples using GC-MS. It is interesting to note that levels of bisphenol A, 

4-nonylohenol and 4-octylphenol among other EDCs were determined with recoveries more 

than 60%, which are also target EDCs in this study. This was done using 𝐶18 sorbents. 

Quantification limits for the target EDCs were at ppb levels when using HPLC-MS and 

further reached ppt levels when using GC-MS. Figure 2.14 shows the main components of a 

GC-MS system. 

                                     

 

 

    

                    Figure 2.14 GC-MS schematic diagram (Emwas et al., 2015) 
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A recent development to GC-MS is a method where a sample mixture is first separated by 

gas chromatography then the sample ions with different masses are accelerated to the same 

(known) kinetic energy and the time taken for each ion to reach a detector at a known distance 

is measured. This is called GCxGC TOF-MS (Walters et al., 2018; X. Zeng et al., 2020). The 

time is dependent on the mass-to-charge ratio of the ion. GC × GC MSTOF (Figure 2.16) 

offers a solution to the co-elution problem and provides high sensitivity and selectivity. In 

principle, the method consists of two GC systems (GC × GC) equipped with columns of 

different polarity connected by an interface with an integrated cryogenic trap (Abdulhussain 

et al., 2021). The cryogenic trap repeatedly condenses compounds eluting from the primary 

column and releases them periodically as short pulses to the secondary column. Parameters 

like duration and frequency of both condensation and injection pulses are variable and allow 

precise tuning of the instrument according to the requirements of the analysis. Since the GC 

× GC produces very narrow peaks (down to 50 ms, depending on the frequency of cryogenic 

modulation) a TOFMS detector with a high acquisition rate (up to 500 spectra per second) is 

required (Christensen et al., 2018; Mahdavi, 2017). The pulsed nature of the TOFMS source 

of ionisation further enhances the system accuracy by avoiding spectral skewing common in 

a continuous ionisation mode. GC × GC with TOFMS detection thus operates with a high 

precision independent of concentration range (Cecchi et al., 2020; Kalinová et al., 2006, 

2006; Lebedev et al., 2018; Stefanuto et al., 2021; L. Wang et al., 2019; X. Zeng et al., 2020b) 

 

                                   

                                                Figure 2.15 Laboratory GCxGC TOF-MS 



  

38 

 
 

              



  

39 

 

 

 

2.11 Heavy trace metals: Inorganic Endocrine Disrupting Chemicals 

2.11.1 Definitions and overview 

Heavy metals like Hg are of interest due to their bioaccumulation tendencies in organisms (Ali 

et al., 2019; Hao et al., 2019). They have toxic effects even in trace amounts and can cause 

harmful effects on human health (Nuapia et al., 2018). Example of this is methyl mercury, 

which is an organo form of mercury (Ralston et al., 2010). Pb is a neuron toxin, acts on the 

brain and can delay intellectual developments in children, by causing an injury to the brain 

cells (Tong et al., 2000). Cd affects the kidneys and can damage some cells, potentially leading 

to cancer (Genchi et al., 2020). It is of necessity to assess the levels of these metals in raw food 

items like fruits, vegetables, beef, and fish in order to eventually protect human health and 

well-being. 

 

Toxicity by heavy metals in food can be lethal to consumers. Majority of the metals are of a 

health concern due to their toxicity properties, but some other metals are essential to the health 

and well-being of humans and animals (Ore and Adeola, 2021). Heavy metals are defined 

generally, as metals that have relatively high densities and or atomic weights. However, the 

criteria used for defining heavy metals vary depending on the context of each author and 

whether or not metalloids are included. Examples of heavy metals include mercury (Hg), 

), cadmium (Cd), arsenic (As), chromium (Cr), lead (Pb) and Copper (Cu). 

Heavy metals are natural components of the Earth's crust. They cannot be degraded or 

destroyed (Vijaya et al., 2020). To a small extent they enter our bodies via food, drinking water 

and air(Mishra et al., 2009). As trace elements, some heavy metals (e.g. copper, zinc) are 

essential to maintain the metabolism of the human body. However, at higher concentrations 

they can lead to poisoning. Heavy metal poisoning could result, for instance, from drinking-

water contamination (e.g., lead pipes), high ambient air concentrations near emission sources, 

or intake via the food chain (Cannas et al., 2020; Huseen and Mohammed, 2019). 

As said, heavy metals are dangerous because they tend to bioaccumulate. Bioaccumulation 

means an increase in the concentration of a chemical in a biological organism over time, 

compared to the chemical's concentration in the environment (Ali and Khan, 2019; Anițaș et 

al., 2020). Compounds accumulate in living things any time they are taken up and stored faster 

than they are broken down (metabolized) or excreted. The accumulation of heavy metals (e.g 

https://www.lenntech.com/Periodic-chart-elements/Cd-en.htm
https://www.lenntech.com/Periodic-chart-elements/As-en.htm
https://www.lenntech.com/Periodic-chart-elements/Cr-en.htm
https://www.lenntech.com/Periodic-chart-elements/Pb-en.htm
https://www.lenntech.com/Periodic-chart-elements/Cu-en.htm
https://www.lenntech.com/Periodic-chart-elements/Zn-en.htm
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(Mercury (Hg), Arsenic (As), Lead (Pb), Aluminium (Al), Copper (Cu), Iron (Fe), Cadmium 

(Cd), manganese (Mn) and Zinc (Fe)) in humans can cause adverse effects , both short and 

long term. This can happen by affecting the metabolic activities, thus causing homeostatic 

changes within the body (Chakraborty, 2021; González-Casanova et al., 2020; Sabir, et al., 

2019; Sargis et al., 2019; Velmurugan et al., 2017; Vieira et al., 2021). They perform this action 

by mimicking the normal binding of different hormones in the body, thus complicating the 

different body signals, while causing an identical cellular response from the host as normal 

binding (Soto et al., 2010). Some are reported to discontinue the production of the bodily 

hormones and thus prevent any cellular response (Newbold et al., 2007; Heindel et al., 2015). 

Chronic exposure to metals increases the production of reactive oxygen species (ROS) such as 

hydrogen peroxide (H2O2),  and hydroxyl radical (OH- ),which eventually leads to oxidative 

stress of the cell, finally cell death (Atli and Canli, 2010; Mittler, 2002). Metals like aluminum 

(Al), cadmium (Cd), copper (Cu), and lead (Pb), are classified as metalloestrogens due to their 

ability to interfere in the action of estrogenic hormones (Safe, 2003). 

 

Heavy metals can make their way into water supply by acid rain which breaks down soils thus 

releasing series of heavy metals into streams and groundwater (Sikdar and Kundu, 2018; Wei 

et al., 2019). Figure 2.16 depicted shows the effect and toxicity mechanisms of heavy metals 

after they make their way into streams, thus affecting algal growth. Heavy metals exert toxic 

effect on algae at both cellular and molecular levels (Priyadarshini et al., 2019). An inverse 

relationship between concentration of metal and microbial growth rate is well reported 

(Priyadarshini et al., 2019; Wei et al., 2019). Ochari (1997) postulated that the toxic effect of 

metal ions on microorganism is exerted by three different mechanisms like (i) blocking the 

functional groups of biomolecules (enzymes and proteins), (ii) displacement of the essential 

metal ions by the toxic metal, and (iii) modification/alteration of the biomolecule conformation 

leading to alteration in its activity                                          
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Figure 2.16 The toxic effect of heavy metals and consequent tolerance mechanism adapted by 

the algal system (Priyadarshini et al., 2019) 

 

To add, the schematic diagram also shows that the algal system adapts strategies to survive in 

presence of metals. Some of the basic means include binding of metal ions to the high affinity 

functional groups, accumulation of metals in cell organelles, metal complication with different 

microbial biomolecules, and active efflux or exclusion of metals (P. Sharma et al. 2021).  

Table 2.4 shows different health efects by heavy metals exposure over the years. 

 

Table 2.4 Heavy metals effects 

Year  Effects 

1932 Minamata Sewage containing mercury is released by 

Chisso's chemicals works into Minamata 

Bay in Japan. The mercury accumulates in 

sea creatures, leading eventually to mercury 

poisoning in the population.  

1952 Minamata Syndrome In 1952, the first incidents of mercury 

poisoning appear in the population of 

Minamata Bay in Japan, caused by 

consumption of fish polluted with mercury, 

bringing over 500 fatalities. Since then, 
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Japan has had the strictest environmental 

laws in the industrialised world.  

1986-11-01 Sandoz Water used to extinguish a major fire carries 

c. 30 fungicide containing mercury into the 

Upper Rhine. Fish are killed over a stretch of 

100 km. The shock drives many FEA 

projects forwards. See also "Pollution of the 

Rhine at Basel / Sandoz". 

1998-04 Spanish nature reserve 

contaminated after 

environmental disaster 

Toxic chemicals in water from a burst dam 

belonging to a mine contaminate the Coto de 

Donana nature reserve in southern Spain. C. 

5 million m_ of mud containing sulphur, 

lead, copper, zinc, and cadmium flow down 

the Rio Guadimar. Experts estimate that 

Europe's largest bird sanctuary, as well as 

Spain's agriculture and fisheries, will suffer 

permanent damage from the pollution. 

 

 

2.11.2 Estimated daily intake (EDI) and target health quotients (THQ)  

Estimated daily intake (EDI) of heavy metals is estimated based on the heavy metal 

concentration, the food consumption rate and body weight of an individual of various age 

groups. This can be done for fish, beef, and cabbage. Comparison is then possible with limits 

set by various legislatures. Table 2.5 below shows the food consumption rates of the samples 

under investigation(Cano-Sancho et al. 2010). 

Table 2.5 Food consumption rates in South Africa 

Sample Consumption rate (𝑔 𝑑𝑎𝑦−1𝑝𝑒𝑟𝑠𝑜𝑛−1) 

Fish 20.90 

Beef 77.90 

Cabbage 95.00 
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The carcinogenic risk (having the potential to cause cancer) and non-carcinogenic risks of the 

heavy metals in selected fruits and vegetables sold in South African open markets in adults and 

children age groups consumers can also be estimated. The non-carcinogenic risk is calculated 

using the Target hazard quotient (THQ) (Fathabad et al., 2018; Huang et al., 2016). The THQ 

is given by equation 1 below: 

 

𝑇𝐻𝑄 =
𝐶𝐷𝐼

𝑅𝑓𝐷
 

Where: 

• CDI (chronic daily intake) is the exposure expressed as amount of heavy metal 

contacted per unit body weight per unit time, averaged over a long period of time 

• RfD is the oral reference dose of the heavy metals (𝑚𝑔 𝑘𝑔−1 𝑑𝑎𝑦−1) when exposed 

orally. 

RfDs for target metals are given in table 2.6 
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Table 2.6 Oral reference dose for selected heavy metals 

Metal RfD – oral reference 

dose (𝑚𝑔 𝑘𝑔−1 𝑑𝑎𝑦−1) 

Author/s 

Al 1.00E00 Risk assessment information system 

(accessed 13/05/21) 

As 3.00E-04 (Department of Environmental 

Affairs (DEA) 2010; De Miguel et 

al. 2007) 

Cd 5.00E-04 (Department of Environmental Affairs 

(DEA) 2010)d 

Cr 3.00E-03 (USEPA 2007) 

Cu 3.7.00E-02 (Department of Environmental Affairs 

(DEA) 2010; Ibrahim, Kana, and 

Abdullahiauta 2018) 

Fe 7.00E-3 USEPA IRIS(2011) 

Hg 3.00E-04 (Department of Environmental Affairs 

(DEA) 2010) 

Mn 0.14 (Kamunda, Mathuthu, and Madhuku 2016) 

Pb 3.60E-03 (Department of Environmental 

Affairs (DEA) 2010; Luo et al. 2012) 

Se   

Zn 3.00E-01 (Department of Environmental Affairs 

(DEA) 2010; Ibrahim et al. 2018) 
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2.12 Metal analysis instrumentation 

2.12.1 The Inductively Coupled Plasma Mass Spectrometer (ICP-MS) 

The Inductively Coupled Plasma Mass Spectrometer (ICP-MS)(Figure 2.17 shows a common 

laboratory ICP-MS setup) has been used for elemental analysis and metal speciation (Snyder 

et al., 2003). ICP-MS parameters such as ion optics voltages, mass scan, time scan, pump 

speed, argon flow need to be optimized for a better resolution and analyte-background intensity 

ratio (Satyanarayanan et al., 2018; Williams and Marcus, 2020) 

                                     

                                    Figure 2.17 Laboratory ICP-MS used in this study                              

Snyder et al. (2003) used ICP-MS to measure metalloid EDCs in water, with Hg and Cr being 

the primary target metals. It showed good sensitivity at low concentration levels and with high 

selectivity. According to Georgescu et al. (2011), heavy metals like Hg act as endocrine 

disruptors, with effects being the induction of alterations in male and female fertility and 

disrupt biosynthesis of steroid hormones. 

2.12.2 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-OES) 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-OES) technique has been 

applied to the analysis of agricultural and food materials including soils, fertilizers, plant 

materials and food (Borges et al. 2020; Khan et al. 2021). This includes determination of major, 

minor and traces metals. A challenge associated with metal analysis by ICP-OES is the 

potential for spectral interferences since many metals have very complex emission spectra 

(Boss and Fredeen, 2004). Figure 2.18 shows the set up on ICP-OES in the laboratory. 
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          Figure 2.18 Spectro Genesis ICP-OES laboratory set-up for the study 

Table 2.7 shows concentrations of seventeen elements in plant leaves (Almus glutinosa), 

collected in 2002. The elements in bold were determined using ICP-OES and the rest with ICP-

MS. The results suggested that only environmental pollution affected the elemental levels in 

the sample, with no history of exposure to pollution beyond the environment they were 

collected in. The study was done by Weltjie and Oehlmann (2002) from the Goethe University. 

 

Table 2.7 Concentrations (𝑚𝑔 𝑘𝑔−1 dry wt) of seventeen elements in selected leaf samples 

(Weltjie and Oehlmann, 2002). 

