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Abstract  

Exposure to volatile organic compounds (VOCs), particularly benzene, toluene, 

ethylbenzene, and xylene (BTEX), poses significant health risks, even at concentrations 

below occupational exposure limits. Wastewater treatment plants (WWTPs) are recognized 

sources of VOC emissions due to the composition of influent wastewater and treatment 

processes. This study assesses the health risks associated with inhaling BTEX compounds at 

five (5) WWTPs employing chemical, physical, and biological treatment technologies. 

Atmospheric area monitoring and personal exposure assessments were conducted at selected 

sites using Radiello passive samplers. Personal exposure monitoring was performed on five 

(5) occupations following the methodology outlined in the occupational exposure sampling 

strategy manual, while ten (10) area monitoring points were established at various treatment 

stages, including four (4) parameter sampling poles. Sampling devices were deployed at 

selected locations for a duration of 30 days. VOC concentrations were analysed and 

compared against occupational exposure limits (OEL). Additionally, a human health risk 

assessment was conducted using U.S. EPA methodologies, with benzene-related cancer risks 

estimated and hazard quotients calculated for other BTEX compounds. 

Results indicate significant variability in BTEX emissions across different wastewater 

treatment technologies. Chemical treatment processes exhibited higher VOC concentrations 

during early treatment stages, whereas biological and physical treatment processes displayed 

fluctuating patterns influenced by site-specific factors. Factors such as plant size, operational 

capacity, and surrounding environmental conditions were found to substantially impact VOC 

emissions. Personal exposure results, calculated as 8-hour time-weighted averages, revealed 

that no BTEX compound exceeded OELs across all occupations in the five (5) selected 

WWTPs. 

However, the health risk assessment revealed that benzene exceeded the carcinogenic risk 

threshold of 1.0 × 10⁻⁶ at all five (5) sites, indicating potential cancer risks. Non-carcinogenic 

risks exceeded the health hazard index of 1 at Site A due to xylene and at Sites B and D due 

to benzene. The carcinogenic and non-carcinogenic risk assessment results emphasize the 

necessity for stringent monitoring and mitigation strategies. 
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A comparative analysis of chemical, biological, and physical treatment processes provides 

critical insights for selecting effective control measures to reduce VOC exposure risks. These 

findings support the identification of wastewater treatment technologies associated with 

lower health risks, reinforcing the need for regulatory frameworks to address long-term 

exposure to low-level VOC emissions. 
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CHAPTER 1 

This outlines the significance of the wastewater treatment process in South 

Africa, discusses the available technologies, and outlines the health risks faced 

by workers involved in wastewater treatment. It includes a problem statement, 

defines the study’s aim and objectives, and provides a rationale for the research. 

1 INTRODUCTION 

1.1 Background 

The rapid increase in population and industrial development has created a growing 

imbalance between available freshwater resources and consumption (Gupta et al., 2012). 

According to Wada et al., (2016) the global usage of water has increased by 600% over the 

past 100 years and continues to rise by approximately 1.8% annually (Boretti & Rosa, 2019). 

This rise has consequently increased the rate at which wastewater is generated (Hansen, 

2015). Wastewater is required to go through treatment before it can be discharged to the 

environment due to the inherent toxic characteristics (Widiana et al., 2019). 

There are various wastewater treatment options that have been deployed around the world 

based on performance, convenience, and economic factors. However, due to the treatment 

process and the wastewater content, toxic pollutants may be released to the air compartment 

and cause adverse health effects, putting workers and nearby residents at risk (Oza et al., 

2022) 

One of the common pollutants from the treatment of wastewater include volatile organic 

compounds (VOCs), particularly BTEX which are associated with various health effects. 

Acute symptoms from inhaling BTEX may include irritations in the respiratory region, while 

chronic exposure to toluene and xylene may lead to neurosis (Shuai et al., 2018). 

Furthermore, research has proven that some of these BTEX compounds, long term exposures 

may increase the risk of cancer even at levels lower than established threshold limits 

(Mohebbi et al., 2024). 

Due to their chemical and physiological characteristics, they may even travel longer 

distances in the air compartment, causing discomfort to workers at the treatment facilities 

and neighboring communities (Pitiriciu & Tansel, 2021). 
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1.2 Problem statement 

The presence of volatile organic compounds (VOCs) in the air, particularly BTEX 

compounds (benzene, toluene, ethylbenzene, and xylene), is an increasing concern due to 

their associated health effects (Kamani et al., 2023). These compounds are classified as 

priority pollutants by the U.S. EPA, with benzene additionally recognized as a Group A 

carcinogen by the IARC. Volatile organic compound emissions can arise from both natural 

and anthropogenic activities, including operations at wastewater treatment plants. 

Employees are potentially exposed to inhaling these compounds when working in 

contaminated micro-environments, particularly during the preliminary, primary, and 

secondary stages of the wastewater treatment facilities. 

The adoption of Occupational Exposure Limits (OELs) or Threshold Limit Values (TLVs) 

for toxic chemicals has been instrumental in helping regulatory bodies and industries assess 

workplace exposures. Currently, more than 500 chemicals have legal OELs established 

(ILO, 2020), including limits for BTEX compounds. However, these standards alone may 

not provide an accurate measure of the health risks associated with long-term exposure to 

BTEX, even at concentrations below the designated limits. Furthermore, a study done by 

(Borak & Brosseau, 2015) revealed that OELs follow a dichotomous approach and tend to 

ignore uncertainty and variability in biological systems.  To accurately evaluate these risks, 

both exposure assessment concentrations and dose-response assessments coupled with 

toxicological screening techniques in order to enhance a much more probabilistic health risk 

assessment must be considered (Brouwer et al., 2019).  

In addition to workplace risks, the physicochemical properties of VOCs allow them to travel 

long distances with air currents, creating air quality issues and posing health risks to nearby 

communities (Liu et al., 2021). This extends the impact beyond workers, affecting 

populations residing close to treatment facilities. In South Africa, there is currently a lack of 

stringent regulations for monitoring airborne pollutant exposures from industrial activities 

affecting nearby communities, further exacerbating the problem (Tshehla & Wright, 2019). 

1.3 Research Question 

What is the associated human health risk of exposure to benzene, ethylbenzene, toluene, and 

xylene (BTEX) emitted from the different wastewater treatment plants (WWTP) in SA? 
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1.4 Research aim 

To evaluate the associated human health risk of exposure to benzene, ethylbenzene, toluene, 

and xylene (BTEX) emitted from the different wastewater treatment plants in SA. 

1.5.1 Objectives 

▪ To characterize the emission profiles of the targeted VOC’S emissions for chemical, 

physical, and biological wastewater treatment technologies used in SA; 

▪ To quantify emissions of benzene, toluene, xylene, and ethylbenzene for exposure 

risk characterization. 

1.5 Justification 

Wastewater treatment technologies, both globally and in South Africa, vary in their 

operations, leading to differences in the concentration of toxic emissions at the source, along 

the pathway, and at the receptor. According to the research done by (K. Yang et al., 2019) 

volatile organic compound (VOC) emissions can differ significantly between technologies 

and even across stages of the treatment process. Understanding these emissions is critical 

not only for implementing effective control measures but also for identifying technologies 

that minimize VOC emissions. Moreover, current industry practices primarily focus on 

exposure assessment reports that estimate external doses, with little to no effort to quantify 

the risks on the uptake level.  

In South Africa, regulatory measures have compelled wastewater treatment companies to 

conduct regular monitoring and implement controls in areas or occupations where BTEX 

exposure exceeds established limits. Furthermore, these reports are submitted to the 

Department of Labour to ensure compliance through monitoring and law enforcements. This 

has successfully reduced external environmental exposure levels (Department of 

Employment and Labour, Nd). However, there are no legal requirements to assess chronic 

exposure to low-level VOCs, despite evidence in the literature indicating potential health 

risks. The lack of data from long-term exposure assessments may result in underestimating 

cumulative risks and associated health impacts. 

Currently, the reliance on exposure assessment reports is insufficient as it focuses solely on 

external doses and neglects the risks at the uptake level. Quantifying uptake is essential for 

accurately estimating human health risks. Therefore, a comprehensive health risk assessment 

addressing long-term exposures, combined with an occupational hygiene survey, is 
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imperative to provide a more accurate evaluation of health risks associated with VOC 

emissions from wastewater treatment technologies. 

1.6 Limitations and implication of the study 

This study provides the first dataset for assessing health risks linked to long-term inhalation 

of BTEX compounds from three different waste treatment technologies used in South Africa. 

Two types of monitoring was conducted, which was area monitoring and personal 

monitoring. For area monitoring, the sampling media were placed around the treatment 

facility for a duration of 30 days. Although these samples were all done during summer 

season, meteorological variations (humidity, temperature, and wind flow) for each day is not 

accurately the same and may have a slight influence on the results since sampling was not 

done on the same day for all sites. Further studies need to be conducted in the winter season 

to compare VOC concentration under different meteorological conditions. According to 

(Wei et al., 2024), VOC concentrations are expected to be higher in winter than in summer. 

This is due to factors like increased wind speeds, which transport air more effectively, and 

temperature differences that cause warm, polluted air to rise and be captured more efficiently 

by the sampling media. 

Secondly, the use of prediction models such as the chronic daily intake for risk estimation 

and characterisation has notable implications, of which they to some extent simplify 

exposure estimation. The assumed values are based on averages, uniform and constant 

exposure rates over-time which is not the case in a real-life situation. The model also does 

not consider differences in respiratory and absorption factors, biological variability in 

metabolism and absorption factors. 

Due to the absence of standardized South African guidelines, the chronic daily intake model 

was based on American standards databases were employed to estimate the associated health 

risks. This involved calculating the chronic daily intake using default parameters, including 

average body weight for males and females, average inhalation rate and the average exposure 

duration. 
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1.7 Chapter overview 

Chapter 1 outlines the significance of the wastewater treatment process in South Africa, 

discusses the available technologies, and outlines the health risks faced by workers involved 

in wastewater treatment. It includes a problem statement, defines the study’s aim and 

objectives, and provides a rationale for the research. 

Chapter 2 provides a literature review on wastewater treatment processes both in South 

Africa and internationally, discussing current technologies and presenting detailed 

information on VOC exposure, behaviour, and associated health effects. Additionally, it 

examines existing regulatory frameworks in South Africa and similar approaches for 

estimating human health risks. 

Chapter 3 details the study’s data collection methods, including the sampling and analysis 

procedures. It describes sample placement, the selection process, determination of the 

number of occupational roles per site, the types of Radiello passive sampler used, and the 

laboratory analysis methods employed. Additionally, it discusses the U.S. EPA method used 

for health risk assessment. 

Chapter 4 presents and discuss the consideration of assessing exposures, even below the 

occupational exposure limits for cancer and non-cancer risk. It motivates and provides the 

need to address long term health effects of VOC at low concentration for risk estimation. 

Comparison with similar studies are taken into consideration.  

