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Abstract: Polycyclic aromatic hydrocarbons (PAHs) are compounds originating from pyrogenic and
petrogenic sources, which increases their potential introduction into the environment and possible
exposure to humans. PAHs have been identified as compounds of concern due to their environmental
persistence and toxicity to living organisms, leading to harmful health effects. As a consequence,
the South African government (The Department of Water and Sanitation) has set national norms
and standards for the assessment of waste for landfill disposal through the National Environmental
Management: Waste Act, 2008 (NEMWA) license (Act No. 59 of 2008). This study therefore evaluated
the concentrations, origin sources, human health and ecological risk of PAHs in sediment and sludge
samples, which is a requirement by the South African government. The PAHs were determined
using ultrasonic extraction (UE) and microwave-assisted extraction (MAE), followed by filtration, or
filtration and clean-up with solid-phase extraction (SPE). The results obtained indicated that both
methods can be used for the extraction of PAHs with relative accuracy and sensitivity. However,
higher concentrations were obtained with F + SPE-cleaned samples (95.96–926.0 µg/kg) compared
to filtered samples (21.61–380.6 µg/kg), with pyrene showing dominance over all other PAHs. The
detected concentrations indicated that the PAHs were of petrogenic origin. These concentrations
are currently within the total acceptable concentration levels of 5.0 × 104 µg/kg as prescribed by
the NEMWA standards for sludge and sediments. However, the concentration above the effective
medium range in river sediments revealed potential toxic effects to aquatic organisms. The ILCRderm
values suggested a very high potential risk of cancer through dermal exposure to the inhabitants of
the area. These findings indicate that continuous monitoring of these compounds is of paramount
importance as the study area is not entirely safe for use even for recreational purposes.

Keywords: gas chromatography; polycyclic aromatic hydrocarbons; sludge; sediment; trace analysis

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic contaminants that are derived
from both domestic and industrial sources as a consequence of incomplete combustion.
These can include incomplete burning from food processing, materials during forest fires,
volcanic eruptions, automobile exhaust, industrial emission and other anthropogenic ac-
tivities. The low-molecular-weight PAHs (two or three fused aromatic rings) are emitted
from petrogenic and pyrogenic sources, while high-molecular-weight PAHs (four or more
fused aromatic rings) are a result of pyrolytic sources [1]. PAHs can potentially lead to
health issues as they are teratogenic, mutagenic and carcinogenic. In birds and aquatic life,
they possess moderate-to-severe toxicity, while in soil, they may lead to reproductive and
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developmental effects and tumours on terrestrial invertebrates [1,2]. It is thus endorsed
by the National Environmental Management: Waste Act of 2008 (NEMWA) that contami-
nants, including PAHs, are monitored in all aspects of the environment, including water
treatment plants [3]. The NEMWA of 2008 ensures the protection of human health and the
environment through regulating waste management by providing reasonable measures
for the prevention of pollution and ecological degradation in order to secure ecological
sustainable development. This Act stipulates the set national norms and standards for the
assessment of waste management for landfill disposal in all spheres of government in order
to ensure compliance [4].

As PAHs are persistent organic pollutants which do not degrade quickly in the envi-
ronment, they can be transported and distributed throughout the environment by rain and
wind [5]. PAHs have been classified as priority pollutants by the World Health Organisation
(WHO) and their presence in the environment and exposure to humans and other living
organisms is therefore of great concern [6]. On the one hand, the introduction of PAHs
into the environment has increased with the increase in demand for petroleum products,
which is one of the original sources of PAHs, amongst others, such as wastewater treatment
plants, industrial discharge, etc. Water boards aim to ensure the control of pollution, as the
treatment process employed at waterworks produces sludge which, after the dewatering
process, is often disposed of in landfills. It is therefore of great importance that the extent of
pollution in the landfills and the surrounding areas be assessed. This is per directive given
by the South African government through the NEMWA license, which states that all water
boards and municipalities need to analyse organics and other pollutants in sludge to ensure
compliance. Even though significant research on PAHs and other organic contaminants
has been undertaken in developed countries, this still remains a gap in the developing
countries, such as South Africa, where limited data (sources and concentration levels) are
still a hindrance for policy making [7].

Techniques for the extraction and concentration of PAHs from environmental solid
samples, such as soxhlet extraction (SE), microwave-assisted extraction (MAE), ultra-
sonication extraction (UE), linear shaker (LS) and QuEChERS methodology, are often used
for the extraction of organics from solid samples. Soxhlet has been largely used as the
benchmark of extraction of PAHs in solid samples as it is a well-studied method. In SE,
extraction is achieved via a reflux cycle with the use of an appropriate solvent. Although SE
has been used successfully, it has its disadvantages, including the use of large volumes of
solvents (~300 mL) and being time-consuming (~24 h) and labour-intensive [8]. Extraction
with linear shaker can be used in order to reduce the amount of solvent required (~20 mL)
for PAHs in solid samples. However, like SE, extraction with the use of a linear shaker
is time-consuming, and its sensitivity is only attainable when long shaking times (~20 h)
are applied in order to extend the contact time with the solvent. Techniques such as
MAE and UE have been used in order to reduce extraction times and promote ease of
sample preparation. Silalahi et al. compared the efficiencies of Soxhlet, ultra-sonication and
mechanical shaking for the extraction of PAHs in soil and found that the ultra-sonication
method had the highest extraction efficiency compared to Soxhlet and shaking [9].