Element Concentrations 

(𝑚𝑔. 𝑘𝑔−1𝑑𝑟𝑦 𝑤𝑡) 

Relative standard deviation 

(%) 

Cr 7.49 0.59 

Ni 5.69 0.56 

Cu 10.3 0.19 

Zn 85.8 0.89 

As 2.46 2.56 

Cd 0.129 0.42 

Pb 5.04 1.04 

Co 2.56 0.38 

Tl 0.0506 1.77 

Mn 1.466 0.85 

Ba 64.0 1.38 

Fe 1.690 0.83 
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Zn 85.5 1.13 

Al 2.320 2.00 

K 4.070 1.18 

Mg 1.830 1.87 

Ca 18.700 0.35 

Ba 61.4 1.40 

Ti 93/5 3.06 

 

2.13 Moringa Oleifera seed protein bio sorbent 

The use of Moringa Oleifera protein seeds (Figure 2.19) as a natural coagulant is of great 

interest for low-cost pollutant removal (Yamaguchi et al., 2021). Traditionally, aluminum and 

amine salts like the common primary secondary amine (PSA) are the commonly used 

coagulants in pollutant removal, especially water treatment (Boonchum et al., 2011). These 

plants are indigenous to North-western India, and they are largely valued for their tender pods, 

which are often consumed as vegetables (Pandey et al., 2011). The paste derived from the 

Moringa leaves can be used as an external application for wound healing, and the leaves can 

also be pressed to release a juice which has shown some antibacterial activity (Rathi et al., 

2006). Moringa Oleifera comprises of many natural antioxidants, including Vitamin C, 

flavonoids and phenolic compounds (Makita et al., 2016; Pakade et al., 2012). The flavonoid 

and phenolic content is reported to be directly related to the antioxidant activity of these 

proteins, which has led to an increasing cultivation of these plants in their native communities 

(Pakadeet al., 2012). The Moringa Oleifera protein exert their antioxidant activities as they 

readily provide a source of hydrogen from the ortho-substituted hydroxyl group, which 

scavenges a free radical peroxide in the pollutant, and converts it to hydrogen peroxide and 

oxygen (Pakade et al.,2012). Testing this natural coagulant as a clean-up sorbent for the 

QuEChERS method in developing countries like South Africa could effectively elevate the 

economic status and as a long-term application, it can allow further extension of water supply 

to rural areas.  
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                                          Figure 2.19 Moringa Oleifera (M.O) seeds 

                                        

A study done by Latif et. al. (2011) evaluated five commercial enzyme mixtures for protein 

extraction recovery from Moringa seeds using enzyme-assisted aqueous extraction technique. 

Hexane was the chosen solvent for the oil extraction as it will be done in this study. Their 

results show very high recovery of the protein in the aqueous phase which can be employed in 

the application of food items. 

A similar study carried out by Yarahmadi et al. (2009) compared the turbidity removal 

efficiency between Moringa Oleifera seed protein and polyaluminium chloride using a 

synthetic kaolinite. Results shows that the seed protein is more efficient in removing water 

turbidity. Furthermore, it shows that polyaluminium chloride required lower pH to remove the 

water turbidity efficiently.  

(Iliyasu, 2020) studied the characterization and properties of Moringa Oleifera seed powder, 

including the recovery of the extracted protein. Results shows that the extracted protein is major 

component of the seed, with a recovery of 44.5%. The rest of the composition was oil, fats and 

ash. As a result, the protein was proved to be an effective clean up sorbent in water treatment 

as well as recovery of precious metals. 

 

2.14 Freeze-dying as a sample drying technique for the analysis of EDC’s 

 

Freeze-drying refers to a dehydration process using low temperatures, which involves freezing 

the sample, lowering the pressure, and thus removing the ice in the sample by sublimation 
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process (Bhatta et al., 2020; Oyinloye and Yoon, 2020; Silva-Espinoza et al., 2021). Controlled 

freeze-drying process allows the sample to dry without changing the characteristics and 

structure of the dried sample (Nowak and Jakubczyk, 2020). Sublimation refers to a direct 

phase change of a solid (ice) to a vapor without first changing to a liquid state. This involves 

freezing, vacuum and drying. The sample is completely frozen in a suitable container or glass 

vial, flask or tray. The sample is then placed in deep vacuum, well below the triple point of 

water, and finally dried by applying heat energy to the sample causing the ice to sublime 

(Hriberšek et al., 2018; Lenaerts et al., 2019; Zhao et al., 2020). Figure 2.20 depicts the process 

of the freeze-drying process. 

         

                        Figure 2.20 Basic principle of freeze-drying      

                                 

The steps required to freeze-dry a sample (Figure 2.21) is summarized as follows: 

i. Pre-treatment of the sample. Sample is pre-frozen before loading and the maximum cooling 

achieved with the doors closed. Sample temperature is monitored with probes. 

ii. Loading of the sample into a suitable Container (Bulk, Flask, Vials). 

iii. Primary Drying (Sublimation) under vacuum. The collector temperature is lower than  −40 ℃ 

iv. Secondary Drying (Desorption) under vacuum 

v. Backfill & Stoppering (for product in vials) under partial vacuum 

vi. Removal of Dried Product from Freeze Dryer 
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Figure 2. 21 LABCONCO Freeze- drier ( LABCONCO CORP.  811 Kansas City, Missouri) 
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CHAPTER 3: OBJECTIVES OF THE STUDY 

Organic and inorganic Endocrine Disrupting Chemicals are receiving attention now as they are 

among the most detected pesticides in foodstuff. The chapter outlines the specific steps and 

objectives completed to achieve the main research aim of the study.  
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3.1 General objective 

Endocrine Disrupting Chemicals like some organochlorine pesticides are still marketed and 

used today in South Africa in crops protection against insects and pests, despite their ban years 

ago (Plaza et al.,2019). South Africa also a developing country, thus the use of non-edible 

biomass for analytical processes can potentially offer a cheaper advantage over the current 

commercial ones.  

The project aims to develop and optimize QuEChERS extraction technique to quantify the 

presence and concentration of EDCs in selected open market food sold in South Africa using 

RSM chemomemtric aproach. The secondary aim to compare PSA and M.O protein as a clean 

up sorbent for QuEChERS. 

3.2 Specific objectives 

The general objective (section 3.1) was achieved on completion of the specific objectives, 

which was to: 

i. Optimize the various parameters that affect the QuEChERS method for the extraction of 

EDCs from fruits, vegetables, beef and fish. This was done with the use of a Response 

Surface Methodology chemometric.  

ii. Test and compare the performance of various QuEChERS clean-up sorbents like Moringa 

Oleifera seed protein, PSA, Hemp cellulose, C18 and activated carbon.  

iii. Apply the developed QuEChERS method to determine and quantify the organic Endocrine 

Disrupting Chemicals (Dimethyl phthalate, Diethyl phthalate, 4-n-Nonylphenol, 4,4’-

DDD, 4,4’-DDE and 4,4’-DDT) in thirty-eight samples including vegetables (spinach, 

cabbage, carrots, potatoes, onion, tomato, and banana, red, yellow and green pepper, 

Scallion), fish and meat (Bovine beef muscle and chicken liver) sold in open markets, main 

markets and farms in Johannesburg and Pretoria.   

iv. Apply a microwave digestion program to extract inorganic Endocrine Disrupting 

Chemicals (Metals) in the same thirty-eight foodstuffs sold on open markets, main markets 

and farms in Johannesburg and Pretoria (South Africa).  

v. Compare the levels of the target endocrine disrupting chemicals in Johannesburg and 

Pretoria. 
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3.3 Hypothesis and Research Question 

3.3.1 Hypothesis 

i. The fruits and vegetables sold in Johannesburg and Pretoria local markets are contaminated 

with EDCs due to excessive operation on busy roads and unsanitary environments, which make 

it easier for the chemicals and pollutants make their way into the foodstuff sold there. 

ii. The fish sold in the markets are hosts for 4,4’- DDT, 4,4’-DDE and 4,4’-DDD due to 

bioaccumulation and bioconcentration tendencies the EDCs in the aquatic environment. 

iii. Moringa Oleifera seed protein bio sorbent will have a high cleaning potential due to its 

structural functional groups and chemistry.                                             

3.3.2 Research questions 

i. Does Moringa Oleifera bio sorbent really have better selectivity than PSA sorbent? 

ii. Can the selectivity in QuEChERS method be improved by using different cleaning 

sorbents? 

iii. Are South African consumers at risk following ingestion of fruits and vegetables from open 

markets? 

iv. Is chemometric approach faster than manual method development and optimisation? 

3.4 Novelty and impact 

Recent developments like the use of chemometrics and new clean-up sorbents account for the 

novelty of this research. No identical analysis has been successfully reported to attempt to use 

M.O protein as a QuEChERS clean-up bio sorbent. Also, no comprehensive work was 

dedicated to analyzing the presence and quantity of Endocrine Disrupting Chemicals in South 

African open markets. A study published by Nuapia et al. (2016) assessed the presence of 

organochlorine pesticides and metals in raw food items in South African markets. However, 

they used a commercial PSA strictly as the clean-up sorbent. In another study by Ramalhosa et 

al. (2009) looked at QuEChERS-extracted Polycyclic Aromatic Hydrocarbons (PAHs) 

analyzed using gas chromatography in fish but with limited samples.  

Therefore, it is sensible to modify and optimize the existing accepted QuEChERS method to 

minimize its cost and improve its effectiveness with a biobased sorbent. 
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CHAPTER 4: MATERIALS AND METHODS 

This chapter reviews the methodologies involved to complete the research aims. Response 

Surface Methodology (RSM) that was used to understand the effect of the parameters for 

screening and optimization studies are also explained in detail. 

 

The chapter is made up of two parts: 

 

Part 1: Organic Endocrine Disrupting Chemicals extraction and quantification 

Part 2: Inorganic Endocrine Disrupting Chemicals (metals) extraction and quantification 
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4.1 Study area and sampling 

Moringa Oleifera seeds were collected from a Farm in Limpopo, South Africa (Figure 2.19).             

Fresh fruits, vegetables, beef, and fish samples were purchased from two different cities in 

South Africa: Johannesburg and Pretoria. The areas were divided into: (i) Open markets, (ii) 

Main markets, (iii) Farm  along Hennops river and irrigates using water from the river and (iv) 

Control sample bought from a supermarket. Targeted open market sites were markets where 

most people purchase the foodstuff, markets that operate in close proximity to taxi ranks and 

heavy vehicles emissions.  

 

The first city is Johannesburg. It is in the Gauteng province and is the largest city in South 

Africa (Moosa et al., 2017). The population is estimated to be 7, 2% of South African 

population (Nuapia et al., 2016; Nhamo et al., 2021). The air pollution is moderate (48.65 

index) and drinking water pollution is low (29.64 index). However, dirty, and untidy index is 

high (65.22), and water pollution is moderate (56.88 index) (Lourens,2012). The particulates 

from pollution eventually make their way into foodstuff (Oladejo et al., 2020), besides possible 

contamination from growing conditions.  

i. Johannesburg Open markets 

For Johannesburg open markets, Site A (Figure 4.1) is located at the Central Johannesburg 

District (CBD) where generally more Johannesburg people buy the foodstuff. 

              

Figure 4.1 Study Area SITE A 
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 Site B (Figure 4.2) is located at the exit of Park station shopping Centre. Other JHB residents 

prefer to buy the foodstuff there because it is the safest site. It is also the most unsanitary of the 

three sites.  

     

Figure 4.2 Study Area SITE B 

Finally, Site C (Figure 4.3) was chosen because it is near a very busy taxi rank with heavy 

vehicle exhaust emissions.  

                     

             Figure 4.3 Study Area SITE C 

The sites were surveyed, and a random sampling method was chosen for each site. At the sites, 

the state of the environment was not sanitary (Site A, B), and the roads were very busy, with 

heavy vehicles exhaust emissions (Site C). 

ii. Johannesburg main market – City Deep 
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Some samples were bought from City Deep main market (Figure 4.4) in Johannesburg for fresh 

produce and transported to the lab.   

                                 

                          Figure 4.4 City Deep main market           

iii. Farm  - Hennops 

Furthermore, some samples (Figure 4.5) were collected along Hennops river where they use 

the river water directly that is sewage contaminated.  

    

Figure 4.5 Hennops river farm 

(iv) Supermarket foodstuff : Control sample 

Apple samples from Pick n Pay retailer (Figure 4.6) was bought  with minimal pesticides as 

reported by Pick n Pay’s code of ethics consumer safety documentation (Pick-n-Pay-Slr-

Interactive-2019, 2019).     
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                                Figure 4.6 Pick n pay supermarket samples 

         

The second city is Pretoria. It is the administrative capital of South Africa, and the population 

is estimated to be 5.6% of South African population (Cole and Broadhurst, 2021). It is one of 

the busiest cities in South Africa. Pretoria markets sell vegetables, fish, meat, and other 

foodstuffs from many areas around the city, many which are close to heavy gas emissions from 

cars on busy roads. The status of Endocrine Disrupting Chemicals (organic and inorganic) is 

currently unknown. The city sampling sites were divided into open markets and Tshwane main 

market.  

The Pretoria open markets are similar to those of Johannesburg due to the unsanitary conditions 

and situated in environment close to heavy vehile emissions, some which end up in the 

foodstuff.  

The vegetables from Tshwane main market are obtained from producers around South Africa 

and the market is also supported by buyers from South African cities, mainly Pretoria (Ferreira, 

2014). 

4.2 Sample collection and preparation 

Moringa Oleifera seeds were collected and transported to the lab in a sack. At the lab, the seeds 

were manually deshelled and cleaned with distilled water to remove ground dirt. The seeds 

were then left to dry in the oven overnight at 40℃. After drying, the seeds were ground using 

a domestic blender and further powdered using a mortar and pestle and sieved using a 0.20 mm 

sieve to obtain uniform particle size. The powder was then stored in the refrigerator (4 ℃ ). 