Chapter 5 provides a summary of the study outcomes and the overall findings on BTEX 

concentration for the selected sites. It compares the profiles of chemical, biological and 

chemical treatment process. The chapter concludes with stating reasons for health risk 

assessment.  
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CHAPTER 2 

This chapter provides a literature review on wastewater treatment processes 

both in South Africa and internationally, discussing current technologies and 

presenting detailed information on VOC exposure, behaviour, and associated 

health effects. Additionally, it examines existing regulatory frameworks in South 

Africa and similar approaches for estimating human health risks. 

2 LITERATURE REVIEW 

2.1 Wastewater treatment 

Wastewater treatment is critical in South Africa due to the country's limited freshwater 

resources (Department of Water and Sanitation, 2015). Increasing the reuse of treated 

wastewater for non-drinking purposes could help ease the pressure on municipal water 

supplies (Adewumi et al., 2010). Additionally, effective wastewater treatment is essential to 

mitigate the environmental impacts of untreated wastewater discharge. The primary goal of 

this process is to remove suspended solids, nutrients, minerals, and toxic metals, thereby 

reducing water pollution, enabling wastewater recycling, and protecting ecosystems. 

A conventional wastewater treatment system typically involves four key stages: preliminary 

treatment, which includes mechanical screening; primary treatment, focusing on settling; 

secondary treatment, using aerobic or anaerobic biological processes; and tertiary treatment, 

which employs physical, chemical, or biological methods (Jayalekshmi et al., 2021). This 

multi-stage approach ensures wastewater is adequately treated before reuse or discharge. 

2.1.1 Preliminary and primary treatment  

The preliminary stage of wastewater treatment is designed to remove large solids from the 

influent, ensuring operational efficiency and preventing malfunctions caused by coarse 

materials. This stage involves two primary processes: mechanical screening, which removes 

solid debris, and grit removal using systems such as skimming tanks, flotation units, or 

detritus tanks. During this process, sand and small rocks settle in the grit chamber. These 

measures are vital to prevent clogging and ensure the smooth operation of the treatment 

plant. By the end of the preliminary stage, approximately 5–10% of the total suspended 
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solids and a small fraction of organic material are removed from the wastewater (Spellman, 

2017.) . 

Following the preliminary stage, the influent moves to the primary treatment stage, which 

typically contains an estimated 80% of unstable organic matter (Fao, 2020). This stage 

utilizes sedimentation tanks, commonly referred to as primary clarifiers, to separate heavier 

solids from the wastewater using gravity. The solids settle at the bottom of the tank, forming 

sludge, while lighter materials such as grease and oil float to the surface. This separation 

process prepares the wastewater for further treatment in the subsequent stages. At this point 

about 50% to 70% of total suspended solid materials are removed and about 24% to 40% of 

Biochemical Oxygen Demand or Biological Oxygen Demand (BOD) has been removed, 

which is the measure of the amount of oxygen needed in mg/l by bacteria and other 

microorganisms in order to fulfill full oxidation of organic matter in the wastewater(Poyatos 

et al., 2010)  

2.1.2 Secondary treatment  

The secondary treatment stage involves processes that further modify the characteristics of 

wastewater to address the approximately 80% of unstable organic matter that remains after 

primary treatment. This stage relies on biological processes to stabilize organic matter, often 

through oxidation or nitrification reactions (Ebrahimi & Najafpour, 2016). How this works 

is that the wastewater from primary treatment flows to the aeration tanks in the secondary 

treatment stage, then air is continuously supplied through mechanical means or through 

diffusers to ensure that the aeration tanks is oxygen rich at all times. This allows 

metabolization of organic matter in the water by bacteria or protozoa which is then converted 

to carbon dioxide biomass and water. The water from the reaction is then collected and 

delivered to the secondary sedimentation tanks which are similar to that of primary clarifiers, 

flocs will then settle out leaving treated water (Ebrahimi & North, 2017).  

Another method which often complements the activated sludge in most case is filtration, of 

which the treated water pass through a layer of granular media such as sand or gravel. This 

method filters some of suspended solids and microorganisms (Mesdaghinia et al., 2010). 

2.1.3 Tertiary treatment 

Tertiary treatment focuses on removing residual contaminants from wastewater following 

secondary treatment. This stage is typically unnecessary unless the treated water is intended 

for human consumption or discharge into sensitive environments. However, in South Africa 
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and many other developing nations, conventional wastewater treatment methods remain 

prevalent. These older systems often face challenges in achieving safe discharge standards, 

making tertiary treatment critical to ensure compliance and environmental protection 

(Department of Public Works, 2015). 

Tertiary treatment employs various advanced techniques categorized as biological, chemical, 

or physical processes, each suited to specific objectives, wastewater types, and financial 

constraints. The selection of an appropriate method depends on factors such as the nature of 

the contaminants to be removed and the intended use of the treated water. Detailed 

explanations of these methods are provided later under treatment technology options. 

2.2 Treatment technology options  

There various techniques are available for wastewater treatment both in South Africa and 

globally. The choice of an appropriate treatment method often depends on the type of 

wastewater being treated and the associated economic considerations or requirements. 

Treatment technology can form either part of biological, chemical, or physical method.   

2.2.1 Biological treatment  

Biological treatment methods use biofilters, which support microbial biomass on filter 

media, to process wastewater. Among these, trickling filters are the most prevalent 

biofiltration system for wastewater treatment (Dubey et al., 2022). The filter bed, often 

constructed from materials like crushed rocks, shredded PVC bottles, or plastic media, is 

designed to offer a large surface area. Wastewater, after undergoing preliminary and primary 

treatment, is sprayed over the media. As it flows downward, a biofilm develops on the 

surface, facilitating the adsorption and breakdown of organic materials by microbial 

populations attached in the medium as a biological film (US EPA, 2000).  

2.2.2 Chemical treatment  

There are several chemical treatment methods employed during the tertiary treatment stage 

of wastewater, with chlorination and dichlorination being the most common. Chlorination 

involves adding chlorine or chlorine-based compounds to disinfect treated water by targeting 

and eliminating pathogens (Tchobanoglous et al., 2014). Dichlorination then follows to 

neutralize excess chlorine, ensuring the water is safe for discharge or reuse (Abu-Orf et al., 

2013). 

Another widely used chemical method is ozonation, where ozone, a powerful oxidizing 

agent, is introduced to break down organic material and eliminate bacteria, viruses, and other 
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microorganisms. This method is highly effective for water purification and odour removal 

(EPA, 2020). 

Coagulation and flocculation are also integral chemical processes, using agents like 

aluminium sulphate (alum) or ferric chloride to destabilize and aggregate fine suspended 

particles, making them easier to remove through sedimentation or filtration (Song et al., 

2015). 

Ion exchange is employed for the removal of specific contaminants such as nitrates, heavy 

metals, and ammonium ions. This technique uses resins to exchange unwanted ions in the 

water with less harmful ones (Leszczyński, 2021). 

Lastly, advanced oxidation processes (AOPs) utilize strong oxidants like hydrogen peroxide, 

often in combination with UV light or ozone, to generate hydroxyl radicals. These radicals 

degrade persistent organic pollutants and emerging contaminants such as pharmaceuticals 

oxidants (Klavarioti et al., 2009). 

2.2.3 Physical Treatment  

The final category of tertiary wastewater treatment focuses on physical methods, which are 

generally more economical than chemical and biological techniques and are widely adopted 

for their simplicity and efficiency. These methods include membrane filtration, UV 

disinfection, and flotation systems, each with specific advantages depending on the 

application. 

Membrane filtration uses semi-permeable membranes to separate impurities from water. 

These membranes allow only water molecules to pass through while trapping solids and 

other contaminants. Key types of membrane filtration include reverse osmosis, which 

removes dissolved salts and smaller organic molecules; ultrafiltration, which blocks larger 

particles and microorganisms; and microfiltration, which captures fine suspended solids and 

some pathogens. Membrane filtration is widely used for producing high-quality effluent 

suitable for potable reuse and industrial applications (Tchobanoglous et al., 2014). 

Another important technique is disinfection using ultraviolet (UV) radiation, a process that 

combines biological and physical methods. UV light effectively inactivates microorganisms 

such as bacteria, viruses, and protozoa by disrupting their DNA, rendering them unable to 

reproduce. Unlike chemical disinfectants, UV treatment avoids the addition of chemicals to 

the water, making it a safer and environmentally friendly alternative (Lazarova & Bahri, 

2005). 

Flotation systems are another commonly used physical method, particularly in industrial 

wastewater treatment. This technique introduces fine air bubbles into the wastewater, which 
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adhere to solids, oils, and grease. The buoyant particles then rise to the surface, where they 

are skimmed off for removal. Flotation is highly effective in removing fats, oils, and other 

lightweight contaminants that might otherwise remain in the water (Cheremisinoff, 2002).  

These physical methods are essential in tertiary treatment for achieving the high-quality 

effluent required for water reuse or safe discharge into sensitive environments. 

2.3 Emission and Exposure  

According to Jones et al. (2021) wastewater may originate from domestic sources, 

agricultural activities, and some industrial processes. Wastewater may contain organic 

material, which is responsible for VOC emissions (Samr, 2015). Volatile organic compound 

are a class of organic compound mainly composed of carbon elements that evaporate at room 

temperature due to their saturated vapour pressure greater than 133.32 pascal and 

atmospheric boiling point ranging from 0 to 260 degree Celsius. This makes them easily 

dispersed in the air (Zhang et al., 2020) (Zhang & Mozaffar 2020). Volatile organic 

compounds can be further subdivided according to the level of boiling point. There are those 

which are said to be very volatile (mainly gases) with a boiling point ranging from 0 to 100 

degrees Celsius and those with boiling point of 100 to 260 degree Celsius. 

Due to the chemical and physical characteristics of such VOCs, they can move freely in 

water and air spaces. According to Montoya et al. (2018) the mean lifetime in the atmosphere 

may range from a few minutes to months, allowing them to travel longer distances from the 

treatment plants (source of emission) to the receptors, in this case the receptor can either be 

a worker or residents (adult or children) nearby the treatment plant. 

VOCs enter the air compartment through the process of volatization. It is then transported to 

the human receptor. The main route of entry is inhalation, thereafter it is rapidly and 

extensively absorbed in the lower region of the lungs. According to the National Center for 

Biotechnological Information (NCBI) some VOCs can be absorbed through the skin to a 

limited extent due to the outer layer of the skin made up of tight, adhering keratinized 

epithelium cells. 

A study done by Byliński et al. (2019) have shown that VOC emission rate may vary 

substantially in quantity due to the composition of wastewater. Yang et al. (2014) and 

Talaiekhozani et al (2015) noted that VOC emissions are a result of three main factors; the 

first being the process of diffusive volatilization which is influenced by the concentration 

gradient between air and contacting aqueous phase. Secondly, most of the wastewater 



11 

 

treatment technologies are open system, therefore subjected to temperature differences 

between the air and wastewater. Heat causes evaporation of VOC into the air as they are 

directly exposed to sunlight. Lastly, aeration through conductive air flow. 