QuEChERS, an acronym for Quick, Easy, Cheap, Effective, Rugged and Safe, is a dis-
persive and fairly new solid-phase extraction (SPE) technique. The technique’s advantages
are speed, ease of execution, minimal solvent requirement and cost [10]. This technique
was initially developed for extracting multi-residue pesticides from fruits and vegetables.
However, it has now been extended to other sample matrices, including soil and other
compounds such as PAHs [11–13]. In QuEChERS, the sample preparation is performed in
two steps: analyte extraction followed by dispersive SPE (extract clean-up). The sample is
first ground and then sieved to give a uniform surface area. The sample must be at least
80% hydrated in order to maximise extraction. Therefore, water is usually added before
adding a solvent and salt to the sample; the salt aids in the separation of water and the
organic phase where the extractants are contained [14]. A portion of the organic phase is
then transferred to a clean-up tube containing a combination of sorbents for the removal of
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possible interferences in the sample. Although the use of this technique reduces solvent
consumption and extraction times, it also has its limitations. This is noticeable where
samples have high fat content and low water content, as the effect of purification becomes
non-ideal, with large losses of analytes, and thus the efficiency of extraction can be low [15].
Oduntan et al. compared the extraction of PAHs using QuEChERS and Soxhlet techniques
in fish from two different dams in South Africa. The study found that the concentrations
of PAHs obtained with the use of the QuEChERS method were comparable to Soxhlet
extraction, though for some PAHs, the QuEChERS gave slightly higher results [10].

In MAE, microwave energy is applied to heat solvents in contact with samples, achiev-
ing the partition of the target compounds of interest from the sample into the solvent [16].
The MAE technique is vastly used because it complies with the minimum criteria required
for modern sample preparation techniques, and provides a very attractive alternative to
conventional approaches for the extraction of organic compounds from a wide variety of
matrices [17]. MAE also provides the possibility of simultaneously extracting multiple
samples, drastically improving sample output. Ultrasonication extraction mainly involves
the use of high-power ultrasound to accelerate solvent penetration into solid materials and
it is a good alternative to linear shaker extraction. The ultrasonic uses mechanical vibration
as the linear shaker extraction, but with a shorter timer. Once the PAHs have been extracted
from the sample matrix, they may be determined satisfactorily using high-performance
liquid chromatography (HPLC) and gas chromatography (GC) with various detection
techniques. However, GC coupled with a mass spectrometer is preferred as it offers robust
identification of the analyte compounds both by retention time and mass spectrum, with
additional structural information [18].

Therefore, the aim of this work was to develop and compare the efficiency of the
UE and MAE, followed by either filtration, or filtration with SPE cleaning of samples, for
determining concentrations. This was followed by evaluating the source of origin and
assessing the human health and ecological risks of PAHs. The filtration and cleaning with
SPE was performed so as to ensure that impurities were sufficiently removed, as they
tend to camouflage the analyte of interest, leading to underestimation of concentrations.
To the best of the authors’ knowledge, this is the first time an analysis of PAHs from the
studied sludge landfill has been conducted. Thus, the potential human health effect which
could result from the presence of PAHs in the study area was revealed for the first time.
Furthermore, the comparison of filtration alone and filtration followed by solid phase as
the clean-up methods after microwave and ultrasonic extraction were explored for the first
time in this work.

2. Experimental Section
2.1. Chemicals and Reagents

Acetonitrile (99.9%), acetone (99.8%), ethyl acetate (99.9%) and n-hexane were pur-
chased from Merck (Johannesburg, South Africa), while the PAHs mixture (100% pu-
rity) containing naphthalene, acenaphylene, acenaphthene, fluorene, Phenanthrene, an-
thracene, fluoranthene, pyrene, benz(a)anthracene, benzo(k)fluoranthene, benzo(a)Pyrene,
benzo(ghi)perylene and dibenz(a,h)anthracene was purchased from Sigma-Aldrich (Johan-
nesburg, South Africa).

2.2. Instrumentation

A Multiwave 5000 microwave was purchased from Anton Paar (Johannesburg, South
Africa) and an Eumaxultrasonic cleaner bath was purchased from LABOTEC (Singen,
Germany). A Supelco SPE Vac-Elut unit, purchased from Sigma Aldrich (Darmstadt,
Germany), was used to extract PAHs in solid samples. Oasis hydrophilic–lipophilic balance
(HLB) cartridge (60 mg, 3 mL) used for the extraction of PAHs was purchased from Waters
(Dublin, Ireland). A vacuum pump from Edward 8 and Holdoph-Basis Hei-VAP Value
rotor evaporator purchased from Holdoph (Berlin, Germany). PAHs were quantitatively
analysed with the use of Gas Chromatography (GC), Mass Spectrometry (MS) combination
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(QP-2010 series (Kyoto, Japan). Separation of PAHs was successfully carried out using
the capillary column InertCap 5MS/Sil 30 m (I.D. = 0.25 mm, film thickness = 0.25 µm,
Japan). Helium at a flow rate of 1.32 mL/min and an injection temperature of 260 ◦C was
used as a carrier gas. In total, 3 µL was the injection volume performed in a splitless mode.
The temperature of an oven was held at 40 ◦C for 1 min, then increased to 100 ◦C at a
rate of 15 ◦C/min, and the 2nd ramp was 10 ◦C/min to 210 ◦C, then held for 2 min. The
final ramp was programmed at a rate of 5 ◦C/min to 310 ◦C, held for 8 min. To identify
the analytes, the MS selected ion monitoring (SIM) mode was used. Due to some target
ions having the same mass ions (m/z), boiling points were also used for quantification,
which were 128 g/mol (naphthalene), 152 m/z (acenaphthylene), 154 m/z (acenaphthene),
166 g/mol (fluorene), 178 g/mol, 336 ◦C (phenanthrene), 178 m/z, 340 ◦C (anthracene),
202 m/z, 375 ◦C (fluoranthene), 202 m/z, 404 ◦C (pyrene), 228 m/z (benz(a)anthracene),
252 m/z, (benzo(k)fluoranthene), 252 m/z, 495 ◦C (benzo(a)pyrene), 278 m/z, 524 ◦C
(dibenz(a,h)anthracene) and Benzo(g,h,i)perylene at 278 m/z, 550 ◦C [7].