 

As stated, the foodstuffs were collected from JHB and PTA (Open markets, main markets, and 

farm) from November 2020 to August 2021.The samples were divided into fruits and 
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vegetables (Banana, spinach, cabbage, carrots, potatoes, onion, scallion, rape, tomato, green 

pepper, yellow pepper, red pepper), fish  and meat samples (Beef muscle and chicken liver). A 

total of thirty-eight samples were collected. At the open markets, the samples were purchased 

from different vendors laid on the floor without any hygiene precautions, and most were sold 

very close to taxi ranks with exhaust emissions. The sources at the open markets were not 

clarified. Some rape and spinach were collected from a farm along Hennops river where they 

use river water for irrigation directly that is sewage contaminated. The samples from the open 

markets and main markets were collected in their original plastic packaging and the farm 

samples were also placed in a plastic bag. The different samples were treated as follows: 

The samples were transported to the lab where they were unwrapped, rinsed with distilled water 

to clean any ground dirt and dust. Thereafter, only the edible vegetable and fruit parts were 

either shredded or cut into cubes and contained in a petri-dish. 

The fish samples were bought from Johannesburg CBD. They were bought dead but not treated 

so were treated by washing with distilled water and manually filleted for muscles and stored in 

petri dishes and covered with foils. The mean length of the fish was 25 cm. The beef muscle 

was bought frozen and packaged in clear plastics. They were treated the same way as fish. 

 

All the samples were stored at −20 ℃ . Thereafter, they were freeze dried at −37 ℃ for five 

to seven days. The freeze-dried samples were reduced using mortar and pestle to obtain uniform 

particle size and stored in PTFE tubes, lined with aluminum foil to prevent any growth of 

microorganisms. These were then stored at −20 ℃ until analysis. The target organic chemicals 

are dimethyl phthalate, diethyl phthalate 4-n-Nonylphenol, 4,4’-DDD, 4,4’-DDE and 4,4’-

DDT. 

The samples from the open markets were chosen because they are staple in the chosen cities. 

Most are bought because they are cost friendly, ready-to-serve and easily accessible on display. 

The main markets foodstuff was purchased to assess the extent to which the handing of 

foodstuff in open markets affects the levels of the EDCs.  

4.3 Reagents  

Petroleum ether and Hexane fraction (99.5%) was purchased from Associated Chemical 

Enterprise (Johannesburg, South Africa). The Ammonium sulphate, (NH4)2SO4 used for 

precipitation was obtained from Analytic PLC (Johannesburg, South Africa). Dialysis 
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membrane tubing was from Sigma Aldrich (Johannesburg, South Africa). These reagents were 

used for Moringa Oleifera seed protein extraction. 

 

Six organic EDCs standards used, namely Diethyl phthalate, Dimethyl phthalate , 4-n-

Nonylphenol, 4, 4’-DDT; 4, 4,’-DDD, 4,4’-DDE were purchased from Sigma-Aldrich 

(Johannesburg, South Africa). All the standard EDCs were over 95% pure. Stock and standard 

solutions were prepared using HPLC-grade methanol from Merck Johannesburg, South Africa. 

Acetonitrile and Acetone were also obtained from Merck (Johannesburg, South Africa). 

Anhydrous magnesium sulphate was obtained from the analytical lab, purchased from Merck 

(Johannesburg, South Africa). For clean-up, primary secondary amine (PSA) bonded with 

silica will be purchased from Sigma-Aldrich (Johannesburg, South Africa). Nitrogen gas 

(99.999%) was used for blowing and evaporation of the solvent to the required volume. Further, 

Certified Reference Materials (Dimethyl phthalate, Diethyl phthalate, 4-Nonylphenol, 4,4’-

DDT, 4,4’-DDD and 4,4’-DDE) were bought from Dr. Ehrenstorfer GmbH of LGC chemicals 

(Augsburg, Germany). An internal standard (𝛾 − ℎ𝑒𝑥𝑎𝑐ℎ𝑙𝑜𝑟𝑜𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑒, 𝛾 − 𝐵𝐻𝐶, 𝑜𝑟 𝛾 −

𝑙𝑖𝑛𝑑𝑎𝑛𝑒, 100 𝜇𝑔 𝐿−1) was purchased from Sigma-Aldrich (Johannesburg, South Africa). All 

the other used reagents were of analytical grade. 

 

For metal analysis, all used chemicals and reagents were of analytical grade or higher for the 

analysis of inorganic EDCs at 𝑚𝑔 𝑘𝑔−1 levels. 55% w/v Nitril acid, 𝐻𝑁𝑂3 and 30% w/v 

hydrogen peroxide, 𝐻2𝑂2, 𝑠𝑢𝑝𝑟𝑎 𝑝𝑢𝑟𝑒 𝑔𝑟𝑎𝑑𝑒 were purchased from Merck (Johannesburg, 

South Africa). 5% 𝐻𝑁𝑂3 used for instrument cleaning was prepared from 55 % 𝐻𝑁𝑂3 using 

distilled water.  

4.4 Instruments  

The centrifuge used was a S-8 centrifuge from Boeco (Hamburg, Germany). FTIR spectra of 

the freeze dried Moringa Oleifera (M.O) protein were obtained using a Bruker Tensor 27 

equipped with ATR diamond tip. The spectra were obtained in a transmittance mode in the 

spectra region of 4000 − 500 𝑐𝑚−1.  

 

The optimization of QuEChERS was carried out using a GC 7890A (Agilent Technologies, 

DE, USA) equipped with and Electron Capture Detector (ECD) with a WCOT fused silica 

capillary column (30 x 0.25 mm ID, 0.25 m film thickness) as seen depicted in figure 4.7. The 

software used for analysis was Chemstation version B.04.03. GC-ECD procedure was as 

follows: The gas chromatography method was programmed to best separate the Endocrine 
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Disrupting Chemicals of interest as follows: Oven 60℃ ( 5 𝑚𝑖𝑛), increased to 150 ℃ at a rate 

of 10 ℃ 𝑚𝑖𝑛−1(1 min), further increased to 200 ℃ at a rate of 30 ℃ 𝑚𝑖𝑛−1 (1 min) then lastly 

to 300 ℃ 𝑎𝑡 15 ℃ 𝑚𝑖𝑛−1 for 10 min. Nitrogen gas was used as carrier gas for GC-ECD with 

a flow rate of 1 𝑚𝑙 𝑚𝑖𝑛−1.  A capillary column coated with ZB-5 (30 m x 0.25 mm, 0.25 mm 

film thickness) was used. The temperature of the injector operating in split less mode was held 

a 300 ℃ and electron-capture detector temperature was 250 ℃. Volume injected was 10 𝜇𝐿. 

 

                                          

                                        Figure 4.7 GC-ECD instrument 

                              

A LECO GC-MS with a capacity for a GC x GC equipped with an TOF/MS detector (Figure 

4.8) was used for application, quantification, and confirmation studies with the split less mode 

conditions employed. The software used is Pegasus ChromaTOF . The GC x GCMSTOF 

procedure was as follows: The mass spectrometer was programmed with a transfer line 

temperature of 320 ℃ ; ion source temperature 250 ℃ and multiplier voltage 1450 V. A 

programmed temperature vaporization injector operating in splitless mode was employed. The 

volume injected was 10 𝜇𝐿, split flow 50 𝑚𝑙 𝑚𝑖𝑛−1 and injection time: 0.50 min, injection 

flow: 100 𝑚𝑙 𝑚𝑖𝑛−1. Helium was used as carrier gas flow rate of 1 𝑚𝑙 𝑚𝑖𝑛−1. Ion trap mass 

detection was operated in full scan mode from 50 to 500 amu. The temperature was 

programmed as follows: 50 ℃ increased to 150 ℃ at 10 ℃ ramp rate for 1 min followed by an 

increase to 300 ℃ at a rate of 5 ℃ for 1 min. The column used was BP5MS (30m x 0.25 mm, 

0.25 mm film thickness). Figure 4.8 shows a LECO GC-MS with a capacity for a GC x GC 

equipped with an TOF/MS detector used for confirmation and application studies. 
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                              Figure 4.8 GC x GC MSTOF instrument 

                                                   

4.5 Organic endocrine disrupting chemicals analysis 

4.5.1 Moringa Oleifera Protein Extraction 

The bio sorbent used was extracted with distilled water and purified. The intermediate protein 

material and purified protein products of the extraction of Moringa Oleifera seed protein from 

the seed material is depicted in figure 4.9.  

 

Figure 4.9 Starting material and products of Moringa Oleifera protein extraction                            

 

The extraction of the protein from the prepared seeds was done following the method described 

by Kebede et al. (2018), with modifications were necessary. The Moringa Oleifera (MO) 

powder was mixed with 37% 𝑤/𝑣 petroleum ether to extract the water insoluble oil and fats. 

The solid protein material was separated from the oil material by filtration using a Whatman 

filter paper no. 1. The solid protein material was then left to dry in the lab at room temperature 

overnight. After drying, the solid was dissolved in distilled water and stirred using a stirrer bar 

for 30 minutes to extract the water-soluble protein. The mixture was subject to 15 mins 
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centrifuge at 4000 rpm and filtered using a Whatman paper No.3 to remove the water-insoluble 

material. 200 mL of filtrate was treated with ammonium sulphate while stirring to precipitate 

the protein, with a continuous addition of the salt until saturation. After saturation, the 

precipitated protein solution was centrifuged for 10 mins at 4000 rpm to concentrate the 

protein. The precipitated concentrated protein was re-dissolved in distilled water and filtered 

using a Whatman No. 3 paper to remove the insoluble junk material. The water-soluble protein 

was subject to dialysis through a cellulose dialysis tube for reverse osmosis activity for 

purification. The dialysis tubes were placed in a 1 L beaker filled with distilled water and stored 

at room temperature during the day, with the distilled water changed twice daily. The dialysis 

was used for the removal of some unwanted small molecular weight solutes and 

“contaminants” from the protein solution which cleans the protein material, thus accounting 

for its purity and in turn concentrating the protein. This works by separating the protein and 

solutes in the protein solution by the difference in their rates of diffusion. Overnight, the beaker 

was stored at 4℃ to remove the ammonnium sulphate. After dialysis, the pure protein was 

freeze dried and a white powder was obtained, which is stored at room temperature until 

analysis using FTIR. 

 

4.5.2 Preparation of the stock solution 

A 1000 𝑚𝑔 𝐿−1   stock solution of all EDCs used (Dimethyl phthalate, Diethyl phthalate, 4-

Nonylphenol, 4,4’-DDD, 4,4’-DDE and 4,4’-DDT) was prepared in a 25 𝑚𝐿 volumetric flask 

by weighing 25 mg of each standard chemical into the flask and filling it to the mark with 

methanol. A 10 𝑚𝑔 𝐿−1 standard solution of the seven compounds was prepared from the 

1000 𝑚𝑔 𝐿−1   stock solution by withdrawing 100 𝜇𝐿 of the prepared stock solution into a 

10 𝑚𝐿 volumetric flask and diluting to the mark with methanol. It is from this 10 𝑚𝑔 𝐿−1 

standard solution that a 1 𝑚𝑔 𝐿−1  standard solution was made using dilutions equation. The 

prepared mixed solutions were then stored at 4℃ until analysis.  

4.5.3 Preparation of GC-ECD calibration curve 

A 10 𝑚𝑔 𝐿−1 standards solution was prepared from the 1000 𝑚𝑔 𝐿−1 stock solution prepared 

earlier. A standard solution of EDCs of different concentration ranging from 0.2 𝑚𝑔 𝐿−1 to 1.0 

𝑚𝑔 𝐿−1 was prepared and used for determination of calibration curve. Five concentrations of 

standards were prepared in a 10 ml volumetric flask using dilution calculations. The calibration 

https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Solution_(chemistry)
https://en.wikipedia.org/wiki/Diffusion
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curves were linearly fitted, and the data is shown is Table 4.1. The limit of detection is for 

manual injections.  

 

    Table 4.1 GC-ECD calibration curve data and retention times 

 
 

 

4.5.4 Preparation of GC x GC MSTOF calibration curve 

Furthermore, a calibration curve was also done for GCxGC MSTOF. The results are displayed 

in the Table 4.2. The preparation of standards is the same as seen for GC-ECD.  
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Table 4.2 GCxGC MSTOF calibration curve data and retention times. 

 

4.5.5 Preparation of the internal standard 

The 𝛾 − 𝑙𝑖𝑛𝑑𝑎𝑛𝑒 (𝐶14𝐻9𝐶𝑙15) was chosen as an internal standard because it is structurally 

similar to 4,4’-DDT and its metabolites, which are target chemicals being monitored in this 

study and its retention time does not interfere with that of the target endocrine disrupting 

chemicals. A 1 𝑚𝑔 𝐿−1   internal standard was prepared from a 10 𝑚𝑔 𝐿−1   stock of 𝛾 −

𝑙𝑖𝑛𝑑𝑎𝑛𝑒. This was done using dilution calculations, where 𝐶1 is 10 𝑚𝑔 𝐿−1   and 𝐶2 is 1 

𝑚𝑔 𝐿−1   . The preparation was done in 10 mL volumetric flask. Thereafter, equal amounts 

(10 𝜇𝐿) of the internal standard and EDC standards were combined and analysed concurrent 

for any interferences.  

 

4.6 Optimisation of QuEChERS method  

4.6.1 Response Surface Methodology (RSM)  

Response Surface Methodology (RSM) is a collection of mathematical and statistical 

techniques in the development of a series of experiments for the adequate prediction of a 

response (denoted by y) from several associated control variables (denoted by 𝑥1, 𝑥2, … . . , 𝑥𝑘) 

(Edwards, 2002; Yolmeh and Jafari, 2017). Such a relationship can be denoted by the low 

degree polynomial equation: 

    𝑦 =  𝑓′ (𝑥)𝛽 + ∈       where: 

• 𝑓′(𝑥) denotes the mean response which is the expected value of y. 
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• 𝑥 = 𝑥1, 𝑥2, … . . , 𝑥𝑘  

• 𝑓(𝑥) is a vector function of p elements consisting of powers and cross-product powers 

of 𝑥1, 𝑥2, … . . , 𝑥𝑘 

• 𝛽 is vector of p unknown constant coefficients (parameters) 

• ∈ is an experimental error with a zero mean (Ba and Boyaci, 2007; Trinh and Kang, 

2010). 