2.4 Health effects 

Wastewater treatment facilities has been associated with a variety of emissions that are 

proven to have several human health. Some of these emissions from such treatment plants 

include mono-aromatic hydrocarbons, namely, benzene, toluene, ethylbenzene, xylenes 

(BTEX) (Fayemiwo et al., 2017), which are said to have known toxicological effects and are 

classified as priority pollutants by the U.S EPA. 

The International Agency for Research on Cancer (IARC) has categorized benzene, the 

simplest aromatic compound as Group 1 carcinogen while toluene and xylene are listed as 

Group 3 carcinogens. Chronic exposure to such VOCs is known to be associated with the 

cancer of the lungs and kidney. According to the Centers for Disease Control and Prevention 

(CDC), long term exposure to elevated levels of benzene in the blood may cause reduction 

of both white and red blood cells in the bone marrow increasing the risk of anemia, while 

xylene, ethylbenzene and toluene could increase the risk of developing cardiovascular 

disease and rhinitis (CDC, 2024; Snyder, 2012). Other studies suggests that chronic 

exposures to toluene and xylene may be associated with devastating neurological disorders, 

of which dementia is the most common (Eller et al., 1994; Filley et al., 2004). Acute exposure 

may lead to eye irritation, headache, nausea, dizziness, stress, and loss of consciousness 

(Masekameni et al., 2019). 

Based on the results from a study done by Widiana et al. (2019), using the CDI 

(Carcinogenic) and HQ (for non-carcinogenic) indicates that long-term health risk from 

exposure to VOCs in a wastewater treatment plant does exist even at low concentration, 

(below the occupational exposure limits). The high risk for carcinogenic VOC include 

benzene. The results ranged from low risk to possible risk for carcinogenic VOCs while for 

non-carcinogenic ranges from moderate to high. According to Sexton et al. (2007) if a 

carcinogenic compound has a lifetime health risk less than 1.0 x10-6 may be regarded as 

insignificant risk, between 1.0 x 10-6 and 1.0 x 10-5 may be categorized as a possible risk and 

higher than 1.0 x 10-5 may be regarded as high risk. For non-carcinogenic, most of the 

compounds were considered to be above the HQ of 1, meaning there is a definite health risk. 
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2.5 Human health risk approaches 

The health risk approach utilizes methodologies in health risk assessment to analyse the 

potential impact of toxic chemicals on human health. Within exposure science, there is 

growing interest in the application of probabilistic modelling for exposure assessment. These 

predictive tools, grounded in mathematical frameworks and supported by qualitative 

insights, have proven valuable for generating explanatory predictions of exposure levels and 

their potential effects (Sherif et al., 2009). 

This process is particularly critical for substances classified as carcinogens, as no 

concentration of exposure can be definitively deemed safe or without potential health 

consequences. Even minimal exposure carries a degree of risk, necessitating the application 

of cumulative prediction models. The US.EPA models estimate the chronic daily intake of 

carcinogenic substances and predict associated risks over time. Similar modelling techniques 

are also utilized to assess potential non-carcinogenic impacts, ensuring comprehensive 

health risk management. 

2.6 Regulatory Framework 

Occupational exposure limits are health-based benchmarks designed to enable meaningful 

evaluations by comparing them to actual workplace measurements (Deveau et al., 2015). 

These limits are established using toxicological data and epidemiological studies for each 

VOC compound, employing dose-response analyses to define a single value considered a 

safe exposure level. At or below this threshold, adverse health effects are generally not 

anticipated (NIH, 2019). 

However, advancements in new data and predictive models from extensive research indicate 

that health risks may persist even at concentrations below the established occupational 

exposure limits due to cumulative exposures. While these approaches have gained 

widespread acceptance in the health and scientific communities for their effectiveness, the 

development of regulatory frameworks addressing cumulative and cancer risks for each 

BTEX compound has progressed slowly, particularly in South Africa. Currently there are no 

laws on exposure to carcinogenic or non-carcinogenic VOC compounds that have exceeded 

the US.EPA guidelines for chronic daily intake exposures. 
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CHAPTER 3 

This Chapter details the study’s data collection methods, including the sampling and 

analysis procedures. It describes sample placement, the selection process, determination of 

the number of occupational roles per site, the types of Radiello passive sampler used, and 

the laboratory analysis methods employed. Additionally, it discusses the U.S. EPA method 

used for health risk assessment. 

3 METHODOLOGY 

3.1 Study design  

A cross-sectional study was conducted to assess targeted VOC emissions profiles of 5 

wastewater treatment plants. The treatment plants consist of 3 treatment technologies, which 

include physical, biological, and chemical wastewater treatment. 

3.2 Description of the study area 

The study considered five wastewater treatment facilities located at the city of Tshwane, 

which form part of the current on-going project, of which the aim is to characterize 

bioaerosol, VOCs and odour emissions in the city’s wastewater treatment plants. The first 

stage of the project is to provide a probabilistic risk assessment (PRA) through the use of 

predictive models. This entire research is therefore embedded in the first objective of the 

project (Details of the main project attached in the appendices).  

For the purpose of confidentiality, the sites are referenced as Site A (Biological treatment), 

Site B (Chemical treatment), Site C (Chemical treatment), Site D (Physical treatment) and 

Site E (Physical treatment). 

Site A is located in the north-west side of Pretoria, South Africa and approximately 8 

kilometers (Km) to the central city as shown in figure 2.  It covers about 55 hectares of land 

by size, which includes the treatment facilities, infrastructure, and the buffer zone, the 

surrounding areas is mostly utilized for residential and commercial activities.  

 



14 

 

3.3 Methods and materials 

3.3.1 Study population  

The study population include total workforce for each site, which include management, 

administration employees, security, and field workers. Part-time employees are not included 

on the sample population as they are involved in projects then vacate the site.  

Site A 

Site A is located in the north-west side of Pretoria, South Africa and approximately 8 

kilometres (Km) to the central city of Tshwane. It covers about 55 hectares of land by size, 

which includes the treatment facilities, infrastructure, and the buffer zone, the surrounding 

areas is mostly utilized for residential and commercial activities.   

The treatment plant operates continuously 24 hours a day, 7 days a week, with its workforce 

divided into three shifts to ensure full coverage. The total workforce comprises 

approximately 30 employees, distributed across these shifts. The morning shift operates from 

7:00 AM to 3:00 PM, followed by the afternoon shift from 3:00 PM to 11:00 PM, and the 

night shift from 11:00 PM to 7:00 AM. During night shift only two employees are working, 

responsible for running the entire plant, while on day shift there is a total of 7 employees 

excluding security and admin personnel.  

Every treatment stage is allocated with at least one employees while the senior process 

controller oversees the entire treatment facility. The facility has an operational capacity of 

55 megalitres per day, following an upgrade completed in 2009. However, the biological 

treatment component of the plant is designed to handle only 8 megalitres per day out of the 

total 55 megalitres, as the facility is divided into distinct sections. 

Site B 

Site B is located in the north side of Pretoria, South Africa as depicted in figure 3. It covers 

approximately 274 hectares of land by size, making it the key wastewater treatment facility 

serving the city of Tshwane municipality. It is situated in a region that is predominately rural 

and agricultural.  R101, which is the major regional road that connects Pretoria to Limpopo, 

passes relatively close to the treatment facility and also it is used as the primary road for 

accessing the treatment plant.  

The facility has an operational capacity of 250 mega litres per day making it one of the biggest 

treatment facilities in the city of Tshwane. The treatment facility consist of 3 plants namely east 

works, north works and the west works all 3 plants have its own inlet. However, the west works 

is currently not working.   
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The plant operates 24 hours a day, 7 days a week, with a total workforce of 53 employees. The 

employees work on a 6:00 am to 6:00 pm shift, following a 4 days on, 4 days off schedule. There 

are 4 shifts, each consisting of approximately 14 employees, excluding security and 

administrative staff. Of these, 8 employees are assigned to the East Works plant and 6 to the 

North Works plant. The roles within these shifts include general workers, assistant process 

controllers, and process controllers. 

Site C 

Site C is located in the west side of Pretoria, South Africa, which covers approximately 32 

hectares of land making it the smallest wastewater treatment facility in size from the 5 sites. It is 

in an area that is mainly industrial as shown in figure 4, characterized by various manufacturing 

companies. On the east side of the treatment facilities about 5-7 km is a blend of both formal and 

informal residential settlement. 

The facility utilizes both biological and physical treatment technology. It has a total of 4 

channels, however only 3 channels are working. The channel that is not working is connected to 

the biological treatment technology (Biofiltration), which are said to be currently under 

refurbishment. With all channels working the treatment plant has a daily operational capacity of 

25mega litres, of which it is the smallest when compared to the other 4 sides.  

The total labour count is 24 employees of which are working a 4 days in and 4 days out shift. A 

total of 4 employees per shift excluding security officers and admin personnel. Employees work 

a 12-hour shift. Per shift include general worker, plant process controller and assistant plant 

process controller. 

Site D 

Site D is situated to the northeast of Pretoria, South Africa, see figure 5. It covers approximately 

100 hectares. It is located in a rural and semi-urban region, surrounded by a mix of agricultural 

land. The area is less densely populated compared to other sites. The Pienaars River flows 

nearby, into which the facility discharges its treated effluent. 

The facility has an operational capacity of 80 megalitres per day, making it the second-largest 

treatment plant in the City of Tshwane. It comprises four modules, although one is currently non-

operational. The plant operates 24 hours a day, 7 days a week.  

There are a total of 18 employees working on a 3-shift system. The shifts are as follows: the 

morning shift runs from 7:00 am to 3:00 pm, the afternoon shift from 3:00 pm to 11:00 pm, and 

the night shift from 11:00 pm to 7:00 am. Each 8-hour shift is staffed by 2 employees, while the 

remaining employees are off duty. 
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Site E 

Site E is situated in the northeastern part of Pretoria, South Africa, approximately 20 km from 

the city centre. The site spans around 45 hectares, accommodating the treatment facility, buffer 

zones, and an administration block. The area is predominantly industrial, as depicted in Figure 

6, and is characterized by several manufacturing companies. To the west and south of the facility, 

there are nearby residential developments. The plant is located near the Moreleta River and is 

close to the intersection of the N1 freeway and the R513 road. 

The facility has an operational capacity of 30 mega litres per day making it the second smallest 

of the treatment facilities in the city of Tshwane. It has a total workforce of 23 employees which 

include security, administration workers, management, and the fieldwork. Operational workers 

and security work shifts. 

3.3.2 Study sample  

The study sample includes employees involved in operational tasks. These workers are at 

higher risk compared to administrative staff since they are directly exposed to VOC 

emissions during treatment processes.sample include number of employees who are 

involved at operational levels. These employee are high risk employees compared to other 

employees as they are directly involved in the treatment plant. 

