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Abstract 

 

Polycyclic aromatic hydrocarbons (PAHs) are organic pollutants which are known 

carcinogens. Their presence in the environment has been linked to cancer, 

neurological and reproductive illnesses to name but a few.  Hence it is important to 

monitor the levels of these PAHs in order to identify areas of high pollution and 

possible toxic exposure to aquatic and human life. The concentration of seven 

polycyclic aromatic hydrocarbons (namely naphthalene, acenaphthylene, fluorene, 

phenanthrene, anthracene, pyrene and chrysene) were determined in 28 surface 

water, 8 wastewater, 26 soil and 26 surface sediment samples from the Msunduzi 

River. Water samples were extracted using a liquid-liquid extraction technique into 

dichloromethane and dehydrated with sodium sulfate anhydrous. The soils and 

surface sediments were extracted with a mixture of dichloromethane and n-hexane 

(1:1 v/v) using the soxhlet extraction technique. The crude extracts were purified by 

silica gel packed column chromatography. The concentrations of PAHs in the extracts 

were analysed by GC-MS. The instrument was calibrated using internal 

standardization (deuterated PAH) and PAH standards. Percentage recoveries of 7 

PAHs in the spiked and equilibrated samples varied from 79.16±0.01 to 101.28±0.02 

and 80.30±0.02 to 105.56±0.01 for solid and water samples, respectively. The grand 

average in the summed concentrations of concentrations of the 7 PAHs in the water 

for all seasons decreased in the order: ∑[7-PAH] spring >  ∑[7-PAH] summer > ∑[7-PAH] 

autumn > ∑[7-PAH] winter while in the surface sediments was in the order: ∑[7-PAH] spring 

> ∑[7-PAH] autumn > ∑[7-PAH] summer > ∑[7-PAH] winter and in the soils was in the order: 

∑[7-PAH] spring > ∑[7-PAH] autumn > ∑[7-PAH] winter > ∑[7-PAH] summer. The 

concentration of PAHs was found to be comparatively higher in the soils and surface 

sediments than in the water samples.  
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Chapter I 

Introduction 

 

1.1 Source and Occurrence of PAHs in the Environment 

 

Since the onset of the industrial revolution, pollution of the water, soil and sediment 

matrices is progressively becoming a major problem all over the world (Farmer, 1991; 

Alloway & Ayres, 1997; Sakari, 2012). Apart from this, the air quality we breathe has 

also deteriorated mainly as a result of anthropogenic activities (Azhari, 2012; Sakari 

2012). The level of pollution has been exacerbated by the increase usage of chemicals 

in agricultural production and generation of wastes, some of which are persistent and 

toxic to environmental ecosystems (Alloway & Ayres, 1997). The most well-known 

pollutants that contaminate water, soils and sediments are the persistent organic 

pollutants (POPs). These pollutants are mainly generated from the incomplete 

combustion of organically-derived materials at both domestic as well as industrial 

scales (Odabasi et al., 1999; Soclo et al., 2000; Wenzl et al., 2006). 

Polycyclic aromatic hydrocarbons (PAHs) are a subgroup of POPs and an important 

class of hydrocarbons, which contain mainly carbon and hydrogen atoms in their 

structures (Sakari, 2012). Sometimes, PAHs can be found as their alkylated or 

substituted derivatives, and they can exist in many isomeric forms (Gurjar et al., 2010). 

However, the most commonly occurring ones do not carry branching substituents on 

their rings (Wenzl et al., 2006).  

Being a subclass of POPs, PAHs are formed frequently from the incomplete 

combustion of organic wastes and fossil fuels (Azhari, 2012). Polynuclear aromatic 

hydrocarbons (PNAs) are a major category of PAHs found naturally on the 

atmospheric particulates, the aquatic and terrestrial environments. They comprise of 

fused benzene rings in which each sp2-hybridized carbon shares electrons with at least 



   

2 
 

two other carbon atoms (Sims & Overcash, 1983). The simplest structure of these 

compounds is naphthalene (C10H8), which consists of two coplanar six-membered 

rings sharing an edge. Naphthalene occurs in the environment as a first non-alkylated 

lower molecular weight PAH (LMW-PAH) (Okedeyi, 2012). This extended 

aromaticity of PAHs can be through fused planar rings that share their edges in a 

linear, angular or two-dimensional clustered arrangement (Figure 1.1) (Harvey, 1998; 

Loganathan & Lam, 2011). In the fused ring system of PAHs, electrons are delocalized 

within their extended π-molecular orbitals (Harvey, 1998). 

                                                             

                         (a) Pyrene                                                            (b) Phenanthrene 

Figure 1.1 Examples of naturally occurring PAHs  

 

This makes them more thermodynamically stable against biochemical degradation 

(Okedeyi, 2012). Because of their chemical stability, and hydrophobic nature, they are 

considered as environmentally persistent organic compounds of varied structures 

(isomers) and toxicities, especially those with five or more aromatic rings (Adrian et 

al., 1999). An increase in the aromatic conjunction and structural angularity both 

enhance the recalcitrance to biochemical degradation of PAHs in the natural 

environment (Loganathan & Lam, 2011). This recalcitrance to degradation of PAHs 

increases as a function of their molecular weight. As a result of their toxicity, chemical 

stability and hydrophobic nature, PAHs are considered to be higher priority organic 

pollutants for regular monitoring in the environment (Neff, 1979).  

Moreover, due to their persistent characteristics and widespread sources, PAHs are 

mainly emitted from anthropogenic and natural sources such as biomass and fossil 

fuel burning into the atmosphere.  They can remain over a long period of time and 
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hence reach even cold and remote areas through atmospheric currents (Sakari, 2012). 

For example, elevated levels of alternant PAHs was 428±240 g/m3 and was found in 

the urban atmosphere of the city of Chicago in a study aimed at determining their air-

water exchange and dry deposition levels (Odabasi et al., 1999). The emission sources 

were attributed to industrial activities within the metropolitan area. In another study, 

PAHs were also detected in the marine aerosols collected from the West 

Mediterranean Sea. The source of emissions was suspected to be petroleum rigging 

and pyrolysis fuels from industries. Their concentrations ranged between 0.25 and 

0.45 ng/m3 (Sicre et al., 1987). Elevated concentrations of PAHs have been detected in 

the airborne particles sampled as headspace from the São Paulo city in Brazil and 

compared to levels measured in the scarcely inhabited nearby virgin forests 

(Vasconcellos et al., 2003).  

PAHs in the atmosphere can be dispersed over long distances depending upon 

prevailing atmospheric conditions. PAHs can be transported as adsorbed chemicals, 

on suspended particulate matter or as their clustered particulates. This global 

distribution in the atmosphere in other remote locations has been blamed for the 

occurrence of PAHs in remote locations with temperate climates where they are easily 

deposited by precipitation (Loganathan & Lam, 2011; Azhari, 2012). In general, higher 

molecular weight PAHs (HMW-PAHs) are deposited over shorter dispersal distances 

and are easily removed by precipitation. The relatively lower molecular weight 

polycyclic aromatic hydrocarbons (LMW-PAHs) are dispersed over long distances 

spanning continents (Fernandez et al., 2000).  For example, PAHs have been detected 

in the sediments and biota from Bjørnøya (Bear Island) located in the Norwegian 

Arctic far away from agricultural and industrial activities (Evenset et al., 2007).  

Rose et al. (2004) detected some PAHs in a lake from the Svalbard Archipelago, 

Norway. Their occurrence in the island sediment was attributed to a long-range 

transport through the atmosphere since coal combustion from local power stations 

could not account for the elevated amounts. Research on PAHs in environmental 

samples such as aerosols as well as marine and lacustrine sediments, wet deposition 

and sea water has been reported. Also, PAHs have been detected in ice core samples 
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from Greenland. It was suggested that these organic pollutants were coming from past 

atmospheric emissions, from fossil fuel combustion and from the Northern 

hemisphere countries (Kawamura et al., 1994).  

Long-term exposure to high concentrations of PAHs is linked to different health 

complications such as infertility, cancer, and neurotoxicity (Vu et al., 2010; Loganathan 

& Lam, 2011; Azhari, 2012). For example, some PAHs are suspected carcinogens, 

mutagens and an immunosuppressant to different kinds of organisms (White et al., 

1985; Loganathan & Lam, 2011). There are many different PAHs existing in common 

human-interfaced environments, but benzo [a] pyrene and 7,12-dimethylbenzo [a] 

anthracene are two of the most studied PAHs threatening human health in most urban 

built environments. They are feared to biotransform into even more toxic metabolites 

(Buha, 2011; Azhari, 2012).  

Inhalation of PAHs adsorbed on particulates poses a serious risk, which include 

bronchitis and pulmonary cancers. Higher incidence of nasal cancers has been 

reported in persons residing close to heavily industrialized locations compared to 

rural residents (Cerniglia, 1984). Due to the high lipophilicity of PAHs, their 

bioaccumulation in the body after ingestion or inhalation is significant. In general, 

elevated concentration levels of PAHs are usually found in adipose tissues of 

mammals and their renal excretion is low. These tissues can store PAHs for a long 

period of time releasing them only through metabolic activation by specific enzymes 

(Cerniglia, 1984; Buha, 2011). 

Anthropogenic PAHs enter the aquatic systems through two main sources, namely 

petrogenic and pyrogenic. LMW-PAHs are emitted from petrogenic sources such as 

combustion of diesel fuel, kerosene and gasoline and weathering of asphalt surfaces. 

They can also enter the environment through oil spills from container wreckages, 

surface runoff, and atmospheric fallouts. On the other hand, HMW-PAHs are emitted 

from pyrolytic processes (Lee et al., 2009; Nkansah, 2012; Sakari, 2012). Pyrogenic 

PAHs are dispersed as clusters on nuclei particulates facilitating their dispersal over 

long distances. They are eventually deposited on terrestrial plants, soil, surface 

sediments and ocean bottom sediments (NRC US, 1985). In the aquatic systems, higher 
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concentration levels of LMW-PAHs can be found in the pore water and in the column 

of surface water itself due to their slight solubility. However, HMW-PAHs, due to 

their higher hydrophobic nature, are normally transported as bound complexes to fine 

particles dissolved in organic matter and can be found in elevated concentrations in 

the sediments and soils (Vu et al., 2010; Loganathan & Lam, 2011). This was confirmed 

by the study conducted on the water and sediments from the Baltic Sea investigating 

the pollution level of PAHs. Relatively, higher concentration levels of LMW-PAHs 

were found in the water than in the sediments while the opposite trend was reported 

for HMW-PAHs where the surface sediments had elevated levels of PAHs than water. 

In the environment, the incidences of elevated levels of HMW-PAHs (Witt, 1995; 

Loganathan & Lam, 2011).  

In the sediments, PAHs can be resuspended into the water column via bioturbation, 

degradation or subjection to long-term persistence by threatening the aquatic life 

(Wong et al., 1995). However, research done on long-term exposure to any 

concentration levels of PAHs in the water has shown it to cause sub-lethal effects to 

the aquatic organisms. Thus, it is important to monitor any pollution of PAHs in all 

compartments of the environment (Witt, 1995).  

 

1.2 Chemical and Physical Properties of PAHs 

  

As pure chemicals, PAHs usually exist as white, pale yellow or colourless solids. 

Chemical and physical properties of PAHs vary with an increase in their molecular 

weights (Yu et al., 2011). In the atmosphere, PAHs can react with other contaminants 

such as chlorine, sulfur dioxide, ozone and nitrogen oxides, producing dinitro- and 

nitro-PAHs, sulfonated acids, diones, and chlorinated PAHs (Loganathan & Lam, 

2011). Based on differences in their physical and chemical characteristics, PAHs can 

be conveniently classified into two major groups. The first group comprises of the 

lighter or lower molecular weight PAHs with its members having 2 to 3 fused benzene 

rings. They range from naphthalene to fluorene. PAHs falling within this first group 
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are thought to be acutely toxic to mammals. The second group comprises of the 

heavier PAHs. Members of this group contain 4 to 6 fused benzene rings and range 

from chrysene to indeno[1,2,3-(c,d)]pyrene.  

PAHs have been classified as 16 priority pollutant by the United States Environmental 

Protection Agency (US EPA) because of their toxic, mutagenic, carcinogenic and 

teratogenic properties (Silva et al. , 2007; Wenzl et al., 2006). In general, PAHs are 

highly lipophilic, but some of the LMW-PAHs are slightly soluble in the water and at 

the same time are more volatile. The HMW-PAHs are nearly insoluble in water and 

tend to adsorb strongly on the surfaces of particulates or onto non-polar matrices 

(Neff, 1979; Buha, 2011). Their vapour pressure is very low and decreases with an 

increase in the number of fused benzene rings, while their resistance to oxidation and 

reduction reactions increases with an increase in molecular weights (Manoli & 

Samara, 1999; Nekhavhambe et al., 2014). Some of their physical properties are 

presented in Table 1.1.
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Table 1.1 Physical and chemical properties of selected PAHs 

 

PAHs 

Number 

of rings 

Structure Chemical 

formula 

Molecular weight 

(mg/mole) 

Melting 

point (ºC) 

Boiling 

point (ºC) 

Solubility in 

water (mg/L) 

 

Naphthalene 

 

2  

 

 

C10H8 

 

128.1 

 

81 

 

218 

 

3.2 
 

Acenaphthylene 

 

3  

 

 

C12H8 

 

152.2 

 

92-93 

 

265-275 

 

3.9 
 

Fluorene 

 

3  

 

 

C13H10 

 

166.2 

 

116-117 

 

295 

 

1.7-2.0 
 

Anthracene 

 

3  

 

 

C14H10 

 

178.2 

 

218 

 

340-342 

 

0.8 
 

Phenanthrene 

 

3  

 

C14H10 

 

178.2 

 

100 

 

340 

 

1.2 (at 2 ºC) 
 

Pyrene 

 

4  

 

C18H12 

 

202.3 

 

156 

 

393-404 

 

2.3×10-3 
 

Chrysene 

 

4  

 

C18H12 

 

228.3 

 

255-256 

 

448 

 

2.8×10-3 
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The boiling and melting points of PAHs increase with an increase in the number of 

fused benzene rings. Their fate in the environment is primarily governed by their 

chemical and physical properties (Buha, 2011). This also means that at the point of 

emission through pyrolysis, they resist thermal transformation and degradation into 

new by-products. They can withstand the high combustion and pyrolysis 

temperatures in anthropogenic emitters such as thermal power stations, fuel 

refineries, synthetic fuel reactors, automobile exhausts, domestic burning and 

incinerators (Manoli & Samara, 1999; Nekhavhambe, et al., 2014). PAHs are known to 

be resistant to enzymatic degradation in biological systems with a long-term effect of 

initiating cancers in cells (Gibson et al., 2011; Jazestani, 2011). 

It is likely that PAHs are primary causative agents in a significant percentage of 

human cancers (Harvey, 1982). Indeed, PAHs have been shown to induce tumours on 

the ears of rabbits by repeated application of coal tar. The mutation has been shown 

to occur in a pink salmon embryos after the fish were exposed to PAHs, indicating a 

possibility that exposure of fish to some HMW-PAHs can lead to alteration of genes 

(Walker, 2008). 

Exposure of PAHs that leads to chronic diseases has been reported to cause mutagenic 

and carcinogenic effects, cataracts, kidney and liver damage and jaundice in marine 

invertebrates, fish, amphibians, animals and human beings (Neff, 1978; Azhari, 2012). 

Human exposure to PAHs has also been generally accompanied by high levels of 

mutated DNA adducts and reproductive defects (Gaspari et al., 2003).  

A diverse range of malignancies can be induced by PAHs, relying on the experimental 

approach. For example, an oral administration of 7,12-dimethylbenzo[a]anthracene to 

the female Sprague-Dawley rats has shown to cause mammary cancer. On the other 

hand, an intracellular injection of the same compound in the male Long-Evans rats 

induced local sarcomas (Harvey, 1982). The toxicological effects of PAHs have been 

widely reported in fish. For example, when a fish is exposed to sediments with high 

PAH pollution level, such as 250 mg/kg, they can develop some hepatic tumours 

(Walker, 2008). As a result, environmental concern over the fate and effects of these 

contaminants has increased in recent years (Yunker et al., 2002). 
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Chemical analysis to determine their fate in different receiving environmental 

components should be regulated. This is necessitated by their persistence, acute 

toxicity, and potential for bioaccumulation, widespread distribution and 

carcinogenicity to mammals (Walker, 2008). This means that all industrial and 

domestic activities, which are known to generate and emit these compounds should 

be monitored regularly to prevent or minimize pollution of the wider environment. 

 

1.3 Reactivity of PAHs 

 

In general, PAHs are chemically stable under environmental conditions. As such, in 

the aquatic systems, they are strongly sorbed to clay particles and can resist 

biochemical conversion to other products or water washing (Douglas et al., 1996). In 

the atmosphere, they are unaffected by visible radiation, although they are known to 

undergo photo-induced free radical reactions. The photochemical reactions of PAHs 

are important in determining their ultimate fate in the atmosphere (Yu, 2002; 

Lohmann et al., 2009).  

Taking naphthalene as an example, when it absorbs an ultraviolet photon, an excited 

molecular radical cation may be formed. The reactive radical is easily oxidized to form 

a variety of aromatic carbonyl compounds as shown in Figure 1.2. Alternatively, the 

radical can dissociate to give a daughter radical accompanied by the loss of a small 

molecule such as hydrogen gas or a low molecular hydrocarbon. The reactivity of 

PAHs adsorbed on natural aerosol particles was studied by exposing them to model 

oxidants simulating their fate in the wider atmosphere (Yu, 2002). LMW-PAHs were 

found to have higher reactivity compared to HMW-PAHs. This was attributed to 

higher surface absorptivity onto soil organic matter by HMW-PAHs, which made 

them unavailable for reactions with model oxidants (Ringuet et al., 2012). For example, 

naphthalene can easily react with O3, OH and NOx radicals, forming in each case more 

reactive and toxic products, some of which are mutagenic. However, photons of high 

intensity are required to convert PAHs into non-aromatic products as (Yu, 2002; Bente 
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et al., 2009) shown in Figure 1.2. The photolysis of naphthalene in aqueous solutions 

normally produces 7-hydroxy-1,4-naphthoquinone (a), 2-formylcinnamaldehyde (b) 

and 2-carboxycinnamaldehyde (c). It was suggested that compound (a) can be formed 

via the 1,4-naphthoquinone intermediate, and compounds (b) and (c) can be formed 

from the breaking of the C1-C2 bond in naphthalene (Yu, 2002). 

 

                (a)                               (b)                               (c) 

Figure 1.2 The photochemical reaction of naphthalene in aqueous solution 

(Yu, 2002). 

 

The photochemical reactions of anthracene and benzo[a]anthracene also follow the 

same decomposition as naphthalene because they both have two sensitive positions 

in their molecular structures: positions 9 and 10 in anthracene and positions 7 and 12 

in benzo[a]anthracene (Yu, 2002).  

In addition, lower molecular weight PAHs can undergo chemical reactions 

characteristic of aromatic hydrocarbons such as electrophilic substitution, oxidation 

and reduction under harsh laboratory experimental conditions (Keyte et al., 2013). 

Oxidation and reduction reactions partially decompose the extended conjugation of 

the fused benzene rings. It has been established that resistance to oxidation and 

reduction tends to decrease with increasing molecular weight (Harvey, 1991).  

PAHs can also undergo different reactions by opening their rings to form PAH-diol 

epoxides which are very highly reactive and mutagenic. These PAH-diol/epoxides 

can have an impact on the normal cell replication when they react with DNA to 

produce adducts that can initiate the carcinogenic processes (Jerina et al., 1980; Zhong 

et al., 2010; Muñoz & Albores, 2011).  
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1.4 Source Apportionment of PAHs 

 

The emission of PAHs into the atmosphere can be grouped into at least five sources, 

namely domestic (fuel, wood, coal, liquid paraffin, biomass), mobile (aircraft, ships, 

rail wagons, road vehicles), industrial (electricity generation, mining, manufacturing, 

aluminium production, iron and steel foundries), agricultural production (open 

burning of brushwood and straw among others) and natural (forest fires, volcanic 

eruptions and degradation of biological materials) (Suess, 1976; Rubailo & Oberenko, 

2008). Then again, these sources of PAHs can be categorised into two major groups, 

namely anthropogenic (these include pyrogenic and petrogenic sources) and 

lithogenic (which are natural).  

LMW-PAHs tend to be emitted predominantly from petrogenic processes while 

HMW-PAHs are mainly produced during pyrogenic activities (Lee, Kim & Kim, 2009; 

Nkansah, 2012). When combustion of organic matters occurs in a limited supply of 

air, the products cool rapidly and small organic substances may condense to form new 

chemicals, which include higher molecular pyrolytic PAHs (Neff et al., 2005). The 

main anthropogenic activities that produce PAHs pyrolytically are domestic or 

commercial burnings, weathering of creosote, tar-applied surfaces, coal-tar 

production, industrial waste, vehicular exhaust from diesel, and petrol engines and 

burning of waste (WHO, 2003).  

Researchers have used the magnitude of calculated concentration ratios of certain 

individual PAHs in environmental matrices to characterise possible sources and 

emission pathways. For example, the magnitude of concentration ratios such as 

[Anth]/[Phen] and [Anth]/([Anth]+[Phen]) have been used to distinguish petrogenic 

sources from pyrogenic ones. When the magnitude of [Anth]/[Phen]) is less than 0.10 

and that of [Anth]/([Anth]+[Phen]) is less than 0.40 in several matrices (sludge, dust 

particulates, sediments, pore water, etc.), the source of emission of PAHs into the 

environment is usually of petrogenic output. Conversely, if the ratio of [Anth]/[Phen] 



   

12 
 

is greater than 0.10 and even that of [Anth]/([Anth]+[Phen]) is greater than 0.40; the 

source of PAHs will be attributed to pyrogenic activities such as pyrolysis of crude 

oils and coal (Silva et al., 2007). Under pyrolytic conditions, a significant amount of 

anthracene is formed in the emitted aerosols, which is released into the atmosphere 

and finally deposited in the terrestrial as well as aquatic environments (Budzinski et 

al., 1997; Chen et al., 2012). This increases its molar fraction in the emitted aerosols. 

Unlike, most other organic chemicals in the environment, PAHs are not released in 

their pure form. Reasonably, because PAHs consist of thousands of structures 

originating from at least three sources, they always occur in the environment as 

complex mixtures, not as pure compounds (Ravindra, Mittal & Van Grieken, 2001; 

Burgess, Ahrens & Hickey, 2003). 

 

1.5 Exposure and pathways of PAHs 

  

PAHs are present in atmospheric, aquatic and terrestrial ecosystems at concentration 

levels that depend on the location, nature of the anthropogenic sources of emission 

and the prevailing weather situations. As a result of this, exposure of humans to PAHs 

is expected to be higher in the atmosphere of an urban-built environment, including 

its water receiving amenities (Jenkins, Tomkins & Guerin, 2000; Tao et al., 2006). 