 

A design of experiment was performed for the optimisation methodology, made up of screening 

and optimisation experiments.  

 

4.6.2 Design of experiments: Screening and Optimisation 

To get the best recovery in the application of real food samples, the sample mass, speed and 

time of centrifuge, amount of sodium chloride (NaCl) and magnessiun sulphate (MgSO4), 

solvent type and solvent extraction volume which affects the extraction efficiency of 

QuEChERS method was screened using L8 (3 levels with 7 factors, 6 responses and 21 runs) 

linear model. The selected parameters were optimized by a Central Composite Orthogonal 

(CCO) design which composed of a full or fractional factorial design (Quadratic model, 17 

runs). The statistical tool used for the design of experiment is MODDE Pro 13.0.1 (Sartorius 

Stedim Biotech, Malmö, Sweden). 

Three Centre points replicates were employed for the design and for each experimental run. 

The screened factors are displayed in Table 4.3. 

 

Table 4.3 Parameters screened using L8 linear model 

QuEChERS parameter Minimum Maximum Factor Type 

Sample mass 0.5 grams 3 grams Quantitative  

Centrifuge time 5 mins 20 mins Quantitative 

Centrifuge speed 3400 rpm 4000 rpm Quantitative 

Amount of NaCl 1 g 3 g Quantitative 

Amount of MgS𝑂4 1 g 3 g Quantitative 

Solvent volume                         5 mL 10 mL Quantitative 
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4.6.3 QuEChERS extraction method 

As explained, a Response Surface Methodology was used for the screening and optimization 

of the QuEChERS method. The QuEChERS method was done using the procedure by  

(Ramalhosa et al., 2009) ,with modifications where necessary. The method was first performed 

following different screening conditions as displayed in Table 4.4 (a full factorial design was 

used as screening tools). Each run was done following the combination shown in Table 4.5. 

Varying amounts of sample (Table 4.5) was weighed in a 50 mL centrifuge tube and spiked 

with 500 𝜇L of 200 𝜇𝑔 𝐿−1 standard mixture to give varying concentrations in 𝜇𝑔 𝑘𝑔−1 . The 

spiked samples were allowed to stand for 30 min to allow the standards to integrate into the 

samples. Varying volumes of solvent was added according to Table 4.4, and the sample was 

vortex-shaken for 1 min. This was followed by an addition of sodium chloride and anhydrous 

magnesium sulphate and the mixture was vortex-shaken vigorously for 1 min and then 

centrifuged for varying minutes under different speeds (Table 4.5). After centrifuge, the 

supernatant was transferred into a second centrifuge tube for the clean-up process with 

anhydrous magnesium sulphate and PSA. PSA was used for screening and will be replaced 

with the Moringa Oleifera seed protein bio sorbent at optimal conditions. The solution was 

further vortexed for 30 seconds, and then centrifuged for 5 min under the same conditions and 

filtered using first a 0.45 𝜇m PTFE syringe filters followed by 0.22 𝜇m PTFE syringe filters 

and injected in the GC-ECD for analysis. 

Solvent type        Methanol, Acetone and 

Acetonitrile 

 Qualitative 
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Table 4.4 Experimental responses of independent factors for screening 

Run 

Order 

Sample 

mass 

Centrifuge 

speed 

Centrifuge 

time 

NaCl 

mass 

MgSO4 

mass 

Solvent 

volume 

Solvent 

type 

DMP DEP 4-

Nonylphenol 

4,4'-

DDT 

4,4'-

DDE 

4,4'-

DDD 

5 0,5 3400 5 1 1 5 methanol 44,99 123,3 68,86 23,24 123,5 132,0 

8 0,5 3700 12,5 2 2 5 acetone 76,85 132,5 88,65 37,04 96,65 96,37 

18 0,5 4000 20 3 3 5 acetonitrile 44,24 72,63 88,62 76,85 87,64 130,7 

2 1,75 3400 5 2 2 5 acetonitrile 28,88 68,85 66,96 55,67 147,9 66,61 

12 1,75 3700 12,5 3 3 5 methanol 32,65 42,25 84,56 42,55 76,68 101,9 

15 1,75 4000 20 1 1 5 acetone 67,65 142,6 136,69 71,04 119,7 145,6 

10 3 3400 12,5 1 3 5 acetone 98,89 108,1 123,25 13,66 176,64 65,55 

21 3 3700 20 2 1 5 acetonitrile 11,92 64,56 105,98 65,95 67,32 127,62 

16 3 4000 5 3 2 5 methanol 12,6 58,46 75,55 59,67 46,95 101,05 

9 0,5 3400 20 3 2 10 acetone 45,68 56,69 45,98 88,37 48,15 77,79 

20 0,5 3700 5 1 3 10 acetonitrile 47,06 64,56 32,97 74,91 119,9 68,55 

1 0,5 4000 12,5 2 1 10 methanol 16,95 45,56 45,5 75,68 38,69 140,23 

3 1,75 3400 12,5 3 1 10 acetonitrile 14,65 26,65 38,66 89,51 52,23 90,58 

19 1,75 3700 20 1 2 10 methanol 22,89 43,56 105,45 79,98 71,23 73,09 

14 1,75 4000 5 2 3 10 acetone 105,26 65,59 89,65 65,87 54,44 61,22 

4 3 3400 20 2 3 10 methanol 26,68 20,56 102,23 65,66 69,99 46,96 

7 3 3700 5 3 1 10 acetone 56,66 65,64 58,69 88,96 36,96 55,56 

11 3 4000 12,5 1 2 10 acetonitrile 42,63 32,22 71,25 108,66 56,68 75,66 

6 1,75 3700 12,5 2 2 7,5 methanol 23,36 49,68 66,69 59,69 39,64 46,96 

17 1,75 3700 12,5 2 2 7,5 methanol 21,99 33,65 65,58 55,26 29,38 86,66 

13 1,75 3700 12,5 2 2 7,5 methanol 33,1 39,65 87,88 67,85 36,66 88,89 
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Once all the parameters were screened and the important ones determined, the optimization 

process was done with reduced runs using most important QuEChERS parameters. The data is 

displayed in Table 4.5. The optimization tool employed has an advantage to determine the 

interaction between the independent quantitative variables, namely sample mass, speed, and 

time of centrifuge. It then models the system mathematically. This saved time and cost by 

reducing the number of trials and experiments that could have been performed when using the 

traditional way of optimization. The traditional way entails dealing with one parameter at a 

time while keeping the rest of the parameters constant. At optimal PSA amounts, the PSA was 

then replaced with the same amount of Moringa Oleifera protein. The QuEChERS 

methodology schematic diagram is displayed in Figure 4.10. 

               

 

Figure 4.10 Schematic QuEChERS experimental procedure. 
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Table 4.5 Experimental design for the optimization model 

 

 

Exp No Run Order Sample mass centrifuge time centrifuge speed Dimethyl phthalate Diethyl phthalate 4-Nonylphenol 4,4'-DDT 4,4'-DDD 4.4'-DDE 

1 4 0,5 5 3400 42,11 82,36 60,41 20,41 71,38 69,66 

2 6 3 5 3400 49,81 54,11 41,91 80,41 57,85 74,21 

3 12 0,5 20 3400 16,96 21,22 98,41 66,21 64,24 41,22 

4 8 3 20 3400 24,58 71,11 45,27 88,22 72,64 77,71 

5 3 0,5 5 4000 58,11 55,21 72,29 61,66 48,65 96,34 

6 11 3 5 4000 28,96 77,41 85,69 72,77 85,21 71,02 

7 15 0,5 20 4000 41,21 33,24 114,22 69,94 74,21 49,21 

8 17 3 20 4000 35,91 86,96 76,96 36,66 100,05 48,76 

9 16 0,1 13 3700 55,54 81,21 79,68 12,1 66,21 71,28 

10 9 3,4 13 3700 58,64 101,23 71,26 39,65 88,57 56,65 

11 2 1,75 2 3700 35,65 30,21 71,21 48,65 61,24 88,85 

12 14 1,75 23 3700 12,71 31,24 80,21 67,41 61,21 63,33 

13 1 1,75 12,5 3300 19,89 22,21 31,28 86,21 42,88 58,87 

14 10 1,75 12,5 4100 32,88 54,21 88,27 52,47 64,52 71,26 

15 5 1,75 12,5 3700 34,56 38,27 71,41 51,48 37,58 72,24 

16 13 1,75 12,5 3700 33,24 41,27 63,41 55,21 39,21 69,71 

17 7 1,75 12,5 3700 35,59 50,44 65,22 50,28 42,81 72,36 
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4.7 Application to real samples 

4.7.1 Optimal QuEChERS extraction method 

Fresh fruits, vegetables, meat and fish samples (𝑛 =  38) were bought from open markets, 

Main markets and a farm along Hennops river in Johannesburg and Pretoria and prepared as 

described in section 4.2. 3 g of each sample was weighed in a 50 ml centrifuge tube. 10 ml of 

methanol was added, and the sample was vortex-shaken for 1 min. This was followed by an 

addition of 2 g sodium chloride and 2 g of anhydrous magnesium sulphate and the mixture was 

vortex-shaken vigorously for 1 min. Rapid vortex at this stage prevents the formation of 

magnesium sulphate aggregates at a later stage. The solution was centrifuged for 6 mins under 

4000 rpm. After centrifuge, the supernatant was transferred into a second centrifuge tube for 

the clean-up process with 75 mg anhydrous magnesium sulphate and 150 mg of Moringa 

Oleifera protein bio sorbent and some with PSA sorbent. The solution was further vortexed for 

30 seconds. The solution was then centrifuged for 3 min under 3000 rpm and filtered using a 

0.45 𝜇m and 0.22 𝜇m PTFE syringe filter and injected in the 𝐺𝐶 × 𝐺𝐶𝑀𝑆𝑇𝑂𝐹 for analysis. To 

concentrate the sample, nitrogen blowing was used to reduce the solvent to required volume. 

For each sample, there were three rounds of extractions and for each extraction there were also 

three rounds of analysis. The reported values are 𝑚𝑒𝑎𝑛 ±  𝑅𝑆𝐷.  

4.7.2 Quality assurance and Certified Reference material (CRM) preparation 

Appropriate quality assurance procedures were carried out to ensure reliability and 

reproducibility of the results such as spiking and replicate extraction of samples. To add, a 

correct cleaning protocol was followed to minimize contamination by using blanks and 

washing of experiments apparatus using 10% (v/v) HNO3 for a minimum of three days and 

rinsed with distilled water with an electrical resistivity of 18.2 MΩ cm (Millipore, USA). Some 

apparatuses were further dried using acetone. Limit of detection was also calculated as signal 

to noise ratio of three times. 

 

The Certified Reference Materials (CRMs) were used for the QuEChERS method validation. 

The material certificate of analysis was designed in accordance with ISO 17034 and ISO Guide 

31. 0.7 grams of fish, cabbage and beef sample was fortified with 100𝜇𝐿 of 1000 𝜇𝑔/𝐿 of each 

reference materials to give a concentration of 142.86 𝜇𝑔 𝑘𝑔−1 of each EDC in the sample. 
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They were extracted with 5 ml of methanol. After extraction, the organic liquid was filtered 

and reduced to 1 ml. This was then analyzed on GCxGC MSTOF along with standards.  

To ensure the reliability and reproducibility of the digestion and the results thereof, it was very 

essential for proper lab quality assurance to be carried out. The glassware used was soaked in 

10% Nitric acid and then washed with detergent and tap water and dried using acetone. 

Thereafter they were rinsed again with deionized water. All the reagents used are of analytical 

grade. The Standards were prepared for each metal from their stock solution for calibration of 

the instrument. 

 

4.8 Metal analysis 

Metals (Inorganic Endocrine Disrupting Chemicals) analysis in foodstuff is described in this 

section. 

4.8.1 Microwave digestion of foodstuff for metal analysis. 

Anton Paar microwave Go digestion system (Switzerland)(Figure 4.11) was used to digest the 

samples. The metal concentration analysis was done using Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES, Spectro, Kleve, Germany) with Coupled Charge Detection 

(CCD) system. 

                                                     

                                           Figure 4.11 Anton Paar Go microwave 

 

The foodstuff was digested using the program (Table 4.6). 
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Table 4.6 Microwave Digestion Program 

Ramp (mm:ss) Temperature (℃) 

 

Hold (mm:ss) 

35 :00 180 30: 00 

 

Application type: Digestion; Vessel mode: multi-vessel; Temperature program mode : Average; 

Temperature limit (℃) : 190. 

 

The foodstuffs were digested in the microwave system as follows: 

 

 A mass of 0.15 ± 0.008 g of sample powder was weighed using an analytical balance (Precisa 

180A, Switzerland) and placed into acid washed digestion tubes (PTFE-TFM liners). 10 mL 

𝐻𝑁𝑂3and 2 mL 𝐻2𝑂2 was added to the tubes. The tubes were sealed and placed into a motor, 

which was subject to Anton Paar microwave Go digestion. The digestion program conditions 

are displayed in table 4.6. After digestion was complete, the digested solution was transferred 

into 50 mL PTFE tubes onto which distilled water was added and diluted to the 50 mL mark. 

10 mL of the diluted solution was then filtered using 0.22 𝜇𝑚  PVDF syringe filters into an 

acid washed PTFE tubes for ICP-OES analysis for concentration determination. The 

concentrations of ten trace elements ((Mercury (Hg), Arsenic (As), Lead (Pb), Aluminum (Al), 

Copper (Cu), Iron (Fe), Cadmium (Cd), manganese (Mn) and Zinc (Fe)) were analyzed in all 

samples. 

4.8.2 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP - OES) analysis 

The ICP-OES (Figure 4.12) was first calibrated to get the best sensitivity when analyzing the 

metals. Each EDC was analyzed at different metal wavelengths to accommodate the relative 

concentrations of the metals as sensitivity increases. The instrument was calibrated with a blank 

and by using metal standards ranging from 0.1 𝑚𝑔 𝐿−1 to 10 𝑚𝑔 𝐿−1 . The ICP-OES 

parameters on the day of analysis was provided by the instrument as follows (Table 4.7). 