2.3. Preparation of Calibration Standards

The mixture of thirteen PAHs at 2000 µg/L (naphthalene, acenaphylene, acenaphthene,
fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benz(a)anthracene, benzo(k)flu-
oranthene, benzo(a)pyrene, benzo(ghi)perylene and dibenz(a,h)anthracene) was used for
the calibration of the instrument. This mixture was diluted in acetonitrile to give a stock
solution of 10 mg/L. The stock solution was then further diluted in a 100 mL volumetric
flask to give 0.01 mg/L–0.8 mg/L calibration standards.

2.4. Sampling of Sediments and Sludge Samples

The solid samples were collected from along uMsunduzi river (Figure 1a) and Darvill
wastewater works (WWW) sludge landfill (Figure 1b) at Umgeni Water in Willowtown,
Pietermaritzburg, Kwa-Zulu Natal. These samples were collected from four different
sampling points, namely: Camps Drift (CD), College Road (CR), Woodhouse (WH) and
Bishopstowe (BS) at uMsunduzi river, which were chosen as a result of being high con-
tamination points. Darvill WWW samples were collected from two different points (7A
and 14A) of the Darvill landfill for the disposal of treated sludge. The sludge samples were
collected near the surface using a spade and stored in 1000 mL honey jars on the 30 August
2021 at Darvill WWW while the sediment samples were collected on the basin of the river
on the 28 April 2021 in uMsunduzi river. The samples were then air-dried in a fume hood
for 14 days before grinding using a soil grinder and sieving through a 125 µm sieve to fine
soil particles of less than 0.125 µm. These samples were then stored at room temperature
until further analyses were performed.

2.5. Optimization of UE

The UE method of Oluseyi et al. [19] was optimized prior to application to real samples
in order to increase recoveries for PAHs. The UE parameters that were investigated included
the extraction solvents (n-hexane:acetone, n-hexane:water, n-hexane:ethyl acetate and n-
hexane) and extraction solvent volumes (10 mL, 25 mL and 50 mL) at 30 min, 60 min
and 90 min extraction times. A statistical evaluation was also carried out in order to
determine the probability of significant difference between the parameter’s recoveries. This
optimisation was imperative to determine the optimum extraction solvent and the volume
needed to maximise the penetration of the solvent into the solids in order to sufficiently
break their surfaces, thus allowing efficient extraction of the targeted determinants.

Under optimum conditions, 0.5 g of the soil/sludge sample was dissolved with 50 mL
of 1:1 ratio of acetone:nhexane. The sample was then ultra-sonicated in the sonication bath
for 60 min with occasional swirling to prevent sticking on the bottom of the flask and then
rested for 5 min. The extraction solution was filtered into a beaker using filter paper. Next,
1 mL of the filtrate was collected while the rest was cleaned using SPE, and then the eluate
was reduced with nitrogen gas to give a final volume of 1 mL.
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2.6. Optimization of MAE

Extraction of PAHs by the use of a microwave was achieved through the use of the
EPA 3546 method [20]. The parameter that was investigated on the MWE was the extraction
solvents, and the solvent mixture used was based on the fact that at least one component
was able to absorb microwave energy. The extraction solvent mixture chosen gave optimum,
reproducible recovery of the analytes of interest from the solid samples. The extraction
solvent mixtures that were chosen were (i) nhexane:acetone, (ii) nhexane:acetonitrile and
(iii) nhexane:ethyl acetate.

Under optimum conditions, 2 g of the soil/sludge sample was diluted in 50 mL of
equal parts (1:1) of nhexane:acetone in an extraction vessel. The extraction vessel containing
the sample and solvent mixture was heated to 110 ◦C for 5 min and then extracted for
15 min; the mixture was then allowed to cool down. The vessel was then opened and the
contents filtered; 1 mL was collected for analysis while the rest of the filtrate was cleaned
using SPE and the eluate reduced with nitrogen gas to 1 mL.