There are mainly three different routes by which humans may be exposed to PAHs 

leading to active assimilation in their bodies. These are ingestion of contaminated food 

and water, dermal contact and direct inhalation of polluted air including tobacco 

smoke (Ravindra et al., 2008; Jazestani, 2011). Higher amounts of benzo[a]pyrene and 

other varieties of PAHs have been detected in tobacco smoke (Albers, 2002). However, 

it is difficult to accurately quantify exposure, due to the wide variety of the types of 

PAHs in the contaminated environments (Jenkins et al., 2000; Albers, 2002). Due to 

higher concentration levels of PAHs in the emissions from domestic combustion of 

solid fuels, PAHs have been linked to lung cancer and other related diseases, 

especially in developing countries (Straif et al., 2006).  
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Some studies suggested that PAHs can inhibit the sustainable growth of diatoms in 

deep oceans and may even affect the global cycle of carbon (Zhang & Tao, 2009). Even 

terrestrial plants can also assimilate PAHs from the atmosphere by wet or dry 

deposition on their leaves, and from soils through their roots and translocate them to 

other plant parts thus making them more available in the food chain. Their uptake 

rates are generally governed by many factors such as concentration, aqueous 

solubility, physical and chemical states as well as soil type (Tao et al., 2006). PAH-

induced phytotoxic effects are rare. However, certain plants contain substances that 

can protect against PAH effects whereas others can synthesize PAHs that perform as 

growth hormones (Tao et al., 2006).  

 

1.6 Environmental Fate  

 

Pyrogenic and petrogenic sources release airborne dust and particulate matter 

contaminated with PAHs into the atmosphere. The adsorbed PAHs can be dispersed 

over long-range distances with the possibility of polluting pristine and remote located 

areas, depending on the prevailing weather conditions (Baek et al., 1992 and Gurjar et 

al., 2010). Several studies have been reported on the occurrence of PAHs detected in 

some remote ecosystems and mountainous areas or crater lakes, in the Arctic and 

Antarctic regions, which are locations that are far away from possible human-related 

sources of emission (Quiroz, Grimalt & Fernández, 2010; Jazestani, 2011). This means 

that PAHs emitted from Asia can influence the atmospheric concentrations of PAHs 

in the Arctic region and similarly PAHs from the USA can end up in the Antarctic 

region (Zhang & Tao, 2009). This is possible because of their long residence time in the 

atmosphere due to their chemical stability (Jazestani, 2011). However, PAHs can be 

washed off from the atmosphere through precipitation and atmospheric fallout into 

receiving aquatic systems (frost, fog or snow) (Baek et al., 1992).  

Once deposited in the marine environment (surface water, rivers and oceans) via dry 

or wet deposition, PAHs partition easily onto hydrophobic phases such as organic 
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matter or sediments (Loganathan & Lam, 2011). The sedimentation of PAHs stabilises 

them in the solid phase and concentrates those that are slightly soluble in water and 

in the pore waters of the sediments. This forms the base source of PAHs to marine 

organisms which can reach lethal levels through bioaccumulation in marine predators 

(Baek et al., 1992; Lohmann et al., 2009).  

In the aquatic systems, PAHs can photodegrade, volatilize, biodegrade, oxidize and 

bind to small organic particles suspended in water. For example, PAHs present in soils 

may undergo volatilization, adsorption, chemical oxidation, accumulation in plants 

and photolysis even though microbial degradation is the major transformation 

process. Moreover, PAHs can also enter ground waters and can be transported within 

the aquifer (Baek et al., 1991; Yu et al., 2011).  

PAHs occurring in the aquatic ecosystems can adsorb tenaciously on the alluvial, 

sediments and suspended organic particulate matter, forming stable chemisorbed 

complexes. Consequently, this makes them readily bioavailable to aquatic 

microorganisms at the base of the food chain (Ahangar, 2010). For example, benthic 

invertebrates play an important role in the transfer of contaminants such as PAHs 

from sediments through bioturbation and in turn, the PAHs are taken up by high 

order feeders such as fish and other aquatic creatures (Palmqvist et al., 2006). 

Through this bioaccumulation, organisms at the top of the food chain are exposed to 

a high concentration of PAHs, which can be lethal (Clements, 1992). Surface 

adsorption can also stabilise chemisorbed-PAH complexes on suspended and micro-

sized organic particulates in the atmosphere. This facilitates their long-range dispersal 

leading to global atmospheric pollution. However, PAHs can stay in the adsorbed 

forms (e.g. on sediments or suspended particulate matters) since they are non-volatile 

compounds. Consequently, their higher concentration levels have been recorded in 

some coastal waters, soils, aquatic organisms, food materials and sediments of rivers 

and lakes near agricultural areas, urban and industrial cities in many parts of the 

world (Silva et al., 2007; Martins et al., 2014). A total concentration of 15 PAHs were 

found in soil samples taken from locations from different continents. Their 

concentrations spanned over 5 orders of magnitude. The concentration levels in the 
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soils decreased in the order: locations in Europe > North America > Asia > Oceania > 

Africa > South America. Locations susceptible to higher atmospheric deposition 

inputs tended to have higher concentrations (Nam, Sweetman & Jones, 2009).  

PAHs emitted into the atmosphere can be transformed through photo-oxidation, 

chemical oxidation into stable or even in more toxic forms. In the biological systems, 

PAHs can be metabolized into more toxic forms or accumulated to levels that are 

lethal to organisms (Cerniglia, 1993).  

Both environmental persistence and genotoxic properties increase as PAH molecular 

weights increase. Those with many fused benzene rings are the sensitizers of cancers, 

leading to the development of cancers in mammals and are of toxicological and 

environmental concern (Cerniglia, 1993). Possible sources of emission and the fate of 

some PAHs in the wider environment are presented in Table 1.2.
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Table 1.2 Source of emission and fate of PAHs in the environment 

Analyte Sources of emission and fate of selected PAHs 

 

Naphthalene  

It is a toxic compound in the water-soluble fraction of crude and fuel oils but is a non-carcinogenic PAH. It is generated from pyrolysis of coal tar and 

petroleum refinery products. It is chemically stable, but can be decomposed by ultraviolet radiation to form more toxic compounds. In mammals, it 

destroys red blood cells and it causes confusion, nausea, vomiting, diarrhea, jaundice and cataracts in animals (Jazestani, 2011). 

Acenaphthylene It is formed from combustion of crude oil, coal tar, dyes, plastics and pesticides, creosote, burning of agricultural wastes, produced by vehicle exhausts, 

hazardous wastes, wildfires, roofing tar, and heavy oils (Manoli et al., 2004). It can target fat tissues like kidney, liver and fat. 

Fluorene It is combustible and commonly found in dye, pesticides, and plastics and is produced from a byproduct of coal–conversion and energy related industries 

(Manoli et al., 2004).  

 

Anthracene 

It is formed from pyrolytic processes and occurs as a minor contaminant in wastewater effluents from coal gasification and liquefaction processes. It is a 

stable and persistent PAH in the environment due to its slow kinetics to biodegradation. In the aquatics, it tends to bind strongly to sediments and other 

particulate matters. Its small concentrations can leach into underground waters and this presents a potential contamination problem. It tends to 

bioaccumulate in aquatic animals and is highly toxic to wildlife.  It is a non-carcinogenic PAH, but it may cause respiratory irritation. It may cause long-

term adverse effects in the aquatic environment  ( Morrison et al., 1992; McMurry & Simanek, 2007) . 

Phenanthrene It is a constituent of exhaled cigarette ashes and smoke. It is a non-carcinogenic and non-mutagenic PAH and is toxic to mussels, gastropods, crustaceans, 

fish marine and diatoms (Ouyang, 2006). 

 

Pyrene 

It is a  possible mutagenic and a  carcinogenic PAH, and toxic to microalgae (Clément et al., 2005). It originates from oil seepages and oil spills. It is mainly 

formed from the incomplete combustion of oil products and. Being a perfused PAH, it is much more resonant stabilized PAH than  fluoranthene, its five-

membered rings containing isomer (Petersen et al., 2009). In the body, pyrene can induce a kidney disease, nephropathy, and some slight changes in the 

blood as well increase the weight of the liver.  

Chrysene It is found in creosote and is used as a wood preservative. It is formed during the burning or distillation of crude oil, coal and plant material. It is thought 

to be a human carcinogen (Ravindra, Sokhi & Van Grieken, 2008). 
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1.7 Justification of the Study  

  

It is suspected that the Msunduzi River receives and conveys contaminated water with 

potentially toxic organic and inorganic compounds via sporadic bursting of sewer 

pipes (laden with domestic fecal matter), the urban surface runoff and intentional 

discharge of treated sewage effluent from the city of Pietermaritzburg. Amongst the 

discharged pollutants, PAHs may be included which are known to be carcinogenic, 

mutagenic and teratogenic to humans, animals, plants and aquatic life. In addition, 

domestic burning, seasonal veld fires and industrial emissions in and around the city 

can significantly transfer PAHs into the atmosphere which is further washed off by 

precipitation into receiving rivers. 

Ordinarily, the concentration levels of environmental persistent organic pollutants in 

South Africa are not well-known, although the country is economically and 

industrially developed in Africa (Nieuwoudt et al., 2011). Even though some research 

has been done on selected POPs especially PCBs and pesticides such as DDT, there is 

very little information about the occurrence of PAHs in the South African 

environment (Nieuwoudt et al., 2011; Gakuba et al., 2015).  

The PAHs that have been designated as priority contaminants by the US EPA are 

mainly of the petrogenic or pyrogenic source. This implies that PAHs are mostly part 

of the crude product at low levels or some may be formed during processes such as 

crude oil refining, burning of fossil fuels and petrochemical processes, or as a result of 

an incomplete combustion of organic matters, domestic heating, power generation, 

incineration, vehicle exhaust emissions, or natural fires (Masih & Taneja, 2006). These 

sources arise in South Africa, either distributed in suburban and rural areas or 

concentrated in industrial zones. Exposure of humans to PAHs can lead to elevated 

levels of reproductive deficiencies, an increased risk of cancer, and DNA mutation or 

other adverse health effects. It is therefore very important to control their 

concentration levels in the South African environment, mainly in areas where human 

health may be harmfully affected by the occurrence of these compounds (Nieuwoudt 

et al., 2011). 
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A literature review has shown that no study has been reported on the concentration 

levels of PAHs along the Msunduzi River, KwaZulu-Natal, South Africa. Data is 

available only on the analysis of pharmaceutical residues in the water and sediments, 

heavy metals in sediments and PCBs in the soil and milk samples from nearby 

farmlands located within the industrial catchments in KwaZulu-Natal. Other different 

studies on concentration levels of PCBs in the pore water, water and sediment of the 

Umgeni River, chlorinated hydrocarbon pesticides and chlorophenols at Isipingo 

Estuary have also been reported (Batterman et al., 2009; Grobler et al., 2010; 

Agunbiade & Moodley, 2014; Gakuba et al., 2015).  

However, some isolated studies on PAHs in the soils taken from the Isipingo River, 

Umgeni River and Durban Bay (Umbilo, Umhlatuzana and Amanzimyana Rivers) 

have been described (Vogt, 2014). No data has been reported on the pollution levels 

of PAHs in the soils and water along the Msunduzi River. However, a study has been 

conducted to quantify PAHs in the treated sludge, collected from a wastewater 

treatment plant discharging treated effluent water back into this river (Cele, 2010). 

Meanwhile, there is a growing degree of ecological pollution, and it is, therefore, 

necessary to establish a data source on the occurrence of seven selected PAHs around 

KwaZulu-Natal. This study was conducted on five selected LMW-PAHs and two 

HMW-PAHs (see Table 1.2). This will add knowledge to the lack of information and 

to add a new database of these PAHs in environmental matrices of this country as a 

signatory member of the Stockholm convention in 2001. The selection of these PAHs 

was based on their solubility and availability in water, toxicological, carcinogenic, 

mutagenic and teratogenic effects on human beings and wildlife animals using the 

Msunduzi River water. These 7 PAHs were selected from 16 PAHs classified as 

priority pollutants to be regularly monitored in the environment since they can 

undergo bioconcentration and biomagnification processes. Moreover, the 

modification and development of modern analytical techniques and measures are 

essential to easily assess the concentration levels of different classes of PAHs. Thus, 

the results from this study will be an important component of the database on the 

incidence of PAHs along the Msunduzi River. They will also be useful and beneficial 

for future policy making by the city municipality and for making recommendations 
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to the people relying on the river for their daily source of water as well to the pollution 

reduction of PAHs. 

 

1.8 Scope of the Study 

 

The key questions to be solved in this study were the following: given the Msunduzi 

River’s location, its catchment area and course of flow, were the soils, waters and 

surface sediments contaminated from PAHs? If yes, were the following designated 

PAHs, namely naphthalene, acenaphthylene, fluorene, phenanthrene, anthracene, 

chrysene and pyrene present and at what concentration levels do they occur? If these 

PAHs were present, were their emission sources coming from petrogenic or pyrogenic 

processes? 

 

1.9 Aims and Objectives 

 

The aim of this study was to determine the concentration levels of seven selected 

PAHs in wastewater, soil and surface sediment samples from the Msunduzi River, 

KwaZulu-Natal Province.  

The objectives of this study were: 

i. To investigate the presence of the selected PAHs in water, soils and surface 

sediments in the Msunduzi River basin using GC-MS. 

ii. To quantify the concentration levels of PAHs in the water, soil and sediment 

matrices from the Msunduzi River using GC-MS. 

iii. To identify the major sources of PAHs contaminating this river.  
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Chapter outline 

The summary below provides the plan of the chapters in this study and the procedure 

that was followed. It also provides the main sections that are contained by each 

chapter. 

Chapter I provides the background on the occurrence of PAHs in the environment 

and the purpose of this investigation. It presents the issues of PAHs. The hypotheses, 

aim, justification and objectives of the whole study are also presented in this chapter. 

It also describes the ecological effects, toxicity and the sources of PAHs. The chapter 

also analyses the relevant chemical, physical and environmental properties of PAHs 

as well as the primary hazards and human exposure to PAHs. 

Chapter II reviews some extraction techniques and instrumental methods of analysis 

of semi and non-volatile organic pollutants. 

Chapter III presents the methodology, site description and experimental procedures 

used in the study. It also indicates the techniques used during sample collection, their 

extraction and analysis procedures. 

Chapter IV examines the analysis of the data obtained during this work. It also 

compares the outcomes with national concentration levels of PAHs. It presents 

seasonal variability of PAH concentration levels in this study, source apportionment 

of PAHs and discussions about the obtained results. Chapter V presents the 

conclusion and recommendation of the whole study. 
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Chapter II 

 Literature review 

2.1 Extraction Techniques and Instrumental Methods Used in the 

Analysis of Semi- and Non-volatile Organic Pollutants 

 

2.1.1 Pre-treatment of environmental samples 

 

The distribution of any analyte in a solid sample is complex and non-uniform, unlike 

non-viscous liquids in which analytes are homogeneously distributed. For this reason, 

solid samples should be prepared in a fine powder form (Bendicho et al., 2012). This 

ensures that the analytes are uniformly distributed, thus allowing better extraction 

efficiency. The preparative treatments also reduce the gross field samples into a 

reasonable size for ease of handling during the extraction and analysis (Khan et al., 

2005).  

The treatments may include centrifugation to remove the pore water from sediments, 

air-drying, sieving, size reduction and further grinding or blending to reduce the 

particle size of the solid matrices (Khan et al., 2005; van Zuydam, 2009; Bendicho et 

al., 2012). The commonly used techniques to reduce the size of pre-sieved gross 

samples are coning and quartering. During coning and quartering, the sample is 

heaped using a steel cross splitter and split into quadrants of equal sizes (Rubio & Ure, 

1993). The opposite or diagonal quadrants are collected together while the other two 

are discarded as shown in Figure 2.1. These steps are repeated on a subsequently 

heaped subsample until the required size of the sample is attained (Rubio & Ure, 1993; 

Gerlach et al., 2002).  
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Figure 2.1 Coning and quartering techniques (Gerlach et al., 2002). 

 

The other known technique used to reduce the size of solid samples is a mortar and 

pestle. The dried sample is placed in the mortar and ground using a pestle to 

homogenize it (Khan et al., 2005). This increases the extractability of the analytes by 

increasing the surface area in the sample (Mandingo et al., 2015). After grinding, to 

get a desired fine powder, the sample can be sieved (Wischmann et al., 1996; 

Mandingo et al., 2015).  

 

2.1.2 Methods for extracting persistent organic pollutants from environmental 

samples 

 

The choice of the methods for transferring organic pollutants from solid and liquid 

matrices into another medium (organic solvent) depends on the nature of the sample 

as well as the volatility of those pollutants (Khan et al., 2005). It also depends on the 

cost, availability of equipment in the laboratory and their effectiveness (Berset et al., 

1999; Khan et al., 2005; Sibiya, 2012).  

There are several methods in which a mixture of semi and non-volatile organic 

pollutants can be extracted from solid and liquid matrices for subsequent separation 

and analysis by chromatography (Khan et al., 2005; Bendicho et al., 2012). These 

include liquid-liquid extraction (LLE) (Habaki & Egashira, 2015), soxhlet extraction 

(Bendicho et al., 2012; Carro et al., 2012), mechanical shaking (Berset et al., 1999), 
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sonication (Bendicho et al., 2012), solid-phase extraction (SPE), microwave-assisted 

extraction (MAE), pressurized liquid extraction (PLE) (Lau, Gan & Ng, 2010), matrix 

dispersion and CO2 supercritical fluid extraction (SFE) (Dzyuba & Bartsch, 2003). 

These extraction techniques can be grouped into three major categories: 

 Nonthermal techniques such as LLE, agitation at room temperature, and 

blending of plant and animal materials (Habaki & Egashira, 2015).  

 Thermal techniques such as soxhlet (USEPA, 1996; Lopez-Avila, Benedicto & 

Bauer, 1998) and atmospheric microwave-assisted extraction (aMAE) (Chee et 

al., 1996; Camel, 2001). 

 Pressurized techniques such as pressurized microwave-assisted extraction 

(pMAE), pressurized hot water extraction (pHWE) (Oluseyi et al., 2011) and 

CO2 supercritical fluid extraction (Yunker et al., 2002). 

 

Of these techniques, LLE and soxhlet extraction (SE) are frequently chosen as the best 

extraction methods for analysis of PAHs, PCBs, pesticide residues and other POPs 

from liquid and solid matrices, respectively (Berset et al., 1999). They have better 

extraction efficiency, and low cost of equipment and operation compared to 

pressurized techniques (Luque de Castro & Garcia-Ayuso, 1998; Ramos et al., 2000). 

Only the techniques which were used in this study, i.e. the LLE and SE will be 

reviewed in detail. 

 

Choice of solvents 

Extraction of PAHs from different environmental matrices is accomplished using 

organic solvents whose polarity ranges from medium to low (Juhani et al., 2004; Khan 

et al., 2005). Examples are dichloromethane (DCM) (Juhani et al., 2004), toluene, 

chloroform, diethyl ether, and n-alkanes such as n-hexane, isooctane, pentane and 

cyclohexane (Khan et al., 2005). Medium-polar solvents such as DCM or toluene, or 

mixtures of polar and non-polar solvents are the preferred ones (Sun et al., 1998).  
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Toluene is more suited for extracting thermally stable organic pollutants due to its 

high boiling point. DCM is preferred for extracting fused aromatic compounds (Juhani 

et al., 2004). The polarity of the collector solvent can be tuned by using binary and 

even ternary mixtures. Examples of mixed solvents are n-hexane/DCM, n-hexane/ 

DCM/ether and isooctane/DCM (Yunker et al., 2002; Khan et al., 2005).  

In this study, n-hexane and DCM were chosen as effective solvents for extracting 

PAHs from water, soils and sediments due to their low boiling points, medium to non-

polar characteristics and their capacity to dissolve a wide range of organic compounds 

(Filser et al., 1997; Juhani et al., 2004; Rossberg et al., 2006). 

 

2.1.2.1 Extraction of PAHs from water samples  

  

PAH compounds have low aqueous solubility due to their higher hydrophobicity, and 

therefore they easily adsorb onto organic particulate matter and sediment particles in 

contact with the water. Their concentration levels in water are generally low. Reliable 

analytical measurements of PAHs require robust extraction methods such as LLE, 

SPE, and SPME to transfer them into compatible solvents for subsequent separation 

by chromatography (Khan et al., 2005). Solvents such as dichloromethane, n-hexane, 

2-propanol, cyclohexane, acetonitrile, and acetone are commonly used to extract 

PAHs (Juhani et al., 2004; Yang et al., 2015). Only the technique which was utilized in 

this work, i.e. the LLE will be reviewed in detail.  

 

Liquid-liquid extraction (LLE) technique  

In this technique the organic compounds in the feed solution (usually water) are 

transferred to an immiscible liquid (organic solvent). After shaking to mix the phases 

together in a separator funnel (Figure 2.2), the analytes are allowed to partition 

between the two phases according to their solubility.  
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Figure 2.2 Liquid-liquid extraction (Mohrig et al., 2014). 

 

Sometimes, the pH of the mixture should be controlled to optimize the extraction 

efficiency. In addition, a salting-out electrolyte such as NaCl can be added in order to 

expedite the separation of the two immiscible phases by preventing formation of 

emulsions (Müller, Fattore & Benfenati, 1997).  

When the two phases are totally separated, the organic phase containing the target 

analytes is collected for further analysis. To ensure that all the target compounds in 

the feed solution are completely extracted, the feed solution has to be extracted several 

times (at least three). This increases the fraction of the analytes in the collector solvent. 

The extracts from each batch are combined before they are dried with dehydrating 

agents such as sodium sulfate, magnesium sulfate or aluminium sulfate. After 

dehydration, the excess solvent is removed to concentrate the analytes in the extract 

using a rotary vacuum evaporator.  

LLE is a low-cost technique and has shorter extraction times. However, it requires 

large volumes of toxic and flammable solvents. Disposal of such liquid wastes finally 

result in contamination of the environment. Usually, the formation of emulsions and 
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lack of automation of this technique reduce the sample processing throughput 

(Manoli & Samara, 1999). Despite these disadvantages, LLE is the most commonly 

used method for extracting POPs from water samples due to its better extraction 

efficiency (EPA Method 3510-C, EPA, 1996).  

For example, Titato & Lanças (2005) used the LLE technique to extract PAHs 

{naphthalene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene and 

dibenzo(a,h)anthracene} from water samples using DCM as the collector solvent. 

Bercaru et al. (2006) used the LLE technique to extract PAHs from water samples with 

n-hexane. Jong et al. (2006) used LLE for extracting PAHs from water samples 

reporting LODs of 0.01 μg/L using GC-MS. Furthermore, Pena et al. (2009) used the 

LLE technique to extract PAHs from rain water and raw wastewater using DCM.  

 

2.1.2.2 Extraction of PAHs from solid samples 

 

PAHs are strongly adsorbed on suspended particulate matter and sediments, their 

extraction process from these matrices requires a longer period of time in order to 

transfer these organic pollutants into a collector solvent.  

Examples of techniques which are usually applied to extract PAHs from solid matrices 

are soxhlet extraction, microwave-assisted extraction and accel erated solvent 

extraction (Wang et al., 2007). Only the soxhlet extraction technique (Khan et al., 2005) 

will be reviewed in detail as this is the extraction technique used in this study for 

sediments and soils.  

 

Soxhlet extraction (SE) 

Figure 2.3 shows the main components of a soxhlet extractor. This technique is 

routinely used to extract semi and non-volatile organic compounds from solid 

matrices. 
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Figure 2.3 Example of a soxhlet extractor and its main components 

(Majors, 2013). 

 

Soxhlet extraction technique is a US EPA standard method as well as an ISO standard 

method for extracting PAHs from soils, plants, sediments and sludge (Guerin, 1999). 

This technique showed to have higher extraction efficiency for trace organic pollutants 

(Guerin, 1999; Banjoo et al., 2005).  

A test material containing the compound to be extracted is wrapped in a filter paper 

and placed into a porous cellulose thimble and PAHs are extracted at the reflux 

temperature of the solvent for several hours or days (Guerin, 1999).  