 

Table 4.7 Parameters for ICP-OES for day of analysis 

Parameter used  Optimal condition 

Coolant flow 13 𝑚𝑙 𝑚𝑖𝑛−1 

Auxiliary flow 1 𝑚𝑙 𝑚𝑖𝑛−1 
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Plasma power 1400 𝑊 

Type of Nebulizer 𝐶𝑟𝑜𝑠𝑠 𝑓𝑙𝑜𝑤 

Nebulizer flow 

Injector tube diameter 

1 𝑚𝑙 𝑚𝑖𝑛−1 

                              0.890 m 

 

                                                 

Figure 4.12 Inductively coupled plasma-optical emission spectroscopy (ICP - OES) 

4.8.3 Method limit of detection  

The ICP-OES method limit of detection is the minimum measured concentration of each EDC 

that was reported with 99% confidence that is distinguishable from method blank results. This 

was done using the formula (Barros et al.,  2019; Virgilio et al., 2020): 

               𝐿𝑂𝐷 =  3 𝑥 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑙𝑎𝑛𝑘 𝑠𝑎𝑚𝑝𝑙𝑒𝑠…………….(2) 

4.9 Statistical data analysis 

Statistical analysis for mean, standard deviation and P values for comparison studies was done 

using Microsoft excel with ANOVA plugin and Origin Pro software. 
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CHAPTER 5:  RESULTS AND DISCUSSION 

This chapter presents the empirical findings of the research methods used. 

 

The chapter is made up of two parts: 

 

Part 1: Organic Endocrine Disrupting Chemicals analysis 

Part 2: Metals as Inorganic Disrupting Chemicals analysis 
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5.1 Verification of QuEChERS extraction method with the use of Certified Reference 

Materials 

Certified Reference Materials (DRE-GA09011090ME for Dimethyl phthalate, MM 0006.28 

for Diethyl phthalate, DRE - C15630000 for 4-Nonylphenol, DRA-C12031000 for 4,4’-DDD 

and DRE - C12041000 for 4,4’-DDE) were fortified for beef, fish and vegetables and used for 

verification of the applied QuEChERS method. The material certificate of analysis was 

designed in accordance with ISO 17034 and ISO Guide 31. The chromatographic 

representation of the individual Certified Reference Materials analyzed with GC x GC MSTOF 

is presented in Appendix 1 (figure 1a).  

The obtained CRM recovery data was used to judge the QuEChERS performance at optimised 

conditions in terms of accuracy of the analysis. The highest recovery was detected for 4-

Nonylphenol (114.69%) in Cabbage Reference Material and the lowest was detected for 

Diethyl phthalate (52.34%) in Fish Reference Material (Table 5.1). For the analysis of EDCs 

at 𝜇𝑔 𝑘𝑔−1 levels, recoveries between 70-120% are considered acceptable (Valles et al.,2012). 

Analysis of beef meat, cabbage and fish reference materials generally revealed similar values 

of acceptable accuracy and precision of the method for most EDCs (Table 5.1). 

 

Table  5.1 Measures  of Certified Reference Materials concentration (𝜇𝑔 𝑘𝑔−1) and their 

respective recoveries in vegetable, fish, and beef sample (n=3, RSD% < 21.66). 

 Cabbage   Fish   Beef   

EDC Amount 

in extract 

(𝜇𝑔) 

Amount 

in sample 

(𝜇𝑔) 

Recovery 

% 

Amount 

in extract 

(𝜇𝑔) 

Amount 

in sample 

(𝜇𝑔) 

Recovery 

% 

Amount 

in extract 

(𝜇𝑔) 

Amount 

in sample 

(𝜇𝑔) 

Recovery 

% 

DMP 0.146 0.1 69% 0.148 0.1 67% 0.182 0.1 55% 

DEP 

0.149 0.1 67% 0.191 0.1 52% 0.168 0.1 59% 

4-

nonylphenol 0.087 0.1 114% 0.092 0.1 108% 0.090 0.1 111% 

4,4-DDE 0.141 0.1 71% 0.183 0.1 54% 0.156 0.1 64% 

% Recovery = (100 ∗  𝑎𝑚𝑜𝑢𝑛𝑡 𝑖𝑛 𝑒𝑥𝑡𝑟𝑎𝑐𝑡/𝑎𝑚𝑜𝑢𝑛𝑡 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒)  

 

The data obtained for internal standards is presented in Figures 1b-1d, Appendix I.  The 

chromatograms shows no peak interferences between the internal stand and  target EDCs. 
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The identities of the EDCs were further confirmed with mass spec detection. Figure 1e, 

appendix I shows representations of mass spectra of the EDCs under study which clearly shows  

true peaks  matching the references from the NIST library. Further, the standard representations 

of EDCs under investigations  theroughout the project is shown in figure 1f-1h of Appendix I.
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5.2 Choice of QuEChERS clean-up sorbent 

This section compares the performance of Moringa Oleifera seed protein to commercial PSA 

as QuEChERS clean-up sorbent. Other clean-up sorbents are also compared including Hemp 

cellulose (extracted in the lab using 4 wt% sodium hydroxide (NaOH)), commercial Hemp 

cellulose, C18 and Activated carbon. The optimization of the amount of clean-up sorbent was 

done using PSA.  

5.2.1 Optimal amount of PSA sorbent 

The optimization of the amount of PSA was investigated using single factor experiments.  PSA 

amount was varied from 25 to 75 mg (25 mg increments) while keeping the other parameters 

constant at 1.5 g of sample, 4000 rpm for 6 mins centrifuge, 1 g of each salt                                                         

(𝑁𝑎𝐶𝑙 𝑎𝑛𝑑 𝑀𝑔𝑆𝑂4) , and 5 mL of methanol. With the increase of PSA mass from 25 to 75 mg, 

the extraction efficiency gradually increased and then remained the same above 75 mg for most 

analytes (Figures 2a and 2b, Appendix I). Therefore, 75 mg of PSA was selected as the optimal 

clean-up amount. After the PSA optimization, each parameter was scaled up by a factor of 2, 

giving optimal PSA amount of 150 mg.  As a result, 150 mg PSA was substituted with 150 mg 

Moringa Oleifera protein and applied as the optimum cleaning sorbent mass to obtain an 

acceptable recovery. This correlates to 3 g samples mass, 2 grams NaCl mass, 2 grams 𝑀𝑔𝑆𝑂4 

mass and 10 mL methanol volume. 
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5.2.2 Comparison of PSA and Moringa Oleifera seed protein                    

Figure 5.1 shows the comparison of selectivity between 150 mg PSA and 150 mg Moringa 

Oleifera seed protein as clean up sorbents in QuEChERS in the extraction of beef sample. 

Similarly, Figure 5.2 shows comparison of the same but for extraction of fish sample. In both 

cases, chromatograms using Moringa Oleifera seed protein as clean-up shows much selectivity 

compared to PSA.  

 

                         
 

Figure 5.1 GC x GC MSTOF chromatograms of (i) 1 𝑚𝑔 𝐿−1 standard mixture of five 

endocrine disrupting compounds standards, (ii) PSA-Cleaned beef sample spiked with 142.86 

𝜇𝑔 𝑘𝑔−1 standard mixture, (iii) Moringa Oleifera protein cleaned beef sample spiked with 

142.86 𝜇𝑔 𝑘𝑔−1 standard mixture (Peak markers: 1. Dimethyl phthalate. 2: Diethyl phthalate 

3: 4-Nonylphenol 4: 4,4’-DDE, 5: 4,4’-DDT). 
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Figure 5.2 GC-ECD chromatogram of fish samples extracted using QuEChERS and (i) PSA 

and (ii) Moringa Oleifera Protein clean-up sorbent. 

 

5.2.3 Comparison of the Recovery between PSA and Moringa Oleifera seed 

protein 

Recovery comparison between PSA and Moringa Oleifera seed protein in QuEChERS as 

clean-up sorbents was also compared. The results are given in Table 1 (a and b, Appendix I). 

The mean recoveries of the EDCs using PSA as a clean-up sorbent ranged from 74.1± 1.26 to 

104.1± 0.96% for fruits and vegetables, 79.9± 0.96 to 107.4±0.88% for fish, 80.7±0.52 to 

104.5±0.21% for beef, respectively. Moreover, then mean recoveries of the EDCs when using 

Moringa Oleifera protein as clean-up sorbent ranged from 86.5± 0.56 to 103.2± 0.68% for fish, 

and 76.2 ± 0.85 to 105.1± 2.24% for beef. When using Moringa Oleifera protein, the detection 

limits ranged between 0.16 to 1.77 𝜇𝑔 𝑘𝑔−1 with RSD values ≤ 13.32%, respectively. Overall, 

recoveries using Moring Oleifera seed protein as clean-up sorbent were slightly higher than 

those from PSA. These recoveries in QuEChERS are comparable to those reported by (Hakme 
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and Poulsen, 2021). The high recovery values and good RSD indicate accuracy of the 

QuEChERS procedure used in this investigation. The 𝑅2 values were over 0.9252.  
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5.2.4 Moringa Oleifera seed protein characterisation 

i. FTIR 

FTIR was used to characterize the Moringa Oleifera protein in order to understand the 

interaction between the protein and the food samples. The FTIR spectra obtained for this study 

is presented in Figure 1, Appendix I. The water-soluble seed protein shows characteristic bands 

which are due to OH and NH amide stretches in the secondary structure. These are the bands 

at 3200.87 𝑐𝑚−1 to 3280.10 𝑐𝑚−1 (1). Furthermore, there is a 𝐶 = 𝑂 stretch at 

1643.72 𝑐𝑚−1 (2), two N-H amides bands at 1538.14 𝑐𝑚−1 and 1415.37 𝑐𝑚−1 (3). There is 

a C-N stretch at 1238.02 𝑐𝑚−1 from the amide (4). Lastly, at 1078.95 𝑐𝑚−1, there is a C-C-N 

amide bend (5) and N-C=O bend at 611.98 𝑐𝑚−1(6). 

In a recent work by Kebede et al. (2018), it was observed that Moringa Oleifera seed protein 

has amide, amine, carboxylic acid, and other functional groups. This agreed to what was 

observed in this study.  

ii. Protein recovery studies 

Moringa Oleifera seeds are a protein source, which accounts for the second most constituent 

of the seeds, after oils and lipids which may account for over 60% of the total seed contents. 

Table 5.2 shows the protein recovery of Moringa Oleifera seeds, which was extracted with 

distilled water. Various reports have reported Moringa Oleifera protein recoveries with a mean 

value of 4 - 19% (Saa et al.,2019 and the references thereof) in which most were not manually 

extracted.  

 

Table  5.2 Recovery of MO seed protein per 37 g of seed powder (n=2) 

 

 

 

 

 

 

5.2.5 Comparison of Moringa Oleifera protein bio sorbent with other sorbent 

types 

Mass of MO  

seed powder/ g 

Mass of water-soluble  

protein extracted/ g 

Percentage recovery (%) 

37 0.8365  2.26 % 
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The sorbent used for extraction is very essential as it can have various effect on recovery and 

selectivity (Oshita and Jardim,2015). In this study, different types of cleaning sorbents were 

applied in the extraction of fish sample. The effects of sorbent type were evaluated by 

comparing selectivity of unwanted matrix in the presence of the target EDCs. Figure 5.3 shows 

the selectivity of 150 mg PSA, 150 mg Moringa Oleifera protein and 150 mg Hemp cellulose 

sorbent for the extraction of target EDCs in fish. The chromatogram is much cleaner when 

Hemp cellulose is used. This may be due to the chemistry and affinity of hemp cellulose. 

However, more studies in its chemistry need to be investigated to fully understand its cleaning 

capabilities. The disadvantage with Hemp cellulose in this study is that it also has an affinity 

for 4,4’-DDE, which is a target EDC. 4,4’-DDE has a LogP value of 5.80, making it more 

lipophilic and non-polar than most analytes. It has an affinity for organic plant-based 

adsorbents like hemp. However, 4,4’-DDT also has a similar LogP value of 5.80 and was not 

taken away. The reason for this may be in the structure of 4,4’-DDT as it has more substituents 

(and molecular mass) than 4,4’-DDE which plays a role in its polarity. 

                

 

 

                            

Figure 5.3 Chromatograms of QuEChERS fish samples extracted using different clean-up 

sorbents (150 mg each). 

When 150 mg Activated carbon is used as a clean-up sorbent (figure 5.4), there was no 

improvement in the selectivity and cleanliness of the chromatogram. Thus the protein was 

closen as the better and optimal sorbent type over activated carbon and PSA. 
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Figure 5.4 Chromatograms of QuEChERS fish sample extracted using QuEChERS and 

different clean-up sorbents 

    

 

Further, a combination of 75 mg PSA and 75 mg C18 sorbent was used to clean the fish extract 

(figure 5.5). The clean-up activity was good but the selectivity was not better than Moringa 

Oleifera protein. Even though C18 is the most hydrophobic bonded silica sorbent, earlier eluted 

EDCs with low LogP values were not cleaned-up properly. A combination of commercial hemp 

and lab extracted hemp cellulose only gave better results for the earlier eluted EDCs in terms 

of selectivity. However in later retention times, even the target EDCs were taken away. Thus, 

Moringa Oleifera protein was still chosen overall as the best clean-up sorbent as it gave 

superior results. 
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Figure 5.5 Chromatograms of QuEChERS fish sample extracted using QuEChERS and C18 

and mixture of commercial and lab extracted cellulose 

 

5.3 RSM optimisation of QuEChERS conditions 

5.3.1 Screening experiments 

The parameters which affect the efficiency of QuEChERS method (sample mass, speed and 

time of centrifuge, amount of 𝑁𝑎𝐶𝑙 and 𝑀𝑔𝑆𝑂4, solvent type and solvent extraction volume) 

were screened using a linear L8 model. The L8 model was then fitted using MLS (Multiple 

linear Regression).  