2.7. Methods Validation (Quality Assurance)

To ensure the validity of the method and quality of the results, a variety of parameters,
such as linearity, accuracy, recoveries, limit of detection (LOD), limit of quantification
(LOQ), sensitivity and selectivity/specificity were accounted for. Linearity was determined
by analysing calibration standards and obtaining the correlation coefficient (r2) value of
≥0.995. Accuracy was determined using the recovery test through spiking the sample with
the standard of interest with a known concentration of 10 µg/kg, and the analysis was
carried out in five replicates. Sensitivity is the capability of the method to discriminate
between small differences of concentration of analytes [21]. The LOD is the smallest
concentration of an analyte in the test sample that can be reliably distinguished from zero
concentration, and it is calculated at concentrations given by 3 times the standard deviation
of signal-to-noise ratio. LOQ is defined as the lowest concentration of an analyte that can
be determined with acceptable precision and accuracy, and it is given by concentrations
10 times the standard deviation of signal-to-noise ratio. Specificity/selectivity is the ability
of a method to respond to a particular analyte of interest in the presence of possible
interferences, such as impurities, degradants and matrix effects. This was ensured by using
the mass spectrometer as a detector where the detector was set to selectively detect only
ions of the targeted PAHs [22]. Specificity of the method was ensured by comparing spiked
and non-spiked samples under SIM mode to ensure that the electron ionization detector
source on the GC-MS instrument was set to target and identify only the PAHs of interest by
using specific m/z values.

3. Results and Discussion
3.1. Optimization of UE
3.1.1. Effect of the Extraction Solvent

Effective extraction of the determinants depended on the efficiency of the solvent
ability to penetrate the solids in order to sufficiently break down and obtain enough
surface area to extract from. In order to sufficiently extract the target analyte, extraction
time needed to be controlled so as to prevent excessive exposure to irradiation, which
may degrade the contaminants in the sample and reduce the extraction amount to be
recovered. Therefore, when choosing the correct extraction solvent, extraction time was of
high importance and the effect of the extraction solvent was investigated using different
solvent mixtures with a 1:1 ratio: (i) nhexane (nH) + acetone (ACT), (ii) nhexane + water
(H2O), (iii) nhexane + ethyl acetate (EA) and (iv) n-hexane. The n-hexane + acetone mixture
gave the highest recoveries, with percentages between 93.7–121%, while nhexane + ethyl
acetate gave low recoveries ranging between 69.8–99.8% (Figure 2). This could be attributed
to the small dielectric constant compared to acetone and ethyl acetate, thus leading to
their inadequacy in extracting the target analyte. The recoveries in Table S1 were not
significantly different for nH + ACT to nH + EA (p = 0.18) and nH + H2O (p = 0.06),
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while a significant difference was observed for nH (p = 0.007). Additionally, no significant
difference in recoveries was observed for nH + EA to nH + H2O (p = 0.12) and nH to
nH + H2O (p = 0.20), while the opposite is true for nH + EA to nH with a p value of
0.01. These results were obtained when the extraction time was at 60 min. The high
recoveries obtained from the use of the nhexane + acetone showed that it is an effective
extraction solvent, and the order of the extraction efficiencies for most of the PAHs was
as follows: nhexane + acetone > nhexane + H2O > nhexane + ethyl acetate > nhexane. Its
efficiency could be attributed to the high polarity of acetone in comparison to water and
ethyl acetate, which led to a high penetration power of the solvent, thus breaking down
the solid samples, increasing their surface area [7]. In turn, this aided hexane (non-polar)
to sufficiently dissolve the analyte through contact, which ultimately led to a successful
extraction [23,24]. The n-hexane–acetone solvent mixture has been used in other studies
to extract quantitative amounts of PAHs in matrices such as soil, sediment and plant
material [25].
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3.1.2. Effect of the Extraction Solvent Volume

The extraction solvent volumes of 25 mL, 50 mL and 75 mL were used in the investi-
gation of their efficiency. The percentage recovery increased with an increase in solvent
volume from 25 mL to 50 mL for most of the PAHs, which can be attributed to the fact that
more solids were dissolved in a larger amount of the solvent. The statistical evaluation
(Student’s t-test) in Table S2 showed that there was a significant difference between the
recoveries of these volumes with a p value of 0.02. When the solvent volume was increased
from 50 mL to 75 mL, the recoveries obtained showed a slight decrease with a significant
difference (p = 0.005) in recoveries. This could mean that the solution was saturated; a
point of equilibrium where no more solute could dissolve in the solvent. Therefore, 50 mL
was chosen as the extraction solvent volume as it gave the highest recoveries (86.7–123%),
(Figure 3). The recoveries obtained in this study were comparable to the recoveries obtained
by Aydin et al. (2007) of 48–100% with 25 mL, 67–100% (50 mL), 70–112% (75 mL) and
76–114% (100 mL) [26].
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3.1.3. Effect of Extraction Time

The extraction time was also optimised to ensure sufficient extraction without degra-
dation of the target analyte; the investigated times were 30 min, 60 min and 90 min. It
was found that percentage recovery increased from 30 min to 60 min with a significant
difference (p = 0.02) in recovery, while a further increase of extraction time from 60 min to
90 min showed a slight decrease in the percentage recovery (Figure 4) with no significant
difference (p = 0.37) in recovery, a pattern followed by 30 min recoveries when compared to
that of 90 min (p = 0.05), as shown in Table S3. The decrease in recoveries could indicate
the possible degradation of the analytes by radiation; therefore, 60 min was used as the
optimal extraction time. The results obtained were comparable to those obtained by Aydin
et al., who optimised extraction times of 15–60 min and obtained higher recoveries (70 to
112%) at 45 min [26].
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etrate the layer of water on the surface of the solid in order to successfully facilitate ex-
traction [20]. Therefore, the effectiveness of the extraction solvent was determined as 
shown in Figure 5 using (i) n-hexane + acetone, (ii) n-hexane + acetonitrile and (iii) n-hex-
ane + ethyl acetate. The n-hexane and acetone combination gave the highest recoveries, 
ranging between 79.6% and 120%, while nhexane + acetonitrile gave comparable recover-
ies that ranged from 71.8% to 101%, with no significant difference (p = 0.15) observed be-
tween the mixture’s recoveries; therefore, the solvent with higher recoveries was used as 
the optimum. The nhexane + ethyl acetate mixture gave low recoveries (12.8%–92.6%) and 
the p value of the mixture for nH + ACN (0.03) and nH + ACT (0.007) suggested a signifi-
cant difference in their recoveries (Table S4). The recoveries obtained using acetone and 
acetonitrile were high compared to ethyl acetate, which could be a result of their high 
dielectric constants compared to that of ethyl acetate, which allows the penetration of the 
surface layer of the solid, leading to a successful extraction as the microwave directly 
binds and polarise the molecules that are available in the mixture [27], The results ob-
tained above are in agreement with results obtained by Sanchez-Uria et al. where nhex-
ane/acetone as an extracting solvent was compared to acetone alone for the same purpose 
[28]. 