Solvents such as n-hexane and dichloromethane (DCM) have shown a higher 

extraction efficiency of PAHs from solid matrices (Juhani et al., 2005; Jensen, 2007; 

Kanchanamanyoon & Tatrahun, 2008).  
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As shown in Figure 2.3, the extraction solvent is placed into a round bottom flask 

attached to a soxhlet extractor and a condenser (Carro et al., 2012). On heating the 

solvent with an isomantle, the condensed solvent fills up the main chamber, offering 

an intimate contact for extracting analytes from the sample. When full, the extracted 

mixture is siphoned down via a side arm and this cycle is repeated many times (Luque 

de Castro & Garcıa-Ayuso, 1998; Khan et al., 2005). Each of the vaporization-

condensation cycles brings a fresh front of solvent while the extracted solute which is 

relatively non-volatile remains in the boiling flask (Luque de Castro & Garcıa-Ayuso, 

1998). After the extraction, the crude extract containing PAHs is concentrated to a 

smaller volume using a rotary vacuum evaporator.  

The advantages and disadvantages of soxhlet extraction are summarized below.  

Advantages:  

 Apparatus and equipment for this technique are cheap.  

  Easy and safe to handle  

 It is a continuous extraction technique lending it to higher extraction efficiency 

(Lau, Gan & Ng, 2010).    

 

Disadvantages: 

 It uses large amounts of toxic organic solvents (Luque de Castro and Garcia-

Ayuso, 1998; Blanco et al., 2000; Suchan et al., 2004). 

 Longer extraction times are required (Blanco et al., 2000; van Zuydam, 2009). 

 

Despite its disadvantages, soxhlet extraction is still the most widely used method for 

extracting trace levels of analytes from sediments and soils (Lau, Gan & Ng, 2010) due 

to its full and longer contact time between the sample and solvent (EPA Method 3540-

C) (EPA, 1996c).  

For example, Reimer and Suarez (1995) used a soxhlet extraction method to extract 

native PAHs from soils and the recoveries ranged between 64 and 96%. Saim et al. 

(1997) used this technique to extract PAHs from the soils. Ünlü & Alpar (2006) also 
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used this technique for the extraction of PAHs from seabed sediments from the 

Gemlik Bay (Southwestern Marmara Sea). The concentration of 14 PAH compounds 

in sediment samples collected from 61 locations were in the range of 50–13480 ng/g.  

Furthermore, Sibiya (2012) used this extraction technique to extract PAHs 

(naphthalene, fluoranthene, acenaphthene, and pyrene) from sediment samples 

collected around the city of Johannesburg, using a mixture of n-hexane and 

dichloromethane. The concentration obtained ranged from 90 to 1670 µg/kg in 

sediments collected from two different locations. 

 

2.1.2.3 Purification of crude extracts by column chromatography 

  

Column chromatography is one of the most useful methods for separating and 

purifying crude extracts containing organic analytes after their extraction from solid 

and liquid samples (Zdráhal et al., 2000; Saponaro et al., 2002). Polar stationary phases 

are commonly used to remove off polar co-extracts using a solvent system that is 

comparatively non-polar (Sloan et al., 2004; Prycek et al., 2007). Common stationary 

phases include silica gel, alumina, florisil, calcium phosphate, starch and calcium 

carbonate of particle size ranging from 50 to 200 µm (Zdráhal et al., 2000). The 

stationary phase or a solid adsorbent is usually packed in a vertical glass column 

(Bocca et al., 2003; Sloan et al., 2004). The mobile phase is added from the top and 

allowed to flow down the column by either gravity or external pressure (Figure 2.4).  
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Figure 2.4 The diagram showing the main parts of column 

chromatography (Nicolas, 2014). 

Analytes and co-extracts are partitioned based on differential adsorption on the 

surface of the adsorbent (Zdráhal et al., 2000). The rate at which the analytes in the 

mixture are separated normally depends on the polarity of the solvent and the surface 

activity of the adsorbent (Bodzek et al., 1997). If the polarity of the solvent is very low 

and the surface activity of the adsorbent for the analytes is very high, automatically a 

slow separation occurs but gives a good separation. Conversely, if the polarity of the 

solvent is high and the surface activity of the adsorbent is low, the separation is rapid 

but results in poor separation and co-elution of analytes with matrix interferences. As 

the mixture is eluted, the active polar groups cooperatively interact with the polar 

groups on the sorbent and weakly with the target analytes such as PAHs which are 

relatively non-polar (Saponaro et al., 2002). The analytes with greater adsorption 

power are adsorbed more on the column. Analytes can be collected separately in 

different fractions by adding more solvent onto the column. The weakly adsorbed 

components are eluted more rapidly. If the analytes or their derivatives are coloured, 

they can be collected separately as purified fractions. 

Excess solvent is removed from the purified extracts through rotary evaporation. 

Column chromatography has been widely used as a purification tool in the analysis 

of persistent organic pollutants (Sun et al., 1998; Saponaro et al., 2002). Lough & 

Wainer (1995) purified the crude extracts of PAHs using a short chromatographic 

column packed with silica gel and alumina. Furthermore, Prycek et al. (2007) also used 

this technique to purify their crude extract for PAH analysis.  

 

2.2 Chromatographic Methods of Separating POPs 

 

The difficulties of resolving POPs from environmental samples coupled to their 

occurrence at lower concentration demand effective analytical procedures which 

commensurate with high sensitivity (Manoli & Samara, 1999). During the last few 
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years, several methods have been used for separating semi and non-volatile organic 

compounds (e.g. PAHs) present in the mixture. These include high-performance 

liquid chromatography (HPLC) and gas chromatography (GC) after extraction via 

techniques such as LLE and SPE (Shen, 2005). GC and HPLC are analytical methods 

which separate compounds based primarily on their differential partitioning between 

the stationary and mobile phases (Bailon et al., 2000). The separated compounds are 

detected using sensitive, specific and compatible detectors. Only GC will be reviewed 

in detail.  

 

2.2.1 Gas chromatography (GC) 

 

A gas chromatograph comprises of a supply of an inert gas, associated flow controller, 

heated injector port, temperature-programmable oven, analytical column, detector 

and data recorder (Pavia et al., 2006) as shown in Figure 2.5.  

 

Figure 2.5 Block diagram of a gas chromatograph (Zhao & Barron, 2012). 

 

In order to separate analytes on a GC column, the analytes should be easily vaporized 

and thermally stable (Khan et al., 2005). An aliquot of the extracted sample is 

introduced through a syringe via a self-sealing rubber septum into the heated injector 

port set at a temperature of around 200 °C. The heated sample is then introduced into 
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the analytical column without or with splitting it with the aid of flowing inert gas 

(carrier gas). Some examples of carrier gases that are usually used are nitrogen, 

helium, and argon (Stashenko & Martínez, 2014). In this study, pure helium was used 

as the carrier gas for the GC-MS. 

On the analytical column, the analytes are separated by partitioning them on an 

immobilized viscous liquid/wax (called stationary phase). The different rates of 

partitioning between the stationary phase in the column and the analytes in the carrier 

gas cause each one of them to exit from the analytical column at a different time, 

known as the time of retention. The stationary phase is housed in a temperature-

programmable oven. Temperature control of the liquid stationary phase plays a 

significant role in the separation of the mixture of analytes due to the differences in 

their boiling points.  

Most modern GC instruments use fused capillary columns to separate out the analytes 

into individual compounds. An example of a capillary column is shown in Figure 2.6. 

 

Figure 2.6 An example of a capillary column (Zhao & Barron, 2012). 

 

A capillary column is flexible, has an internal diameter of a few tenths of a millimeter 

and is between 15 and 60 m in length. The capillary column can be wall-coated open 

tubular (WCOT) or support-coated open tubular (SCOT) (Stashenko & Martínez, 

2014). For the wall-coated column, the liquid stationary phase is directly coated on the 

walls of the column. In the SCOT column, the inner wall of the capillary is lined with 
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a thin layer of finely divided, inert, solid support material such as diatomaceous earth, 

onto which the stationary phase is adsorbed (Hübschmann, 2015).  

In general, the SCOT columns are less effective than the WCOT columns in the 

separation of analytes from complex mixtures (Sibiya, 2012). However, both capillary 

columns have a significantly higher separation efficiency than packed columns 

(Stashenko & Martínez, 2014).   

Modern GC capillary column stationary phases use synthetic and high boiling 

materials such as polysiloxane, polyoxyethylene or polyester to partition analytes. 

They offer a film thickness ranging between 0.1 and 2.5 µm when they are heated 

(Armarego & Chai, 2003). Thinner films offer higher resolutions while limiting the 

amount of stationary phase that can be loaded on a capillary column.   

The polarity and hence the composition of the stationary phase is critical in the 

successful separation of analytes especially congeners. For example, the separation of 

PAHs can be performed on low polarity columns such as DB-5MSUI, DB-5MS, VF-

5MS, Rtx-5Sil-MS, and ZB-5MS. In this work, a 30 m (I.D. = 0.25 mm; film thickness = 

0.25 μm) 5Sil-MS: {1,4-bis(dimethyl siloxy)phenylene dimethyl polysiloxane} was 

used to separate the PAHs in the extracted samples. This column is a low polarity 

cross-bond between the aliphatic siloxanes and the phenylene groups.   

The resolving power of the analytical column is governed by the van Deemeter 

equation,  

    

 

In this equation, HETP is the height equivalent to a theoretical plate of the analytical 

column, A is the eddy-diffusion parameter and is related to channelling through a 

non-ideal packing. B is the diffusion coefficient related to the dispersion of the 

analytes due to longitudinal drag. C is a term related to the resistance to the mass 

transfer of coefficient of the analytes between stationary and mobile phases while u is 

the linear flow rate of the carrier gas (van Deemter et al., 1956).  

𝐻𝐸𝑇𝑃 = 𝐴 +
𝐵

𝑢
+ (𝐶𝑠 +  𝐶𝑚). 𝑢. 
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Optimum separation is possible through a careful control of the linear flow rate of the 

carrier gas. In general, if the longitudinal flow rate is high, then diffusion of analytes 

within the stationary phase becomes eddy leading to band broadening, tailing and 

fronting of peaks (Zhao & Barron, 2012).  

In an open capillary column, the A term is equal to zero due to minimum tortuous 

channelling of analytes. Hence, separation on a capillary column is faster than in a 

packed column. High separation efficiency, which is equivalent to a low HETP value 

is achieved only at an optimum flow rate of the carrier gas (Rick, 2015).  

The separated analytes are swept past a detector, which can be universal or selective 

for a particular class of analyte. Examples of commonly used detectors are flame 

ionization detector (FID) (Magdic & Pawliszyn, 1996), electron capture detector 

(ECD), thermal conductivity detector (TCD) (Kishi et al., 2015) and mass spectrometer 

detector (MSD) (Aguilar et al., 1998; Stashenko & Martínez, 2014).  

An example of a selective detector is an ECD. This detector is highly sensitive for the 

organo-halides, nitrates, nitriles, peroxides, anhydrides and organometallics and very 

useful for the analysis of POPs such as PCBs and organochlorines. It can detect these 

compounds in complex environmental samples down to 50 femtograms (Zhao & 

Barron, 2012). TCD is a non-specific detector usually used for the analysis of nitrogen, 

phosphorus, and sulfur-containing compounds. FID is a non-selective detector mainly 

used for detecting hydrocarbons such as PAHs (Khan et al., 2005). However, it is not 

as sensitive as other detectors such as MSD (de Saint Laumer et al., 2015).  

An MSD is a universal detector suitable for identification and quantification of trace 

and ultra-trace levels. It has a fast response, wider linear range and is highly sensitive 

to almost all classes of analytes. Of these detectors, only mass spectrometry will be 

reviewed in detail.  

 

2.2.2 Gas chromatography-mass spectrometry (GC-MS) 
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Analytes separated from the gas chromatograph are passed on to the inlet of a mass 

spectrometer for ionization and detection. The technique is called gas 

chromatography-mass spectrometry (GC-MS). Modern GC-MS instruments have the 

GC microcapillary columns directly coupled to the inlet of the mass spectrometer 

(Randall & Wahrhaftig, 1978). A schematic diagram of a GC-MS is shown in Figure 

2.7.  

 

Figure 2.7 Modular representation of a GC-MS (Wade, 2003)   

 

GC-MS combines the separation power of a microcapillary column and the high 

sensitivity of mass spectrometry for the identification of a compound’s mass to charge 

ratio and quantification (Goates et al., 1987).   

To enable direct coupling, a low volume amount should be introduced into the 

ionization source of the MS. Within the ionization source, rough mechanical pumping 

applied between the sampling and skimmer cones reduces pressure at the exit of the 

capillary column down to 10-2 Torr (Randall & Wahrhaftig, 1978). Additional 

pumping from turbo pumps ensures that only ions are introduced into the analyzer 

operated at near-vacuum (< 10-7 Torr). The effluent from the GC can be ionized by a 

beam of energetic electrons or reagent gas such as methane, ammonia and isobutene. 

The ions that are generated are accelerated into the analyzer through ion optic grids 

at a negative gradient potential (Randall & Wahrhaftig, 1978).  
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2.2.2.1 Ionization sources   

 

 Electron impact ionization (EI)    

Electron ionization (also called hard ionization) forms ions from sample vapour 

passed from the GC capillary column through a series of collisions with an energetic 

beam of electrons (70 eV) introduced orthogonally to the path of the gaseous effluent 

(Smith, Udseth & Kalinoski, 1984). This ionizes the molecules and also fragments them 

into their characteristic daughter ions. Since the fragmentation pattern of the analytes 

depends on the energy of the electron beam, a standard ionisation energy of 70 eV is 

used for ionisation, so that the experimental spectral data can be easily compared with 

standard mass spectral data provided by the US-National Institute of Standards and 

Technology (NIST) mass library. The disadvantage of electron ionization is that 

sometimes the peaks due to the molecular ion peak can be missing completely due to 

excessive fragmentation.   

 

Chemical ionization (CI) 

Chemical ionization produces ions from the effluent of the capillary column through 

a series of chemical reactions between a reagent gas and the molecules of the analytes 

(Munson & Field, 1966; Chhabra et al., 2015). Most commonly used reagents are 

methane, ammonia and isobutene. The introduction of reagent gas within the ion 

source slightly raises the pressure (10-2 Torr). Collisions between the reagents create 

stable reagent ions that ionize the molecules of the analytes. Just like in electron 

ionization, small amounts of effluent should be passed from the capillary column to 

the ion source (Smith, Udseth & Kalinoski, 1984). 

Since lower energy is used compared to that employed in EI sources, molecular ion 

peaks are usually observed in the mass spectral data, which allows direct 

identification of the compounds.   
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2.2.2.2 Mass analysers  

 

There are many types of analysers which are used to separate and focus ions passed 

from the ion source. These include sector-based analysers (magnetic and electrostatic 

analysers), time of flight (TOF), and filter-based {ion trap, quadrupole and Fourier 

transform-infrared (FT-IR) cyclotron} (Shah et al., 1989).  

For routine GC-MS work, a quadrupole is used for separating ions either as a stand-

alone analyser or in a tandem incorporating a collision cell between two quadrupole 

analysers (QqQ). In this study, an instrument of a single quadrupole analyser was 

used to separate the ions.  

A quadrupole analyser comprises four parallel cylindrical (metal) rods. An alternative 

radio frequent current is passed at diagonally related rods, super-imposed to a DC 

voltage, whose magnitude is ramped with time (de Hoffman et al., 2003). This analyser 

filters the ions based on their m/z ratio and stability of their paths in the 

oscillating electric field that are applied to the rods (de Hoffman et al., 2003). As a 

result, only an ion of a specific m/z value is passed to the detector at a time, while those 

with unstable trajectories are neutralized on the poles of the quadrupole.  

A variation to the quadrupole analyser is an ion trap. In the ion trap, the ions are 

trapped inside the cavity and injected into the detector one at a time (Fountain et al., 

1994). The ions can be analysed in two modes, namely full scan mode and selected ion 

monitoring mode.   

 

Full scan (FS) mode   

Full scan mode is useful in analysing qualitatively and quantitatively the unknown 

compounds in a sample by considering all peaks within a spectrum. It offers more 

data than the SIM mode, during the confirmation of the compounds in a sample. 

During instrument method development, it is better to first investigate the test 
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solutions in an FS mode in order to define the retention times and the mass of each 

fragment before using the SIM mode (McLafferty et al., 1974).  

Selective ion monitoring (SIM) mode  

The performance of a GC-MS instrument in SIM mode permits for the detection of the 

specific analytes with increased relative sensitivity to the FS mode. In SIM mode, the 

electron multiplier detector only monitors the mass/charge values of the target ions 

rather than considering all masses over a wide range (Steingass et al., 2015). 

Usually, two to four m/z values are monitored per compound, and the ratios of these 

ions are unique to the target analyte. In order to increase the sensitivity, the mass 

scanning rate and retention times must be adjusted. Lower detection limits can be 

obtained within the SIM mode than the FS mode for a quantitative analysis because 

the sensitivity is ten to hundred times better (Steingass et al., 2015).  

 

2.2.2.3 Electron-multiplier detectors (EMDs) 

 

In an MS, an electron-multiplier is often used as a detector of ions that have been 

separated by the mass analyser. These EMDs can be of the continuous-dynode type, 

where electrons are swerved by a strong magnetic field (Allen, 1947). When the ions 

hit one end of the detector, primary electrons are emitted and directed to continuously 

hit the surface of the dynode resulting in the amplification of electrons and hence the 

current output. The input end of the EMD is set at a negative voltage relative to its 

output end. The inside surface of the continuous dynode is coated with a micro thin 

film of semi-conducting substance (glass doped with Pb). At the endpoint, a separate 

electrode (anode) remains necessary to collect the multiplied electrons (Herox & 

Hintergger, 1960).  

Thus, the EMD with a higher amplification gain allows ultra-trace levels of 

compounds (<10-12 g or even < 10-15 g) to be detected routinely using an MSD (Allen, 

1947; Herox & Hintergger, 1960). 
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2.3 Preparation of Calibration Curves Using the Internal Calibration Method 

 

Accurate quantification of trace levels of compounds such as PAHs requires that the 

GC-MS instrument is calibrated using external standards of each target analytes. A 

deuterated internal standard can be added at a constant amount to the calibrating 

solution to normalize variations that occur during the analysis of standards and 

samples. A stock solution of each analyte is diluted to 5 concentrations by pipetting 

out suitable aliquots of each compound in a common volumetric flask to prepare a 

mixed standard solution.  

To account for instrumental variations, an internal standard is added at a constant 

amount in each diluted mixed standard (Khan et al., 2005). The internal standard 

should preferably be non-natural PAHs, which is not found in samples and do not co-

elute with the target PAHs (Khan et al., 2005). Several deuterated PAHs have proved 

to be worthy for the GC-MS instrument as well as for the HPLC analyses. For instance, 

the phenanthrene-d10, naphthalene-d8, chrysene-d12 and the perylene-d12 may also 

be used for the GC-MS analysis whilst the fluoranthene-d10, perylene-d12, 

phenanthrene-d10 and the 6-methylchrysene can be used for HPLC analysis (Wise et 

al., 1995). In this study, naphthalene-d8 was used as an internal standard (Khan et al., 

2005). 

The dilute calibration solutions are run three times on the GC-MS instrument. The 

amount of each standard present in the chromatogram is normally proportional to the 

area under the peak (Jiji, Cooper & Booksh, 1999). The ratio of peak areas of PAH 

standards over that of internal is used to plot the calibration curve. The calibration 

curve must be linear over a wider concentration range and should have low RSD 

values, not exceeding at least 5%.  
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2.4 Reliable Approach to Quantification of Trace Level Amounts of Analytes from 

Environmental Samples  

 

In order to quantify the amount of the target analytes, the real samples must be spiked 

with PAHs as well as their deuterated (isotopes) standards (Khan et al., 2005). The 

spiked solutions with a known concentration are normally run several times (at least 

three) on the GC-MS instrument to record their chromatograms as well as the mass 

spectra. The concentration of each separated analyte is directly proportional to its 

chromatographic peak area (Koltsakidou et al., 2015). The concentration is obtained 

by applying a linear equation: y = ax + b produced from each calibration curve (as 

identified in section 2.3), where y symbolises the ratio of the peak areas of the internal 

standard and the analyte and x represents the amount of the analyte, b is an intercept 

and a is the slope.  If the spiking is done at a constant level, then the concentration of 

the analyte detected by the instrument (and native to the sample) is estimated by 

subtracting the added amounts from the amount deduced from the analysis of the 

spiked split. This approach eliminates chances of detecting false positives for trace 

level analysis and especially towards the detection limits of the technique. 

Since the effects (mobility and toxicity) of PAHs show up as a class of compounds 

rather than individual compounds, their concentration in each sample can be 

summed, averaged and expressed as a range.  

 

2.5 Applications of GC-MS Method for the Analysis of PAHs and Other Related 

POPs 

 

The gas chromatograph separates the components of a mixture providing a 

chromatogram while the mass spectrometer provides their mass spectra and intensity 

of ions from fragmentation of the compound. By combining the GC and MS 

techniques, the analytes can be qualitatively and quantitatively determined.  
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As a result, a GC-MS instrument has been applied to analyse the active elements and 

the analytes in different subjects such as drug discovery, fire investigation, ecological 

study, explosive investigation and the identification of the unknown samples (Dong 

et al., 2012; Pang et al., 2015). In addition, it can identify the trace elements in different 

materials that were previously believed to have decayed beyond the identification 

(Girard, 2013). Furthermore, GC-MS has also been used in the last decade to analyse 

some POPs such as PAHs in different environmental matrices.  

For example, Guillén & Errecalde (2002) have determined naphthalene, 

acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene 

and pyrene in aquatic species using GC-MS analysis. The obtained concentration 

levels of PAHs ranged between 0.5 and 5 ng/g dry weight.  

El-Nemr et al. (2007) extracted PAHs from sediments using n-hexane followed by 

dichloromethane. The determination and quantification of PAHs in the sediments 

were performed by GC-MS. The total PAH concentrations ranged from 88 to 6338 

ng/g dry weight.  

Guo et al. (2009) extracted PAHs in sediment samples by the soxhlet extraction 

technique and separated and quantified them using a GC-MS instrument. The 

concentrations varied between 6 and 46 μg/g dry weight.  

Petersen et al. (2009) investigated the distribution of PAHs in superficial sediments of 

the western Mediterranean Sea using GC-MS. The PAH concentrations ranged 

between 1 and 20500 ng/g dry weight in the sediments.  

Al-Rashdan et al. (2010) used soxhlet to extract PAHs from bread baked from white 

wheat flour, bread baked from brown wheat flour and sandwich bread baked from 

white wheat flour. After purification and concentration of the extract, the analysis was 

accomplished using GC-MS instrument. The total PAH concentrations varied between 

1 and 280 μg/kg dry weight.  

Dong et al. (2012) extracted industrial harbour sediments and the determination and 

quantification of PAHs in sediment were performed by GC-MS with the aid of 
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deuterated PAH internal standards and surrogate standards. The total concentration 

levels of the 16 PAHs ranged between 4425 and 51261 ng/g, with an average 

concentration of 13196 ng/g dry weight.   

In this study, liquid-liquid and soxhlet extraction techniques have been chosen as the 

techniques for the extraction of PAHs in Msunduzi River water, and soils and surface 

sediments, respectively. The identification and quantification were performed by GC-

MS method. 
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Chapter III 

Methodology  

 

3.1 Understanding the Study Area and its Impacts on the Pollution of 

the Msunduzi River from Persistent Organic Pollutants 

 

3.1.1 Description of KwaZulu-Natal Province  

 

KwaZulu-Natal (KZN) is the most populated province of South Africa. It has an 

estimated population of 10.5 million people (SSA, 2014). It is located between 

geographical coordinates of 29º 0′ 0″ S and 31º 0′ 0″ E. It is approximately 95000 km2 

and has a coastal climate and a long shoreline with the Indian Ocean (DRAFT & HSRC, 

2010; Mbatha, 2012). KZN has several districts which include eThekwini and 

uMgungundlovu (Bruckner et al., 2002; Lewu & Mavengahama, 2011). Durban and 

Pietermaritzburg (PMB) are the largest cities in the province.  