𝑅2 represents the percent of the variation of the response showing how well the model fits the 

data. The findings are shown in Table 5.3.  A large 𝑅2 (close to 1) is a necessary condition for 

a good model. For this model, 𝑅2 values are in the range 0.78 - 0.94 (Table 5.3) 

 

Table  5.3 Multiple linear regression (MLR) statistical analysis (n=21) 

 Chemical 𝑅2 𝑄2 RSD (%) Model 

Validity 

 

Reproducibility 

Dimethyl phthalate 0,92 0,64 9,80 0,68 0,95 

 

Diethyl phthalate 0,94 0,77 11,27 0,75 0,94 
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4-Nonylphenol 0,88 0,58 12,18 0,88 0,78 

            

4,4'-DDT 0,89 0,60 9,65 0,71 0,91 

            

4,4'-DDE 0,84 0,56 20,76 0,26 0,98 

 

4,4'-DDD 0,78 0,49 18,33 0,94 0,41 

            

          

 

Some factors were deemed “non-essential” from the screening. They are the type and volume 

of solvent and amount of salt. However, the type of solvent used for extraction needs to satisfy 

several requirements for maximum recovery of the EDCs. The chosen solvent needs to have 

high affinity and high selectivity for the endocrine disrupting chemicals of interest. It needs to 

have a good chromatographic behavior and its interaction with water is also essential. The 

solvent needs to be immiscible with water and must be less dense than water (Bazregar et al., 

2016).   

The solvent polarity, cost, toxicity, and selectivity as well as the structure of the target analyte 

was taken into consideration since the chosen solvent should be able to extract all the target 

compounds. Figure 5.6 shows different peak concentration when three solvent types are varied 

for the extraction of endocrine disrupting chemicals of interest. All fish samples were spiked 

with 106.67 𝜇𝑔 𝑘𝑔−1 of the EDC’s.  From the Figure 5.6, methanol is more selective towards 

unwanted matrix in the presence of the target endocrine disrupting chemicals in the extraction 

of fish sample. 
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Figure 5.6 Effect of solvent type on QuEChERS extraction of a fish sample. (i) Acetone (ii) 

Acetonitrile (iii) Methanol. 

                                      

The volume of the chosen solvent was also optimized. This is because extraction is based on 

the affinity differences between the analytes of the organic and aqueous phase. Generally, low 

solvent volumes are favored when taking enrichment factors into consideration. Low solvent 

volumes give higher enrichment factors. For this work, the final volume was reduced by 

nitrogen blowing to a required volume. For the extraction, 10 mL of solvent was optimized to 

give the best extraction of the analytes while ensuring that the final volume is enough to be 

collected for analysis. The final volume was ± 1 mL. 

The amount of NaCl and 𝑀𝑔𝑆𝑂4 salts were also investigated as this is the step in QuEChERS 

where target EDCs are extracted. The amount added may have salting out effects, salting in 

effects or no effect at all on the extraction of endocrine disrupting chemicals (Zhang and Lee, 
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2013). The optimal amount of salt added was determined to be 2 g of NaCl and 2 g 𝑀𝑔𝑆𝑂4. 

Increasing this amount further decreased the concentration of all seven EDCs as the solution 

viscosity was also increased, consequently.  

The fitted model shows a cross-validated predictability of 0.49 ≤ 𝑄2 ≤ 0.77 and total 

explained variance of 0.78 ≤ 𝑅2 ≤ 0.94 where 𝑄2 shows an estimation of the future prediction 

and 𝑅2 shows the model total variance. Figure 5.7 shows the linearity of the predicted versus 

observed values plot highlighted the validity of the model and its ability to predict the most 

important parameters to be optimized. 

Ceylan et al. (2008) conducted a similar RSM study and found that the predicted data of the 

response from the empirical model agrees with the observed ones in the range of the operating 

variables. The high value of their adjusted R2 (0.89) indicated that the model fit the observed 

data well. Other similar studies (Nuapia et al., 2021) showed a cross-validated predictability of 

65% (Q2 = 0.65) and total explained variance of 95% (R2=0.95).  Makadi and Nanavati (2013) 

found that verification experiments carried out for predicted and observed results show that the 

empirical models developed were within 6% error.
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Figure 5.7 Observed vs Predicted concentrations of endocrine disrupting chemicals
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The coefficient plots show the parameters that have significant influence on the endocrine 

disrupting chemical extraction when QuEChERS method is employed. It shows that centrifuge 

conditions and sample mass have significant influence on the extraction of 4,4’-DDT, 4,4’-

DDD, 4,4’-DDE and 4-nonylphenol. Acetone as the solvent is not essential as it is not the 

optimum solvent even though it influences phthalates group significantly (Figure 5.8). The 

reasoning behind the significances is given in section 3.2.2.  Figure 5.8 further shows that 

acetonitrile as a solvent is very relevant to the extraction of 4-Nonylphenol. Oscar Galarce-

Bustos (2018) found that acetonitrile solvent greatly impacts polyphenols extraction in their 

study. No other study has reported the effect of partition salts (NaCl and 𝑀𝑔𝑆𝑂4) on 

QuEChERS extraction using chemometrics.  
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Figure 5.8 Coefficient plots: Effect of different screening factors on the concentration of 

endocrine disrupting chemicals. 

 

5.3.2 Optimisation (RSM) using CCO quadratic design 

The optimum values from the optimization are given on Table 5.4 with their factor 

contributions. From the design employed, it is essential to note that the sample mass, centrifuge 

time and centrifuge speed are the factors with the highest contributions. This is due to their 
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large influence on the efficiency of QuEChERS extraction of endocrine disrupting chemicals 

over the other screened parameters.  

Table  5.4 RSM- Optimised values 

Factor Role Value Factor contribution 

Sample mass Free 3 52,8265 

centrifuge time Free 6 24,3663 

centrifuge speed Free 4000 22,8072 

 

Centrifuge speed and time are essential parameters in QuEChERS extraction to get the target 

compound in the final extract from the solid. The centrifuge is used in two phases, firstly to 

separate the supernatant that contains the extracted target analytes from the solid sample after 

addition of partition salts (NaCl and 𝑀𝑔𝑆𝑂4) and secondly to separate the final extract from the 

sample matrix in the extract. In this work, Figure 5.9 shows the optimum extraction conditions 

obtained by using graphical and numerical analysis based on the response surface plots. The 

contour plot shows that at optimal centrifuge speed of 4000 rpm, the optimal centrifuge time 

is at 6 mins. E.g., For 4,4’-DDE, increasing the centrifuge time from 6 to 17 mins decreases 

the 4,4’-DDE concentration from 90 to 60 𝜇𝑔 𝑘𝑔−1, corresponding to the coefficient plot at 

95% confidence interval (Figure 5.8). 
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Figure 5.9 Contour plots of the interaction of the selected parameters on the concentrations of 

target endocrine disrupting chemicals 
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5.4 Concentration of Organic Endocrine Disrupting Chemicals (EDCs) from 

Johannesburg  

In total, twenty one samples from Johannesburg were analysed for organic EDCs. The 

chromatograms are presented in the Appendix.  

5.4.1 Concentration of organic EDCs in raw foodstuff sold in JHB open markets 

Fourteen different samples from Johannesburg open markets were analyzed for organic EDCs 

concentration. The following EDCs were identified in Johannesburg food items in the order: DMP 

> 4-Nonylphenol > DEP > DDT >DDE (Table 5.5). The lowest detected mean concentration in 

Johannesburg samples was 4,4’-DDT in cabbage samples (5.2 ± 1.827 μg kg−1), and the highest 

detected concentration was also 4,4’-DDT in (Tilapia fish - 188.9± 8.89 μg kg−1 and Beef 

muscle- 143.7 ±11.87 μg kg−1) followed by DMP in Banana (169.5 ±12.28 μg kg−1). The high 

concentration of 4,4’-DDT in fish can be attributed to the extent of bioaccumulation of the 

pesticides in fish’ fat/lipid membranes. This is due to extensive pesticide use in farms, which 

eventually leaches into water bodies and aquatic environment in rainy seasons. Furthermore, when 

the herding cattle drink the water having DDT residue, the DDT bioconcentrates in the lipid tissue 

of the cattle. These levels of EDCs then accumulate in the bodies of human consumers in the  

process of biomagnification to potentially cause endocrine disrupting effects. 4,4’-DDT is quite 

persistent in the environment. Half the 4,4’-DDT in soil will break down in 2–15 years (Chopra et 

al.,  2011). The 4,4’-DDT detected in this study in fish and beef samples was generally comparable 

to the results reported by (Nuapia et al., 2016) who reported 4,4’-DDT in beef as 167.89 

± 1.50 μg kg−1 and 134.57 ± 5.20 μg kg−1 in fish respectively in Johannesburg open markets.  

The levels of 4,4’-DDT detected in this study were higher than the limits recommended by the 

FAO/WHO (2012). No target EDC’s was detected in tomato samples. This can be attributed to 

tomatoes being sold in boxes at the open market other than plastic packaging as we would 

anticipate DMP or DEP to be detected in plastic wrapped samples.  

The mean concentration of 4-Nonylphenol varied from 34.7±6.39 μg kg−1 to 141.5±7.68 

μg kg−1, the highest being in the chicken liver. Similar work on Nonylphenols in South Africa 

was reported by (Günther and Sumpter, 2002) who analysed a chicken liver sausage sample, 
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targeting 4-Nonylphenol. The concentration was 13 μg kg−1. Their highest concentration of 4-

Nonylphenol is 18.5  μg kg−1 in potato samples. For this present study, 4-Nonylphenol was not 

detected in any potato samples. Nonylphenols accumulate in fat environments since they are 

hydrophilic, which correlates to the highest levels in this study being detected in beef and liver 

samples. However, some 4-Nonylphenol was detected in onion and cabbage with minimal fat. This 

can be attributed to pesticides. Nonylphenol ethoxylates (NPEs), which eventually degrade to NPs  

are commonly used in pesticide formulations. When it degrades, the nonylphenols accumulate in 

the wax coats of the cabbage and onion samples (Fang et al., 2015).  

 

Table  5.5 Concentration of endocrine disrupting chemicals in fruits and vegetables (𝜇𝑔 𝑘𝑔−1) in 

Johannesburg open market. 

nd : Not detected 

 

 

 

Table  5.6 Concentration of endocrine disrupting chemicals in beef, fish, and chicken samples 

(𝜇𝑔 𝑘𝑔−1) in Johannesburg open Market 

 DMP DEP 4-nonylphenol 4,4’-DDE 4,4’-DDT 

Sample 

Banana 169.5±12.28 88.3±9.96 nd nd nd 

Potato 155.9±4.56 nd nd nd nd 

Garlic nd nd nd nd nd 

Red onion nd nd nd nd nd 

Green pepper nd nd nd nd nd 

Red pepper nd nd nd nd nd 

Yellow pepper nd nd nd nd nd 

Carrot 45.6±2.28 nd nd nd nd 

Onion 37.2±8.86 nd 77.2±7.23 nd nd 

Cabbage 8.1±5.69 nd 34.7±6.39 nd 5.2±1.87 

Tomato nd nd Nd nd nd 

 DMP DEP 4-nonylphenol 4,4’-DDE 4,4’-DDT 
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 nd: Not detected 

5.4.2 Concentration of organic EDCs in fruits and vegetables sold in JHB City deep 

main market 

Seven different samples from Johannesburg City Deep main market were analyzed for organic 

EDCs concentration. The following EDCs were identified in the order: DEP > DMP >4-

Nonylphenol. No 4,4’-DDE and 4,4’-DDT was detected. High residue levels (By mean 

concentration) were detected in Potato, followed by cabbage, Onion, Spinach and Peppers (Table 

5.7). 

 

Table  5.7 Concentration of endocrine disrupting compounds in food items (𝜇𝑔 𝑘𝑔−1 ) from 

Johannesburg deep city main market 

nd : Not detected 

5.4.3 Levels of organic EDCs in vegetables sold along JHB Hennops river farm 

4,4’-DDE and 4,4’-DDT was not detected in the samples, which contradicts the hypothesis since 

the contaminated river water is mainly used to grow the samples. The occurrence of 4-Nonylphenol 

residues in the rape and vegetables are probably derived from the applied pesticides in the 

Sample      

Fish 17.2±10.11 72.6±5.52 nd 86.3±8.56 188.9±8.89 

Beef muscle 21.2±5.56 nd 93.8±4.56 62.8±8.86 143.7±11.87 

Chicken Liver 23.7±6.69 76.1±6.63 141.5±7.68  nd 

 DMP DEP 4-nonylphenol 4,4’-DDE 4,4’-DDT 

Sample 

Cabbage 10.2 ± 4.88          2.8 ± 1.55             12.8 ± 5.02        nd nd 

Potato 112.9±4.44 nd nd nd nd 

Yellow pepper nd 2.3 ± 8.22             nd nd nd 

Green pepper nd nd nd nd nd 

Red pepper nd 4.8 ± 2.34            nd nd nd 

Onion nd 12.8 ± 4.12        8.8 ± 9.12          nd nd 

Spinach 8.8±4.11 nd nd nd nd 
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agricultural soil. The concentration of 4-Nonylphenol in the leafy vegetables was higher than the 

commercial samples in the main market. 

 

Table  5.8 Concentration of endocrine disrupting compounds in food items (𝜇𝑔 𝑘𝑔−1) from 

Johannesburg Hennops River farm 

    nd: not detected 

5.5 Concentration of Organic EDCs from Pretoria foodstuff 

In total, eighteen samples from Pretoria were analysed for organic EDCs. This was made of 

samples from open markets and Tshwane main market. The chromatograms are given in 

Appendix.  

5.5.1 Concentration of organic EDCs in foodstuff sold in Pretoria open markets 

The mean concentration of EDCs in Pretoria open market foodstuff is summarized in Table 5.9. 

The following EDCs were identified in the order: DEP >DMP 4-Nonylphenol > DDT . High 

residue levels were detected in carrot, rape  followed by cabbage, onion, and tomato.  