Figure 4. Effect of extraction time on the PAH’s %recovery using UE (n = 5).
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3.2. Optimization of MAE
Effect of the Extraction Solvent on Recoveries

The selection of the extraction solvent when using MAE is based on the solvent’s
dielectric constant, which is a solvent’s ability to absorb microwave energy. This constant,
also known as the relative permittivity, measures a solvent’s ability to store electric charges
and is directly propositional to polarity [24]. One solvent is often immiscible while the
other one is miscible with water; the miscible solvent helps the mixed solvent to penetrate
the layer of water on the surface of the solid in order to successfully facilitate extraction [20].
Therefore, the effectiveness of the extraction solvent was determined as shown in Figure 5
using (i) n-hexane + acetone, (ii) n-hexane + acetonitrile and (iii) n-hexane + ethyl acetate.
The n-hexane and acetone combination gave the highest recoveries, ranging between 79.6%
and 120%, while nhexane + acetonitrile gave comparable recoveries that ranged from 71.8%
to 101%, with no significant difference (p = 0.15) observed between the mixture’s recoveries;
therefore, the solvent with higher recoveries was used as the optimum. The nhexane + ethyl
acetate mixture gave low recoveries (12.8–92.6%) and the p value of the mixture for nH
+ ACN (0.03) and nH + ACT (0.007) suggested a significant difference in their recoveries
(Table S4). The recoveries obtained using acetone and acetonitrile were high compared to
ethyl acetate, which could be a result of their high dielectric constants compared to that
of ethyl acetate, which allows the penetration of the surface layer of the solid, leading to
a successful extraction as the microwave directly binds and polarise the molecules that
are available in the mixture [27], The results obtained above are in agreement with results
obtained by Sanchez-Uria et al. where nhexane/acetone as an extracting solvent was
compared to acetone alone for the same purpose [28].
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3.3. Method Validation

Method validation is an important factor in ensuring that both qualitative and quan-
titative analysis is achieved for the compounds of interest. The method validation for
the developed UE and MAE methods was achieved by investigating linearity, accuracy,
recoveries, limit of detection LOD, LOQ, sensitivity and selectivity/specificity. The R2
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values for the PAHs ranged from 0.9977–0.9993, which were all greater than the minimum
value of 0.99. The recovery test (n = 5, spiked at 10 µg/kg) gave a %recovery of 93.7–121%
and 79.6–122% for UE and MAE, respectively, with a %RSD that was less than 10% (Table 1)
and thus within the acceptable recovery range of 70–120% [29]. Silalahi et al. also found that
ultrasonic showed a good recovery of greater than 80%, except for with naphthalene [9],
while Wang et al. found that most PAHs recovery ranges between 75.5–99.7% using MAE,
indicating the validity of the extraction and cleanup procedures [30]

Table 1. Recoveries, LOD and LOQ for MAE and UE, and correlation coefficient R2.

PAH Compound (n = 5) LOD (µg/kg) LOQ (µg/kg) %Recovery ± %RSD
R2 ValuesMAE UE MAE UE MAE UE

Naphthalene 0.162 0.095 0.434 0.245 92.3 ± 0.04 121 ± 0.02 0.9992
Acenaphthylene 0.113 0.051 0.323 0.136 98.1 ± 0.03 97.2 ± 0.01 0.9970
Acenaphthene 0.034 0.145 0.080 0.394 98.1 ± 0.01 107 ± 0.04 0.9969

Fluorene 0.762 0.084 1.238 0.234 88.4 ± 0.21 96.7 ± 0.02 0.9969
Phenanthrene 1.211 0.960 3.536 1.259 101 ± 0.33 94.9 ± 0.02 0.9988

Anthracene 0.138 0.019 0.310 0.049 113 ± 0.21 96.1 ± 0.004 0.9970
Fluoranthene 0.964 0.093 2.795 0.266 79.1 ± 0.26 93.7 ± 0.02 0.9991

Pyrene 0.968 0.091 2.814 0.259 81.9 ± 0.26 93.9 ± 0.02 0.9993
Benzo(k)fluoranthene 0.058 0.183 0.118 0.546 81.3 ± 0.29 96.0 ± 0.05 0.9982
Benzo(ghi)perylene 0.025 0.215 0.445 0.642 87.9 ± 0.26 96.6 ± 0.06 0.9989