3.3.3 Sample size  

Total A total of 25 employees participated in the study, with five participants selected from 

each treatment site. The sample size was determined in accordance with the guidelines 

outlined in the Occupational Exposure Sampling Strategy Manual (OESSM), which 

recommends that the number of samples be based on statistical confidence levels and the 

expected variability of exposure (NIOSH, 1977). To ensure representativeness, employees 

were grouped into Homogeneous Exposure Groups (HEGs), defined as workers with similar 

tasks, work environments, and potential exposure profiles. Within these groups, occupations 

considered to have the highest likelihood of exposure were prioritized for monitoring, a 

principle referred to as sampling for maximum exposure. To identify these occupations, a 

preliminary walk-through survey of the facilities was conducted. This involved direct 

observation of work practices, time spent in areas of potential exposure, and proximity to 

emission sources, thereby allowing accurate identification of workers most at risk. 

Although security personnel were not classified as a high-risk occupation, they were 

included in the study to assess exposure levels among low-risk groups, primarily based on 

their proximity to emission sources. The sampled security guards were stationed at the main 

entrance of each facility. At each site, a typical shift comprised a maximum of five field 

workers and two security personnel. In line with OESSM guidance, initial exposure surveys 
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should include 3 to 5 personal samples per Similar Exposure Group (SEG) to adequately 

capture variability. Accordingly, five personal samples were collected per site: four from 

field workers, representing the high-exposure SEG, and one from a security employee, 

representing the low-exposure SEG. The description of the selected occupations are detailed 

below: 

• Process Controller  – Responsible for daily operation and maintenance of the 

facility. The role involves monitoring equipment, recording readings, collecting 

samples, handling basic maintenance, and supporting chemical treatment and sludge 

processing depending on the stage of the treatment facility they are designated for. 

Process controllers also perform cleaning and housekeeping duties. 

• Senior Process Controller - The Senior Process Controller oversees and optimizes 

the entire treatment process. Responsible for analyzing readings, adjusting 

operations, and coordinating operation and maintenance. In addition to supervising 

junior staff. 

• General Worker – Responsible for cleaning spills, house keeping and assisting the 

process controllers in ensuring smooth operation of the plant.  

• Security Guards – Responsible for access control at the entrance gate, including 

monitoring security cameras and alarms.  

3.4 Data collection 

3.4.1 Sampling of BTEX 

Sampling of VOCs was done using Radiello (RAD 130) Passive (diffusive) samplers. This 

sampling device caters for both personal and area monitoring. The diffusive sampler is in 

form of a close box, and cylindrical in shape. It has two opposite side, of which one is 

transparent to BTEX molecules that cross it and adsorbed onto the other side. The former is 

called diffusive surface while the latter is called adsorbing surface, marked with S and A 

respectively (Radiello, no date). 

This method of sampling relies on the concentration gradient Dc/DI, the gaseous molecules 

cross S and diffuse towards A along the path I, parallel to the axis of the cylindrical box. The 

molecule, which are the BTEX will then be trapped by the adsorbing material and eventually 

adsorbed onto A, which is according to the following formula:  

𝒅𝒎

𝒅𝒕
= 𝑫. 𝑺  

𝒅𝑪

𝒅𝒓
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The method that was followed is in accordance to the US-EPA TO-15: Toxic Organic 

Compounds in the Ambient Air. 

 

3.4.2 Description of Sampling device 

Radiello passive sampler consist of a Cartridge absorbent, which is pre-contained and 

sealed to avoid any form of contamination. The adsorbent allows the VOC’s to be absorbed 

through the process of diffusion. A permeative blue Diffusive body made of microporous 

polyethylene, suitable for sampling of light-sensitive compounds, which houses the 

absorbent during sampling and only permits gases to pass through its membrane. A 

Triangular Support Plate, which closes the opening of the diffusive body and also acts as 

a suspension. Self-adhesive Radiello Barcode labels, which are used to provide unique 

numbers for samples and space for date. The barcode numbers are printed, therefore cannot 

be duplicated, which allows an unmistakable identification of the sample on the field sheet 

and laboratory results (Sigma-Aldrich, 2010). 

3.4.3 Preparation of Radiello 

Figure 1 explains step by step how to assembly and prepare a Radiello badge for sampling. 

Step 1: The cartridge absorbent was removed from the airtight storage container without 

directly touching it and transferred to the diffusive body. Step 2: The diffusive body was 

screwed to the triangle support plate until it is tightly fasten. Step3: The Radiello barcode 

with unique number, time and date was attached to the triangular support plate for reference 

purposes. Step 4: Post sampling the diffuse body was then unscrewed from the triangular 

support plate to remove the cartridge absorbent, which was then transferred back to the 

airtight container and the same barcode from was  attached to the storage airtight container. 
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Figure 1: Preparation of Radiello Sampler (Sigma-Aldrich/Supelco, 2010) 

3.4.4 Area sampling of BTEX 

For area sampling, the research team that form part in the data collection process conducted 

a walk-through survey on all 5 sites along with the representatives from each facility to 

identify strategic points to place Radiello samplers, which then from the outcome included 

sampling points on all stages of the treatment process and on the boundaries (Fence line on 

all four poles).  

For the purpose of confidentiality and sensitivity of the report, an official letter was sent to 

the Water Research Commission (WRC)  project leader to request access to collect samples 

for the main study. Only treatment facilities that are part of the main study was considered. 

The selected WWTP covered the chemical treatment, physical treatment, and biological 

treatment technology option. Different technology option might provide different 

concentration measurements, thus for the purpose of risk estimation a comparison will be 

made amongst the treatment options. The criteria that was used for selection of wastewater 

treatment facilities by WRC is shown in Appendix 5.  
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3.4.5 Personal sampling of BTEX 

For personal samples, the occupations of interest were selected by adopting the method 

described in the NIOSH Occupational Exposure Sampling Strategy Manual (OESSM), 

which is a common and widely preferred method universally. The method ensures that 

monitoring targets the most exposed occupations/employee. If the most exposed employee 

cannot be identified, the following step was applied, which describe that from each 

Homogenous Exposure Group (HEGs) there is at least 95 percent confidence level that the 

selected employee is among the most highly exposed. Additionally, the method outlines the 

process for determining the appropriate number of personal samples to be collected.  

Five personal samples per treatment facility was enough based on the method and the total 

number of employees. All personal samples measurement covered the entire work shift 

duration. The sampling comprises of the following occupations: general worker, plant 

process controller, assistant plant process controller and security guard/officer.  

3.4.6  Storage and transportation of Radiello samples 

All samples were sealed in a unique airtight container upon collection. To ensure that the 

integrity of the samples are preserved, samples were temporarily stored for not more than 7 

days in a opaque cooler box with ice to maintain temperature of not more than 4°C as 

stipulated in the EN13528-2 guideline. The same container with ice was used for 

transportation to the accredited SANS laboratory. Submission sheet with the same 

information on the sample cover was also submitted to the lab, which includes time, sample 

location and unique sample number and if whether it was a personal or area sample.  

3.5 Data analysis  

All samples were sent for analysis to a South African National Accreditation System 

(SANAS) Accredited Laboratory. Results were measured in concentration and presented in 

Parts per Million (PPM) and also in µg/m3. The method of analyses used by the lab is 

stipulated in the NIOSH 1500 of which BTEX compounds were extracted from the Radiello 

absorption cartridge through a technique called Gas Chromatography coupled with Flame 

Ionization Detection (GC-FID). 

3.6 Statistical analysis  

Data on BTEX obtained from the laboratory was processed using Excel 2021 and 

summarized in frequency tables. The mean values of personal monitoring emissions from 

various treatment technologies were compared using single-factor ANOVA, a statistical 
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technique for testing hypotheses on mean differences between groups (Mishra et al., 2019). 

Single-factor ANOVA was chosen because the three variables, chemical, biological, and 

physical treatment technologies are independent from the five sites. This approach helped 

determine whether there were significant statistical differences between the mean values 

across the five sites. The p-value was set equals to or greater than 0.05 in this study. The 

Null hypothesis suggest that there is no significant difference in the mean concentration of 

the each BTEX compound from the 5 sites, while my alternative hypothesis suggest that 

there is a difference.  

3.7 Occupational Exposure limits comparison  

Personal monitoring results in PPM was compared with the occupational exposure limits 

under the Hazardous Agents regulations of South Africa. The following are stipulated OELs 

as per act: 

• Toluene: 40 ppm 

• Ethylbenzene: 40 ppm 

• Xylene: 200 ppm 

• Benzene: 1 ppm 

For sites that do not use 8-hours as shift duration, eight-hour Time Weight Average (TWA) 

conversion was applied in order to be able to compare concentration with occupational 

exposure limit for each VOC compound, the following formular was used: 

TWA (8hour) =  
𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏  X  𝑺𝒂𝒎𝒑𝒍𝒆𝒅 𝒕𝒊𝒎𝒆

𝟖𝑯𝒓
                                                   Equation 1 

3.8 Risk Assessment  

BTEX emission were monitored at each treatment stage of the 5 sites and also on the 

perimeter fence which included all 4 poles (east, west, south, and north). Samples were 

placed 1.2m above the ground. 

BTEX emissions were monitored at each treatment stage across five sites, as well as along 

the perimeter fence at all four cardinal points (east, west, south, and north), with samples 

placed 1.2 meters above the ground. Occupations working in such areas were taken into 

account, selection for sampling were chosen based on the workers' location, and the activities 

they performed. These factors were considered to assess potential BTEX exposure and to 

conduct a health risk assessment based on available research. The risk assessment process 
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involved identifying hazards, evaluating, and characterizing risk, and implementing control 

measures to mitigate exposure. 

3.8.1 Hazard Identification 

During data collection, BTEX concentrations were monitored both in the effluent and 

throughout the treatment process. The focus was specifically on BTEX compounds due to 

their associated health risks upon inhalation, as previously discussed. Benzene, a recognized 

carcinogen, poses significant health concerns, while prolonged exposure to the other BTEX 

compounds can result in non-carcinogenic health risks. The aim was to cover the entire 

treatment process from the cradle to grave, assuming that each stage of the treatment plant 

has a different exposure profile.  

3.8.2 Exposure Assessment  

To evaluate the long-term health impacts of the identified emission profiles, an estimated 

dose expressed as adjusted chronic daily intake was calculated following the methodology 

outlined by the U.S. EPA. Radiello samplers were positioned within the breathing zone, and 

the measured concentrations were used to estimate the internal dose. Table 1 addresses the 

key factors considered for assessment, which included the frequency and duration of 

workers' exposure, the demographic group (including both males and females), the route of 

entry, and the exposure pathway through the air compartment.  

Table 1: Input parameter for VOC risk estimation 

Parameter Description Value Unit Source 

C Pollutant concentration in air - mg/m3  -  

IR Inhalation rate 20 m3/day US EPA 

ED Exposure duration 25 Years US EPA 

BW Body weight 70 Kg US EPA 

D Exposure days/ week 5 Days - 

WK Exposure/ week 52 Weeks - 
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YL Years in lifetime 
59 male/ 

64 female 
Years  StatsSA 

 

To estimate the potential biological response for each BTEX compound, a dose-response 

relationship approach was followed. The personal monitoring results was used as the intake 

concentration(C) expressed in ug/m3. 