KZN has three topographic areas, namely the lowland along the Indian Ocean, the 

Natal Midlands and the mountainous regions of the Drakensberg and Lebombo near 

Lesotho (Fairbanks & Benn, 2000). The climate of the province varies due to its 

complex topography. The coast is subtropical while inland regions are generally 

colder. Durban has an average annual rainfall of 1000 mm from spring to autumn with 

an annual temperature of 25 ºC while Pietermaritzburg receives about 695 mm of rain 

per year with an annual temperature of 24ºC (Fairbanks & Benn, 2000).  

 

 

3.1.2 Location of sampling sites in KZN Province 

  

The Msunduzi River basin stretches across the uMgungundlovu District. It is a major 

tributary of the Umgeni River, the main supply of fresh water to the Durban 
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Metropolitan (Simpson & Pillay, 2000). The catchment area of the river basin is about 

875 km2 and covers a distance of 115 km to the Umgeni River (Commission, 2002; 

Gemmell & Schmidt, 2013). It serves as a major source of drinking water for rural 

communities residing along the length of the river and irrigation of agricultural crops 

and gardens (Gemmell & Schmidt, 2013). 

The Msunduzi River water is also used for recreational sports. Its confluence (or 

source) is at the Elandskop near Bulwer (29º 48′ 0″ S and 29º 46′ 0″ E, 1 500 m above 

sea level). It flows eastward to the Henley Dam, Edendale and past the urban built 

area of Pietermaritzburg. Because of the deterioration of urban sewer infrastructure 

and upsurge growth in the population of the city, urban amenities are stretched out, 

resulting in sporadic pollution of raw sewer into storm water drains of the river basin. 

In addition, surface runoff from asphalt-surfaced roads, effluents from industries and 

the burning of organic matters may find their way into the river.  

Due to its proximity to the industries which includes energy production, mining, 

manufacturing, aluminium production, iron and steel foundries, the Msunduzi River 

may also receive some of the effluent wastes emanating from these industries 

(Kaplinsky & Morris, 1999; Sutton, 2008). The river then winds past Camp’s Drift 

(characterized with a slow flow rate), where it is also suspected to receive domestic 

and industrial wastes which worsen its pollution. At the Du Toit Viljoen Bridge and 

the N3 Freeway, pollution is likely to come from traffic exhaust fallouts and surface 

runoff from different urban areas.  

At the Darvill wastewater treatment plant (DWWTP) site, some of the treated effluents 

from this plant are discharged back into the Msunduzi River (Plate 3.5). This plant 

treats about 81 ML of sewerage wastes per day (Mabaso et al., 2003). Because South 

Africa is characterized by low and highly variable rainfall (arid to semi-arid country), 

all discharged wastes and other contaminants remain in the river for a long period of 

time. This increases their concentration levels, especially in sediments and soils along 

the bank of the river (Richard & Poccard, 1998; Gemmell & Schmidt, 2013).  
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Around the agricultural and Msunduzi town areas, the river is again highly 

characterized by a low flow rate, which can enhance the deposition of pollutants in 

the sediments. It slowly winds up before draining into the Umgeni River. The Nagle 

and Inanda dams are located upstream and downstream respectively, of the Umgeni 

River and samples were collected at the Nagle Dam and the joining point of the 

Msunduzi and Umgeni Rivers to make a comparative reference with sampling sites 

located on the Msunduzi River.   

Figure 3.1 is a map of the KZN Province showing the six sampling sites along the 

Msunduzi River, one site on the Umgeni River (i.e. Nagle Dam) and one site at their 

junction at which samples for this study were collected. 

 

Figure 3.1 The map of the KZN Province showing six sampling sites along 

the Msunduzi River, one site on the Umgeni River (Nagle Dam) and one 

site at their junction. 
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3.1.3 Detailed descriptions of sampling sites  

 

Henley Dam outlet area (HD) 

Henley Dam is located at a latitude 29º 37' 45.3" S and longitude 30º 14' 39.5" E (Figure 

3.1). It lies in the upper catchment of the river at an average altitude of 926 m. Its water 

is generally clear and clean compared to other downstream sites (RHP, 2015). The 

contamination of PAHs in this dam can possibly arise from surface runoff and 

atmospheric fallouts. This dam was constructed to support small-scale agriculture in 

the upper portion of the catchment, with emphasis on irrigation, recreation and 

subsistence fishing (RHP, 2015). 

 

Camp’s Drift area (CD)  

 At Camp’s Drift near the central business district of Pietermaritzburg (29º 36' 47" S 

and 30º 22' 36" E, Figure 3.1), the Msunduzi River is heavily polluted by effluent from 

domestic, industrial and commercial activities. Due to the rapid growth of the city, 

informal settlements have mushroomed rapidly along the banks of the Msunduzi 

River. This has worsened the contamination of its water from sporadic raw sewage as 

evidenced from Plate 3.1 (DUCT, 2006).  

There are possibilities that raw fecal matter and other domestic wastes could be 

leached into the river from unprotected pit latrines and nearby bushes. Notably, 

burning of wood and tires is common in these informal settlements since they use 

them as a means of survival providing heat energy especially during the winter 

season. 
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Plate 3.1 Photo of Camp’s Drift showing previous water pollution 

 

Du Toit Viljoen (DuTV) Bridge 

This sampling site is located under the N3 Freeway, which conveys large volumes of 

automobile traffic to and from Durban. It is located close to the city centre of 

Pietermaritzburg at coordinates 29º 35' 33.3" S and 30º 23' 58.56" E (Figure 3.1). At this 

point of the river, fumes from vehicle exhausts are likely to contaminate the river with 

organic pollutants, including PAHs through atmospheric fallouts and deposition. 

Other significant sources of PAHs may be municipal wastes, and possible illegal 

dumping and natural veld fires as shown in Plate 3.2 (DUCT, 2006; Essay UK, 2013).  

 

Plate 3.2 Pollution along the Msunduzi River at DuTV Bridge (Photo taken on 26 May 

2014). 
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Darvill wastewater treatment plant (DWWTP) area 

This site (located at 29º 35' 33.3" S and 30º 23' 58.56" E) is a main sewage treatment 

plant for the city of Pietermaritzburg (Figure 3.1). It is about 1 km away from the 

Msunduzi River and is located between the residential areas of Hayfields and Sobantu 

(Sikhakhane, 2001). It was recently upgraded to a full biological nutrient removal 

plant with a handling capacity of 81 ML of domestic and industrial waste per day 

(Baker et al., 2012). DWWTP (with an approximate estate area of 665 000 m2) is a host 

to a bird sanctuary. Some of the treated wastewater are discharged into the Msunduzi 

River, which empties into the Umgeni River and the Inanda Dam (Sikhakhane, 2001). 

Plate 3.3 shows the discharge of treated water from DWWTP into the Msunduzi River. 

Samples were taken at the inlet and outlet canals of DWWTP.  

 

Plate 3.3 Effluent from DWWTP into the Msunduzi River (CSIR. RHP, 2015) 
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Agriculture area (AA) 

This sampling site is located at coordinates 29º 36' 40" S and 30º 33' 32" E (Figure 3.1). 

Agriculture is the mainstay of the KZN province as it provides the livelihood to 

millions in the province. The land around this site is used for sugar cane plantations, 

horticulture, and pasture production as well commercial forestry. The rest is used for 

subsistence farming.  Most rural settlements lack proper sanitation amenities and have 

no access to clean water. They rely on water from dams and rivers for their daily needs 

(Thawala, 2010). People from the rural areas use the Msunduzi River water for 

bathing, washing, and fishing. Some of these activities can pollute the water of the 

river, causing different diseases (Ngcobo, Dladla & Worth, 2002).  

 

Msunduzi town area (MT) 

This site (29º 36' 40" S and 30º 33' 32" E) is located near the Msunduzi town (Figure 

3.1). In this town, the major industries with potential to impact on the river include 

aluminum smelters, textile and footwear factories as well as food processing plants 

(KZN-Top Business, 2015). Also important is the impact of the nearby Vulindlela 

informal settlement, situated southwest of the town, as well as illegal dumping of 

household waste occasionally occurs within the area. It is also suspected that dumping 

of industrial and municipal waste is rampant, which is leached into the river, releasing 

toxic chemicals (Altman et al., 2002).  

 

Junction of Umgeni and Msunduzi Rivers (JUM) 

This site is at the junction point of the Msunduzi and the Umgeni Rivers (GPS 

coordinates: 29 º 37′ 16″ S and 30 º 40′ 46″ E) (Figure 3.1). At this junction, the river 

flows at a much higher flow rate characterized by high deposition. In addition, a lot 

of organic loads enter the river through surface runoff from other smaller rivers. 

Upstream of this junction, but within its lower reaches, some sections of the river have 

been canalized in order to improve drainage capacity as well as to reduce flooding. 
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As a result, a lot of the natural course way of the river around this area has been lost 

(Altman et al., 2002).  

 

Nagle dam (NDA) area 

This site is localized at coordinates 29 º 35′ 1″ S and 30 º 37′ 1″ E on the Umgeni River 

(Figure 3.1). It was constructed in 1950 and serves as the main water supply to 

households and local industries as well as agricultural irrigation. It has a catchment 

area of 2 545 km2 and has a total capacity of 39.3 million m3 of water (DWA, 2009). 

 

3.1.4 Sampling plan  

 

In order to establish the occurrence of polycyclic aromatic hydrocarbons (PAHs) along 

the Msunduzi River basin, samples of each matrix, water or wastewater, soil and 

surface sediments were collected at 8 different sampling sites as shown in Figure 3.1. 

The collected samples are considered as relevant matrices for studying the occurrence 

of persistent organic pollutants such as PAHs in aquatic ecosystems (Chen et al., 2004). 

The samples were collected during the following dates: 26-27th May, 26-27th August 

2014, 15-16th January and 29th September-02nd October 2015.  

The details of the samples which were collected at each site are presented in Table 3.1. 

The GPS coordinates were utilized to locate the sampling sites in order to collect 

samples at the same sampling sites in subsequent sampling trips (Bevis et al., 1992).  

In summary, samples were collected from 8 sampling sites covering the important 

sections of the Msunduzi River. The sampling sites can be conveniently classified into 

three categories. The HD site was chosen to represent the upper section of the river. 

The CD, DuTV Bridge and DWWTP sites were chosen to represent the middle reaches 

of the river. They are located in the urban area of Pietermaritzburg where the river is 

at a high risk of receiving organic pollutants such as PAHs due to the associated 

anthropogenic activities (commercial, domestic and industrial). The AA, MT, and 

JUM sites were chosen to represent the lower reaches of the river. The NDA is the only 
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sampling site located on the Umgeni River. This site was selected for comparative 

reasons. The details of the geographical coordinates, types of samples and impacting 

activities done at each site are indicated in Table 3.1. 

 

Sample collection and storage  

Physical parameters such as conductivity (Portable Conductivity-Meter, SCHOTT 

Handy lab LF12, Germany), pH, ambient and water temperatures (Model IQ150, 

Handheld pH/mV/Temperature-Meter, Hach Company, USA) were recorded on 

site.  

All samples were collected in amber glass bottles, which had been pre-washed with 

water and soap, then rinsed with distilled water and n-hexane (Petrick et al., 1996). 

Surface water and wastewater samples were filled into 1 litre bottles fitted with screw 

caps lined with Teflon. Surface sediments and soils (500 g) were collected into bottles 

using a stainless steel grab sampler. Soon after collection, all samples were placed in 

a cooler box and transported to the laboratory where they were stored in a refrigerator 

at 4 ºC until further analysis. 
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Table 3.1 Sampling sites showing the activities along the Msunduzi River, the site codes, and the coordinates. 

   

 

Sites and codes 

 

Coordinates 

 

 

Sample  

 

 

Activities at the sampling sites  

South 

 

East 

Henley Dam (HD) 29º 38′ 51″ 30º 17′ 32″ Water, soil and sediment Domestic activities 

Camp’s Drifts (CD) 29º 36′ 47″ 30º 22′ 36″ Water, soil and sediment Domestic and commercial activities 

Du Toit Viljoen (DuTV) 

Bridge 

29º 35′ 15″ 30º 24′ 00″ Water, soil and sediment Domestic and commercial activities 

Darvill wastewater 

treatment plant (DWWTP) 

Inlet 

29º 36′ 15″ 30º 25′ 52″ Water and wastewater Influent of treated domestic waste from 

the city of Pietermaritzburg. 

Darvill wastewater 

treatment plant (DWWTP) 

Outlet 

29º 36 ′15″ 30º 25′ 52″ Water and wastewater The effluent of treated domestic waste 

from the city of Pietermaritzburg. 

Agricultural area (AA) 29º 36′ 40″ 30º 33′ 32″ Water, soil and sediment Agricultural and domestic activities 

Msunduzi Town (MT) 29º 39′ 40″ 30º 38′ 10″ Water, soil and sediment Agricultural and domestic activities. 

Junction of the Msunduzi 

and Umgeni Rivers (JUM) 

29º 37′ 16″ 30º 40′ 46″ Water, soil and sediment Agriculture and surface water/rivers 

Nagle Dam (NDA) 29º 35′ 1″ 30º 37′ 1″ Water, soil and sediment Dam and agricultural activities 
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3.1.5 Experimental  

 

3.1.5.1 Extraction of PAHs  

 

Liquid-liquid extraction of PAHs from the water and the wastewater 

All water samples were extracted without being filtered in order to quantify the 

concentration levels of PAHs that plants, humans, and animals are exposed to when 

they directly drink or utilize it.  The LLE technique (separating funnel) was used for 

the extraction of PAHs from these water samples (EPA Method 3510-C (EPA, 1996a)).   

The extraction of PAHs in the collected samples and their spiked duplicates followed 

the same procedure. A 50 mL aliquot of dichloromethane (chromatographic grade) 

was added to 500 mL of river water/wastewater, in a separating funnel.  

Naphthalene-d8 (2.5 mL, 100 mg/L) was also added to the mixture as a surrogate 

standard. The mixture was shaken for a period of 10 minutes with intermittent release 

of the pressure. This allowed enough contact between the PAHs in the aqueous phase 

and the collecting organic solvent. The two phases were allowed to separate out on a 

retort stand. After separation, the organic layer was collected into a receiving flask. 

Two more aliquots (30 mL and 20 mL, respectively) were added to the water portion 

and the extraction process was repeated. The combined organic layers were dried with 

20 g of sodium sulfate anhydrous and filtered. The volume of the dried extracts was 

reduced to 5 mL using a rotary vacuum evaporator (Model Heidolph Laborota 4000, 

Heidolph North America) (Prycek et al., 2007).  

 

Sample pre-treatment  

The soil and surface sediment samples were air-dried in the dark at room temperature. 

The dried soils and surface sediments were ground using a mortar and pestle. They 

were then passed through a 2 mm sieve to remove rocks and plant material. The 

obtained samples were also pulverized with a mortar and pestle, passed through a 
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sieve (< 150 µm) and homogenized (Lopez-Avila et al., 1994). The powders were kept 

in amber glass bottles that were pre-washed and rinsed with distilled water and n-

hexane. The samples were stored in sample cabins (room temperature) until further 

analysis (Dong et al., 2012; Rissato et al., 2006).  

 

Soxhlet extraction of PAHs from the surface sediments and the soils 

The soxhlet extraction technique was chosen for the extraction of PAHs from the soil 

and surface sediment samples because of its good recoveries (US EPA Method 3540-

C; Lau, Gan & Ng, 2010).  

Accurately weighed duplicates of surface sediments or soils (10 g) were mixed with 

approximately 2 g of activated sodium sulfate (dehydration purpose) and 2 g of 

copper powder (desulfurization and removal of some lipids). The mixture was 

wrapped in a clean filter paper and inserted into the cellulose extraction thimble 

(28×80 mm Whatman, Sigma-Aldrich) and covered with clean cotton wool. The 

thimble was placed into the main soxhlet chamber and fitted to a 250 mL round 

bottom flask containing 100 mL of an equal mixture of DCM/n-hexane 

(chromatographic grade). A condenser was then attached. The samples were extracted 

for 16 hours under  reflux (Saim et al., 1997).  

After extraction, the crude extracts were cooled down and concentrated to a volume 

of nearly 5 mL using the rotary vacuum evaporator. The crude extracts were purified 

by column chromatography. The same procedure was also applied to spiked samples.  

 

3.1.5.2 Purification of extracts  

 

The extracts were purified on a chromatographic column packed with 10 g of fully 

activated silica gel and 2 g of sodium sulfate anhydrous (Prycek et al., 2007). The 

column was first conditioned with 25 mL of n-hexane before crude extract application 

(EPA Method 3630-C (EPA, 1996c)). The extracts were loaded on the column followed 
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by elution with 25 mL of n-hexane collected as the first fraction. The residues from the 

extraction step were added onto the column and eluted with 2×40 mL of n-

hexane/DCM 1:1 v/v (Prycek et al., 2007). The purified extracts were concentrated to 

a volume of approximately 5 mL using a rotary vacuum evaporator. A gentle gas 

stream of purified nitrogen was passed over the extracts to near dryness. A 2 mL 

aliquot of DCM was added using a micropipette. The extracts were then filtered using 

a microfilter membrane (0.45 µm) and the cleaned extracts were kept in the fridge until 

analysis by GC-MS.  

 

3.1.5.3 Instrumental analysis   

 

GC-MS analysis conditions    

The analysis of PAHs was carried out on a Gas Chromatograph (GC) coupled to a 

Mass Spectrometry Detector (MSD) QP-2010 series (Shimadzu, Japan). The injector 

port was set at 300 ºC. The oven temperature was held initially at 40 ºC and then 

increased at three different rates, namely 25 ºC/min to 120 ºC; 10 ºC/min to 160 ºC 

and finally 5 ºC/min to 300 ºC.  

Purified extracts (2 µL) were injected without splitting the injected gaseous plume. 

The PAHs were separated on a 30 m (I.D. = 0.25 mm; film thickness = 0.25 μm) 5Sil-

MS {1,4-bis(dimethyl siloxy)phenylene dimethyl polysiloxane} capillary column. 

Helium (99.99%) was used as the carrier gas. The most retained PAHs took 45 min to 

elute from the column and the scan run was in the range of 40 to 450 atomic mass unit 

(amu).  

PAHs were ionized using a 70 eV beam (electron ionization). The ions were analysed 

on a single quadrupole and two-dimensional, multi-electron detector. The detector 

was operated in the selected ion monitoring (SIM) acquisition mode.   
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Reagents and standards  

Eight PAH standards of naphthalene (99.0% purity), acenaphthylene (97% purity), 

fluorene (98% purity), phenanthrene, anthracene, pyrene, chrysene and deuterated 

naphthalene-d8 (99.0% purity), dichloromethane (DCM) (≥ 99.8% purity) and n-

hexane (≥ 97.0% purity) chromatographic grade solvents, sodium sulfate and copper 

powder (particle size < 63 μm) were purchased from Sigma-Aldrich (Steinthein, USA).  

 

Preparation of calibration solutions  

The stock solution (100 µg/mL) of each of the 7 PAH standards was prepared 

separately in 50.00 mL volumetric flasks. A mass of 5 mg for each PAH was weighed 

accurately and transferred quantitatively into a 50.00 mL flask and dissolved in DCM. 

The volume was made to the mark using DCM (chromatographic grade). Calibration 

mixed standards of concentrations ranging from 0.25 µg/mL to 2 µg/mL were then 

prepared by diluting the stock solution.  

The PAHs were quantified by external calibration incorporating a surrogate standard 

(deuterated naphthalene-8). The averaged ratio of the peak areas of each PAH to that 

of the surrogate standard were plotted against the concentrations of the PAHs to 

obtain the calibration curve. A typical calibration curve of naphthalene is presented in 

Figure 3.2 for GC-MS instrument. 
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Figure 3.2 Typical calibration curve of naphthalene for GC-MS 

instrument. 

 

The sample blanks were analysed several times to estimate the detection limit (LOD) 

of each PAH. The limit of detection (LOD) and limit of quantification (LOQ) were 

estimated from the calibration slope to be the concentration equivalent to a signal 

strength equal to three and ten times the standard deviation of the sample blank, 

respectively. The LOD and LOQ values are presented in Chapter IV, Table 4.2.  

  

Quality assurance  

The extraction recoveries of the PAHs from the collected samples were evaluated by 

analysing the samples together with their spiked aliquots as described in section 

3.1.5.1. The calibration curve for each analyte was plotted from the averages for three 

injections at each concentration as described in section 3.1.5.3  
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3.1.5.4 Analysis of PAHs by GC-MS   

 

Cleaned extracts (1 mL) were pipetted into clean GC vials. An aliquot of 5 µL of the 

mixed PAH standards (0.25 µg/mL) was spiked and the solution mixed using vortex. 

This meant that all injected samples were spiked with each of the 7 PAHs and 

naphthalene-d8 at a concentration of 1.25x10-3 µg/mL. The spiked extracts were 

sequenced for analysis of PAHs on a GC-MS instrument and the sample was injected 

in triplicate. The peak area ratio (relative to that of naphthalene-d8) was used to 

determine the concentration of the spiked samples from the calibration curve. The 

concentration of each PAH in the unspiked samples was calculated by subtracting 

1.25x10-3 µg/mL (the spiked concentration) from the concentration deduced from the 

calibration curve.  

The identification of each PAH was done by comparing its retention time in the TIC 

of the samples to that of the standards. The mass spectra were matched to those of the 

NIST reference mass spectral data from the onboard library for further verification. 

The details of the spectral data are summarized in Chapter IV, Table 4.3.  

Typical TIC chromatograms, mass spectra and confirmation ions of PAH compounds 

are presented in Figures 1-9 (see Appendix 3) and in Chapter IV, Figures 4.1 and 4.2.  

Figure 3.3 summarizes analytical procedures which were followed for extracting 

PAHs from water, wastewater, soils and surface sediments from their treatment 

processes to their analysis with GC-MS instrument (EPA Method 8270 (EPA, 1996d)).  
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           Figure 3.3 Flow diagram of protocol analysis 

 

 

Soils and surface sediments 

Air-dried (in a dark room) on aluminium foil, 

ground with a mortar and pestle and sieved. 

Clean up of the extracts with chromatography 

column filled with 10 g of activated silica gel + 2 g 

of sodium sulfate anhydrous. 

Clean up of the extracts with 

chromatography column filled with 10 g of 

activated silica gel + 2 g of sodium sulfate 

anhydrous. 

Wash the column with 25 mL of n-hexane, elute 

the first fraction with 25 mL of n-hexane and 

elute the second fraction with 2×40 mL of DCM: 

n-hexane 1:1 v/v. 

Dehydration with 20 g of sodium sulfate, filtration, 

and concentration of the extracts with rotary 

vacuum evaporator to a volume about 5 mL  

A 10 g of the soil or surface sediment + 2 g of activated 

copper powder + 2 g of the sodium sulfate anhydrous + 

surrogate standard were soxhlet extracted with 100 mL 

of DCM: n-hexane 1:1 v/v for 16 hours. 

The concentration of the extracts to a volume about 

5 mL using rotary vacuum evaporator  

Reconstitution of the volume to 2 mL, filter using a microfilter 

(0.45 µm) + PAH standards and run GC-MS instrument for PAH 

analysis. 

The concentration of the extracts to a volume about 5 mL using rotary 

vacuum evaporator and reduction of the solvent under a gentle gas 

stream of purified nitrogen to near dryness. 

