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Introduction: The presence of pharmaceuticals and personal care products in
environmental matrices is considered one of the major scientific concerns. Most
of these substances are disposed of unchanged through wastewater treatment
plants and sewage systems. Consequently, they are continuously introduced into
the water systems and progressively contaminate surface, ground and drinking
water. During the COVID-19 pandemic, a large number of emerging
contaminants including parabens were released to the environment through
various routes. In this study, the occurrence of parabens (methylparaben (MePB),
ethylparaben (EtPB), propylparaben (PrPB), and butylparaben (BuPB) was
investigated in wastewater samples from various wastewater treatment plants
(WWTPs) and the receiving surface waters in KwaZulu Natal and Gauteng
Provinces (South Africa).

Methods: The samples were collected between October 2020 and December
2021, covering the 2™, 3 and 4" waves of the COVID-19 pandemic. A solid
phase extraction protocol with high-performance liquid chromatography was
used to extract and enrich parabens before analysis.

Results and Discussion: Methylparaben (2.02-84.7 pg/L), EtPB (<0.24-24.8 pg/L),
PrPB (<0.26-55.1 pg/L), and BuPB (<0.27-17.3 pg/L) were quantified in
wastewater influent collected WWTPs of KwaZulu Natal Province. While
<0.19-5.43 ug/L, <0.16-5.63 ug/L, <0.17-6.89 ug/L, and <0.19-5.32 ug/L for
MePB, EtPB, PrPB, and BuPB, respectively, were quantified in effluent wastewater
from the same province. The concentrations of MePB, EtPB, PrPB, and BuPB in
influent wastewater from Gauteng Province were 2.58-123 pg/L, <0.24-33.6 pg/L,
3.77-73.4 pg/L and <0.27-85.8 pg/L, respectively. In effluent wastewater,
concentrations ranging from 0.24-17.76 pg/L (MePB), <0.16-4.88 pg/L (EtPB),
0.69-12.5 pg/L (PrPB), and <0.19-4.726 ug/L (BuPB) were quantified. During the
4" wave, the concentrations of parabens in surface water were lower compared
to the second and third waves of the pandemic. In general, the paraben residues
in the surface of KwaZulu Natal Province (<0.08-16.4 pg/L) were higher than
those in Gauteng Province (0.08-3.14 pg/L). Methylparaben and propylparaben
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were dominant in all investigated samples (wastewater and surface water), followed
by ethylparaben. The ecotoxicological risk assessment was carried out for aquatic
biota, which was estimated in terms of risk quotients (RQs). RQs for the target
compounds in river water indicated that MePB and EtPB pose low risk, whereas
PrPB and BuPB pose low to medium risk to aquatic organisms.

KEYWORDS

parabens, solid phase extraction, ecotoxicological risk assessment, wastewater treatment
plants, preservatives, surface water

1 Introduction

Hydroalcoholic gels were used as essential basic tools to prevent
and mitigate the spread of COVID-19 (Vazquez et al,, 2022). The
pandemic also prompted increased usage of hand soaps, sanitisers
and disinfectants (Brandtner et al., 2021). The main ingredients of
alcohol-based hand sanitisers (ABHS) include alcohols and additives
such as colourants, stabilisers, fragrances, preservatives, and
formaldehyde, among other compounds (Atolani et al, 2020;
Musee et al, 2023). Additionally, the use of hand hygiene
products, such as soap and alcohol-based hand sanitisers,
significantly increased before and after patient contact in
hospitals (Al-Tawfiq et al, 2019; Jing et al, 2020; Chirani
et al., 2021).

Due to the extensive use of hand hygiene products and their
continuous release into the environment through domestic and
industrial wastewater, various preservatives have been detected in
water, soil, and sediment (Li et al., 2015). Even though some of these
preservatives are biodegradable, their continued use leads to pseudo-
persistence in the environment (Marta-Sanchez et al., 2018). It has
been reported that most preservatives are frequently found in river
water at concentrations ranging from ng L™ to ug L™ (Galinaro
et al, 2022). Additionally, preservatives have been commonly
detected in human urine, implying that humans must be widely
exposed to these compounds. They have also been detected in
human breast tumours and placental tissues, suggesting they
could persist in the body (Li et al., 2021; Adhikari et al., 2022).