Health risk assessment for occupational exposure to carcinogenic and non-carcinogenic 

BTEX compounds was estimated using the chronic (average) daily intake (mg/kg/day) 

(Equation 2), which is calculated over a year for 5 days a week excluding non-working days 

and 21 days of leave. This represents the annual doze.  

To obtain Chronic Daily Intake (CDI) equation 1 will be used: 

CDI =  
𝑪  X  𝑪𝑭  X  𝑰𝑹  X  𝑬𝑫𝒙 𝑬𝑭

𝑩𝑾  X  𝑨𝑻
             Equation 2 

Concentration (C) is personal exposure concentration of VOC obtained from personal VOC 

monitoring which is expressed in µg/m3. 

Correction factor (CF) is the constant factor, which was used to convert data to (µg) 

expressed in 0.001 as the lab results were reported in microgram per meter cube (µg/m3) 

Inhalation rate (IR) is the estimate inhalation rate (average) which is expressed as 20 

(m3/day) for adults. 

Exposure duration (ED) represents the exposure duration. For cancer risk the average is 70 

years and non-cancer the average duration is 25 years since it is industrial exposure.  

(Exposure frequency) EF is the actual time the worker is assumed to be exposed to VOC 

averaged in a year. From the 365 days in a year, it is assumed that an employee will take 24 

leave days, be off work site for about 104 days due to weekends and work for 8 hours in a 

24-hour day cycle. Therefore, the EF for this study is determined to be 78 days. 

Body weight (BW) is the average body weight which is 70 (kg) for male and 60 (kg) for 

female. 

Average time of life (AT) represent the number of days for years of exposure. To obtain the 

average time of life the total days in a year (365 days) was multiplied by the life expectancy 

in South Africa, which is 59 years and 64 years for male and female respectively. 
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AT (male) = 365 days X 59 years = 21535 days                                                    Equation 3 

The CDI calculated in equation 2 is defined as an average annual chronic daily intake. 

Therefore, for the purpose of this assessment, a cumulative lifetime exposure concentration 

intake was completed, expressed in 25 years for industrial/commercial exposures. To 

calculate the cumulative lifetime exposure the following formular will be used:  

CDI (25 years dose) =  
𝑪𝑫𝑰  𝑿  𝟑𝟔𝟓  𝑿  𝒀𝑬

𝟓𝟗/𝟔𝟒
                                                                       Equation 4 

Where:  

CDI is the average cumulative dose for 30 years (mg/kg/day); 

YE is the estimated lifetime for industrial/commercial exposure, which is calculated 

at 25 years, 365 days being the total number of days in one single year.  

59 and 64 is the life expectancy in South Africa for male and female respectively.  

To calculate the risk, the adjusted lifetime chronic daily intake (CDIadj) was completed using 

the formular in equation 5 below for the life expectancy of both male and female in South 

Africa, assuming a lifetime daily dose intake. The following formular was used: 

CDI (adjusted) =  
𝑪𝑫𝑰 (𝟐𝟓 𝒚𝒆𝒂𝒓𝒔 𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝒅𝒐𝒔𝒆)

𝒍𝒊𝒇𝒆 𝒆𝒙𝒑𝒆𝒄𝒕𝒂𝒏𝒄𝒚 𝒊𝒏 𝒅𝒂𝒚𝒔
 

 

3.8.3 Toxicity Assessment and Risk Charecterization  

The final step in the risk assessment process is risk characterization, which provides critical 

insights into the status of the pollutant or contaminant of concern (Hazrati, 2016). To 

evaluate potential health risks, the inhalation reference dose concentration (RfC) was 

employed for both carcinogenic and non-carcinogenic effects. The RfC is an estimated value 

indicating exposure levels that are unlikely to pose adverse health effects, even for sensitive 

populations, during daily exposures (EPA, 1989). 

For each BTEX compound, reference values derived from laboratory and epidemiological 

studies were used to assess non-carcinogenic health risks. The values provided by the U.S. 

Environmental Protection Agency (US-EPA) are as follows: 

• Toluene: 5 mg/m³ 

• Ethylbenzene: 1 mg/m³ 
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• Xylene: 0.1 mg/m³ 

• Benzene: 0.03 mg/m³ 

To estimate health risks associated with non-carcinogenic VOCs, the reference dose (RfD) 

for each compound was compared to the adjusted chronic daily intake (CDI). The hazard 

quotient (HQ) was calculated using Equation 3, based on the ratio of the CDI to the RfD: 

HI =  
𝑪𝑫𝑰 (𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑)  

𝑹𝒇𝑫
                                 Equation 3 

Here, the adjusted CDI represents the calculated accumulative daily exposure dose, while 

the RfD corresponds to the reference dose (expressed in mg/kg/day). The resulting hazard 

index (HI) provides a quantitative measure of the non-carcinogenic health risk. 

For carcinogenic compound (Benzene) the Slope Factor (SF) was used to estimate the 

relative risk.  Slope factor represents the risk of cancer per unit of exposure over a lifetime 

and is multiplied with the chronic daily intake for cancer risk assessment. According to US-

EPA the slope factor for benzene is 0.027µg/m3. For the carcinogenic compounds a cancer 

risk will be calculated using equation 4. 

𝑪𝑹 = 𝑪𝑫𝑰 𝑿 𝑺𝒍𝒐𝒑𝒆 𝒇𝒂𝒄𝒕𝒐𝒓                         Equation 4 

3.9 Ethics 

The research protocol has been submitted to the University of Witwatersrand HREC. The 

research forms part of the main project that is undergoing within the division of Occupational 

Health in the School of Public Health and a waiver application has been submitted and 

approved. The ethics approval number is M230692, an ethics clearance letter was submitted 

through the main study and approved. The approval number is M220517. 
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CHAPTER 4 

The chapter presents the field survey results for area and personal monitoring 

of BTEX compounds. Further addresses the health different types of technology 

and operational analyses of each. The health risk of long-term exposures to 

carcinogenic and non-carcinogenic chemicals is further explained   

4 RESULTS 

4.1 Sampling Results  

This section presents the results of benzene, toluene, ethylbenzene, and xylene (BTEX) 

monitoring across five treatment facilities (Sites A–E). Area measurement concentrations 

were assessed at different treatment stages and fence line locations, with results compared 

against cancer and non-cancer risk. Personal exposure results for varies occupations were 

compared against OELs set by the Occupational Health and Safety Act of South Africa. The 

data also highlight variations in BTEX levels between biological and chemical treatment 

technologies, with area monitoring showing general trends across processes and personal 

monitoring providing insight into occupational exposures. 

4.1.1 BTEX Concentration results – Site A 

Figure 2 depict the BTEX concentration results for 9 area samples that were collected over 

the period of 30 days. Sample results for the preliminary stage was not available, as sample 

was spoiled and could not be analyzed. The sample results reflect the distribution across the 

entire treatment process, from the primary stage to the final stage, as well as along the four 

poles of the treatment facility (on fence line). 

Toluene and xylene were amongst the highest recorded results from the 9 sample results 

received, with the highest being 13.7 ug/m3 and 4.77 ug/m3 respectively, while ethylbenzene 

and benzene were recorded amongst the lowest from the 4 monitored VOC compounds. 



27 

 

 

Figure 2: Area monitoring concentration 

Figure 3 shows the average area concentrations of BTEX at Site A. Toluene and xylene were 

the two highest VOCs, with average concentrations of 5.7 ug/m3 and 3.4 ug/m3, respectively, 

while benzene and ethylbenzene had average concentrations of 1.3 ug/m3 and 0.9 ug/m3, 

respectively. 

 

Figure 3: Average BTEX concentration 
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Figure 4 presents the personal monitoring results for Site A, which employs a biological 

treatment option. The samples were averaged over an 8-hour working shift. Among the 

monitored VOCs, xylene exhibited the highest concentration levels across all occupations. 

The minimum concentration of xylene recorded was 325.1 µg/m³, while the maximum 

concentration reached 1078.3 ug/m³. In contrast, Benzene showed the lowest concentration 

levels, with a minimum of 90.4 mg/m³ and a maximum of 192.3 mg/m³. These Benzene 

levels were recorded from a sample taken by a general worker who was stationed at the 

primary stage of the plant. The Assistant process controller showed the highest levels of 

benzene amongst the occupation with concentration of 0.06ug/m3. 

 

Figure 4: Personal monitoring concentration 

summarizes the personal exposure levels to each BTEX compound for Site A, benchmarked 

against the occupational exposure limits (OELs) set by the South African Occupational 

Health and Safety Act. All recorded concentrations were below the respective OELs, 

suggesting a low likelihood of adverse occupational health effects. The highest benzene 

concentration, measured for a process controller, reached 6% of the legal limit of 1.0 ppm, 

while the lowest was xylene for a security guard at just 0.03% of the permissible limit of 200 

ppm, further supporting the conclusion of minimal exposure risk. 
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Table 2 summarizes the personal exposure levels to each BTEX compound for Site A, 

benchmarked against the occupational exposure limits (OELs) set by the South African 

Occupational Health and Safety Act. All recorded concentrations were below the respective 

OELs, suggesting a low likelihood of adverse occupational health effects. The highest 

benzene concentration, measured for a process controller, reached 6% of the legal limit of 

1.0 ppm, while the lowest was xylene for a security guard at just 0.03% of the permissible 

limit of 200 ppm, further supporting the conclusion of minimal exposure risk. 

 

 

Table 2: Comparison with OELs (ppm) – Site A 

 

4.1.2 BTEX concentration results - Site B 

Figure 5 presents the BTEX concentration results for Site B, which uses a chemical treatment 

option. The data shows that toluene consistently exhibits the highest concentrations across 

all samples, peaking at 40.61 µg/m³, particularly during the early stages of the treatment 

Personal monitoring results- site A 

Occupation 

Benzene Toluene Ethylbenzene Xylene 

ppm ppm ppm ppm 

Assistant Process Controller 0.06 0.20 0.10 0.20 

Security guard 0.03 0.09 0.03 0.07 

General worker (Secondary) 0.03 0.08 0.07 0.08 

General Worker (Primary) 0.03 0.10 0.19 0.25 

Senior Process Controller 0.03 0.09 0.09 0.09 

OEL eight-hr. TWA 1 40 40 200 
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process (from preliminary to secondary treatment). The lowest recorded concentrations are 

for ethylbenzene, followed by benzene. Samples collected from the tertiary treatment stage 

(where chlorination occurs) showed consistent results among the non-carcinogenic 

compounds.  