Water and wastewater samples 

A 500 mL of water was subjected to LLE with 

100 mL of DCM (HPLC grade) using 

separator funnel + surrogate standard. 
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Chapter IV 

 Results and discussions 

  

4.1 Calculation of Limit of Detection, Limit of Quantification and 

Quality Control of Analysis 

 

The limits of detection (LOD) and quantification (LOQ) for each of the 7 PAHs were 

calculated from the calibration slope as a calculated concentration equivalent to 3 and 

10 times the standard deviation of the signal strength of the field blank, respectively. 

Distilled water and a soil sample taken from a relatively assumed unpolluted area 

were chosen as field control blanks. PAHs were extracted from distilled water and the 

uncontaminated soil as described in section 3.1.5.1 for the collected samples (river 

water, soils and surface sediments).  

The final extract (1 mL) from the field blank samples were analysed several times on 

the GC-MS instrument. The signals averaged and the LOD and LOQ values were 

calculated from the calibration slope of each PAH. The results are summarised in 

Table 4.1. The calculated LODs and LOQs of the PAHs by the GC-MS instrument for 

the distilled water and the soil were taken as good estimates of the detection capability 

of the instrument for river water, effluent water and sediments, respectively. The 

LODs of the PAHs by GC-MS ranged from 0.27 to 0.77 ng/L for water and from 0.12 

to 0.70 ng/g for soil while the LOQs ranged from 1.00 to 1.31 ng/L for water and from 

1.01 to 2.40 ng/g for soil (Table 4.1). The calculated percentage recoveries are also 

summarised in Table 4.1.
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Table 4.1 LODs and LOQs (for extracts of distilled water and uncontaminated soil) and % recoveries of 7 PAHs 

from spiked sediments and water. 

 

R2 is the coefficient of determination of a linear regression, LOD is the limit of detection and LOQ is the limit of quantification. 

   

 
PAHs 

LOD distilled 
water  ( ng/L) 

LOQ distilled 
water ( ng/L) 

LOD soil 
blank (ng/g) 

LOQ in solid 
samples 

(ng/g) 

Recovery in 
spiked 

sediments (%) 

Recovery in 
spiked river 

water (%) 

 
R2 

NA 0.50 1.02 0.55 1.01 79.16±0.01 99.66±0.14 0.9996 

ACY 0.72 1.07 0.70 2.40 99.10±0.02 95.77±0.32 0.9985 

FLUO 0.77 1.01 0.36 1.06 95.19±0.01 105.56±0.01 0.9995 

PHEN 0.34 1.00 0.40 1.07 83.79±0.65 80.35±0.05 0.9955 

ANTH 0.61 1.05 0.12 2.21 98.59±0.21 92.15±0.01 0.9990 

PYR 0.40 1.10 0.38 1.04 95.56±0.03 80.30±0.02 0.9995 

CHRY 0.27 1.31 0.30 1.05 101.28±0.02 96.15±0.01 0.9985 
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To evaluate the extraction efficiency of the targeted PAHs and their detection by GC-

MS, samples of water, soils and surface sediments in duplicates were spiked with 

known amounts of the 7 PAH standards, and left to equilibrate for 2 days. The 

unspiked and the equilibrated spiked split portions were extracted as described in 

section 3.1.5.1 and analysed by GC-MS as described in section 3.1.5.4. Examples of 

total ion chromatograms (TICs) for extracts of spiked samples are shown in Figures 

4.1 and 4.2.  The surface sediment was spiked, equilibrated and extracted to have a 

final volume of 1.00 mL and a concentration of 1.25x103 µg/mL of each PAH. 

 

Figure 4.1 A TIC recorded for an extract of a spiked sediment {collected 

from the agricultural area (AA)} during the autumn of 2014. 1 

(Naphthalene), 2 (Acenaphthylene), 3 (Fluorene), 4 (Phenanthrene), 5 

(Anthracene), 6 (Pyrene) and 7 (Chrysene).  
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Figure 4.2 TIC chromatogram of an extract of sediment from the Nagle Dam (NDA) sampling 

site during the summer season of 2014. 1 (Naphthalene), 2 (Acenaphthylene), 3 

(Fluorene), 4 (Phenanthrene), 5 (Anthracene), 6 (Pyrene) and 7 (Chrysene). 

 
 

The TIC retention times, molecular weights (g/mole) of each PAH and their m/z 

values used to identify them are presented in Table 4.2. As shown in Figure 4.1 (with 

the  TIC retention times in Table 4.2), the 7 PAHs are well separated from each other, 

including phenanthrene (4) and anthracene (5), which elute close together at retention 

times around 15.22 and 15.41 minutes, respectively. 

Table 4.2 TIC retention times and confirmation m/z values of analysed 

PAHs. 

PAH* Retention times 
(minutes) 

M.W. (g/mole) Confirmation ions 
(m/z) 

NA-d8 6.950 136 136 

NA 6.960 128 128; 127 

ACY 10.01 152 152; 151 

FLUO 11.93 166 166; 165 

PHEN 15.22 178 178; 176 

ANTH 15.41 178 178; 89 

PYR 21.08 202 202; 101 
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CHRY 26.78 228 226; 228 

*NA-d8: naphthalene-d8, NA: naphthalene, ACY: acenaphthylene, FLUO: fluorene, PHEN: phenanthrene, ANTH: 

anthracene, PYR: pyrene and CHRY: chrysene.  

As shown in Table 4.2, all of the PAHs were detected at m/z values corresponding to 

their molecular ions, with few fragmentation peaks being observed. This is consistent 

with the chemical stability of the compounds owing to their aromaticity and 

delocalisation of electrons within their entire conjugated rings. Thus, the PAH 

molecules survive bombardment by the 70 eV electron beam directed in their paths. 

A single electron is removed from the highest molecular orbital of each PAH molecule 

to form a stable and an odd-electron radical molecular ion. The m/z values of each 

PAH were used to identify (as complementary data to the retention times from the 

TIC) the 7 PAHs, which were selected for quantitative analysis (see also the figures 

presented in Appendix 3 for some confirmation ions of PAHs).  

To confirm the identity (and complement the retention data from the TIC) of the 7 

PAHs and to subsequently quantify them, GC-MS in SIM mode was used to identify 

and quantify the selected PAHs. In this mode, the percentage recovery of each PAH 

was calculated by subtracting the amount measured from the unspiked duplicates 

measured at set molecular ion peaks (Table 4.2).  

 

4.2 Physical parameters and concentrations of PAHs in the Msunduzi River Basin 

 

4.2.1 Conductivity, pH and temperature of the Msunduzi River water   

 

Table 4.3 presents the results of the conductivity, pH and ambient temperatures 

recorded during the autumn, winter, spring and the summer seasons of 2014 and 2015. 
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Table 4.3 Physical parameters of the Msunduzi River water.  

 

HD (Henley Dam), CD (Camps Drift), DuTV (Du Toit), DWWTP Inlet (Darvill Wastewater Treatment Plant Inlet), DWWTP Outlet (Darvill Wastewater Treatment Plant 

Outlet), AA (Agriculture Area), MT (Msunduzi Town), JUM (Joining Point of Msunduzi and Umgeni Rivers, NDA (Nagle Dam) 

 
Seasons  

   
Parameters 

Sampling sites 

HD CD DuTV DWWTP 
Inlet 

DWWTP 
Outlet 

AA MT JUM NDA 

 
 
Autumn of 2014 

pH of water 7.00 6.65 6.31 5.67 6.70 5.86 8.10 5.72 7.71 

Conductivity (µS/cm) at 25 ºC 103.8 187.9 144.1 655.0 698.0 279.0 348.0 30.0 91.8 

Water T (ºC) 16.8 16.6 17.8 23.0 24.0 18.3 18.7 18.3 20.1 

Ambient T (ºC) 28.2 25.3 25.5 29.3 29.2 29.2 21.6 18.3 24.1 

 
 
Winter of 2014 

pH of water 7.99 7.85 7.79 7.34 7.39 8.69 9.02 8.84 7.80 

Conductivity (µS/cm) at 25 ºC 120.4 225.0 169.6 946.0 703.0 387.0 435.0 318.0 90.3 

Water T (ºC) 12.9 16.3 19.9 22.2 16.7 17.8 19.3 19.5 20.3 

Ambient T (ºC) 26.6 31.0 32.5 21.1 21.4 33.8 34.7 33.3 30.4 

 
 
Summer of 2014  

pH of water 7.60 7.42 7.39 7.39 7.77 7.68 7.88 8.10 8.33 

Conductivity (µS/cm) at 25 ºC 83.9 132.9 125.2 865.5 543.0 300.3 329.0 279.5 105.6 

Water T (ºC) 25.0 27.1 23.1 28.7 27.7 27.9 27.8 27.2 28.7 

Ambient T (ºC) 27.5 29.0 31.8 31.4 31.4 32.8 37.7 33.0 37.0 

 
 
Spring of 2015 

pH of water 6.78 7.79 7.67 7.21 7.37 8.64 8.32 6.74 8.54 

Conductivity (µS/cm) at 25 ºC 103.7 384.2 267.2 1165.0 928.2 253.5 231.7 355.7 119.0 

Water T (ºC) 15.3 21.5 16.2 19.7 16.0 25.0 17.9 20.0 26.2 

Ambient T (ºC) 16.3 17.1 18.4 16.1 20.6 25.2 19.5 26.8 28.5 
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The pH of surface water indicates the acidity and alkalinity of the natural water 

(Gupta & Sharma, 1996). In cases where there is a minimum external injection of acidic 

or basic wastes, the pH of the natural water depends strongly on the equilibria 

involving absorption and the evolution of CO2 as well the HCO3-/CO32- buffer system 

(Hutchinson, 1975). The latter comes from the dissolution of limestone and shale 

(Ca/MgCO3), which make up the bedrock of most river basins.  However, the overall 

pH of the water is also affected by input loads of organic contaminants (humic and 

fulvic acids) from surface runoff (Sahu et al., 1998). 

During the autumn season, the pH of the river water and wastewater presented the 

results of normal water as shown in Table 4.3. Normally, a decrease of pH in river 

water may be due to the dissolution of minerals into the river water while its increase 

may be due to the depletion of inorganic compounds in water.   

During the winter season, the pH of water varied between 7.32 and 9.02. The river 

water presented a pH within the range of a weak base.  A slight decrease was found 

from the mouth of the river to the DWWTP Outlet sampling site. The water in the 

lower reaches of the river, such as the JUM and the NDA sampling sites, had higher 

pH values, which may be attributed to the biochemical processes that occurs in these 

areas during this season.  

The electrical conductivity of water is primarily ascribed to the dissolved ions derived 

from the putrefied plant material (Singh et al., 2013) and an input of inorganic as well 

as organic waste (Wright & Hamilton, 1982).  

The electrical conductivity (EC) generally increased from the source of the river up to 

the DWWTP Outlet sampling site and decreased gradually up to the mouth of the 

river. This can be explained by the variation of dissolved ions and pollutants in the 

water as the river flows and its presence is also due to the variation in ambient 

temperature as EC is temperature dependent.   

The EC values varied between 90.2 and 946 µS/cm. The higher range of EC observed 

in winter can be related to the higher than normal ambient temperature values 

recorded during this season. Research has been reported that the temperature of water 
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can affect its conductivity by increasing ionic mobility as well as the solubility of many 

salts and minerals, especially during the day. For example, an increase of 1 ºC can 

cause an increase of the electrical conductivity of water from 2 to 4% (Whipple, 2002). 

Indeed, the electrical conductivity in the water is normally affected by the 

compartment of the ionisable organics on which different organic pollutants such as 

PAHs can adsorb and get stabilized in water (SFM, 2015).  

During the spring season, the pH and the EC varied slightly in the surface water from 

the source to the mouth of the river. The only exception in EC was observed in the 

wastewater, where the DWWTP both Inlet and Outlet presented high values of EC 

around 1000 µS/cm. This may be due to the higher concentrations of different types 

of dissolved ions and pollutants released into the wastewater from the city of 

Pietermaritzburg during this season. The presence of organic pollutants such as PAHs 

in the aquatic system depends on physical parameters of water, such as dissolved 

solids as well as EC and the suspended particulate matter on which they can adsorb.   

Winter and spring seasons presented higher averages of the EC, which could be a 

result of the breakup of industrial wastes in the water. This is because in these two 

seasons there is generally little rain to wash away these wastes, so they spent a long 

time in the river water thus increasing its electrical conductivity. Normally, the 

electrical conductivity increases with an increase in water temperature. The warmer 

temperatures tend to increase solubility of the ions and solids, resulting in higher 

dissolved solids which in turn contribute to increased conductivity. Therefore the 

warmer the water, the higher the electrical conductivity. Conductivity is therefore 

reported as conductivity at 25 ºC (Wetzel, 2001; SFM, 2015).  

During the summer season, the pH varied gradually as the river flowed. The pH 

ranged from 7.39-8.33 while the electrical conductivity of water was very low in the 

middle reaches as shown in Table 4.3. The pH in the autumn, spring and summer 

seasons was between 6 and 8, which meant that the Msunduzi River water was in the 

normal range of stream water (falling in the range of drinking water from 6 to 9). 

During the winter season it was in the range of weak base or seawater pH. The average 

electrical conductivity in this study was 281.98±0.07 μS/cm for the autumn, 
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376.89±0.06 μS/cm for the winter, 422.77±0.05 μS/cm for the spring and 305.75±0.05 

μS/cm for the summer seasons.  

The average temperature of water was 18.78±0.02 ºC for the autumn, 17.87±0.03 ºC for 

the winter, 19.93±0.01 ºC for the spring and 27.01±0.05 ºC for the summer season, 

whilst the ambient temperature was 25.87±0.02 ºC for the autumn, 28.96±0.05 ºC for 

the winter, 21.02±0.03 ºC for the spring and 31.86±0.05 ºC for the summer seasons. The 

abnormal average of ambient temperature observed during the winter season resulted 

in the fact that samples were taken during a sunny (warm) day.  

The average pH obtained in this work was 6.63 for autumn, 8.07 for winter, 7.67 for 

spring and 7.72 for summer. The winter season appeared to have a higher average pH, 

which might be related to the lack of rainfall (normal rainfall has a pH of 5.60, slightly 

acidic due to CO2 from the atmosphere) during this season. 

 

4.2.2 Concentration of PAHs in the surface water and the wastewater 

 

The surface water and effluent wastewater samples were analysed without filtering 

them in order to measure the concentration levels of PAHs that humans, plants, and 

animals are exposed to. PAHs may enter the environmental system through various 

routes and are usually found as a mixture containing two or more of these compounds 

and therefore humans are also exposed to this mixture, and not to one compound. 

This allows for the summation of their concentrations during their analysis as they 

form the same class of POPs with the same physical, chemical and toxicological 

properties (Buha, 2011). The concentrations of the selected 7 PAHs seasonally 

determined in the Msunduzi River water and wastewater are presented in Tables 4.4-

4.7 as well as Figures 4.3-4.6.  
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 Autumn season of 2014  

Most of the water samples collected along the Msunduzi River basin during the 

autumn season of 2014 (March-May) were contaminated with PAHs ranging between 

12.47 and 718.93 ng/L, see Table 4.4. The sum of the concentrations of the PAHs in 

river water was the highest at DuTV (718.93 ng/L) sampling site and the lowest at 

NDA sampling site (12.47 ng/L). The NDA is located at Umgeni River and was 

selected as a comparative point during this study. The average concentration of the 7 

PAHs for the Msunduzi River basin was calculated to be 367.09±0.25 ng/L.  

The total concentrations found at the junction of the Umgeni and Msunduzi Rivers 

(JUM) (464.61 ng/L) and agricultural area (AA) site (226.89 ng/L) (lower reaches) 

varied from those measured in the water collected at Camp’s Drift (CD) near the city 

centre of Pietermaritzburg (PMB) (upper reaches).  

DuTV is a site located under the N3 Freeway in the city of Pietermaritzburg. Due to 

the Freeway’s large volume of vehicular traffic as well as surface runoff from coal-tar 

asphalts, PAHs may be introduced at high influx rates to the nearby soils and 

eventually leach into the Msunduzi River water at this site. Furthermore, this site is 

close to the city centre and thus, it may also receive surface runoff from the municipal 

wastes as well as some illegal dumping (Tony, 2012). The summed concentrations of 

the 7 PAHs at this site has no significant difference (P < 0.05) to that calculated for the 

wastewater from the Darvill wastewater treatment plant (DWWTP) Outlet (695.58 

ng/L). An elevated Σ[7-PAHs] at DuTV was expected, given also that the water at this 

site usually receives wastes and plastics possibly from illegal dumping from the 

shanty town sprawling along the river around the city of Pietermaritzburg.  

The variation pattern of the Σ[7-PAHs] along the Msunduzi River basin,  indicates that 

in general, sites located near the city of PMB (middle reaches of the river) had elevated 

concentrations of PAHs during the autumn season. This suggests the major input 

sources of PAHs are from human-related activities. These sites are DuTV and 

DWWTP. As shown in Table 4.4, the Σ[7-PAHs] generally increased from the Henley 
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dam (HD) up to the sites located in the city of Pietermaritzburg (CD, DuTV and 

DWWTP) before they decrease up to its inlet junction with the Umgeni river (JUM).  

Sites upstream or downstream of the Msunduzi River recorded lower summed 

concentrations of the 7 PAHs (< 700 ng/L). Sites upstream of the Msunduzi River 

presented the background concentration levels of PAHs from natural inputs such as 

atmospheric fallouts or wet deposition after natural veld fires commonly occurring in 

KZN during the pre-autumn season. Sites downstream of the Msunduzi River were 

expected to have higher levels than those of upstream. The comparable lower levels 

may be due to the dilution effects, even if wastewater with high concentrations of 

PAHs is returned to the Msunduzi River. 

Since five of the seven studied PAHs were LMW-PAHs, their leaching into the river 

water may come from surface runoff, complete burning of gasoline, diesel fuel, and 

kerosene. All these occurrences are common in an urban locations like 

Pietermaritzburg (Sakari, 2012).  

Other possible sources of emissions of PAHs into the river are industrial discharges, 

burning of organic wastes, illegal dumping and urban surface runoff (Tony, 2012).  

PAHs are commonly emitted from automobiles, domestic and garage discharges, 

burning of organic materials, plastics and coal (RHP, 2015) and use of creosote during 

preservation of wooden poles commonly used in the distribution of electricity in 

KwaZulu-Natal (Thulasaie, 2008).   

Another interesting aspect was the prevalence of each PAH at each site along the river 

basin during this season. Figure 4.3 indicates that a number of PAHs were detected at 

concentration levels in water greater than 100 ng/L at CD (ACY, FLUO, PHEN, 

ANTH), DuTV (CHRY) and DWWTP Outlet (PYR). 

River water collected from the CD site was contaminated with the following LMW-

PAHs (at the measured concentration level): FLUO (118.83 ng/L), ACY (120.11 ng/L), 

ANTH (140.22 ng/L) and PHEN (156.21 ng/L).   
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Two HMW-PAHs, namely CHRY and PYR were found at significantly higher 

concentrations (P > 0.05) in the water from the DuTV Bridge (550.08 ng/L) and in the 

wastewater from the DWWTP Outlet (506.93 ng/L), respectively as shown in Figure 

4.3. This is despite the low aqueous solubility of CHRY (log Kow value: 5.79) and PYR 

(log Kow value: 4.88). It is likely that CHRY and PYR are stabilized by physico-

chemisorptive adsorption on the surface of suspended or dissolved micro particulate 

organic matter, suspended in the wastewater and river water. The low vapour 

pressure and biochemical stability of CHRY and PYR also increases their residence 

time in the water, occurring as adsorbates on the suspended colloidal matter (Miller 

et al., 1985). HMW-PAHs have been reported to be persistent and resistant in the 

aquatic systems compared to their lower molecular counterparts (Albers, 1995; van 

Kemenade et al. 1995; Sayles et al. 1999; Schneider et al. 1996).  

The highest concentration of PYR found in the wastewater from the DWWTP Outlet 

was surprising. Normally, higher concentrations of pollutants are expected to be in 

the raw and untreated water (inlet point of WWTPs) than in the treated water (outlet 

point of WWTPs). As shown in the measured values in Table 4.4, this was not the case 

at DWWTP. Higher concentration levels of other persistent organic pollutants (POPs) 

such as PCBs, DDT, etc. in wastewater collected from the outlet of the WWTP have 

been reported (Gakuba et al., 2015). In support of this anomaly between the 

concentration of PAHs at the inlet and outlet of the DWWTP is the high electrical 

conductivity value of 698 µS/cm recorded in its treated wastewater (see Table 4.1). If 

the highest electrical conductivity value is due to the ionised dissolved organic matter 

and fine particles, then the unusually higher PAH concentration values for all the 

measured PAHs is due to adsorptive stabilization on the dissolved organic matter 

(Maskaoui, 2002). 
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Figure 4.3 Concentrations (ng/L±SD) of the 7 PAHs in the water and wastewater from sites 

along the Msunduzi River during the autumn season. 

 

It may also be due to the accumulation of organic pollutants in treated wastewater 

and other inputs such as re-dissolution of PAHs from sediment as well as atmospheric 

fallouts as it travels a long distance (passing through the bird sanctuary area in an 

open channel where the wastewater flow is slow) before being discharged into the 

Msunduzi River (Maskaoui, 2002). This can also be related to rehabilitation and 

extension of this treatment plant, which could have a big impact on the treated 

wastewater through the aging process and release from the engines. In addition, this 

season also had low rainfall, which may have resulted in lack of dilution of the 

discharged wastewater. 
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Table 4.4 Concentrations of the 7 PAHs in the water (ng/L±SD) at each site during autumn of 2014. 

ND: not detected, LMW-PAHs: lower molecular weight PAHs, HMW-PAHs: higher molecular weight PAHs and the Σ[7-PAHs]: the sum of  concentrations of 

seven PAHs found at each site. LOD values are shown in Table 4.1. 

 

Sites 

LMW-PAHs HMW-PAHS  

Σ7-PAHs NA ACY FLUO PHEN ANTH PYR CHRY 

HD 13.52±0.01 34.31±0.03 39.34±0.02 40.22±0.03 57.78±0.02 ND 53.55±0.03 238.72±0.21 

CD 28.34±0.02 120.11±0.11 118.83±0.01 156.21±0.13 140.22±0.01 46.43±0.02 74.17±0.04 684.31±0.67 

DuTV 17.38±0.01 40.44±0.03 40.31±0.03 ND 70.72±0.01 ND 550.08±0.20 718.93±0.31 

DWWTP Inlet 25.42±0.01 39.70±0.02 ND ND 54.07±0.01 12.05±0.01 45.56±0.03 176.80±0.09 

DWWTP 

Outlet 

47.67±0.04 30.40±0.01 ND ND 69.33±0.06 506.93±0.04 41.25±0.03 695.58±0.24 

AA 14.52±0.01 17.76±0.01 15.24±0.01 41.10±0.03 40.60±0.02 47.76±0.03 46.91±0.04 226.89±0.30 

MT 3.30±0.01 ND 67.17±0.04 ND ND 11.50±0.01 3.60±0.02 85.57±0.19 

JUM 51.38±0.10 49.47±0.05 62.90±0.04 115.91±0.02 74.41±0.01 26.03±0.03 84.51±0.01 464.61±0.26 

NDA 9.40±0.01 3.07±0.04 ND ND ND ND ND 12.47±0.05 
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These results are not surprising given that DWWTP treats different kinds of domestic 

and industrial wastes from the city of Pietermaritzburg before discharging the treated 

waste into the Msunduzi River. Failure to completely reduce the concentration of the 

dissolved solutes and suspended colloids will result in elevated levels of PAHs in 

water. Possible sources of CHRY and PYR into the DWWTP wastewater and water 

could be attributed to the incomplete burning of oil, agricultural waste, wood and 

coal-tar, urban surface runoff containing cigarette ashes and soil runoff, domestic and 

industrial discharge containing paints and dyes, illegal dumping and atmospheric 

fallouts from long-range transport. The unusual spike in PYR concentration is also an 

indication of the high variability in the composition of the wastewater. 