Dibenz(a,h)anthracene 0.062 0.127 0.245 0.382 122 ± 0.13 118 ± 0.04 0.9977

Student’s t-test showed that there was no significant difference (p = 0.24) between
the recoveries of both UE and MAE (Table S5). The LOD and LOQ were calculated by
using signal-to-noise ratios of 3 and 10, which ranged from 0.0250 µg/kg to 1.21 µg/kg
and 0.0800 µg/kg to 3.54 µg/kg for MAE, and from 0.0840 µg/kg to 0.215 µg/kg and
0.0190 µg/kg to 0.642 µg/kg for UE, respectively (Table 1). The LODs for PAHs obtained
by Wang et al. for MAE were higher at 0.12–2.40 µg/kg than those obtained in this study,
while for UE the LODs were lower at 0.002 to 1.87 µg/kg, as reported by Ozcan et al. [30,31].
The p values obtained (Table S5) for both LODs and LOQs showed no significant difference
between their concentrations at 0.18 and 0.10, respectively. The results obtained showed
that both microwave and ultrasonic extraction methods can be effectively used, although
UE was more sensitive and accurate for most compounds.

3.4. PAHs Concentration Detected in uMsunduzi River Sediment Samples

The optimised MAE and UE conditions were also applied in sediment samples col-
lected from uMsunduzi River at four different sampling sites, namely: CD, CR, WH and
BS. The samples from both the microwave and ultrasonic extraction methods were either
filtered only or filtered then passed through SPE for further sample purification. The
extraction methods and the effects of filtering and SPE cleaning of samples were then
compared to determine their efficiency. All the studied PAHs were detected in all the
collected sediment samples at varied concentrations, except for phenanthrene and fluorene
(Figure 6). Pyrene, a four-ring PAH, showed high total concentration dominance at 24%,
followed by a five-ring (Dibenz (ah) anthracene) at 17%, and then fluoranthene, another
four-ring PAH at 13%. All the PAH concentrations obtained were within the maximum al-
lowable concentration of 3.0 × 103 µg/kg (for naphthalene, acenaphthylene, acenaphthene,
fluorene, phenanthrene, anthracene, pyrene and benzo[ghi]perylene), except for dibenz
(ah) anthracene, which showed concentrations above the limit of 300 µg/kg in all four
sampling sites. The anticipated dominance of these high-molecular-weight PAHs suggests
the predominance of pyrolytic (incineration processes) contamination sources [32].
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The highest pyrene concentrations were obtained in sampling site CD, followed by WH,
CR and BS, which is expected since CD is the industrial hub of Pietermaritzburg and WH is
close to the New England dumpsite and Willowtown factories. The HWM-PAHs are more
hydrophobic than those with low molecular weight, which allows them to be adsorbed in a soil
matrix easily since they do not dissolve in water [33]. The results obtained when using MAE
and UE with the same purification technique (filtering or SPE-cleaning) were comparable,
while the results with the same extraction but different purification technique were different.
The SPE-cleaned results gave high concentrations compared to the concentrations obtained
when filtering only. The MAE-F + SPE gave concentrations ranging from 95.96 to 919.0 µg/kg
while the UE-F + SPE gave concentrations at ranges of 96.26–926.0 µg/kg. The MAE-F and
UE-F gave low concentrations in comparison to the aforementioned, with ranges from 21.75
to 380.6 µg/kg and 21.61 to 308.3 µg/kg, respectively. The low concentrations obtained from
the filtered samples could be attributed to interferences in the sample as a result of inadequate
purification of the sample, which could possibly camouflage the analyte of interest [34].
Silalahi et al.’s study showed that a clean-up technique is significant as it improves the
extraction method detection capability [9].

3.5. PAH Concentration Detected in Darvill Sludge Landfill

Figure 7 shows the concentrations of PAHs obtained from filtered, SPE-cleaned, mi-
crowaved or ultra-sonicated sludge samples at sampling points 7A and 14A of the Darvill
sludge landfill used for sludge disposal by Darvill wastewater works. These two sampling
points are the centre of the sludge landfill, which makes them likely to be more concentrated
than the rest of the points. All the targeted PAHs were detected except for phenanthrene
(Figure 7). Pyrene dominated with a total concentration of 34%, followed by fluoranthene
and dibenz (ah) anthracene, both at 12%; their concentrations were all within the maximum
allowable limits of 5.0 × 104 µg/kg. Since the sampling sites were also dominated by HMW-
PAHs, similar pollution sources are expected as these two sampling sites are close to the New
England dumpsite and Willowtown. The concentrations for microwave filtering and F + SPE
cleaning ranged from 55.79 to 728.4 µg/kg and 71.62 to 1656 µg/kg, respectively, while for
UE-filtered they ranged from 54.39 to 535.4 µg/kg and UE F + SPE-cleaned 70.9 to 1443 µg/kg.
The SPE-cleaned samples in both sampling points gave higher concentrations compared to
the filtered ones, with both extraction methods giving relatable concentrations. The high
concentration levels of PAHs in the sludge landfill could be a result of the fact that Darvill is
designed to biologically treat inorganic nutrients and trace metal to meet the discharge limits,
and therefore whatever contaminant entered the treatment process, including PAHs, can still
be detected after the treatment has taken place [35].