 

Figure 5: Area monitoring concentration 

Figure 6 illustrates the average area concentrations of BTEX compounds at Site B, which 

employs chemical treatment technology. Toluene exhibited the highest average 

concentration at 24.5 µg/m³, followed by xylene, which was slightly higher than the 

concentrations of benzene and ethylbenzene. 
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Figure 6: Average BTEX concentration 

Figure 7 above presents the BTEX concentration results for the chemical treatment option at 

Site B. Based on the data, xylene and toluene exhibited the highest concentrations, with  

60.5 µg/m³ and 49.1 µg/m³, respectively. The lowest concentrations were recorded for 

ethylbenzene and benzene, at 12.8 µg/m³ and 16.5 mg/m³, respectively. Among the four 

sampled occupations, the highest concentration was recorded for the Assistant Process 

Controller, while the lowest was for the Security Guard. 
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Figure 7: Personal monitoring concentration 

Table 3 below presents the results for individual personal exposure levels to each BTEX 

compound, compared to their respective occupational exposure limits as stipulated in the 

occupational health safety act of South Africa for Site B. The results indicate low risk of 

exposure to BTEX when in comparison with respective OELs. The concentration of BTEX 

shows little variations when in comparison with other occupations, however, the General 

workers and assistant process controller had a slightly higher results in comparison to the 

security and the senior process controller.  

 

Table 3: Comparison with OELs (ppm) - Site B 
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Personal monitoring results- site B 

Occupation Benzene Toluene Ethylbenzene Xylene 

Assistant Process Controller 0.005 0.01 0.003 0.01 

Security guard 0.005 0.01 0.003 0.003 

General worker (Secondary) 0.006 0.01 0.003 0.01 
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4.1.3 BTEX concentration results – Site C 

Figure 8 depicts BTEX concentration results for a site that also employs a chemical treatment 

technology option. The results show that the preliminary stage exhibits higher BTEX 

concentrations compared to the subsequent treatment stages. Specifically, toluene and xylene 

were recorded at 93.50 µg/m³ and 66.07 µg/m³, respectively, while ethylbenzene and 

benzene had the lowest concentrations, at 9.84 µg/m³ and 1.73 µg/m³, respectively.  

 

Figure 8: Area monitoring concentration 

Figure 9 shows the average area concentrations of BTEX at Site C, which uses a chemical 

treatment technology. Toluene and xylene were higher with the average concentration of 

11.8ug/m3 and 8.4ug/m3 respectively. Benzene and ethylbenzene had average concentration 

less than 2 ug/m3.  
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Figure 9: Average BTEX concentration 

For Site C, which utilize chemical treatment technology, the concentration results for all 

monitored occupations were found to be very low. These concentrations fell below the 

detectable limit. Consequently, it was not possible to draw a meaningful comparison from 

these results due to the uniformly low levels of detected concentrations across all sampled 

occupations. 

4.1.4 BTEX Concentration results – Site D 

Figure 10 shows elevated toluene levels at all sampling points monitored, including the 

preliminary stage, tertiary stage, and fence line. The second most prevalent VOC recorded 

is xylene, followed by ethylbenzene. Benzene had the lowest levels among the four VOCs 

monitored. 
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Figure 10: Area monitoring concentration 

Figure 11 shows the average area concentrations of BTEX at Site D, which uses a chemical 

treatment technology. Toluene and xylene were higher with the average concentration of 

11.8ug/m3 and 8.4ug/m3 respectively. Benzene and ethylbenzene had average concentration 

less than 2 ug/m3.  
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Figure 11: Average BTEX concentration 

Figure 12 represents the BTEX personal concentration results for five occupations monitored 

under the chemical treatment option. The highest recorded concentrations were for the 

general worker stationed at the primary treatment stage, encompassing the preliminary 

treatment to the primary settling tanks. Toluene had the highest concentration at 293.1 µg/m³, 

followed by xylene at 199.1 µg/m³. The remaining results were benzene at 91.2 µg/m³ and 

ethylbenzene at 37.6 µg/m³. The other sampled occupations showed similar concentration 

results. 
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Figure 12: Personal monitoring concentration 

Table 4 below presents the results for individual personal exposure levels to each BTEX 

compound, compared to their respective occupational exposure limits as stipulated in the 

occupational health safety act of South Africa for Site D. All samples were below their 

respective occupational exposure limits, presenting a low risk of exposure to occupational 

health implication. The security guard results showed slightly higher levels on measured 

individual VOCs when compared to other occupations, this may be due to the entrance of 

the site is in close proximity to the inlet works.  

Table 4: Comparison with OELs (ppm) Site D 
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         Occupation Benzene Toluene Ethylbenzene Xylene 

Assistant Process Controller 0.004 0.01 0.003 0.01 

Security guard 0.03 0.08 0.01 0.05 

General worker (Secondary) 0.005 0.01 0.003 0.01 
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4.1.5 BTEX concentration results – Site E 

Figure 13 indicates high levels of toluene, particularly in the sludge area, while the remaining 

three compounds—ethylbenzene, benzene, and xylene—show low and consistent results 

throughout the treatment process and along the fence line for the same treatment technology. 

 

Figure 13: Area monitoring concentration 

Figure 14 indicate the average area concentrations of BTEX at Site D, which uses a chemical 

treatment technology. Toluene was the highest with the average concentration of 5.9ug/m3, 

while ethylbenzene was the lowest with average concentration 0.3 ug/m3.  

 

 

 

0.00

5.00

10.00

15.00

20.00

25.00

30.00

Preliminary

Treatment

(Screening)

Primary

Treatment

(Settling

tanks)

Secondary

Treatment

(Anaerobic

digestor)

Secondary

Treatment

 (Settling

tank)

Sludge

Area

Tertiary

Treatment

(Chlorine)

Fence line

(East)

Fence line

 (West)

Fence line

(South)

Fence line

(North)

C
o
n

ce
n

tr
a
ti

o
n

 (
µ

g
/m

3
)

Occupation

Physical Treatment Technology - Site E

Benzene Toulene Ethylbenzene Xylene

General Worker (Primary) 0.004 0.01 0.003 0.01 

Senior Process Controller  0.005 0.01 0.003 0.01 

OEL eight-hr. TWA 1 40 40 200 



39 

 

 

 

Figure 14: Average BTEX concentration 

Similarly with site C personal monitoring results for Site E could not be analysed due to 

results being below detectable limit. Therefore only area results were available to draw a 

comparison between BTEX compounds and also treatment option.  

4.2 Statistical Analysis per site  

Table 5 summarizes the ranges and p-values for BTEX concentrations measured across the 

different treatment sites using area monitoring. A single-factor ANOVA was applied to 

compare the five sites. The results present both the median and range values for each 

compound. Site A had 9 individual VOC measurements, while Sites B, C, D, and E each had 

10. Among the compounds, toluene recorded the highest concentration, with a maximum of 

93.5 µg/m³ and a median of 25.6 µg/m³ at Site C. Statistically, benzene, toluene, and 

ethylbenzene all showed significant differences across sites (P < 0.01), indicating that 

location strongly influenced their levels. In contrast, xylene had a p-value of 0.1 (greater 

than 0.05), demonstrating that its concentrations did not vary significantly between sites.
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Table 5: Area BTEX concentration measurements per treatment site (µg/m3) 

 

VOC  

Site A 

N=09 

Median 

(Range) 

Site B 

N=10 

Median 

(Range) 

Site C 

N =10 

Median 

(Range) 

Site D       

N =10 

Median 

(Range) 

Site E  

N = 10 

Median 

(Range) 

 

P-

Value 

Benzene 
1.3                              

(1.0-1.8) 

5.4                             

(3.0-6.9) 

0.7                             

(0.1-1.7) 

6.2                              

(1.1-6.6) 

1.0                             

(0.2-2.0) 

 

< 0.01 

 

Toluene 
4.3                              

(3.7-13.7) 

20.1                             

(13.7-40.6) 

2.2                             

(0.1-93.5) 

25.6                              

(14.9-65.0) 

4.3                            

(0.4-27.4) 

< 0.01 

 

Ethylbenzene 
0.9                               

(0.7-1.2) 

4.1                            

(1.3-15.3) 

0.3                             

(0.1-9.8) 

4.2                             

(1.7-9.8) 

0.3                             

(0.1-0.4) 

< 0.01 

 

Xylene 

 

3.2                              

(2.4-4.7) 

7.9                             

(5.6-17.2) 

1.9                             

(0.1-66.0) 

11.9                             

(5.8-16.0) 

1.4                             

(0.5-2.0) 

0.1 

 

 

Table 6 presents the range and p-values for BTEX concentration across various treatment 

technology options for personal monitoring. A single-factor ANOVA test was done for every 

sampled occupation from each of the five sites to determine the p-values. The results also 

indicates the range and the median for selected occupations. Toluene had the highest range 

with minimum of 14.9 and maximum of 65.0 ug/m3    and the  median of 22.6 all recorded 

for Site D. Statistically, benzene, toluene, ethylbenzene and xylene all showed significant 

differences across sites (P < 0.01), indicating that location strongly influenced their levels. 
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Table 6: Personal BTEX concentration measurements per treatment (µg/m3) 

VOC  

Site A 

N=9 Median 

(Range) 

Site B 

N=10 

Median 

(Range) 

Site C 

N =10 

Median 

(Range) 

Site D 

N =10 

Median 

(Range) 

Site E 

N = 10 

Median 

(Range) 

 

P-

Value 

Benzene 

96.1 

(6.4-192.3) 

16.9 (16.5-

18.9) 

21.0 (21.0-

21.0) 

25.2 (12.83-

91.24) 

21.0 (21.0-

21.0) 
< 0.01 

Toluene 

351.0                            

(300.1-

746.2) 

37.2                             

(34.8-49.0) 

21.0                             

(21.0-21.0) 

32.9                              

(28.8-293.1) 

21.0                             

(21.0-21.0) 

< 0.01 

 

Ethylbenzene 

397.2                               

(123.2-

450.1) 

12.8                            

(12.8-12.8) 

21.0                             

(21.0-21.0) 

12.8                             

(12.8-37.6) 

21.0                             

(21.0-21.0) 

< 0.01 

 

Xylene 

 

409.1                              

(325.1-

1078.3) 

43.3                             

(12.8-60.5) 

21.0                             

(21.0-21.0) 

29.4                             

(24.0-199.1) 

21.0                             

(21.0-21.0) 

< 0.01 

 

 

4.3 Health Risk Estimation per treatment technology option 

Table 7 indicate a health risk assessment results for Site A which utilizes a biological 

treatment technology option. The assessment estimates the LCR and the HQ. The lifetime 

cancer risk for benzene was calculated at 4.0 × 10⁻⁴ for both males and females. This is 400 

times higher than the recommended limit of 1.0 × 10⁻⁶, indicating that 4 cases per 10,000 

individuals exposed may occur, significantly exceeding safety guidelines. 

Table 7: Area monitoring - Site A (mg/m3) 

Area Agent SF RfD 

Chronic daily Intake(adj) 
Lifetime 

Cancer Risk 

Male/Female 

HQ 

Male/Female 

Carcinogeni

c 

Male/Female 

Non-carc. 