The summed concentrations of the 7 PAHs at CD (684.31 ng/L) were also high. This 

site was also selected as the most contaminated site during this study. 

 

Winter season of 2014  

As shown in Table 4.5, only NA and CHRY were detected at all sampling sites while 

PYR (as a HMW-PAH with low aqueous solubility) was only detected in four 

sampling sites during the winter season (June-August 2014). The sum of the 

concentrations of the 7 PAHs in the water or wastewater ranged between 73.35 and 

553.62 ng/L with an average concentration of 244.04±3.16 ng/L (Figure 4.4).   

Wastewater samples from the DWWTP Inlet and Outlet had the highest concentration 

levels of PYR at 303.77 and 376.02 ng/L, respectively as shown in Figure 4.4. This is 

due to the accumulation of different pollutants and total suspended solids from 

different points of Pietermaritzburg city that make their way into this wastewater 

treatment plant (built for the Msunduzi local Municipality) as reported in the previous 

season. This treatment plant normally receives the raw municipal wastewater and 

industrial wastewater with a higher amount of dissolved ions as reported in section 

4.3.1. It also operates through an activated sludge process by removing higher excess 

of phosphorus and other nutrients to prevent eutrophication in the Msunduzi River 

(Barnard, 1976). 
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Figure 4.4 Concentrations (ng/L±SD) of the 7 PAHs in the water and 

wastewater from sites along the Msunduzi River during the winter 

season. 

 

The occurrence of PYR in higher concentration levels at DWWTP (inlet & outlet) may 

also be explained by its high resistance and persistence towards biochemical 

degradation processes in the water or wastewater as reported in section 4.3.1.  

Only LMW-PAHs can easily undergo biodegradation processes while most HMW-

PAHs remain resistant in the environment due to their low aqueous 

solubility/bioavailability and their degradation rates are extremely limited by 

desorption and dissolution (Ukiwe et al., 2013).  

Within this season, the higher values of electrical conductivity (EC) were recorded 

from the DWWTP Outlet (703 µS/cm) and the CD (225.0 µS/cm) sampling sites (Table 

4.1, section 4.3.1). The higher summed concentrations of the 7 PAHs in these sampling 

sites may also be related to these high values of EC recorded during this season. It 

may also be due to the accumulation of contaminants, aging of the treated wastewater 

and other inputs from surface runoff as well as atmospheric fallouts. This can be 

enhanced by the long distance taken by the treated wastewater from the DWWTP 
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(passing through the bird sanctuary area, where the wastewater flow is too slow) to 

be discharged into the Msunduzi River as reported in the previous season.  

As denoted during the autumn season, the sum of the concentrations of the 

investigated 7 PAHs was found to be low in the lower reaches of the Msunduzi River, 

which implies that even in this season higher pollution of water is mainly occurring 

within and around the city of Pietermaritzburg (upper and middle reaches). This can 

be highly related to the lack of rainfall in these two seasons, where all discharged 

waste and pollutants reside for long periods in the upper and middle reaches. 
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Table 4.5 Concentrations(ng/L±SD)  of the 7 PAHs in the water at each site during the winter of 2014. 

 

Sites 

LMW-PAHs HMW-PAHS  

Σ7-PAHs NA ACY FLUO PHEN ANTH PYR CHRY 

HD 15.45±0.01 36.23±0.04 46.67±0.03 35.87±0.02 54.32±0.06 ND 44.27±0.04 232.81±0.20 

CD 22.70±0.02 81.46±0.11 51.35±0.05 160.16±0.19 80.50±0.04 26.07±0.05 42.21±0.04 464.45±0.82 

DuTV 9.92±0.01 10.75±0.03 ND 28.60±0.04 21.78±0.03 ND 2.30±0.02 73.35±0.13 

DWWTP Inlet 34.83±0.01 29.66±0.01 ND ND 14.27±0.01 303.77±0.20 24.85±0.02 407.38±0.45 

DWWTP Outlet 42.73±0.04 
 

40.54±0.05 ND ND 40.90±0.08 376.02±0.29 53.43±0.06 553.62±0.62 

AA 14.56±0.01 ND 13.24±0.01 66.64±0.12 ND 20.81±0.04 40.34±0.04 155.60±0.22 

MT 8.33±0.02 ND ND 32.12±0.11 31.43±0.02 ND 31.54±0.09 103.42±0.34 

JUM 10.97±0.01 28.42±0.01 22.84±0.01 42.56±0.03 ND ND 17.34±0.01 122.13±0.07 

NDA 6.23±0.01 ND 14.54±0.02 20.75±0.01 15.44±0.01 ND 26.66±0.01 83.62±0.06 
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Spring season of 2015   

As shown in Table 4.6 as well as in Figure 4.5, PYR and CHRY were not detected like 

in previous seasons, and in some sampling sites were detected at low concentrations 

due to their low aqueous solubility. Only LMW-PAHs were detected in almost all 

sampling sites during the spring season (September-October 2015). The detection and 

solubility in water of 7 PAHs studied decreased as their molecular weights increased.  

The summed concentrations of the 7 PAHs ranged between 74.42 and 1799.14 ng/L 

with an average concentration of 527.80±0.73 ng/L, which was significantly different 

with 95% confidence level. 

The higher sum of the concentrations of the investigated 7 PAHs was found in the 

water from the JUM sampling site (1799.14 ng/L), which was about two times of that 

measured in the water from the CD sampling site (967.10 ng/L). This site also had a 

high conductivity of 355.2 µS/cm which is normally associated with a high total 

dissolved solids content typical of polluted sites.  . The presence of high total dissolved 

solids can result in some persistent organic pollutants such as PAHs to adsorb strongly 

on suspended particulate matters and dissolved solids available in the water column 

itself or in the pore water (Wong et al., 1995).  

The lowest summed concentrations of the 7 PAHs was observed in the water collected 

from the NDA sampling site (74.42 ng/L). The lowest concentration found at this site 

was expected, as it was selected as a non-contaminated comparative point in this 

study as reported in previous seasons.  

ACY (689.63 ng/L) and FLUO (627.95 ng/L) as LMW-PAHs (characterised by low log 

Kow values), presented higher concentration levels in the water collected from the 

JUM sampling site. The concentration of ACY was also high in the water collected 

from the CD sampling site (314.97 ng/L) as shown in Figure 4.5. 
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Figure 4.5 Concentrations (ng/L) of the 7 PAHs in the water and 

wastewater from sites along the Msunduzi River during the spring 

season. 

 

The CD is a site located in the upper reaches of the Msunduzi River, which is very 

close to the city of Pietermaritzburg and may receive industrial waste, experience 

illegal dumping and burning of different kinds of organic materials (Tony, 2012). 

Pollution from these LMW-PAHs may be attributed to the wet deposition and runoff 

waters from several petrogenic activities (as spring is a wet season in South Africa) 

occurring within the Msunduzi town and different types of local inputs (use of coal 

tar, gasoline, kerosene and creosote). Research carried out in Switzerland and 

Germany, showed that the highest concentrations of PAHs were identified in runoff 

waters as well as in rainwater (Lopes & Dionne, 2003; Klimaszewska, Polkowska & 

Namiesnik, 2007; Sulej et al., 2011). 

This season showed an exception in the concentration levels of the 7 PAHs in the water 

from the source to the mouth of the river.  They increased from the upper to the lower 

reaches (JUM) as shown in Figure 4.5 due to the transportation of loaded and 

discharged waste by rainfall water from the upper and middle to the lower reaches. 
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In addition, LMW-PAHs (acutely toxic) was seen to have higher concentrations 

during this season (wet season) due to their higher solubility in water than the HMW-

PAHs (carcinogenic and mutagenic).  

The spring season follows the winter season, which is a dry season during which time 

burning of grasslands occurs in preparation for the planting season of spring. This 

burning will produce PAHs and together with the high rainfall during the spring 

season could be a possible reason for the high concentrations of PAHs observed.  
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Table 4.6 Concentrations (ng/L±SD)  of the 7 PAHs in the water at each site during the spring of 2015. 

 

 

 

       Sites 

LMW-PAHs HMW-PAHS  

 

Σ7-PAHs NA ACY FLUO PHEN ANTH PYR CHRY 

HD 16.28±0.82 152.45±0.07 130.92±0.14 42.03±0.05 88.85±0.08 13.31±0.01 18.24±0.02 462.08±1.19 

CD 36.60±0.02 314.97±0.23 279.02±0.21 211.64±0.15 99.25±0.08 ND 25.47±0.02 967.10±0.71 

DuTV 14.13±0.01 81.20±0.02 13.97±0.33 22.32±0.02 ND 5.06±0.02 ND 136.68±0.40 

DWWTP Inlet 151.50±0.13 ND 74.61±0.01 55.95±0.09 ND ND ND 282.06±0.23 

DWWTP Outlet 4.67±0.49 90.78±0.90 22.32±0.43 37.70±0.05 21.41±0.05 20.28±0.02 11.26±0.01 208.39±1.89 

AA 12.00±0.06 178.55±0.15 169.76±0.17 107.85± 0.16 96.20±0.17 15.17±0.01 ND 579.53±0.72 

MT 0.67±0.12 59.40±0.06 60.93±0.06 94.84±0.02 23.35±0.03 ND 1.70±0.04 240.89±0.28 

JUM 61.25±0.04 689.63±0.33 627.95±0.55 156.43±0.08 228.30±0.11 ND 35.58±0.02 1799.14±1.12 

NDA 11.65±0.01 19.61±0.02 ND 41.36±0.06 ND ND 1.80±0.01 74.42±0.10 
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Summer season of 2014  

As indicated in Table 4.7 as well as in Figure 4.6, PAHs like FLUO, PHEN, ANTH, and 

CHRY were not detected in the wastewater collected from DWWTP Inlet, CHRY was 

not detected in the water from the HD sampling site and ANTH was also not detected 

in the water from the NDA sampling site during the summer season (November-

February 2014).  

The sum of the concentrations of the 7 PAHs in the surface water and wastewater 

samples varied significantly among the sites studied as the values ranged between 

283.49 and 1749.05  ng/L with an average concentration of 816.94±0.28 ng/L as shown 

in Table 4.7 and Figure 4.6.   

The highest sum of the concentrations of the 7 PAHs were found in DWWTP Inlet (1 

749.05 ng/L) and HD (1380.83 ng/L) sampling sites. Other significantly high sums of 

concentrations of the 7 PAHs were observed in the water collected from CD (953.95 

ng/L), MT (652.59 ng/L) and the JUM (650.55 ng/L) sampling sites. Lower sums of 

the concentrations of the 7 PAHs were detected in wastewater and surface samples 

collected from the DWWTP Outlet (584.75 ng/L), DuTV Bridge (570.86 ng/L), NDA 

(526.46 ng/L) and the AA (283.49 ng/L), respectively.  

The concentration level of PYR (HMW-PAH with higher log Kow value), was found 

to be high in the wastewater collected from the DWWTP Inlet sampling site (1727.21 

ng/L). This may be due to the pollution from anthropogenic activities (such as the 

combustion of fossil fuels) occurring in the city of Pietermaritzburg. The pollutants 

released accumulate in the water and make their way into this treatment plant as 

reported in section 4.3.1. This can also be explained by its higher affinity onto organic 

particulate matter and fine particles suspended in the water coming into this 

treatment plant.  

The other higher concentration level in water of an individual PAH was for PHEN 

found in the surface water collected from the HD sampling site (1294.73 ng/L). PHEN 

was the dominant PAH found in almost all sampling sites except at DWWTP Inlet as 

shown in Figure 4.6. The occurrence of PHEN in the environment is suspected to be 
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coming from local vegetation fires, long-range transport input as well as wet 

deposition. 

 

Figure 4.6 Concentrations (ng/L±SD) of the 7 PAHs in the water and 

wastewater from sites along the Msunduzi River during the spring 

season. 

 

As shown by the sum of the concentrations of the 7 PAHs in Table 4.7, sums of the 

concentrations were high in the upper and middle reaches (between HD and DWWTP 

Inlet sampling sites). This indicated that higher pollution of water during this season 

occurred within the sites very close to the city of Pietermaritzburg.   
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Table 4.7 Concentrations (ng/L±SD)  of the 7 PAHs in the water at each site during the summer of 2014. 

 

 

Sites 

LMW-PAHs HMW-PAHs  

NA ACY FLUO PHEN ANTH PYR CHRY Σ7-PAHs 

HD 6.42±0.01 7.55±0.01 8.45±0.03 1294.73±0.39 38.19±0.02 25.49±0.01 ND 1380.83±0.47 

CD 10.52±0.01 33.34±0.02 125.53±0.11 448.20±0.04 67.30±0.01 114.50±0.05 154.56±0.01 953.95±0.25 

Du TV 10.46±0.02 71.71±0.04 30.15±0.02 374.28±0.03 31.99±0.01 44.07±0.02 8.20±0.01 570.86±0.14 

DWWTP Inlet 10.17±0.01 11.67±0.01 ND ND ND 1727.21±0.27 ND 1749.05±0.29 

DWWTP 

Outlet 

14.90±0.01 149.36±0.08 78.33±0.02 285.98±0.12 14.12±0.01 36.72±0.01 5.34±0.03 584.75±0.28 

AA 9.72±0.03 20.46±0.01 11.25±0.01 162.92±0.02 52.24±0.03 22.20±0.02 4.70±0.01 283.49±0.13 

MT 11.04±0.23 56.31±0.04 39.87±0.02 285.07±0.16 70.85±0.02 159.27±0.13 30.18±0.03 652.59±0.63 

JUM 9.97±0.01 38.00±0.02 57.46±0.01 281.66±0.03 118.35±0.01 126.38±0.03 18.73±0.01 650.55±0.12 

NDA 10.44±0.01 73.50±0.01 149.67±0.07 248.05±0.12 ND 37.12±0.03 7.68±0.01 526.46±0.25 
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The seasonal variation of PAH concentrations in the water normally depends on the 

availability of rainfall, which mainly carries and transports all released, emitted, 

discharged or produced organic pollutants into the aquatic system through wet 

deposition and surface runoff. It also highly depends on the physical parameters 

characterising each season. For example, in some warm seasons (with high 

temperatures), the conductivity of the water may be increased due to higher ionic 

mobility and dissolution of many salts and minerals on which organic pollutants such 

as PAHs can rapidly adsorb (Whipple, 2002).  

During the wet seasons, all organic pollutants released into the atmosphere through 

evaporation may return into the aquatic environment through wet deposition, thus 

leading to higher concentrations observed in water, soils as well as in surface 

sediments. Indeed, those discharged or dumped into the river system may be 

dissolved and transported from far sources to other points along the river. In South 

Africa, spring and summer (as wet seasons) are characterized by heavy rainfall and 

warm weather, which increases runoff from the surrounding area into the river 

system.  Then, this leads to higher concentrations of many pollutants such as PAHs in 

aquatic systems. 

Overall, there are wide ranges of the summed concentrations of investigated PAHs in 

water across the river during the spring season (74.42-1799.14 ng/L) followed by the 

summer season (283.49-1749.05 ng/L) and the autumn season (12.47-718.93 ng/L). 

The lower concentration range of investigated PAHs was found during the winter 

season (73.35-553.62 ng/L).  

These ranges are globally low compared to the concentration ranges of PAHs found 

in the water collected from the Tonghui River of Beijing in China (192-2651 ng/L for 

16 PAHs) (Zhang, Huang & Hong, 2004), Almendares River in Cuba (836-15811 ng/L 

for 14 PAHs) (Santana et al., 2015) and the Daliao River watershed in China (46-

13448 ng/L for 18 PAHs) (Guo et al., 2007).  

Few studies in South Africa have been done on PAH concentrations in the wastewater 

and water (Nekhavhambe et al., 2009; Tikilili & Nkhalambayausi-Chirwa, 2011; Sibiya 
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et al., 2012). For example, the concentration levels of PAHs in wastewater collected 

from the Cape Town Province have been reported. All 16 priority PAHs were detected 

with the concentration levels fluctuating between 0.001 and 25.1 mg/L (Tikilili & 

Nkhalambayausi-Chirwa, 2011), which are higher than the results of this study.  

PAHs in the surface water collected from Limpopo Province have also been 

determined (Nekhavhambe et al., 2009). The sum of the concentrations of 6 PAHs 

obtained ranged between 0.1 and 2500 µg/L for water samples, which are higher than 

the results of this study.  

Five PAHs in the surface water collected from Johannesburg in Gauteng Province 

have also been determined (Sibiya et al., 2012). Their total concentration levels ranged 

between 30 and 615 ng/L, which are only higher than the results obtained during the 

winter season. 

 

4.2.3 Concentration of PAHs in soil collected from the banks of the river 

 

The concentration levels of investigated PAHs in soils collected from the banks of the 

Msunduzi River and Nagle Dam during the autumn, winter and summer of 2014 and 

spring of 2015 are presented in Tables 4.8-4.11 as well as in Figures 4.7-4.10.  

 

 Autumn season of 2014 

As shown in Table 4.8 and Figure 4.7, the sum of the concentrations of the 7 PAHs are 

very high in the soils collected from the AA (109.40 µg/g), which was approximately 

twice that observed for the MT (54.99 µg/g) sampling site. The summed 

concentrations of the 7 PAHs at MT site has no significant difference (P < 0.05) to that 

calculated for the soils from HD (53.87 µg/g). The sum of the concentrations of the 

PAHs in the soils ranged from 3.21 to 109.40 µg/g with an average concentration of 

38.55±2.33 µg/g dry weight.  
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Only PHEN, ANTH and PYR were not detected in the soils collected from the NDA 

sampling site (a comparative point as reported in section 4.3.2) as shown in Figure 4.7.  

 

Figure 4.7 Concentrations (µg/g±SD) of the 7 PAHs in the soils from the 

banks of the Msunduzi River during the autumn season. 

 

The highest concentrations of ACY were found in the soils collected from the AA 

sampling site (39.59 µg/g dry weight) and the HD area (25.72 µg/g dry weight), 

located in the upper and middle reaches of the river. The higher sum of concentrations 

of PAHs found at the AA sampling site is probably referable to the higher nutrients 

and total dissolved solids from agricultural runoff on which these pollutants can 

strongly adsorb. It may also be due to the application of sewage sludge and 

wastewater irrigation as fertilizer to the agricultural area.  

PAHs were found to possess a higher affinity with clay-type soil (Hundral et al., 2001), 

with the soil collected from this sampling site (AA) comprising a higher amount of 

clay and organic matter. As reported in the study conducted by Hundral et al. (2001), 

when soils contain a higher portion of organic matter, a large amount of PHEN is 

highly retained by smectites.   
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LWMW-PAHs presented higher mean concentrations than HMW-PAHs as shown in 

Table 4.8. This may be due to their high bioavailability and solubility in the aqueous 

environment and may also be attributed to the higher petrogenic activities as well as 

atmospheric fallouts occurring during this season. In addition this may also be a result 

of the accumulation of different types of pollutants discharged from the DWWTP and 

sludge sewages. The DWWTP also showed higher concentrations of PAHs in 

wastewater samples collected from its effluent during the autumn and winter seasons 

(as reported in section 4.3.2). The AA is the first point receiving this treated effluent 

wastewater as shown on the map of sampling sites in Chapter III, Figure 3.1. Autumn 

(as a dry season) is normally characterized by lack of rainfall and also the Msunduzi 

River, in the AA area, is highly characterized by low water flow rate, which can 

enhance the accumulation of PAHs in the soils near the banks of the river through 

leaching.  

As shown in Figure 4.7, the upper and middle reaches (close to the city of 

Pietermaritzburg, from HD to MT) had higher concentrations of PAHs than the lower 

reaches. This higher pollution level may be due to the leaching of wastes generated by 

anthropogenic activities and urban surface runoff. The lower sum of the concentration 

of the 7 PAHs observed from the JUM sampling point may be due to the volatilization 

and biodegradation processes.  The JUM sampling point was a site located in a rural 

area with very little vehicular traffic as well as no industrial activities which may be 

the reason for the low concentrations of PAHs observed.
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Table 4.8 Concentrations (µg/g ±SD) of the 7 PAHs in the soils at each site during the autumn of 2014. 

 

 

 

Sites 

LMW-PAHs  HMW-PAHs  

 

Σ7-PAHs 
NA ACY FLUO PHEN ANTH PYR CHRY 

HD 3.77±0.73 25.72±4.02 4.55±0.12 2.52±0.95 1.76±0.09 2.14±1.44 13.39±1.17 53.87±8.52 

CD 0.26±0.01 1.56±0.62 1.14±0.08 9.03±1.04 2.57±0.44 4.78±1.06 4.10±0.10 23.45±3.35 

DuTV 0.29±0.03 0.45±0.02 1.45±0.09 5.97±0.54 3.52±0.93 1.06±0.27 3.89±1.12 16.65±3.00 

AA 3.37±0.28 39.59±6.61 8.67±1.02 34.59±5.01 7.67±0.17 2.86±0.44 12.64±2.43 109.40±15.96 

MT 4.88±1.43 9.23±2.34 1.18±0.07 26.89±4.18 1.30±0.03 6.66±2.32 4.77±1.67 54.99±12.04 

JUM 0.25±0.02 0.75±0.02 0.17±0.05 1.30±0.20 0.09±0.02 0.30±0.08 0.35±0.08 3.21±0.47 

NDA 0.58±0.04 1.10±0.02 3.17±0.13 ND ND ND 3.43±0.16 8.28±0.35 
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Winter season of 2014 

As shown in Table 4.9, the sum of the concentrations of the 7 PAHs in the soils ranged 

from 2.67 (HD sampling site) to 77.34 µg/g (AA sampling site) with an average 

concentration of 18.33±1.45 µg/g dry weight. The higher concentrations of PAHs in 

the soils collected from the AA sampling site during the winter season of 2014 may be 

related to the composition and texture of the soil at the sampling sites as explained 

during the autumn season of 2014.   

The high sum of concentrations of the 7 PAHs observed the from DuTV sampling site 

may be ascribed to the incomplete combustion of gasoline, fuel oil, and diesel fuel 

while those observed from AA and NDA areas can be the results of leaching from 

agricultural runoff and atmospheric fallouts (Sakari, 2012). In addition, people living 

in the AA area use fires (burning grasslands) as a means of controlling the growth of 

the grasses and preparing the ground for the incoming planting season (spring). These 

processes can likewise contribute to the high amount of PAHs (especially PHEN) 

found in the rural areas through flying ash and land washing (Grova et al., 2002).  

Furthermore, people from these areas tend to burn wood and fuel during the colder 

months as a source of heat for homes, which would further lead to the high levels of 

PAHs in these areas. The other suspected sources of PAHs at the MT sampling site 

could be the vehicular activity releasing fumes and oil leakage, which may contain 

some organic pollutants including PAHs.  

As shown in Figure 4.8, high concentrations of the investigated PAHs in this season 

have been found at the AA site but lower than compared to the previous season. This 

is due to the continuous leaching of PAHs from the top soil to the ground soil, 

biological degradation or volatilization processes especially the LMW-PAHs. 
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Table 4.9 Concentrations (µg/g±SD)  of the 7 PAHs in the soils at each site during the winter of 2014. 