Only a few studies have been carried out on PAHs in sediments, and even fewer in
sludge matrices, especially in South Africa. The maximum concentration obtained from the
sediment analysis of this study is higher (926 µg/kg) than the concentrations obtained by
Ngubo et al. [7] at 42 µg/kg, but lower than the ones obtained by Munyengabe et al. [36] at
69,070 µg/kg in the same area of study (uMsunduzi river). However, pyrene was found at
the highest average concentration in all three studies. The maximum concentration obtained
in Kwa-Zulu Natal (69,070 µg/kg) is higher than the ones obtained in other South African
Provinces, such as Limpopo at 21,600 µg/kg by Edokpayi et al. [37] and Eastern Cape at
22,310 µg/kg by Adeniji et al. [38]. The maximum concentration of PAHs observed in South
African studies was higher than those obtained in other African countries, such as Nigeria
by Asagbra et al. at 6561 µg/kg [39]. The maximum concentrations obtained in African
countries were higher than those reported in overseas countries, such as Mexico by Jaward
at 68 µg/kg [40] or China by Zhang et al., at a maximum concentration of 5568 µg/kg [41].
The PAHs obtained in the sludge analysis of this study showed lower concentrations than a
study conducted in China (82,520 µg/kg and 3264 µg/kg) by Hua et al. [42] and Wu et al. [43],
respectively, while in Italy, concentrations were found to be 2645 µg/kg by Torretta et al. [44].
The high concentration of PAHs in South Africa and other parts of the world emphasizes the
importance of monitoring the concentrations of PAHs in the environment.
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3.6. PAH Origin Identification
Diagnostic Isomer Ratio

Different diagnostic ratios, such as Fl/(Fl + Pyr) and LMW/HMW, were used to
identify the original sources of PAHs, either petrogenic or pyrogenic. The pyrolytic sources
are a result of incineration processes, while petrogenic PAHs are a result of incomplete
combustion of petroleum products. When the ratio (Fl/(Fl + Pyr)) is less than 0.40, the
PAHs are said to be due to petrogenic sources and when greater than 0.40 are a result
of pyrogenic sources [45]. When the LMW/HMW ratio is greater than 1, the PAHs are
typically a result of combustion of petroleum contaminants, and when less than 1 due to
combustion of grass, wood or coal.

The Fl/(Fl + Pyr) was determined to be greater than 0.4 for all sites, indicating that the
PAHs originated from incineration processes (Table 2). The LMW/HMW ratio was also
found to be less than 1 for all sampling sites in uMsunduzi river and Darvill sludge, which
suggests that the PAH were indeed a result of emissions of high-temperature combustion
or incineration processes, which typically results in PAH mixtures with higher proportion
of HMW PAHs [46].

Table 2. Diagnostic ratios.

Sampling Point CD CR WH BS 14A 7A

Fl/(Fl + Py) 0.45 0.47 0.45 0.45 0.46 0.45

LMW/HMW 0.29 0.29 0.43 0.37 0.30 0.21

3.7. Toxicity Studies
3.7.1. Risk Assessment

To characterize and assess the toxicity of PAHs, a number of factors were evalu-
ated, which included the effects range low (ERL), effects range median (ERM) and the
benzo(a)pyrene toxic equivalency quotient (TEQ), together with mutagenic equivalency
quotient (MEQ) and the increment life cancer risk (ILCR). The concentrations of PAHS in
soil obtained from MAE-F + SPE were used to assess the toxicity of PAHs, since it was
found to be the most efficient method. The ERL, which corresponds to the 10th percentile of
data (concentration below with which effects that infrequently occur), and the effects range
ERM, corresponding to the 50th percentile of data (effects that frequently occur), were
used [47]. The ERL and ERM values (Table 3) were used as guidelines on where the average
acceptable concentration levels of total PAH in sediments should be below the ERL, while
the unacceptable concentration levels were the ones above the ERM. Average concentrations
above ERM are indicative of toxic effects relative to the area of investigation [47]. The TEQ
and MEQ were calculated using Equations (1) and (2), where Ci is the PAH concentration,
TEF is the toxic equivalency factor and MEF is mutagenic equivalency factor [38]. The
ILRC was evaluated based on the dermal exposure risk (Equation (3)) since the uMsunduzi
river is used for recreational purposes, such as the Dusi canoe marathon, and the sludge
landfill is used for planting landscaping grass (lawns). The contamination by the PAHs in
the studied sites was classified into three different groups: (1) not contaminated when the
total PAH concentration of a site was less than 200 µg/kg, (2) weakly contaminated when
the total concentration was between 200–600 µg/kg and (3) heavily contaminated when it
was greater than 1000 µg/kg [48].

TEQ = ∑Ci × TEF (1)

MEQ = ∑Ci × MEF (2)
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Table 3. Min, max, average concentrations, ERL, ERM, TEQ and MEQ.

PAHs Min
Concentration

Max
Concentration Mean ERL ERM TEF MEF ∑TEQ ∑MEQ Total

%PAHs

Naphthalene 96.0 138 109 97.0 101 0.001 - 0.49 - 3.52
Acenaphthylene 112 213 140 113 117 0.001 - 0.64 - 4.60
Acenaphthelene 172 413 248 176 203 0.001 - 1.01 - 7.22
Anthracene nd nd nd nd nd 0.01 - 16.0 - 11.4
Fluoranthene nd nd nd nd nd 0.001 - 2.99 - 21.4
Pyrene 241 446 358 277 372 0.001 - 3.59 - 25.7
Benzo(k)fluoranthene nd 787 738 679 761 0.1 0.11 66.0 72.6 4.72
Benzo(ghi)perylene 781 926 880 815 907 0.01 0.19 11.5 180 8.20
Dibenz(ah)antharacene 186 229 212 193 222 1 0.29 1850 434 13.2