Male/Female 

Site A 
Benzene 0.027 0.03 0.0149/0.014 0.149/0.014 

4.0E-04/4.0E-

4 
<1.0/<1.0 

Toluene  5  0.0228/0.0226 - <1.0/<1.0 
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Ethylbenz

ene 
 1  0.0038/0.0038 - <1.0/<1.0 

Xylene  0.1  0.0138/0.0136 - >1.0/>1.0 

Table 8 indicate a health risk assessment results for Site B which utilizes a chemical 

treatment technology option. The estimated cancer risk for benzene was 1.6 × 10⁻³ for both 

males and females. This implies that 1.6 cases per 1,000 individuals exposed may develop 

cancer, making the risk 1,600 times greater than the acceptable guideline. The HQ were also 

estimated and was found to be above the recommended guidelines for benzene while the 

reminder of the BTEX had HQ less than 1.  

Table 8: Area monitoring - Site B (mg/m3) 

Area Agent SF RfD 

Chronic daily Intake(adj) 

Lifetime 

Cancer Risk 

(Male/Female) 

HQ 

(Male/Female) 

Carcinogeni

c 

(Male/Femal

e) 

Non-carc. 

(Male/Female) 

Site B 

Benzene 0.027 0.03 0.059/0.058 0.059/0.058 
1.6E-03/1.6E-

03 
>1.0/>1.0 

Toluene  5  0.097/0.097 - <1.0/<1.0 

Ethylbenz

ene 
 1  0.020/0.019 - <1.0/<1.0 

Xylene  0.1  0.034/0.034 - <1.0/<1.0 

 

Table 9 indicate a health risk assessment results for Site C which utilizes a physical treatment 

technology option. The calculated cancer risk was 2.4 × 10⁻⁴ for males and 2.3 × 10⁻⁴ for 

females. Although the risk for males was lower than for females, both values exceeded the 

recommended threshold, with the female risk being more than twice the acceptable 

guideline. All compounds where below the HQ of 1, while benzene was above the 

recommended guideline for LCR.  
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Table 9: Area monitoring - Site C (mg/m3) 

Area Agent SF RfD 

Chronic daily Intake(adj) 

Lifetime 

Cancer Risk 

(Male/Female) 

HQ 

(Male/Female) 

Carcinogeni

c 

(Male/Femal

e) 

Non-carc. 

(Male/Female) 

Site C 

Benzene 0.027 0.03 0.009/0.009 0.009/0.009 
2.4E-04/2.3E-

04 
<1.0/<1.0 

Toluene  5  0.048/0.047 - <1.0/<1.0 

Ethylbenz

ene 
 1  0.006/0.006 - <1.0/<1.0 

Xylene  0.1  0.034/0.034 - <1.0/<1.0 

 

Table 10 indicate a health risk assessment results for Site D which also utilizes a chemical 

treatment technology option. The cancer risk for males and females was 1.6 × 10⁻³, meaning 

a probability of 1 in 625 individuals developing cancer. This risk is 1,600 times higher than 

the recommended limit, posing a severe health concern. The results indicate that only 

benzene was above the recommended guideline for LCR and HQ.  

Table 10: Area monitoring - Site D (mg/m3) 

Area Agent SF RfD 

Chronic daily Intake(adj) 

Lifetime 

Cancer Risk 

(Male/Female) 

HQ 

(Male/Female) 

Carcinogeni

c 

(Male/Femal

e) 

Non-carc. 

(Male/Female) 

Site D 

Benzene 0.027 0.03 0.058/0.058 0.058/0.058 
1.6E-03/1.6E-

03 
>1.0/>1.0 

Toluene  5  0.120/0.119 - <1.0/<1.0 

Ethylbenz

ene 
 1  0.018/0.018 - <1.0/<1.0 

Xylene  0.1  0.046/0.045 - <1.0/<1.0 

 

Table 11 indicate a health risk assessment results for Site E which also utilizes a physical 

treatment technology option. The cancer risk was estimated at 3.0 × 10⁻⁴ for males and 2.9 

× 10⁻⁴ for females. While the male risk was lower than at Site E, both exceeded the 



44 

 

guidelines, with females facing a notably higher risk. Benzene had an LCR greater than the 

recommended limit and HQ greater than 1. The reminder of the compounds were below 1 

for HQ estimation. 

Table 11: Area monitoring - Site E (mg/m3) 

Area Agent SF RfD 

Chronic daily Intake(adj) 

Lifetime 

Cancer Risk 

(Male/Female) 

HQ 

(Male/Female) 

Carcinogeni

c 

(Male/Femal

e) 

Non-carc. 

(Male/Female) 

Site E 

Benzene 0.027 0.03 0.011/0.011 0.011/0.011 
3.0E-04/2.9E-

04 
<1.0/<1.0 

Toluene  5  0.024/0.024 - <1.0/<1.0 

Ethylbenz

ene 
 1  0.001/0.001 - <1.0/<1.0 

Xylene  0.1  0.005/0.005 - <1.0/<1.0 
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CHAPTER 5 

This chapter provides a summary of the study outcomes and the overall findings 

on BTEX concentration for the selected sites. It compares the profiles of 

chemical, biological and chemical treatment process. The chapter concludes 

with stating the importance of health risk assessment. 

5 DISCUSSION 

5.1 Results of BTEX emission in the ambient air.  

The concentration results of BTEX compounds were categorized into two main types: area 

monitoring and personal monitoring. The average area concentrations of toluene ranged 

from 0.16 µg/m³ to 93.50 µg/m³, making it the most prevalent compound among the 

measured VOCs (as detailed in Table 3). Xylene was the second most abundant compound, 

with concentrations varying between 0.16 µg/m³ and 66.07 µg/m³. In contrast, ethylbenzene 

and benzene were detected at lower concentrations compared to the other BTEX compounds. 

The monitoring results indicate that toluene consistently exhibited higher concentration 

levels than the other BTEX compounds. These findings align with a study conducted by 

(Cheng et al., 2022), which also observed elevated benzene and toluene concentrations in 

comparison to xylene and ethylbenzene which addressed all four seasons of the year. 

The distribution of VOC exposure varied depending on the treatment type and site location. 

Site A exhibited a relatively even distribution of VOC exposure throughout the treatment 

process. However, an exceptionally high peak in toluene levels was detected at the west pole 

site, likely due to its proximity to the inlet works, where untreated effluent enters the system. 

In contrast, Sites B and C, which utilize chemical treatment technologies, recorded higher 

BTEX concentrations during the early treatment stages. Study done by Cheng & Chou 

(2007) indicated that the critical stages in the treatment process that are likely to have 

elevated levels of VOCs include the preliminary treatment and primary treatment where 

wastewater is only subjected to mechanical treatment. The findings of the author’s study was 

based on three different WWTP of which found the highest concentration levels during the 

preliminary phase and gradually decrease along the process, while the highest recorded 

VOCs included was Benzene and Toluene.   This suggests that wastewater at these points 

was either untreated or undergoing initial processing, as evident from the measurements at 

Site B (see Figure 4). 
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Site B, similar to Site A, showed fluctuations in BTEX levels throughout the treatment 

process. Notably, toluene concentrations peaked at the secondary treatment stage (Anaerobic 

Reactor Tank) at 63 µg/m³ and at the tertiary treatment stage at 51 µg/m³. Meanwhile, the 

remaining VOCs at Site B remained below 17 µg/m³. Site E, however, displayed a distinct 

trend in VOC distribution. Elevated toluene concentrations were observed only in the sludge 

area, where solids from sedimentation are dried (see Figure 7). The concentrations of all 

other VOCs at Site E remained consistently below 5 µg/m³ throughout the facility. 

These findings indicate that treatment method and site location significantly influence VOC 

exposure levels, with certain areas experiencing notable concentration peaks due to 

proximity to untreated wastewater or specific treatment processes. Study done by (Lei et al., 

(2021) confirms that the distribution of VOCs in wastewater treatment process is much 

higher in the early stages or untreated stages of the process.  

5.2 Occupational Exposure limit Comparison 

To compare the personal monitoring results with South African occupational exposure 

limits, all measurements were presented in ppm. As presented in summarizes the personal 

exposure levels to each BTEX compound for Site A, benchmarked against the occupational 

exposure limits (OELs) set by the South African Occupational Health and Safety Act. All 

recorded concentrations were below the respective OELs, suggesting a low likelihood of 

adverse occupational health effects. The highest benzene concentration, measured for a 

process controller, reached 6% of the legal limit of 1.0 ppm, while the lowest was xylene for 

a security guard at just 0.03% of the permissible limit of 200 ppm, further supporting the 

conclusion of minimal exposure risk. 

 

 

Table 2, Table 3, and Table 4, the personal monitoring data for Sites A, B, and D, which 

represent the three treatment technology options, showed that all measured concentrations 

were below the occupational exposure limits set by South African regulations: 1 ppm for 

benzene, 40 ppm for toluene, 40 ppm for ethylbenzene, and 200 ppm for xylene, as outlined 

in the Occupational Health and Safety Act. Additionally, the results were lower than the 

threshold limit values, which are half of the South African exposure limits. The American 

Conference of Governmental Industrial Hygienists (ACGIH) recommends stricter limits, 

with benzene below 0.5 ppm, toluene below 20 ppm, ethylbenzene below 20 ppm, and 

xylene below 100 ppm. These findings suggest that, on the day of sampling, employee 
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exposure to BTEX concentrations was minimal and posed an insignificant risk when 

compared to the established exposure limits. 

A comparison with the occupational exposure limits for Sites C and E could not be concluded 

due to the results being below the limit of detection and were therefore excluded from the 

analysis. This could have been aggravated by 2 reasons, of which the first is the sampled 

employees spent less time in exposed environment compared to other sites and on the day 

of the survey the plant was not running to its optimal capacity, considering that all sampled 

occupations were below detectable limit.  

5.3 Human Health Risk Assessment 

To determine the health risks for employees working in treatment facilities, a health risk 

assessment approach was followed to evaluate both carcinogenic risks and non-carcinogenic 

health risks to BTEX compounds. The results for carcinogenic and non-carcinogenic 

exposures are presented in Table 5 to 9 for area monitoring. 

For cancer risk analysis, the U.S. EPA’s recommended acceptable limit of 1.0 × 10⁻⁶ was 

used, which implies that only one additional cancer case per one million people exposed 

over a lifetime is considered acceptable. In this study, cancer risk (CR) was estimated for 

area measurements, with results differentiated by gender to account for variations in average 

body weight between males and females. 

The cumulative non-carcinogenic exposures were assessed based on the Hazard Quotient 

(HQ) index, where HQ <1.0 signifies a low risk of concern and HQ >1.0 indicates a 

significant health risk, as per EPA standards and based on study done by (Ramírez et al., 

2012). All BTEX compounds, including benzene, were analyzed for non-carcinogenic health 

risks. 

5.3.1 Cancer Risk  

The cancer risk assessment across treatment sites consistently indicated values far exceeding 

the acceptable threshold of 1.0 × 10⁻⁶. While risks varied between treatment stages, all sites 

demonstrated probabilities of developing cancer that are several hundred to several thousand 

times higher than the recommended guideline, underscoring a severe public health concern. 

Instead of reiterating each site’s risk, the overall finding highlights that benzene exposure 

within wastewater treatment facilities poses significant health hazards to both males and 

females, with females often experiencing comparatively higher risks. 