 

Sites 

LMW-PAHs  HMW-PAHs  

 

Σ7-PAHs 
NA ACY FLUO PHEN ANTH PYR CHRY 

HD 0.25±0.05 0.41±0.09 0.13±0.01 1.25±0.04 0.23±0.09 ND 0.39±0.03 2.67±0.31 

CD 0.11±0.09 ND ND 2.69±0.10 0.62±0.27 1.81±0.46 2.00±0.54 7.26±1.46 

DuTV 0.12±0.10 0.51±0.08 0.87±0.05 6.74±2.78 1.21±0.12 2.76±0.08 1.90±0.36 14.15±3.57 

AA 2.87±0.53 28.97±4.46 4.10±1.05 27.35±5.82 3.35±1.82 0.90±0.73 9.77±2.32 77.34±16.73 

MT 0.06±0.06 1.06±0.65 0.34±0.20 1.43±0.81 ND 0.34±0.34 1.95±1.09 5.20±3.15 

JUM 0.24±0.03 ND ND 5.41±1.99 1.04±0.77 0.91±0.76 1.02±0.72 8.63±4.27 

NDA 0.15±0.10 0.26±0.04 0.03±0.01 10.93±3.62 0.24±0.16 0.57±0.08 0.82±0.02 13.03±4.03 
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Figure 4.8 Concentrations (µg/g±SD) of the 7 PAHs in the soils collected 

from the source to the mouth of the river during the winter season. 

 

Spring season of 2015 

As shown in Table 4.10, only ANTH was not detected in the soils collected from the 

JUM and AA sampling sites. The higher sum of the concentrations of the 7 PAHs was 

found in the soils collected from the DuTV Bridge sampling site (256.75 µg/g) 

followed by that found in the soils collected from the CD sampling site (150.89 µg/g). 

The sum of the concentrations of the 7 PAHs varied considerably in the other sites as 

shown in Figure 4.9 with higher concentrations in the upper reaches of the river. Their 

values fluctuated between 12.44 and 256.75 µg/g with an average concentration of 

89.04±13.27 µg/g dry weight.   
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Figure 4.9 Concentrations (µg/g±SD) of the 7 PAHs in the soils from the 

banks of the Msunduzi River during the spring season. 

 

DuTV Bridge is very close to an N3 Freeway and experiences large volumes of traffic, 

which may introduce these high levels of PAHs due to exhaust fumes from vehicular 

activity and runoff from coal tar. It may also experience some illegal dumping, which 

can contaminate the soil through leaching (Tony, 2012).  

The higher concentrations of PAHs observed at the DuTV and CD were expected and 

these sites were selected as the most contaminated areas due to their location in the 

urban area of the Pietermaritzburg city. Thus, the possible sources of PAHs in the soils 

of these sites may be attributed to leaching from petrogenic and pyrogenic processes 

like incomplete combustion of organic textiles, agricultural waste and the release of 

petroleum products or deposition from long-range transport through atmospheric 

fallouts (Wilcke et al., 2005). 

PHEN (LMW-PAH) was also found in higher concentration levels in the soils collected 

at this site (197.10 µg/g) which was approximately three times the order of magnitude 

to that of PYR (HMW-PAH) found in the soils collected from the CD sampling site.  
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Table 4.10 Concentrations (µg/g±SD)  of the 7 PAHs in the soils at each site during the spring of 2015. 

- No soil samples were taken from the HD site during the spring season of 2015. The site was inaccessible.  

 

 

 

Sites 

LMW-PAHs  HMW-PAHs  

Σ7-PAHs NA ACY FLUO PHEN ANTH PYR CHRY 

HD - - - - - - - - 

CD 0.52±0.11 1.49±0.20 5.26±3.66 25.66±3.47 15.75±3.02 68.55±8.94 150.89±9.66 150.85±29.06 

DuTV 0.72±0.09 5.58±0.96 11.22±2.18 197.10±20.75 8.51±1.21 32.46±1.92 1.16±0.30 256.75±27.41 

AA 0.37±0.01 1.56±0.32 0.03±0.01 1.08±0.72 ND 9.16±0.15 0.24±0.02 12.44±1.21 

MT 0.11±0.04 0.78±0.47 3.03±0.21 2.64±0.94 17.68±4.85 13.60±3.35 7.84±2.98 45.68±12.84 

JUM 1.57±0.18 9.90±2.07 3.41±0.36 10.21±0.57 ND 14.14±0.92 0.70±0.62 39.93±4.72 

NDA 0.45±0.01 3.12±1.07 0.91±0.60 3.09±2.25 5.08±0.14 15.58±0.13 0.38±0.17 28.61±4.37 
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Summer season of 2014 

 All PAHs were detected in the soils collected from all sampling sites by presenting 

significant amounts compared to the previous seasons. This may be due to the higher 

temperature and heavy rainfall normally present during this season, which would 

transport PAHs from higher up soil banks closer to the river banks (due to runoff) 

where the soil was sampled.  

As shown in Table 4.11, the summed concentration values ranged from 12.16 to 72.72 

µg/g with an average concentration of 41.32±3.21 µg/g dry weight. The highest sum 

of the concentrations of the 7 PAHs was recorded in the soil collected from the AA 

sampling site followed by that found in the soils from MT, JUM and CD sampling 

sites. A lower sum of the concentrations of the 7 PAHs was observed in the soil 

samples collected from the DuTV Bridge and NDA sampling sites. The concentration 

level of PHEN (42.17 µg/g) was found to be higher in the soils collected from the AA 

sampling site, and this was followed by that of PYR (42.17 µg/g) found in the soils 

collected from the MT sampling site as shown in Figure 4.10. 

 

Figure 4.10 Concentrations (µg/g±SD) of the 7 PAHs from the soils from 

the banks of the Msunduzi River during the summer season. 
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These results suggested that PAHs accumulated or leached into the Msunduzi River 

soils may come from different sources such as industrial discharges, urban surface 

runoff, and incomplete combustion of grasses or forest during the cultivation and fuel 

combustion emissions.  

Sometimes, the presence of PHEN in soils can be as a result of biological activities, 

local vegetation fires, or imported by long-range transportation. Many studies also 

showed that PHEN occurs in plants, which may synthesize it biologically and during 

putrefaction of plant materials, which can then reach the soil through the leaching 

process (Laflamme & Hites, 1978; Wickstrom & Tolonen, 1987).  

During this season, the higher sum of the concentrations of investigated PAHs was 

observed within the middle and lower reaches as the river flows from the source to 

the mouth of the river. This is due to the higher amount of rain, which is normally 

available in this season, transporting all loaded materials into the river from one place 

to another, which finally accumulates in the lower reaches.   
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Table 4.11 Concentrations (µg/g±SD)  of the 7 PAHs in the soils at each site during the summer of 2014. 

 

 

 

 

 

 

 

 

 

 

 

 

 

- No soil samples were taken from the HD site during the summer season of 2014. The site was inaccessible. 

 

 

Sites 

LMW-PAHs HMW-PAHs  

Σ7-PAHs 
NA ACY FLUO PHEN ANTH PYR CHRY 

HD - - - - - - - - 

CD 0.25±0.01 3.52±0.21 1.66±0.12 11.86±1.86 3.91±0.55 12.84±1.42 1.89±0.04 35.95±4.21 

 

DuTV 

 

0.23±0.03 

 

1.42±0.33 

 

2.97±0.03 

 

8.40±0.04 

 

3.27±0.06 

 

8.23±0.08 

 

1.58±0.66 

 

26.11±1.23 

 

AA 

 

0.18±0.05 

 

2.98±0.84 

 

2.30±0.11 

 

42.17±5.04 

 

4.28±0.37 

 

13.78±1.48 

 

7.02±1.18 

 

72.72±9.07 

 

MT 

 

0.22±0.09 

 

2.94±0.65 

 

3.78±1.63 

 

9.79±1.23 

 

15.25±2.97 

 

28.27±1.64 

 

3.33±1.42 

 

63.70±9.63 

 

JUM 

 

0.25±0.01 

 

2.16±0.03 

 

2.52±0.17 

 

14.08±3.77 

 

7.07±0.03 

 

10.27±2.09 

 

0.91±0.60 

 

37.29±6.70 

 

NDA 

 

0.21±0.05 

 

1.38±0.31 

 

0.59±0.40 

 

2.62±0.86 

 

1.34±0.89 

 

1.58±0.41 

 

4.42±0.24 

 

12.16±3.16 
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During this work, the wider range of the summed concentrations of the 7 PAHs was 

found in the soils collected during the spring season (12.44-256.75 µg/g) followed by 

that of the autumn season (3.21-109.40 µg/g) and the winter season (2.67-77.34 µg/g). 

The lower range was observed during the summer season (12.16-72.72 µg/g).   

The concentration of PAHs in soil may depend on the composition of the soil 

(availability of clay), texture, location and seasonal behaviour. For example, during 

the warmer season different pollutants can undergo volatilization or evaporation and 

decomposition while during the rainy seasons, many pollutants leach from the surface 

due to the higher permeability of the soils.  

Spring is the first season following two consecutive dry seasons (autumn and winter, 

characterized by lack of a rainfall and cold weather) in which temperature starts to 

increase and also the rain starts falling. Thus, the moderate rainfall available during 

the spring season makes the soils softer by increasing its moisture facilitating the 

leaching of many contaminants from different compartments through water runoff 

(Shabalala et al., 2013).   

In comparison with global contamination of PAHs in soils, the results of this work 

were lower than the concentrations detected from the urban area of Beijing in China 

(0.36-278.25 µg/g for 16 PAHs) (Tang et al., 2005) and those found from different 

contaminated soil areas (297.4-458.0 µg/g for 16 PAHs) in the study conducted by 

Dean et al., 1995.  

This range of concentrations of PAHs found in the spring season was higher than the 

range found in the urban park soils collected from Hong Kong in China (not detected-

19.50 µg/g for 16 PAHs) (Chung et al., 2007), in soils from Delhi in India (0.83-3.88 

µg/g for 16 PAHs) (Agarwal et al., 2009),  from the Seine River basin in France (0.45-

5.65 µg/g for 14 PAHs) Motelay-Massei et al., 2004) and from Shanghai in China (0.44-

19.70 µg/g for 16 PAHs) (Jiang et al., 2009). It was also higher than the range found in 

the analysed soils collected from the Weihe River in the Northwest China (0.36-15.66 

µg/g for 16 PAHs) (Chen, Jia & Yang, 2015).  
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Few studies, in South Africa, have been done on soils (Nieuwoudt et al, 2011; Okedeyi 

et al., 2013; Vogt, 2014). For example, the study on PAHs was conducted on the soils 

around three power plants in this country, namely the Rooiwal located in Gauteng, 

the Lethabo located in Free states and the Matla located in Mpumalanga Provinces. 

The results of total concentration levels of 15 PAHs obtained in the soils ranged 

between 9.73 and 61.24 µg/g dry weight (Okedeyi et al., 2013), which are very low 

compared to the range obtained during the spring season, but closer than that 

obtained during the summer and winter seasons.  

Sixteen PAHs in the soils sampled from central South Africa (residential, agricultural 

and industrial areas), and the Vaal Triangle River in the Gauteng Province were found 

to be in the range of 0.04 and 39 µg/g dry weight (Nieuwoudt et al, 2011), which are 

also very much lower than the results of this study.   

The concentration levels of 23 PAHs in the KwaZulu-Natal soils (eThekwini 

Municipality) have been found to be in the range of  0.006 and 3.23 µg/g dry weight 

(Vogt, 2014), which were low compared to the results of the present study.  

 

4.2.4 Concentrations of PAHs in the surface sediments from the Msunduzi River  

 

The concentration levels of the 7 investigated PAHs in the surface sediments collected 

from the Msunduzi River basin and Nagle Dam during the autumn, winter and 

summer of 2014 and spring of 2015 are presented in Tables 4.12-4.15 as well as Figures 

4.11-4.14.  

 

 Autumn season of 2014 

As shown in Table 4.12, the sum of concentrations of the 7 PAHs along the Msunduzi 

River ranged from 1.09 µg/g to 146.16 µg/g with an average concentration of 

23.43±2.78 µg/g dry weight. The sum of the concentration of the 7 PAHs was higher 
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in the surface sediments collected from the AA sampling site (146.16 µg/g dry weight) 

with PHEN (42.92 µg/g) and ACY (50.21 µg/g) as the dominant PAHs as shown in 

Figure 4.11.   

 

Figure 4.11 Concentrations (µg/g±SD) of the 7 PAHs from the surface 

sediments from the Msunduzi River during the autumn season. 

 

Specifically, the distribution and the fate of PAHs in the environment depend on the 

capacity of organic matter in the sediment, the octanol-water partition coefficients of 

the PAHs and the particle size distribution of the sediments. The octanol-water 

partition coefficients (log Kow) of the PAHs normally increases as the number of 

benzene rings increase (Arias et al., 2009).  

In the aquatic systems, the PAHs are strongly sorbed to the clay particles because of 

their high log Kow and as a consequence, they resist biochemical conversion to other 

products or to water washing due to their low water solubility (Douglas et al., 1996).  
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The surface sediments collected from the AA sampling site were found to incorporate 

a large amount of the clay-type sediment and this could be the major contributing 

factor to this high concentration level and persistence of the PAHs in this area.  

This increased pollution could be induced by the surface runoff containing burnt 

residues of grass (in preparation for the planting season), and the combustion of fuel 

oils, gasoline, and the diesel as a source of the heat for homes in this area during the 

winter and the autumn seasons, which may reach surface sediment by leaching. 
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Table 4.12 Concentrations (µg/g±SD) of the 7 PAHs in the surface sediments at each site during the autumn of 

2014. 

 

 

Site 

LMW-PAHs HMW-PAHs  

 

Σ7-PAHs 

NA ACY FLUO PHEN ANTH PYR CHRY 

 

HD 

 

0.16±0.14 

 

0.67±0.50 

 

0.50±0.04 

 

0.69±0.24 

 

ND 

 

ND 

 

0.11±0.05 

 

2.15±0.97 

 

CD 

 

1.27±0.36 

 

1.56±0.62 

 

0.22±0.20 

 

1.45±0.13 

 

0.24± 0.08 

 

0.07±0.03 

 

0.57±0.54 

 

5.39±1.96 

 

DuTV 

 

0.16±0.01 

 

0.16±0.06 

 

0.20±0.10 

 

0.24±0.09 

 

1.06± 0.53 

 

ND 

 

0.13±0.02 

 

1.96±0.81 

 

AA 

 

 

4.51±1.84 

 

50.21±11.66 

 

11.85±3.86 

 

42.92±11.06 

 

12.70±8.52 

 

6.31±1.44 

 

17.65±5.03 

 

146.16±43.41 

 

MT 

 

0.25±0.20 

 

0.32±0.05 

 

1.18±0.29 

 

1.37±1.21 

 

0.87±0.24 

 

0.73±0.08 

 

0.41±0.02 

 

5.15±2.09 

 

JUM 

 

0.25±0.21 

 

ND 

 

ND 

 

1.64±1.02 

 

0.19±0.02 

 

ND 

 

ND 

 

2.09±1.25 

 

NDA 

 

0.24±0.10 

 

0.17±0.02 

 

0.30±0.14 

 

ND 

 

ND 

 

ND 

 

0.36± 0.25 

 

1.09±0.51 
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Winter season of 2014 

The winter season showed a considerable reduction in the PAH concentration levels 

in surface sediments compared to the previous season as shown in Table 4.13 and 

Figure 4.12 where the values of the sum of concentrations ranged between 3.73 and 

13.50 µg/g with an average concentration of 8.76±0.80 µg/g dry weight.  

During this season, many people burn coal, wood, and fuel to warm up their houses 

which emit smoke and generate residue materials. This may introduce PAHs or other 

organic pollutants into the atmosphere. However, there is no rainfall to return these 

released pollutants to the environment due to this season being dry and generally has 

strong cold winds by which these pollutants can be transported to other places or 

remote areas. This could be the cause of lower concentrations obtained during this 

season. The HMW-PAHs are governed by precipitation and the particle size of 

sediment while the LMW-PAHs depend on the air temperature (He & 

Balasubramanian, 2011). In contrast, the autumn season is characterized by some 

slight rainfall as well as mild climate and the medium temperatures, getting colder as 

it progresses to the winter season. These conditions govern the deposition of both 

LMW- and HMW-PAHs, and hence may be the reason for the higher concentration in 

the autumn than in the winter season.  

In addition, biodegradation of LMW-PAHs (slightly soluble in water), may also be the 

reason some PAHs were not detected at some sampling sites. The NDA sampling site 

(located at the Umgeni River) showed a significant amount of the sum of 

concentrations of the 7 PAHs even if it was selected as a comparative site to the 

Msunduzi River in this study. 
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Table 4.13 Concentrations (µg/g± SD) of the 7 PAHs in the surface sediments at each site during the winter of 

2014. 

 

 

Sites  

LMW-PAHs LMW-PAHs  

Σ7-PAHs NA ACY FLUO PHEN ANTH PYR CHRY 

 

HD 

 

0.02±0.01 

 

0.09±0.25 

 

1.68±0.63 

 

1.10±0.57 

 

ND 

 

0.98±0.08 

 

0.43±0.26 

 

4.32±1.80 

 

CD 

 

0.09±0.04 

 

0.18±0.02 

 

0.63±0.08 

 

7.39±3.90 

 

1.59±0.13 

 

0.93±0.04 

 

1.67±0.98 

 

12.52±5.19 

 

DuTV 

 

0.12±0.06 

 

ND 

 

ND 

 

3.15±0.19 

 

4.44±0.45 

 

1.60±0.66 

 

1.10±0.11 

 

10.42±1.47 

 

AA 

 

0.18±0.05 

 

0.40±0.28 

 

2.15±0.70 

 

2.49±0.32 

 

1.04±0.38 

 

0.11±0.05 

 

7.17±2.18 

 

13.58±3.96 

 

MT 

 

0.02±0.01 

 

0.02±0.02 

 

0.30±0.69 

 

1.65±0.67 

 

0.19±0.03 

 

0.91±0.35 

 

0.62±0.33 

 

3.73±2.10 

 

JUM 

 

0.04±0.01 

 

ND 

 

0.35±0.11 

 

2.83±0.84 

 

0.92±0.24 

 

1.43±0.57 

 

2.55±0.63 

 

8.65±2.40 

 

NDA 

 

0.25±0.20 

 

0.02±0.01 

 

0.165±0.09 

 

6.26±1.68 

 

0.83±0.70 

 

ND 

 

0.53±0.41 

 

8.07±3.09 
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Figure 4.12 Concentrations (µg/g±SD) of the 7 PAHs from the surface 

sediments from the Msunduzi River during the winter season. 

 

PHEN in the surface sediment samples collected from the CD (7.39 µg/g) and NDA 

(6.26 µg/g) sampling sites and CHRY from AA (7.17 µg/g) gave higher concentrations 

(Table 4.13 and Figure 4.12). As a LMW-PAH, the presence of PHEN in the 

environment may be ascribed to the petrogenic processes and the surface runoff from 

the garages and burning of vegetation waste. CHRY (HMW-PAH) is suspected to 

come from the incomplete combustion of organic matter and biomass. All of these 

activities may occur in these sites as CD is very close to the city of Pietermaritzburg 

while the AA is located in the rural area.  

In South Africa, the agricultural wastes and the grasslands are generally burnt before 

and after cultivation in order to prepare the environment for the new rainy seasons. 

Generally, PAHs and other organic pollutants have a strong affinity to adsorb onto 

the organic particles present in the sediments as well as the pore water, hence, higher 

concentration levels were expected to occur in the surface sediments than in the 

surface water (Gan et al., 2012).  
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Spring season of 2015 

During this season, only PYR was not found in the surface sediments collected from 

the MT sampling site (Table 4.14 and Figure 4.13). The sum of the concentrations of 

the 7 PAHs ranged between 13.50 and 160.05 µg/g with an average concentration of 

88.30±15.57 µg/g dry weight.  

The higher sum of the concentration levels of PAHs was found in the surface 

sediments collected from the middle reaches such as the AA sampling site (160.05 

µg/g dry weight) and the DuTV Bridge sampling site (130.97 µg/g dry weight).  

The surface sediments collected from the DuTV Bridge sampling site showed a higher 

concentration level of PYR (69.07 µg/g dry weight), which may be attributed to inputs 

from anthropogenic activities as described in section 4.3.1. This was followed by that 

of ACY found in the surface sediments collected from the AA sampling site (67.33 

µg/g dry weight). Other higher concentrations of individual PAHs were for FLUO 

found in the surface sediments collected from the JUM sampling site (41.72 µg/g). 

 

Figure 4.13 Concentrations (µg/g±SD) of the 7 PAHs in the surface 

sediments from the Msunduzi River during the spring season. 
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The surface sediments collected from the JUM and NDA (along the Umgeni River) 

sampling sites were higher than the sum of the concentrations of PAHs found in the 

surface sediment collected from the MT sampling site. The NDA sampling site (as a 

comparative point) also had significant concentrations of PAHs, which may reveal 

that the sediment from the Umgeni River may also be contaminated by PAHs.  
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Table 4.14 Concentrations (µg/g ±SD) of the 7 PAHs in the surface sediments at each site during the spring of 2015. 

 

Sites 

LMW-PAHs LMW-PAHs  

Σ7-PAHs NA ACY FLUO PHEN ANTH PYR CHRY 

HD - - - - - - - - 

 

CD 

 

0.27±0.15 

 

3.60±2.05 

 

2.18±1.27 

 

23.60±2.57 

 

0.72±0.08 

 

36.23±5.92 

 

1.82±0.73 

 

68.42±12.77 

 

DuTV 

 

1.12±0.33 

 

11.86±2.46 

 

3.26±1.84 

 

16.71±9.95 

 

23.98±5.25 

 

69.07±14.26 

 

4.92±0.59 

 

130.92±34.68 

 

AA 

 

0.86±0.07 

 

67.33±8.17 

 

3.34±0.97 

 

8.31±0.18 

 

41.13±0.62 

 

37.65±0.20 

 

1.43±0.72 

 

160.05±10.93 

 

MT 

 

0.85±0.06 

 

2.86±0.34 

 

1.18±0.29 

 

2.12±1.19 

 

1.87±0.29 

 

4.62±0.41 

 

ND 

 

13.50±2.58 

 

JUM 

 

2.65±0.39 

 

16.28±3.03 

 

41.72±8.94 

 

39.92±5.78 

 

6.67±0.76 

 

6.57±1.98 

 

1.60±0.02 

 

115.41±20.90 

 

NDA 

 

0.46±0.06 

 

3.77±0.02 

 

0.83±0.76 

 

2.59±0.33 

 

15.75±0.14 

 

17.94±9.93 

 

0.18±0.04 

 

41.52±11.28 

 

- No surface sediment samples were taken from the HD site during the spring season of 2015. The site was inaccessible. 
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Summer season of 2014 

As shown in Table 4.15, the higher summed concentrations of PAHs in the sediments 

were found in the lower reaches than in the upper ones. Their values ranged from 9.46 

to 55.71 µg/g with an average concentration of 30.37±3.76 µg/g dry weight. The 

highest sum of concentrations of the 7 PAHs was recorded in the surface sediments 

collected from the JUM sampling site followed by that in surface sediments collected 

from the NDA, AA, and the CD sampling sites, respectively. The lower summed 

concentration levels were found in the surface sediment samples collected from the 

MT and the DuTV Bridge sampling sites.  

Due to the locations of the above sampling sites, possible sources of PAHs may be the 

products of waste from anthropogenic activities such as dumping, burning of plastics 

and grass, as well as surface runoff and wet deposition.  The high PAH concentrations 

at JUM may also be a result of increasing pollution load from both the Msunduzi River 

and the upper reaches of the Umgeni River. NDA had a fairly low flowrate and this 

would have encouraged settling of PAHs into the sediment at this site.  