The highest concentration was recorded for Diethyl phthalate (69.2  ±2.44 µg kg−1) in carrot. The 

lowest concentration was detected for 4-Nonylphenol (2.45  ±0.87  µg kg−1) in rape. 4,4’-DDT 

was only detected in the leafy vegetables (cabbage and spinach). The presence of 4,4’-DDT 

pesticides could be attributed to its usage in killing pests or other plants that also grow with these 

vegetables. Also, the water regularly used to rinse the vegetables in open markets to keep them 

fresh might be a source of 4,4’-DDT contamination.   

 

Similar study was conducted by Olatunji (2019) who evaluated DDT levels in fresh root and leafy 

vegetables collected from different farm areas in Cape Town. Analysis was done using GC-MS. 

They found the DDT levels to be in the range 38.9 to 66.1 μg kg−1 . Further, Nuapia et al., 2016 

 DMP DEP 4-nonylphenol 4,4’-DDE 4,4’-DDT 

Sample 

Rape 1 nd nd 15.5±5.44 nd nd 

Rape 2 nd nd 17.2±7.23 nd nd 

Spinach nd nd nd nd nd 
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found the levels of DDT in cassava to be in the range of 57.56 ± 9.34 - 86.67 ± 6.23 µg kg−1. The 

concentrations of DDT detected in this work were lower (range of 9.2 ± 7.44 to 17.3 ±8.22 µg 

kg−1) compared to those of similar works done in Johannesburg.  

 

 

Table  5.9 Concentration of endocrine disrupting compounds in food items (𝜇𝑔 𝑘𝑔−1) in Pretoria 

Open Markets 

 DMP DEP 4-nonylphenol 4,4’-DDE 4,4’-DDT 

Sample 

Carrot 61.4 ± 9.92    69.2±2.44 nd nd nd 

Lettuce nd 23.62 ± 8.62       nd nd nd 

Onion 44.15 ± 4.23  12.5 ± 5.45         nd nd nd 

Rape 34.33 ± 6.63  22.34 ± 3.34    2.45 ± 0.87        nd nd 

Tomato 1  nd nd 67.2±2.36 nd nd 

Tomato 2 Nd 12.33 ± 5.33     nd nd nd 

Cabbage 1 24.6±8.85 51.22 ±7.21 nd nd 17.3±8.22 

Cabbage 2 44.12 ± 4.41     nd nd nd nd 

Spinach nd nd nd nd 9.2 ± 7.44    

 

5.5.2 Concentration of organic EDCs in foodstuff sold in Pretoria Tshwane market 

Further, nine more samples from Tshwane market were analyzed for EDCs concentration. The 

following EDCs were identified in Johannesburg food items in the order: DMP > 4-Nonylphenol 

> DEP > DDT >DDE (Table 5.10). The levels of EDCs were detected in the range of 6.53 ± 2.77 

µg kg−1 for 4-Nonylphenol in butternut to 95.8 ± 6.69 µg kg−1 for Diethyl phthalate in Red 

pepper. In terms on mean concentration, beetroot samples presented high EDC residue levels over 

all samples. 4,4’-DDT in beetroot was detected as 44.2±3.73 µg kg−1. Again, this can be 

speculated to come from the use of DDT as insecticides for insect control in the farms and also 

irrigation with contaminated water.  The residues can accumulate in the tubers or root growth of 

the beetroot. The EDCs detected from Tshwane main market foodstuff do not impose endocrine 

disrupting danger to consumers as they are within the permissible limits set by the relevant 



 

99 

 

legislation agencies. Tshwane main market stock their produce from eleven commissioned agents 

that have a good reputation in the fresh produce industry. 

 

Table  5.10 Concentration of endocrine disrupting compounds in food items (𝜇𝑔 𝑘𝑔−1) in Pretoria 

Tshwane Main Market 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.6 Concentration of Metals in Johannesburg Foodstuff 

The same Twenty samples from Johannesburg analysed for organic EDCs were also analysed for 

inorganic EDCs (metals) using Inductively Coupled Plasma - Optical Emission Spectroscopy, 

ICP-OES (section 4.9.2). 

 DMP DEP 4-nonylphenol 4,4’-DDE 4,4’-DDT 

Sample 

Lettuce nd nd nd nd nd 

Butternut nd nd 16.53 ± 7.77           nd nd 

Yellow pepper nd 22.4 ± 4.52     nd nd nd 

Red pepper 46.7±8.96 95.8±6.69 nd nd nd 

Green pepper 74.1±1.10 nd 61.2±8.36 nd nd 

Sweet potato 22.4±6.69 nd 27.8±4.69 nd nd 

Beetroot 34.6±8.85 75.8±7.63 nd nd 44.2±3.73 

Eggplant nd nd 16.78 ± 9.22           nd nd 

Carrot 52.24 ± 7.77    45.33 ± 6.38 nd nd nd 
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5.6.1 Concentration of Metals in Johannesburg raw vegetables sold in Open 

Markets 

Selected vegetable samples (n= 9) were analyzed for metals concentration. Nine metals (Al, Zn, 

Cu, Cd, Pb, Mn, As, Se and Cr) were investigated. The analyzed metals (in terms of mean 

concentration) were detected as follows: Zn ˃ Cu ˃ Al ˃ As > Cr ˃ Cd ˃ Mn ˃ Pb ˃ Se. (Figure 

5.10). 
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Figure 5.10 Concentration (𝑚𝑔 𝑘𝑔−1) of Metals detected in vegetable foodstuff from 

Johannesburg Open Markets 

 

The maximum permitted FAO/WHO (2000) concentrations are presented in Table 1 of Appendix 

II. In all the studied foodstuff, Zn was the highest detected metal in terms of mean concentration. 

The highest detected Zn concentration was for Cabbage (141.63 ± 0.540 mg kg−1) and the 

lowest detected Zn concentration was for Potato (3.88 ± 1.688 mg kg−1). The mean 

concentration  of Zn detected in the present study was similar to that reported by (Nuapia et al., 

2018) in Cabbage. Zn is an essential element for human health,  but it can cause adverse health 

effects if intake is either too low (Zn deficiency) or too high (Zn toxicity). The FAO/WHO 

maximum permitted concentration of Zn is between 8 and 11 mg kg−1 (WHO/FAO, 2000). 78% 

of the investigated foodstuff in JHB open markets in this study were within the permissible levels 

and 22% exceeded the permissible limit for Zn set by the FAO/WHO (2000).  
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The highest detected Cu concentration was 18.38 ± 1.600 mg kg−1 in red pepper samples and 

the lowest detected was 9.88 ± 0.719 mg kg−1 in red onion. Cu is an essential metal that works 

together with Fe to enable the body to form red blood cells (Collins et al., 2010). It helps maintain 

healthy bones thus preventing osteoporosis and is also required for healthy immune function  

(Alagawany et al., 2020). At the same time, it can be toxic when present in excess, the most 

noticeable chronic effect being liver damage (de Jong et al., 2019). According to FAO/WHO 

(2000), the permissible limit for Cu in food is set between 2 to 10 mg kg−1. About 10 % of the 

samples investigated in this study were lower than the maximum FAO/WHO permitted levels.  

Al is a known endocrine disruptor and a neurotoxic agent because this metal tends to accumulate 

in the brain (Briffa et al., 2020; Gade et al., 2021). Several studies have correlated certain 

Aluminum concentration and different diseases such Alzheimer’s disease (Inan-Eroglu and Ayaz, 

2018; Hardisson et al., 2017). In addition, aluminum can interfere with some essential metals. The 

Al concentration ranged from 7.50 ± 0.917 mg kg−1 in spinach samples which was the lowest 

detected to 69.33 ± 2.064 mg kg−1 in green pepper which was the highest detected in this study. 

The concentration detected in the present investigation was similar to that reported by Hardisson 

et al. (2017) who detected mean Al in South African vegetables as  16.8 mg kg−1. According to 

FAO/WHO (2000), the permissible limits for Al content was set for 12 to 71 mg kg−1 in 

foodstuffs. 100 % of the investigated vegetables samples in this study were within the permissible 

limit. The highest Al content in green pepper may be due to high Al content in the soil where the 

peppers were harvested. 

As was detected in all studied foodstuff in the range 3.96 ± 1.911 mg kg−1 in green pepper to 

9.13 ± 0.365 mg kg−1 in red pepper. According to FAO/WHO (2000), the permissible 

concentration limits for As in food is 0.1 to 0.2 mg kg−1 . All the studied food samples in this 

study were above the permissible limit . The results found in this study for Arsenic were above 

those reported by Nuapia et al. (2018 ) (1.01 -3.09 mg kg−1). The reason for this may be due to 

the As in the environment that end up in the open market vegetables as they are exposed to the 

environment when on display and also from the rinsing water that is contaminated with the metal. 

 

There have been no reported cases of Cr toxicity due to food intake. Cr (III) helps to transport 

blood glucose from the bloodstream into the cells to be used as energy (Chang et al., 2020). Cr 

(VI) has been shown to be potent occupational carcinogens (Nikfar et al., 2011). In the current 
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study, Cr was detected in all food samples with varying concentration ranging from 

3.5±1.012 mg kg−1 in red pepper to 20.8 ±1.547 mg kg−1 in cabbage. Regarding to WHO/FAO 

(2000) permissible limit, the level of Cr in all the samples were above the permissible limit in 

vegetables food. 

 

Cd was found in all the JHB open market foodstuff in the range 1.0±0.244 mg kg−1 in red pepper 

to 4.0 ±1.569mg kg−1 in cabbage. According to the FAO limits of 0.30 mg kg−1, the level of Cd 

in the studied samples are above the FAO permissible limits but not too concentrated to cause 

endocrine disruption related complications. Thus, the impacts of sample handling and sampling 

treatment from the farms to the open market may play a role in the increased Cd concentration. 

 

Pb occurs in foodstuff because of its presence in the environment that end up in foodstuff. E.g., Pb 

in the farm soil can settle on or be absorbed by vegetables grown there. Pb that gets into the 

vegetables roots cannot be completely removed merely by washing or rinsing. Pb was found in all 

studied food samples in the range 4.25 ±1.062 mg kg−1 in garlic to 7.000±0.096 mg kg−1 in red 

pepper. The means value of Pb found in the vegetables from Johannesburg open markets were 

similar with that reported by (Manzoor et al., 2018) who reported a mean value of 5.5 mg kg−1 in 

spinach. 

 

Se was detected in all vegetable food samples ranging from 0.38 ±0.021 mg kg−1 in red pepper 

to 2.0±0.107 mg kg−1 in green pepper. The level of selenium found in this current study was 

lower to that reported by Bañuelos wt al. (2020)  who reported the Se concentration in vegetables 

as follows: broccoli 10.0 ± 3.7 mg kg−1, green cabbage 13.1 ± 2.9 mg kg−1, red cabbage 17.2 ± 

6.4 mg kg−1, savoy cabbage 11.0 ± 3.0 mg kg−1and Swiss chard 4.8 ± 1.4 mg kg−1. The 

maximum permitted levels for Selenium in food is not specified by the World Health Organization 

or other legislation agencies. However, for soil, it is set at 6 mg kg−1. If soil is the major source 

of selenium concentration in the studied vegetables, then the detected mean concentrations are 

below the maximum permitted levels. 

5.6.2 Concentration of Metals in raw beef and chicken sold in Open Markets 
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Samples of beef meat and chicken liver were purchased from an open market in Johannesburg 

CBD. The metals detected in the beef muscles were identified in the following sequence:  Al ˃ Cu 

˃ Cr ˃ Pb > As > Mn > Zn > Cd  > Se. The concentration of Al in the sample is 4.17±0.315 mg 

kg−1 which is the highest detected metal in beef. In chicken liver, the highest detected metal is Zn 

(89.63±0.168 mg kg−1) . The metals detected in the liver were identified in the following 

sequence:  Zn ˃ Al > Cu ˃ Cr ˃ As > Pb > Se > Mn > Cd   This is represented in figure 5.11. 

Al is common through water, plants, air, and food chain (Nuapia et al., 2018 ; Oniawa et al., 2000). 

The presence of Al in beef and chicken liver samples may be due to the high Al content in plants 

that are eaten by the animals and passed via bioaccumulation and biomagnification.  

 

                              

Figure 5.11 Concentration (𝑚𝑔 𝑘𝑔−1 ) of Metals detected in beef and chicken meat from 

Johannesburg Open Markets. 

 

Table 5.11 shows the comparison between detected concentrations in this study compared to 

similar studies in South African open markets by (Nuapia et al., 2018) for metals concentrations 

in beef meat. Most metals detected in this study are higher (but in same magnitude) to those of the 

referenced report. The beef meat was bought from an open market operating very close to a taxi 

station and industrial manufacturing businesses in JHB CBD. Some level of metals is likely to 

originate from there. In close proximity to the markets, there was also untreated sewage sludge 

(Figure 4.3). 
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Table  5.11 Comparison of metal concentration in beef with similar South African studies 

 

 

5.6.3 Concentration of Metals in Johannesburg City Deep main market fruits and 

vegetables 

Figure 5.12 shows mean concentrations of the selected metals for Johannesburg City Deep market 

samples. 

Seven samples vegetables  were collected from JHB City Deep main market. Nine metals were 

determined the foodstuff. The mean concentrations from highest to lowest were detected in the 

order : Zn > Al > Cu > Cr > Pb > As > Mn > Cd > Se . 

                  

Metal Concentration in this study in 𝑚𝑔 𝑘𝑔−1 Ref. 

Concentration  

(mg kg−1) 

Al 4.17 ± 0.315 3.57 – 4.19 

Cu 2.13 ± 0.788 0.32 – 0.35 

Cr 2.00 ± 0.566 0.45 – 0.78 

Pb 1.25 ± 0.588 0.28 – 0.37 

As 5.5 ± 0.685 0.35 – 0.86 

Mn 4.75 ± 0.233 0.24 – 0.39 

Zn 3.88 ± 0.025 2.98 – 6.38 

Cd 1.00 ± 0.125 0.29 – 0.32 

Se 3.875 ± 0.056 0.28 – 0.30 
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Figure 5.12 Concentration (𝑚𝑔 𝑘𝑔−1) of Metals detected in vegetables from City Deep main 

market 

5.6.4 Concentration of metals in Hennops river farm vegetables 

Rape and Spinach samples collected from a farm along Hennops river were analyzed for metals. 