The average concentration levels were between the ERL and ERM for all PAHs in
uMsundizi river sediments except for naphthalene, acenaphthylene and acenaphthelene,
which had values above ERM, indicating that mild toxic effects to the organisms are likely
to occur and indicative of toxic effects to the surrounding environment. The TEQ and MEQ
were calculated by multiplying the PAH compound concentration with their corresponding
TEF and MEF values, respectively [49]. The PAH TEQ and MEQ average ranged from 0.49
to 1850 µg/kg and 72.6–434 µg/kg, respectively. The sum of toxic equivalency quotient
(∑TEQ) of all PAH compounds was below the safe level of 600 µg/kg, except for the ∑TEQ
of dibenz(ah)anthracene, indicating its high toxicity potency in the study area [49]. There-
fore, consideration of regulating combustion and ensuring all activities that cause these
contaminants in the environment are controlled to ensure the safety of human and aquatic
lives is vital. All the sites investigated were heavily contaminated, with concentrations
ranging from 2909 µg/kg (CD)–4326 µg/kg (14a).

3.7.2. Increment Life Cancer Risk

The increment life cancer risk was evaluated for the PAHs with probable carcinogenic
potentials to humans as listed by the International Agency for Research on Cancer (IARC)
and U.S Environmental Protection Agency (US EPA), which include Benzo(k) fluoranthene
(BkF) and Dibenz(a,h)anthracene (DahA) [50]. The BkF and DahA contributed 4.7% and
13%, respectively, with the highest concentration of DahA (730 µg/kg) recorded at WH,
while for sludge, the highest concentration of DahA was recorded at 7a (452 µg/kg). Due
to the high contribution of DahA to the total carcinogenic PAHs concentration, it was used
in the calculation of ILCR. The model equation and parameters used for the evaluation of
ILCR were taken from the literature and are tabulated in Table 4 The regulatory guidelines
of the New York State Department of Health provided the classification of ILCR values
where it was suggested that if the ILCR is less than 10−6 it is very low or negligible risk,
between 10−6 to 10−4 it is low risk, and when greater than 10−4 to 10−3 it is moderate risk,
while greater than 10−3 to 10−2 is high risk and ≥ 10−1 is classified as very high risk [51].
The ILCRderm represents the increment life cancer risk via dermal contact (µg/kg/day) and
was calculated using Equation (3); the variables used are tabulated in Table 4.

ILCRderm =
Ci × SA × Kp × ET × EF × ED × CF

BW × AT
(3)

Table 4. Parameters used in the estimation of human cancer risk.

Variables Child Adult Reference

Concentration, Ci (µg/kg) - -

Skin area exposed, SA (cm2) 2800 5700 [38,47]

Exposure duration, ED (years) 6 30 [38]
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Table 4. Cont.

Variables Child Adult Reference

Body weight, BW (kg) 15 71.9 [52]

Permeability coefficient, Kp (cm/h) (DahA) 2.3 [38]

Exposure time, ET (h/day) 8 [47]

Exposure frequency, EF (days/year) 313 [47]

Averaging time, AT (day) 64.63 × 365 days = 23,590 [53]

Conversion factor, CF 1 × 10−6 [47]

ILCRderm (µg/kg/day)-sediments 1.92 × 10−1 4.98 × 10−1

This study
ILCRderm (µg/kg/day)-sludge 1.01 × 10−1 2.62 × 10−1

Life expectancy of an average South African is 65 years.

The ILCRderm values calculated with DahA concentrations for sludge and sediments
were 1.01 × 10−1 and 1.92 × 10−1 for children and 2.62 × 10−1 and 4.98 × 10−1 for adults,
correspondingly. Both the sites exhibited very high potential risk of cancer to the inhabitants
of the area, suggesting that the study area is not entirely safe for use even for recreational
purposes. An article titled “uMsunduzi River being flushed ahead of Dusi marathon”
published by Mercury News also echoed the unsafeness of being exposed to the water of
uMsunduzi river, where Henley dam water was released in order to flush toxins in the river
water prior to the annual Dusi canoe marathon of 2022 [54]. It is worth noting that adults
have a higher probability of being dermally exposed to these carcinogenic contaminants
than children. Therefore, such pollution should be regulated in order to ensure the safety
of human beings and living organisms in these areas.

4. Conclusions

Both the optimised extraction methods (MAE and UE) coupled with GC-MS were
found to be efficient in determining the PAHs with high accuracy and precision. The type
of clean-up method, either filtering only or filtering followed by SPE, showed a significant
impact on the concentrations of PAHs obtained. The filtered plus SPE-cleaned samples
gave higher concentrations than only filtered samples; thus, it can be recommended for
daily analysis of PAHs.

Pyrene was found to be the dominating PAH in both sediment and sludge samples.
However, all the PAHs were within the maximum allowable concentration except for
DahA in all sampling sites except for 14a. The PAHs in the investigated areas were found
to be a result of pyrolytic sources; from the incineration of biomass, such as burning of
waste in landfill, fumes from industries, etc. All the sampling sites were shown to be
highly contaminated with PAHs, with TEQ and MEQ of DahA suggesting carcinogenic
and mutagenic risk. The ILCR values of DahA also suggested high potential carcinogenic
risk through dermal exposure for adults than children. Therefore, the continuous use of
regulations such as NEMWA as a guideline for proper pollution monitoring is of importance
to safeguard human health.
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method validation.
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