When compared with previous studies, the magnitude of risk observed here aligns with 

reports that municipal wastewater treatment facilities frequently present elevated 
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carcinogenic threats. For example, Dehghani et al. (2022) documented risks ranging from 

4.3 × 10⁻⁵ to 7.6 × 10⁻⁵, which, although lower than the present findings (1.6 × 10⁻³ to 4.0 × 

10⁻⁴), still exceeded safety thresholds by several orders of magnitude. Similarly, 

Mohammadi et al. (2019) observed benzene-related risks in petrochemical wastewater plants 

within the range of 1.2 × 10⁻⁴ to 6.8 × 10⁻⁴, values comparable to the mid-level risks recorded 

in this study. These consistencies across independent studies reinforce the broader evidence 

that benzene exposure in occupational wastewater settings remains a critical health threat. 

Importantly, the gender-related disparity found in this study where female risks were 

consistently higher than male counterparts, also echoes the findings of Wang et al. (2021), 

who reported sex-based susceptibility differences in benzene metabolism, resulting in 

heightened cancer risk among females. This suggests that beyond environmental exposure, 

biological vulnerability plays a role in amplifying health outcomes, further justifying the 

need for targeted protective interventions. 

Overall, the present results not only confirm the carcinogenic threat of benzene within 

wastewater treatment environments but also amplify existing literature by demonstrating 

substantially higher risks in some stages of treatment. These findings highlight the urgent 

requirement for stricter monitoring and intervention strategies to minimize occupational 

exposure. 

5.3.2 Non-cancer Risk  

The non-cancer risk evaluation across all sites revealed a mixed pattern, with some treatment 

stages remaining within safe limits while others exceeded the Hazard Quotient (HQ) 

threshold of 1.0. Overall, most compounds presented a lower health concern; however, 

benzene consistently emerged as the primary contributor to elevated non-carcinogenic risks, 

particularly at chemical and physical treatment sites. These findings underscore the selective 

but significant health risk associated with benzene exposure, despite other BTEX 

compounds remaining within acceptable guidelines. 

Comparison with previous research highlights a similar trend. Zhang et al. (2019) reported 

that benzene was the only BTEX compound surpassing non-carcinogenic risk thresholds in 

wastewater facilities, aligning closely with the present study’s findings. In contrast, Ghaffari 

et al. (2021) observed that while benzene was dominant, occasional exceedances were also 

noted for toluene and ethylbenzene in industrial treatment plants, suggesting variability 

depending on waste stream composition. More recently, Mohammadi and Rezaei (2022) 

confirmed that benzene typically presents the highest hazard index among volatile organic 

compounds in treatment environments, emphasizing its role as a critical target for risk 

management. 
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Taken together, the results reinforce existing literature by showing that while overall non-

carcinogenic risks from BTEX exposure may often remain below critical thresholds, 

benzene consistently stands out as a compound of concern. This suggests the need for 

focused mitigation strategies specifically targeting benzene, even when other compounds 

appear less problematic. 

5.4 Comparison between treatment methods 

The total number of sampling results from all treatment sites for area monitoring was 49. 

Biological monitoring accounted for only 9 samples, as it was implemented at just one site 

using biological treatment. In contrast, chemical and physical treatments contributed a total 

of 20 sampling results, which were equally distributed between two sites, resulting in a total 

of 5 sites being monitored. For personal a total of 25 samples were collected and 5 from each 

site, covering all treatment technology options. The data received was analyzed 

descriptively, using the median and range for each treatment technology option.  

For area monitoring results, as shown in Table 5, Site D and Site A, had the highest median 

concentration for toluene, which was recorded at 25.6 µg/m³ and 20.1 µg/m³ with a range of 

14.9 - 65.0 µg/m³ and 16.0 - 40.6 µg/m³ respectively, indicating a more positive skewed 

distribution for both sites. The site with the lowest median was Site C, which uses a physical 

treatment technology with a median of 2.2 µg/m³ and a range from 0.1 to 93.5 µg/m³, also 

indicating a positively skewed data set. For Benzene compound the highest was Site D 

followed by Site B, both utilizing a chemical treatment technology, the recorded median 

concentration was 6.2 µg/m³ and 5.4 µg/m³ , with a range at 1.1- 6.6 µg/m³ and 3.0 – 6.8 

µg/m³ respectively. Site C recorded the lowest median amongst the 5 sites.   

For ethylbenzene the highest recorded median was Site D and Site B with concentration of 

4.6 µg/m³ and 4.1 µg/m³, both utilizing chemical treatment technology. Site E and Site C 

recorded the lowest concentration of 0.301 µg/m³ and 0.391 µg/m³ and the range of 0.1-0.4 

and 0.1-9.81 µg/m³ respectively. The highest median for xylene was recorded in Site B with 

concentration of 7.93 1 µg/m³ and a range between 5.6 - 17.21 µg/m³, while the lowest was 

recorded in Site C with median of 1.941 µg/m³ and the range of 0.1 – 66.01 µg/m³. For 

xylene only site c had a higher median compared to other sites. 

For personal monitoring results Site A consistently showed a higher median for all BTEX 

compounds compared with other sites followed with Site B. the remaining sites had roughly 

similar median concentrations amongst all compounds as detailed in Table 6. 

To assess statistical significance among the five sites, an Analysis of Variance (ANOVA) 

test (or t-test) was conducted on the BTEX concentration data. The results from the area 
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monitoring data showed that only xylene had a p-value greater than 0.05, suggesting no 

statistically significant differences in their concentrations. In contrast, the concentrations of 

the other BTEX compounds did not show significant variation, indicating a statistically 

significant difference in its concentrations across the sites.  

For the personal monitoring data, the p-values for all BTEX compounds across the sites were 

less than 0.05. This indicates that, based on the personal exposure measurements, BTEX 

concentrations were relatively inconsistent across the sites, indicating a statistical 

significance.  

From the results, it's important to note that the treatment type is not the only factor affecting 

concentration levels. Other factors, such as the volume of wastewater received by the 

facility, can significantly influence concentration levels. A higher operational capacity often 

means more incoming wastewater, leading to variations in concentration levels. 

Meteorological conditions may play a role in influencing concentration levels. For instances, 

volatile organic compounds (VOCs) take longer to disperse in winter due to atmospheric 

stability, whereas, in summer, higher temperatures increase chemical reaction rates 

(Dehghani et al., 2022). Given that all the samples were collected during the summer season, 

this suggests that VOC levels might be higher in winter.  

Another factor to be considered is the activities done within the surrounding environment 

that may aggravate the exposure of VOC in the ambient air, particularly in sites that are 

surrounded by industrial activities. The state of the facility, poor maintenance of the plant 

may detriment the efficiency of treating the effluent. 

6 CONCLUSION 

BTEX compounds can be toxic when inhaled at right concentrations, and even at low levels 

of long-term exposure may still pose health risks, as noted by the IARC. Therefore it is 

crucial to quantify exposures and assess associated health risk in order to implement 

interventions where necessary. This study aimed to investigate the behaviour of BTEX 

compounds across different stages of the treatment process in various municipal wastewater 

treatment facilities that are utilizing either physical, chemical, or biological treatment 

technologies. Additionally, a health risk assessment was conducted to estimate both cancer 

and non-cancer risks associated with the target VOCs for each treatment facility.  
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Based on the observation of the average concentration results, toluene consistently exhibited 

higher concentration levels in comparison with the other sampled VOCs for area monitoring 

in all sites, whilst for personal monitoring results, xylene was dominantly higher followed 

by toluene. For the health assessment on risk of developing cancer, all site indicated a cancer 

risk above the recommended U.S EPA threshold, which can be categorized from moderate 

to high risk, whilst for non-cancer risk benzene and xylene most sites was above the U.S 

EPA recommended guidelines for hazard quotient, indicating a significant risk to employees. 

Site B on the other hand, which uses a biological treatment had higher health risk to both 

cancer and non-cancer risk when compared to other sites that uses either chemical or physical 

treatment technology. 

7 RECOMMENDATIONS 

To address these findings, the following measures are proposed: 

7.1 Regulatory Strengthening 

South Africa should consider adopting stricter regulatory frameworks for VOC emissions in 

wastewater treatment plants. This includes setting enforceable occupational exposure limits 

also for cancer and non-cancer risk and mandating regular health risk assessments, not just 

exposure monitoring. 

7.2 Engineering Technological Controls 

Facilities should prioritize upgrading biological treatment systems with closed or semi-

closed reactors to minimize VOC emissions. Additional control measures, such as activated 

carbon filters, biofilters, or air-stripping recovery systems, should be implemented to reduce 

airborne BTEX levels. 

7.3 Occupational Intervention  

Employers should enhance worker protection by providing personal protective equipment 

(PPE), particularly for workers in high-exposure zones. Routine biomonitoring and medical 

surveillance programs should also be introduced for early detection of benzene-related health 

effects. 

7.4 Research and future studies 

Further research should include seasonal assessments, especially in winter when VOC 

concentrations may be higher due to atmospheric stability. Additional studies are also needed 



52 

 

on gender-related susceptibility to VOCs, as females often demonstrate higher health risks. 

Exploration of safer, alternative treatment technologies that minimize VOC generation is 

also recommended. 
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APPENDICE 5 

Main Study Project Title  

 

Characterisation of bioaerosol, volatile organic compounds, odour emissions in wastewater treatment plants and assessment of associated emerging 

epidemiological, occupational, and public health risks. 

 

Description of the main study 

 

The aim of the project is to characterize bioaerosol, volatile organic compounds, odour emissions in wastewater treatment plants and to assess the 

associated emerging epidemiological, occupational, and public health risks in the nine provinces of South Africa. Comprehensive literature following 

the PRISMA approach (preferred reporting items for systematic reviews and meta-analyses) with a defined search strategy, eligibility criteria, and 

field studies consisting of two in-depth studies and 7 survey-type of studies will be undertaken to collect information on characterization bioaerosols, 

VOCS, and unpleasant emissions associated with the wastewater treatment processes. The characterization of the emission includes identification 

of target types of bioaerosols, e.g., bacterial, and fungal species, and VOCs, whereas during the surveys the bioaerosol concentration will only be 

expressed in more general units, i.e., CFU/m3. Health Risk assessment will be conducted for both workers and residents and will be subdivided into 

two stages.  

The first stage will be a probabilistic risk assessment (PRA), deploying the EPA Hazard Quotient (HQ) model, where the (lifetime) cumulative daily 

intake will be compared with various reference. dose values for different compounds. The inhalation intake will be estimated from the distributions 

emission concentrations as determined during the field studies. Other parameters of the HQ model will be based on various scenarios regarding 

duration of exposure and distance to the WWTP. The second stage will be conducted during the in-depth field studies and will comprise of taking 

health questionnaires from a sample of residents and workers. This will be a mixture of self-administrative questionnaires and interviews. 
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Characterization of bioaerosols, VOCs and odour emissions are important to understand the risks of those living near and working at the WWTPs 

and to develop effective public health interventions. 
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