The highest detected metal in rape was 15.25 ± 0.499 mg kg−1 for Cu and the lowest detected 
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was 1.38 ± 0.107 mg kg−1 for Cd. In Spinach, the highest detected metal was 42.4 ± 1.211 

mg kg−1 for Al and the lowest detected was 0.75 ± 0.058 mg kg−1 for Pb. Spinach presented the 

highest concentrations for Al, Cd, Cr, Cu, and Mn when compared to levels in open markets and 

main markets. This is likely due to the metals accumulated in the sewage contaminated water used 

for irrigation along the Hennops river farm. Figure 5.13 shows mean concentrations of the selected 

metals for Hennops river farm samples. 

                                 

Figure 5.12 Concentration (𝑚𝑔 𝑘𝑔−1) of Metals detected in vegetables from Hennops river farm. 

 

5.6.5 Statistical Analysis and comparison on the concentration of metals in 

Johannesburg open market and City Deep. 

 

Statistical hypothesis testing of the data was done using student’s t-test in Origin Pro software. 

This allowed comparison of vegetable samples from Johannesburg open markets with vegetable 

samples from the main market. The results are presented in table 5.15. 

 

Table  5.12 Comparative mean concentrations (𝑚𝑔 𝑘𝑔−1) of metals in vegetables collected in 

Pretoria and Johannesburg 

Sample P-Value 

Cabbage 0.098 

Green Pepper 0.289 

Yellow Pepper 0.193 
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Since P > 0.05, the mean concentration of metals in Johannesburg open markets were not 

significantly higher than those in main markets. 

5.7 Concentration of Metals in Pretoria Foodstuff 

Eighteen samples from Pretoria analysed for organic EDCs were also analysed for inorganic EDCs 

(metals) using Inductively Coupled Plasma - Optical Emission Spectroscopy, ICP-OES (section 

4.9.2). 

5.7.1 Concentration of Metals in Pretoria raw vegetables sold in Open Markets 

Eight samples of fruits and vegetables were collected from an open market in Pretoria. The 

summary of the  mean concentrations of the metals detected  in Pretoria is given in Table 5.13 . 

Nine metals were investigated, and the mean concentrations are detected in the sequence :  Al > 

Zn > Mn > As > Cu > Cr > Pb > Cd > Se. When comparing with Johannesburg Open markets (Zn 

˃ Cu ˃ Al ˃ As Cr ˃ Cd ˃ Mn ˃ Pb ˃ Se), Selenium is the lowest detected metal in both cities. Cd 

was also detected in lower concentration in Pretoria.  

 

Table  5.13 Concentration (𝑚𝑔 𝑘𝑔−1) of Metals detected in vegetables from Pretoria open 

markets. 

 

Vegetable                                                     Metals 

 Al As Cd Cr Cu Mn Pb Se Zn 

Carrot 141.25

±0.811 

5.2

±0.244 

1.25

±0.214 

12.125

±1.052 

16.63

±2.036 

177.25

±0.889 

3.125

±0.662 

1.25

±0.028 

4.75

±0.215 

Tomato 8.375

±0.455 

4.625

±0.588 

1.375

±0.058 

11.0

±1.024 

10.75

±1.085 

6.75

±0.522 

4.0

±0.422 

1.25

±0.211 

118.87

±1.529 

Lettuce 12.25

±1.211 

5.0

±0.276 

1.375

±0.251 

10.875

±1.009 

16.375

±1.531 

6.375

±1.100 

5.0

±0.642 

0.50

±0.017 

59.375

±1.118 

Onion 64.5

±1.811 

4.375

±0.625 

1.375

±0.124 

10.875

±1.296 

11.875

±1.522 

51.375

±2.366 

4.875

±0.346 

1.125

±0.106 

14.50

±1.011 

Rape 17.0

±0.822 

6.5

±0.566 

1.25

±0.068 

9.375

±1.038 

10.375

±1.085 

4.575

±0.622 

5.625

±0.211 

1.125

±0.063 

6.50

±0.127 

Tomato 2 19.0

±1.077 

4.25

±0.277 

1.25

±0.106 

9.875

±1.155 

10.625

±1.285 

1.375

±0.201 

5.375

±0.311 

1.75

±0.102 

6.125

±0.625 
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Cabbage 9.0

±0.522 

8.05

±0.622 

1.125

±0.067 

9.125

±1.066 

10.015

±1.055 

2.625

±0.112 

5.250

±0.216 

1.00

±0.024 

2.050

±0.104 

Spinach 774.250

±2.227 

6.125

±0.658 

3.625

±0.021 

11.875

±1.061 

2.505

±1.339 

54.00

±2.015 

5.250

±0.452 

2.005

±0.137 

14.625

±1.182 

 

Se in certain amounts is essential for better health. The low mean concentration of Selenium 

detected in vegetables in this study can be linked to the Se concentration in soil used in farming 

and agriculture where the vegetables originate. When Se concentration is lower than the limits set 

by legislation bodies ( 6 mg kg−1 in soil), it can lead to an increased risk of several diseases such 

as cancer, heart disease, viral diseases and other conditions that involve increased levels of 

oxidative stress (Huag et al., 2009). 

 

Regarding the maximum permissible limits stipulated by FAO/WHO (2000) for metals in 

vegetables food, 25% of the vegetables exceeded maximum Al limits, 100 % of the vegetables 

exceeded maximum As limits, 100% of the vegetables exceeded maximum Cr limits, 0% of the 

vegetables exceeded maximum Cu limits, 0% of the vegetables exceeded maximum Mn limits, 

100% of the vegetables exceeded maximum Pb limits, and 0% of the vegetables exceeded 

maximum Al limits. 
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CHAPTER SIX : CONCLUSIONS AND RECOMMENDATIONS 

 

Finally, the concludes the results discussed above.  
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6.1 Conclusions 

 

Chemometric optimization was found to be an accurate and easy way of optimizing different 

parameters that affects extraction efficiency. The QuEChERS technique was optimized for the 

maximum extraction of some Endocrine Disrupting Chemicals in food. The optimized QuEChERS 

technique has been found to be very effective in extracting the EDCs from vegetables, beef and 

fish. The clean-up using Moringa Oleifera was very easy because the step was very fast and no 

intensive labor and instrumentation was required. The performance of the Moringa Oleifera and 

PSA as clean-up sorbents was compared and the protein gave superior results. This is seen by 

cleaner chromatograms when the protein is used as sorbent, most likely due to the chemistry of 

the protein functional groups.  

 

The results obtained from the FTIR show that the water-extracted Moringa Oleifera protein 

powder contains the necessary functional groups which are responsible to clean-up sorbent activity 

and removal of coagulants from Pesticide-determination methods, primarily the amine, amide and 

alcohol groups.  

The concentration of EDCs such as Dimethyl phthalate ,diethyl phthalate, 4-Nonylphenol, DDT, 

DDE and DDD were high in Johannesburg raw food as compared to Pretoria. The difference in 

concentration was not significant since P > 0.05. The highest levels of some EDCs in the raw food 

from Johannesburg can be attributed to the higher agricultural and mining activities carried out 

around Johannesburg compared to Pretoria. The concentrations in open markets were greater than 

in main markets, suggesting that the environment and handling of food in open markets is likely a 

large contributor to the contaminants levels in the foodstuff. Samples collected from a farm near 

Hennops river presented very high EDC concentrations due to the use of sewage treated water for 

irrigation.  

 

The metals levels were also generally higher in Johannesburg open markets over Pretoria for the 

same reasons stated above. Some metals concentrations exceed the maximum levels set by 

WHO/FAO which alerts food safety in open markets.  
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6.2 Recommendations and Future Work 

 

• Future work for thorough carcinogenic risk assessments must be established in terms of 

Daily limit Intake of Metals (DIM) and Hazard index (HI).  

• The target Endocrine Disrupting Chemicals should be detected directly from the human 

urine and blood to get the true representation of the chemicals that affects the human health 

• Other QuEChERS clean-up sorbents should be compared for performance 

• 2-D analysis of EDCS using GC x GC MSTOF 
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Appendix I 

 
    Figure. 1a : 𝐺𝐶 ×  𝐺𝐶 𝑇𝑂𝐹𝑀𝑆 chromatogram of 1 𝑚𝑔. 𝐿−1 Certified Reference Materials. 
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      Figure 1b : 1 𝑚𝑔 𝐿−1 representation of Internal Standard (𝛾 − 𝐵𝐻𝐶) 

 

 
Figure 1c Eggplant sample spiked with 𝜇𝑔 𝑘𝑔−1 of internal standard (𝛾 − 𝐵𝐻𝐶) 

 

 
Figure 1d Meat sample spiked with 142.86 𝜇𝑔 𝑘𝑔−1  of internal standard and pure ECD 

standards . 
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Figure 1e: Mass spectra representation of all EDCs under investigation 
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Figure 1f Chromatogram obtained for 1.0 𝑚𝑔 𝐿−1 standard EDCs solution. 1: Dimethyl phthalate. 

2: Diethyl phthalate 3: 4-Nonylphenol 4: 4,4’-DDE, 5: 4,4’-DDT. 

 

 
Figure 1g : 1 𝑚𝑔 𝐿−1 representation of standard EDCs, n = 2 
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Figure 1h : 1 mg 𝐿−1 representation of standard EDCs, third analysis 
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Figure 2a: Chromatograms of QuEChERS fish sample extracted using QuEChERS and PSA as a 

clean-up sorbent at quantities: (i) 25 mg, (ii) 50 mg, (iii) 75 mg 
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Figure 2b: One factor optimisation of PSA cleaning sorbent.  1.5 grams of hake fish was spiked 

with 106.67 𝜇𝑔 𝑘𝑔−1  standard mixture.  
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Table 1a: Analytical spike recovery and standard deviation (SD) of five endocrine disrupting chemicals for different food items sold in 

Johannesburg open markets at 142.86 𝜇𝑔 𝑘𝑔−1 and 714.29 𝜇𝑔 𝑘𝑔−1 fortification levels. 

DMP: Dimethyl phthalate, DEP: Diethyl phthalate, SD: standard deviation. 

 

 

Table 1b: Choice of clean-up sorbent: Recovery comparison between PSA and Moringa Oleifera-extracted Protein on selected food 

from Johannesburg open markets at 142.86 𝜇𝑔 𝑘𝑔−1 and 714.29 𝜇𝑔 𝑘𝑔−1 fortification levels. 

 

EDC Fish: Tilapia Beef 

142.86 𝜇𝑔 𝑘𝑔−1 714.29 𝜇𝑔 𝑘𝑔−1 142.86 𝜇𝑔 𝑘𝑔−1 714.29 𝜇𝑔 𝑘𝑔−1 

PSA Protein PSA Protein PSA Protein PSA Protein 

DMP 89.7±1.04 88,2± 0.85 81.0±1.20 89,3±1.26 90.7±0.53 93,6±0.21 104.5±0.21 105,1±2.24 

DEP 93.3±1.36 86,5±0.56 107.4±0.88 98,5±0.85 79.8±1.35 76,2±0.85 80.8±2.32 98,6±0.45 

4-Nonylphenol 86.0±0.89 91,1±1.11 88.1±1.03 91,2±0.63 82.7±1.22 90,9±2.23 85.2±1.01 97,7±1.24 

4,4’-DDE 90.8±1.01 103,2±0.68 79.9±0.96 101,6±0.52 88.4±0.53 88,8±0.52 80.7±0.52 92,1±0.28 

4,4’-DDT 103.1±0.96 94,3 ±0.89 96.5±1.01 92,6±0.75 86.7±0.21 96,9±1.18 82.2±0.32 96,0±0.96 

EDC Banana Potato Onion Cabbage 

142.86 𝜇𝑔 𝑘𝑔−1 714.29 𝜇𝑔 𝑘𝑔−1 142.86 𝜇𝑔 𝑘𝑔−1 714.29 𝜇𝑔 𝑘𝑔−1 142.86 𝜇𝑔 𝑘𝑔−1 714.29 𝜇𝑔 𝑘𝑔−1 142.86 𝜇𝑔 𝑘𝑔−1 714.29 𝜇𝑔 𝑘𝑔−1 

DMP 87.8 ± 0.41 89.0±0.52 85.9±1.36 81.3±1.69 93.9±2.20 99.3±1.39 76,3±2.23 74,2±1.12 

DEP 88.9±0.33 86.3±0.38 101,2±1.21 104,1±0.96 80,6±1.02 78,2±2.89 86,3±2.56 86,3±2.23 

4-n-OH 83.9±0.17 85.9±0.23 94,3± 1.23 86,6±0.96 87,4±1.27 84,4±0.78 87,4±1.04 86,8±1.01 

4,4’-

DDE 

89.2±0.88 86.9±1.20 
74,3 ±1.08 74,1±1.26 78.0±0.85 80,1±1.05 86,1±0.76 87,2±0.87 

4,4’-

DDT 

102.3±0.29 94.3±0.09 
100,1±0.26 77,5±0.25 

78.8±1.55 75.1±0.96 
98,9±1.23 100,5±0.22 
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Appendix II 

 

 
   

Figure 1: FTIR spectra of Moringa Oleifera seed protein 

 

Table 1: Maximum Permitted concentrations of selected metals in food (𝑚𝑔 𝑘𝑔−1) 

 

    Max. Permitted concentration in  𝑚𝑔 𝑘𝑔−1 

Al 71 

As 0.2 

Cd 0.3 

Cr 1.3 

Cu 10 

Mn 5 

Pb 0.3 

Se n/a in food. (6 in soil) 

Zn 11 
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Figure 2 : Cabbage sample spiked with 142.86 𝜇𝑔 𝑘𝑔−1  of Certified Reference Materials mixture 

 

Chromatograms for application studies are available as supplementary 

data in a separate file (available when needed).
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