The PYR’s concentration level was found to be high in the surface sediments collected 

from the JUM sampling site followed by that of PHEN found in the surface sediments 

collected from the NDA site. FLUO, PHEN, and PYR were the dominant individual 

PAHs in the surface sediments during the summer season as shown in Figure 4.14.  

During this season, a slight increase in the sum of concentrations of the PAHs was 

observed as the river flowed from the upper to the lower reaches due the increased 

rainfall which led to the transportation and deposition of particulate matter in these 

areas as shown in Figure 4.14.  
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 Figure 4.14 Concentrations (µg/g±SD) of the 7 PAHs from the surface sediments of the 

Msunduzi River during the summer season. 
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Table 4.15 Concentrations (µg/g±SD) of the 7 PAHs in the surface sediments at each site during the summer of 

2014. 

- No surface sediment samples were collected from the HD site during the summer season of 2014.  This site was inaccessible. 

 

 

 

Sites 

LMW-PAHs HMW-PAHs  

 

Σ7-PAHs 
NA ACY FLUO PHEN ANTH PYR CHRY 

HD - - - - - - - - 

CD 1.48±0.02 0.23±0.50 3.74±0.32 8.17±1.88 2.96±0.88 8.22±3.69 0.93±0.47 25.70±7.76 

DuTV 1.24±0.08 0.19±0.06 1.59±0.82 4.53±1.11 0.51±0.33 1.01±0.77 0.36±0.02 9.46±3.19 

AA 0.16±0.09 1.67±0.49 4.76±2.37 6.86±0.39 4.77±1.96 6.53±2.61 1.42±0.80 26.20±8.71 

MT 0.61±0.01 0.25±0.46 1.15±0.07 5.35±0.56 2.40±1.53 8.27±1.88 0.63±0.43 18.68±4.94 

JUM 0.09±0.03 2.55±0.33 6.12±0.65 6.59±0.48 7.27±1.45 32.19±6.69 0.88±0.37 55.71±10.00 

NDA 0.27±0.01 2.74±0.02 0.78±0.11 20.95±0.04 8.26±0.01 10.91±1.47 2.49±0.01 46.43±1.67 
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In surface sediment, the wider range of summed concentrations of the 7 PAHs was 

also observed during the spring season of 2015 (13.50-160.05 µg/g) followed by the 

autumn season (1.09-146.16 µg/g) and the summer season (9.46-55.71 µg/g) while the 

lower one was observed during the winter season (3.73-13.50 µg/g) of 2014.  

Autumn and spring seasons are normally characterized by mild weather and a 

medium precipitation. All these factors allow these seasons to have high 

concentrations of organic pollutants due to wet deposition and accumulation 

processes. In addition, the surface sediment showed to have the higher range of the 

sum of concentrations of PAHs than in the soils, which confirms the strong affinity of 

PAHs to organic matter in sediments, which is their main sink than in the soils.  

A comparison of the global contamination of PAHs in sediments found in the 

literature with the results of this study has been made. It showed that our results were 

lower than those found in the surface sediments collected from the Santander Bay in 

Northern Spain (0.02-344.60 µg/g) (Viguri, Verde & Irabien, 2002) and from the 

Tianjin River in China (0.79-194.30 µg/g PAHs) for 16 PAHs (Shi et al., 2005). They 

were higher than that observed in the surface sediments collected from the Meiliang 

Bay (Taihu Lake) in China (1.20-4.75 μg/g) for 16 PAHs (Qiao et al., 2006).   

Few studies on the presence of PAHs have been done on the surface sediments in 

South Africa (Das et al., 2008; Nekhavhambe et al., 2009; Nieuwoudt et al., 2011; Sibiya 

et al., 2013).  

PAHs in the surface sediments collected from Limpopo and Cape Provinces have been 

determined. The sum of the concentrations of 6 PAHs studied ranged between 0.11 

and 344 µg/g (Nekhavhambe et al., 2009) and the sum of the concentrations of 23 

PAHs was 369 µg/g (Das et al., 2008) , which are higher than the results of this study.  

PAHs in the surface sediments sampled from central South Africa (residential, 

agricultural and industrial areas), and the Vaal Triangle River in Gauteng Province 

were determined and found to be in the range of 0.044 and 39 µg/g dry weight 

(Nieuwoudt et al, 2011), which are lower than the results of this study.   
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The concentration levels of PAHs in the KwaZulu-Natal surface sediments have been 

found to be in the range of  0.006 and 3.24 µg/g dry weight (Vogt, 2014), which were 

low compared to the results of the present study.  

 

4.3 Seasonal Variations of PAH Concentration and Physical Parameters of the 

Water 

 

The seasonal behaviour on the origin of the PAH emissions is closely associated with 

rainfall, climate, temperature, wind velocity, automobile trafficking, heating systems, 

soil volatilization, industrial waste, and natural and anthropogenic activities. The 

distribution of the sum of the concentration levels (∑[7-PAHs]) in the water, soils and 

the surface sediments of the Msunduzi River during the four seasons were shown in 

the above tables (Chapter IV).  

The range of the sum of the concentrations of the 7 PAHs in the water for all seasons 

decreased in the order: ∑[7-PAH] spring > ∑[7-PAH] summer > ∑[7-PAH] autumn > ∑[7-

PAH] winter while in the surface sediments was in the order: ∑[7-PAH] spring > ∑[7-PAH] 

autumn > ∑ [7-PAH] summer > ∑[7-PAH] winter and in the soils were in the order: ∑[7-PAH] 

spring > ∑[7-PAH] autumn > ∑[7-PAH] winter > ∑[7-PAH] summer. Normally, the seasonal 

variation of the concentrations of PAHs in soils and surface sediments should follow 

the same order.  This variation in the results is acceptable and expected because of the 

many different sources identified in this study. The sum of the concentrations of PAHs 

in the surface sediments during the summer season was high but lower than in soils 

in winter. This anomaly may be due to the heavy rainfall occurring during the summer 

season, which can wash all pollutants such as PAHs from surface soils and accumulate 

them in the marine environment resulting in higher concentrations of PAHs in surface 

sediments than in soils. It may also be due to the higher loss of pollutants through 

evaporation and volatilization processes occurring in summer (higher temperatures) 

than in winter, resulting also in lower concentrations of contaminants in soils than in 

sediments.   
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The concentration of PAHs was found to be relatively higher in the soils and surface 

sediments than in the water samples.  This is because soil and sediment contain more 

organic matter to which PAHs prefer to partition to, thus reducing their 

concentrations in the water column.  

The occurrence of PAHs in the environment varies seasonally because each season has 

its own physical and chemical parameters. For example, during the rainy period in 

some countries, PAHs attach to the particulate materials in the atmosphere and are 

brought back down to the land environment, where they form dry or wet deposits in 

the environmental systems. This can make them more available in these 

compartments than in the atmosphere. When the temperature increases, PAHs can 

undergo different chemical reactions and volatilization from the aquatic system into 

the atmosphere. Thus, higher concentration levels may be found moving into the 

atmosphere with a high probability of polluting remote and pristine areas (Slaski et 

al., 2000).  

In South Africa, both of these phenomena normally happen during the summer and 

spring seasons, where the temperature is high (Table 4.1), hence the significant 

concentration levels of PAHs in the atmosphere. By precipitation or wet deposition 

due to the availability of rain in these seasons, all the released PAHs are brought back 

down, thus increasing the occurrence of these pollutants in the water, soils, and 

surface sediments.  

The results of average pH shown in section 4.3.1 indicated that the water of the 

Msunduzi River during this work was in the range of drinking water, normally 

ranging from 6 to 9. The higher value of average pH observed during the winter 

season might be attributed to presence of carbonates in water, which can increase its 

alkalinity. The average temperature of water was ranging between 17 and 28 ºC, whilst 

the ambient temperature fluctuated between 21 and 32 ºC during all seasons. The 

average electrical conductivity in this study ranged between 281.98 and 422.77µS/cm 

in all seasons as shown in section 4.3.1. The electrical conductivity of water can be 

affected by salinity, pH, rainfall and temperature. It can also be affected by the geology 

of the region through which the river flows. For example, river that runs through areas 
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with granite bedrock tend to have lower conductivity, as granite comprises more inert 

materials that do not dissolve into ionic forms, when eroded into the water. Studies 

reported that the concentrations of different organic pollutants in water depend on its 

conductivity, which indicates the level of suspended matter and dissolved solids on 

which these pollutants like PAHs can easily adsorb (Furukawa & Wolanski, 1996). 

 

4.4 Source Apportionment of PAHs in this Study 

 

The major sources of PAHs in the environment can be classified as either petrogenic 

(petroleum) or pyrogenic (combustion). In general, petrogenic sources emit organic 

particulates characterized by a high mole fraction of LMW-PAHs (those of 2 or 3 fused 

benzene rings). Through calculations of source-apportioning concentration ratios, 

reliable pointers (> 80% probability) of the origins of anthropogenic emitters of PAHs 

in a given matrix can be made. The ratios frequently used to test concentration data of 

PAHs in the aquatic environment are the following: [Anth]/[Phen] or 

[Anth]/([Anth]+[Phen]) for LMW-PAHs or [Flua]/([Flua]+[Pyr]) for HMW-PAHs, 

respectively (Neff, 1979; Budzinski et al., 1997; Soclo et al., 2000).  

In this study, the concentration ratios of {[Anth]/([Anth]+[Phen]} (Soclo et al., 2000; 

Dong et al., 2012) was used to make apportionment of the origins of PAHs along the 

Msunduzi River basin. The results are summarized in Table 4.16. 
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Table 4.16 Calculated concentration ratio {[Anth]/([Anth]+[Phen]} for  sediments and  probable  source of  PAHs in the 

Msunduzi River. 

 

  

 

 

 

 

 

 

 

 

 

Petrogenic source: ANTH/(ANTH+PHEN) < 0.40 and pyrogenic source: ANTH/(ANTH+PHEN) > 0.40 

 

Calculated concentration ratio 
 

Sites Autumn 2014 Winter 2014 Spring 2015 Summer 2014 

 
 
 
 
 
 

ANTH/(ANTH+PHEN) 

HD - - - - 

CD 0.15 0.20 0.02 0.25 

DuTV - 0.60 0.70 0.10 

AA - 0.30 0.80 0.41 

MT 0.39 0.31 0.45 0.30 

JUM 0.10 0.20 0.15 0.50 

NDA - 0.10 0.85 0.30 
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In this work, the main sources of PAHs were only identified from the surface sediment 

samples collected during the autumn, winter and summer seasons of 2014 and spring 

season of 2015. The surface sediments are normally considered as the main sink of 

PAHs. During the autumn season, all calculated values were < 0.40, implying 

petrogenic process. During the winter season, only one calculated value was > 0.40, 

implying pyrogenic source while the spring season of 2015 showed higher percentage 

of pyrogenic sources. During the summer season, only two ratios in six calculated 

were > 0.40, these also implied pyrogenic inputs. By counting the calculated ratios in 

all seasons, 70.0% showed that the studied PAHs during this study were mostly 

coming from petrogenic sources. 

Normally, pyrolytic or pyrogenic PAHs (pyrene and chrysene in this study) generally 

comprise more fused benzene rings than petrogenic PAHs. The most common sources 

of pyrogenic PAHs are the forest fires, incomplete combustion of the organic matter, 

coal, tobacco smoke and industrial waste. Petrogenic PAHs are mostly formed during 

the release of the engine oils, use of fuels, kerosene, crude and the refined petroleum 

(Adrian et al., 1999). So, as shown by the above results from Table 4.16, a large amount 

of the PAH pollution in this study is coming from petrogenic activities as the five in 

seven studied PAHs were LMW-PAHs. 

PAHs can be found in the environmental system due to different mechanisms like 

post-depositional early diagenesis of biogenic precursors like perylene, higher 

temperature pyrogenic processes or incomplete combustion of vegetation and fossil 

fuels, lower temperature diagenesis or petrogenesis for long periods of geologic time 

(oil products) (Meyers & Ishiwatari, 1993). Higher molecular weight PAHs are 

produced by the pyrogenic process, whereas lower molecular PAHs result from 

petrogenic processes (Fernández et al., 2002). The distribution of PAHs in the water, 

soil, and sediment for autumn, winter, spring and summer seasons, 2014-2015 of the 

Msunduzi River are shown in the above tables. The PAH concentration levels were 

relatively high in the soil samples collected from the agricultural area for autumn, 

winter and summer seasons while in the spring season were higher in the samples 

collected from the Du Toit Viljoen Bridge sampling site.  
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In the surface sediment samples, higher concentration levels of PAHs were found in 

the samples collected from the agricultural area for autumn, winter and spring 

seasons while in the summer were found in the samples collected from the Junction 

of the Msunduzi and Umgeni Rivers and the Nagle Dam sites, respectively.  

In this study, the ranges of the summed concentrations of the 7 PAHs are high in the 

soils, water, and surface sediments during the spring season. The lower molecular 

weight PAHs are predominant in soils during the autumn season. The predominance 

of low and medium molecular weight PAHs in the surface sediments, soils, and water 

of this study area reflects the presence of significant combustion products from low-

temperature pyrolytic processes and/or petrogenic sources.  

Table 4.17 shows the maximum concentrations of PAHs in soils allowed by the 

Catalan legislation depending on the soil uses (Busquet, 1997). The maximum PAH 

concentrations allowed by the Canadian legislation are also shown (CCME, 2001). 

Almost all the concentrations of PAHs in soils from this study are below these limits, 

except that of PHEN (197.10 µg/g) at DuTV during the spring season. 

 

Table 4.17 Maximum concentrations (ng/g) of PAHs in soils allowed by the Catalan 

and Canadian legislations depending on the soil uses 

 

PAHs 

Catalonia Canada 

Non-industrial Industrial Agriculture Residential Commercial Industrial 

NA 5000 1500 100 600 22000 22000 

ACY - - - - - - 

FLUO - - - - - - 

PHEN 5000 10000 100 5000 50000 50000 

ANTH 100000 1300000 - - - - 

PYR - 100 10000 100000 100000 100000 

CHRY - - - - - - 
 

(Cfr Nadal, Schumacher & Domingo, 2004). 
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Chapter V 

 Conclusion and recommendations 
 

5.1 Conclusion  

 

This study investigated the seasonal distribution of seven polycyclic aromatic 

hydrocarbons in the water, soil and the surface sediment samples. The samples were 

collected from the Henley Dam, Camp’s Drift, Du Toit Viljoen Bridge, Darvill 

wastewater treatment plant Inlet and Outlet after chlorination, Agricultural area, 

Msunduzi town, the junction of the Msunduzi and Umgeni Rivers and the Nagle Dam 

(as a comparative point) along the Msunduzi River. 

The liquid-liquid and the soxhlet extraction techniques and the GC-MS method for the 

determination of these pollutants using standard addition provided comparatively 

good recoveries (Table 4.2).  

Some PAHs were not detected in water or wastewater samples due to their low 

aqueous solubility as shown in the above tables of results as shown in Chapter IV. In 

this study, a wide range of the sum of the concentrations of the 7 PAHs (LMW+HMW) 

was observed in the water, soil, and the surface sediments analyzed during the spring 

season.  

The higher sum of the concentrations of PAHs in soils and surface sediments was 

found at the agricultural area (AA) in almost all seasons. The reason could be that, this 

site is the first point to receive all treated wastewater discharged from the DWWTP 

effluent (low water flow rate of the Msunduzi River in this area) and its soils and 

sediments may be contaminated with PAHs. This could be due to the accumulation of 

fine particles and long-term irrigation. Other possible sources of pollution in this area 

were suspected to be the incomplete combustion of forest areas, grass and other 

organic materials before cultivation. Water samples from DuTV (autumn of 2014) and 

JUM (spring of 2015), wastewater from the DWWTP Outlet (winter of 2014) and 
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DWWTP Inlet (summer of 2014), soils from CD and DuTV (spring of 2015) also 

presented a higher sums of the concentrations of the studied PAHs in this work.  

Pyrene (PYR), phenanthrene (PHEN) and chrysene (CHRY) were the dominant 

individual PAHs in almost all seasons.  

Suggested possible sources of PAHs during this study were incomplete combustion 

process of organic compounds, the exhaust from the motor vehicles, deposition from 

sewages, oil or gasoline spills, urban runoff, atmospheric fallouts, wood and coal-

burning fires, use of creosote, kerosene, gasoline and petroleum products.   

By using PAH ratios, the calculated values in all seasons showed that about 70% of 

the studied PAHs originate from petrogenic sources.   

DWWTP showed a high sum of the concentrations of PAHs in wastewater during the 

autumn and winter seasons due to the fact that this treatment plant was under 

rehabilitation and extension as well as the lack of rain during these seasons. 

According to the water quality information from the World Health Organization 

(WHO), the concentration levels of PAHs in the water should normally fluctuate 

between 1000 and 11000 ng/L (Lewis, 2012). The results obtained in the water during 

all seasons are low compared to this range. Almost all the current concentrations of 

PAHs in soils along the Msunduzi River are below the Catalan and Candadian 

allowable limits (see table 4.17), except that of PHEN (197.10 µg/g) found at the DuTV 

Bridge sampling site during the spring season.  

In general, agricultural soils and surface sediments, especially those collected from the 

sites located around and next to the urban district (Pietermaritzburg city) are the most 

contaminated sites with PAHs.  

 

5.2 Recommendations  

 

 This research was conducted on 7 PAHs selected from 16 PAHs classified by 

US EPA as priority pollutants to be monitored in different environmental 
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matrices. Three of them contain 2 benzene rings (naphthalene, acenaphthylene, 

and fluorene), two contain 3 benzene rings (anthracene ant phenanthrene) and 

two contain 4 benzene rings (pyrene and chrysene) and no PAH-containing 5 

or 6 benzene rings were analyzed. It is recommended that the 5 and 6 rings be 

analyzed to obtain a full study of PAHs on the Msunduzi River in order to 

easily compare its pollution level with other rivers in the country and around 

the world.  

 

 A study on benzo[a]pyrene is recommended, which is the only PAH with 

sufficient toxicological data, in order to estimate the carcinogenicity potency 

factor of other PAHs in this work.  

 

 Continuous assessment should be conducted in order to investigate the long-

term effects of PAHs, to determine if their concentration levels remain the same 

as they are known to be persistent organic pollutants.  

 

 Studies on photo-oxidation at the surface and microbial enzymatic production 

at the bottom of the river, on PAHs, would assist in determining the fate of 

PAHs in the environment. 

 

 More studies need to be conducted on aquatic organisms such as fish, since 

levels and the presence of organic pollutants in fish have a direct effect on 

human health. The concentrations of POPs in fish also present the bioavailable 

fraction in the water bodies. Since PAHs can undergo bioconcentration and 

biomagnification processes, comprehensive risk monitoring can only be 

performed by assessing their concentration levels in common freshwater fish 

of this region.  

 

 Bioremediation methods such as phytoremediation, biodegradation, bio-

stimulation, land farming and phytoextraction need to be implemented in 
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order to reduce the concentration levels of these PAH pollutants in this region 

(Msunduzi River).  

 

 

 Studies need to be done on the sediment-pore water as its interaction is one 

of the most dominant processes controlling the distribution and behavior of 

PAHs in any river.  

 

 Continual studies need to be conducted on the water, soil and the surface 

sediment samples from other rivers flowing through the KwaZulu-Natal in 

order to obtain a full study of PAHs in the whole province.  
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Appendices 

 

Appendix 1: Sixteen PAHs prioritised for regular monitoring by US EPA, their 

abbreviations and their number of benzene rings. 

Table 1: Those 7 PAHs with * are those studied in this study from 16 PAHs classified 

by USEPA as priority pollutants to be monitored in the environment. 

No  PAHs Abbreviations Number of rings 

1 Naphthalene* NA 2 

2 Acenaphthylene* ACY 2 

3 Acenaphthene ACE 2 

4 Fluoene* FLUO 2 

5 Anthracene* ANTH 3 

6 Phenanthrene* PHEN 3 

7 Fluoranthene FLA 4 

8 Pyrene* PYR 4 

9 Benzo[a]anthracene BaA 4 

10 Chrysene* CHRY 4 

11 Benzo[b]fluoanthene BbF 4 

12 Benzo[k]fluoanthene BkF 4 

13 Benzo[a] pyrene BaP 5 

14 Dibenzo[a, h] anthracene DahA 5 

15 Indeno[1,2,3-c, d]pyrene IcdP 5 

16 Benzo[g,h,i]perylene BghiP 6 
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Appendix 2: Preparation of standard solutions 

1.  Exactly 5 mg of each PAH standard (naphthalene, acenaphthylene, fluorene, 

anthracene, phenanthrene, pyrene and chrysene) and 5 mg of naphthalene-d8 

as an internal standard were dissolved in 50 mL of DCM to make 100 ppm stock 

solution. 

2.  DCM (chromatographic grade, 50 mL) was used to prepare a stock solution of 

100 ppm for each PAH. 

 

Serial dilution 

 

1. The solution of 0.25 ppm was prepared by diluting a volume 125 µL of the stock 

solution into 50 mL of DCM. 

2. The solution of 0.5 ppm was prepared by taking a volume 250 µL from the stock 

solution using micropipette and this was diluted with 50 mL of DCM. 

3. To get 1 ppm, the volume of 500 µL was taken from the stock solution and we 

was diluted with 50 mL of DCM.  

4.  To obtain 1.5 and 2 ppm, the volumes 750 and 1000 µL were taken from the 

stock solution and diluted with 50 mL of DCM, respectively.    

Preparation of calibration curves 

1. The above concentrations were used by running each three times on GC-MS 

instrument. 

2. The calibration curves were plotted using the ratios of peak areas of each PAH 

analyte dividing by those of naphthalene-d8 verses their concentrations. 

3. LODs and LOQs were calculated as three and ten times the signal to noise ratio 

using three calibration intercepts divided by the slope of the calibration curve, 

respectively.   
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Appendix 3: Library search results of naphthalene and pyrene and chromatogram 

of the 7 PAH standards.  

 

 

 

 

 

 

 

 

Figure 1: Library search result of naphthalene analysed in the soils collected from 

Henley Dam sampling site. 

 

 

 

 

 

 

 

 

Figure 2: A mass spectrum showing the result from library search for pyrene (202.0 

g/mole) in the unspiked surface sediment collected from the Msunduzi Town 

sampling site. 
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Figure 3: Chromatogram of seven PAH standards in SIM mode. 1 (Naphthalene), 

2 (Acenaphthylene), 3 (Fluorene), 4 (Phenanthrene), 5 (Anthracene), 6 (Pyrene) and 

7 (Chrysene). 

As shown in Figure 3, SIM mode was used to identify and confirm the retention 

times as well as the molecular weights of the selected 7 PAHs during this study.  

 

 

Figure 4: Chromatogram of spiked soils with naphthalene-d8 and 7 PAH 

standards collected from the Msunduzi Town sampling site.  
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Figure 5: Spectrum showing the fragment ions or m/z (151, 152, 153 and 154) of 

acenaphthylene detected in soil collected from the Msunduzi Town sampling site. 

 

 

Figure 6: Spectrum showing the fragment ions or m/z (226, 228 and 229) of chrysene 

detected in soil samples collected from the Msunduzi Town sampling site.  
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Figure 7: Spectrum showing the fragment ions or m/z (176 and 178) of phenanthrene 

detected in soil samples collected from the Msunduzi Town sampling site.  

 

Figure 8: Spectrum showing the fragment ions or m/z (101, 200, 202 and 203) of pyrene 

detected in soil samples collected from the Msunduzi Town sampling site.  
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Figure 9: Spectrum showing the m/z (136) of naphthalene-d8 (isotope of naphthalene) 

in soil samples collected from the Msunduzi Town sampling site.  

 

  