Among these preservatives, parabens are hydroxybenzoate
esters widely used as antimicrobial preservatives in various
industrial products (Ajiboye et al, 2021). Due to their low
production cost, worldwide regulatory acceptance, and high
stability regarding a broad activity spectrum, parabens have been
widely used as preservatives in cosmetics, pharmaceuticals, and
foodstuffs (Haman et al., 2015; Ma et al., 2016; Wei et al., 2021).
The most widely used parabens include methylparaben (MePB),
ethylparaben (EtPB), propylparaben (PrPB), and butylparaben
(BuPB) (Lu et al,, 2019; Grover et al., 2021). Furthermore, MePB,
EtPB, and PrPB are predominantly found in over-the-counter
pharmaceuticals and cosmetics in the South African market
(Musee et al., 2023). As a result of the outbreak of COVID-19,
higher production and usage of pharmaceuticals and personal care
products to prevent and control the spread of the pandemic may
lead to high concentrations of parabens in water bodies. This
suggests that the residue of parabens and other emerging
contaminants in aquatic environments worldwide might be
higher than before. Therefore, the occurrence and concentration
of parabens in surface waters should be constantly monitored to
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assess the negative impacts caused by COVID-19. Recent studies
have proven that wastewater treatment plants (WWTPs) are
hotspots for emerging contaminant emissions, contributing to
water pollution (Diaz-Sosa et al, 2020; Valdez-Carrillo et al,
2020; Saidulu et al., 2021).

The main aim of this study was to investigate and monitor the
occurrence of parabens in influent and the effluent of various
wastewater treatment plants (WWTPs) and the receiving waters
in KwaZulu Natal and Gauteng Provinces (South Africa) during a
year sampling campaign. The study aimed to estimate the release
of parabens to natural water systems during the pandemic. A
generic solid phase extraction protocol for the analyte enrichment
and sample clean-up capable of retaining parabens was
applied. The extracts were analysed by liquid chromatography
coupled to a diode array detector (HPLC-DAD), which allowed
the quantification of parabens. Secondly, the ecological risk
assessment of parabens against different aquatic species in
surface water based on the risk quotient (RQ) was studied. To
my knowledge, no research has focused on the occurrence and
distribution of parabens in South African water bodies during
COVID-19 outbreaks. The sampling was conducted between
October 2020 and December 2022, coinciding with the
pandemic’s second, third and fourth waves, where the use of
highest. The
information on parabens occurrence in KwaZulu Natal and

pharmaceuticals and disinfectants was the
Gauteng Provinces (South Africa) improved the understanding
of the fate and transport of parabens via wastewater effluents.

2 Materials and methods
2.1 Chemicals and reagents

All chemicals were of analytical-reagent grade. Ultrapure water
was obtained from (Direct-Q” 3UV-R purifier system, Millipore,
Merck) for the experiments. Acetonitrile (LC-MS, grade), ethyl 4-
hydroxybenzoate (EtP), Propyl 4-hydroxybenzoate (PrP) and Butyl
(BuP) Table S1) were
purchased from Merck (Johannesburg, South Africa). All
solutions and dilutions were prepared using ultrapure water.

4-hydroxybenzoate (Supplementary

2.2 Sampling area

Two South African provinces Gauteng and KwaZulu Natal were
chosen as the areas of study. These two provinces were selected
because they are considered one of the most densely populated
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provinces in South Africa. Gauteng province is one of nine South
African provinces, is demarcated into five health districts
constituting 26 subdistricts. It constitutes 1.5% of South Africa’s
landmass of 18,178 square kilometres (km?), but 26% (15.9/
59.6 million) of its population. The City of Johannesburg district
(population density 3,400 people/km?) ranks among the top 10 most
densely populated cities globally (Mutevedzi et al., 2022). The
KwaZulu Natal province is located in the south-east of South
Africa. It is known as the second most populated province in the
in South Africa, accounting for about 20% of the country’s total
population (Desai et al., 2024).

2.3 Wastewater and river sample collection

Wastewater and river waste samples were collected from
different sites in two administrative South African provinces,
Gauteng and KwaZulu-Natal (October 2020-December 2021).
The samples were collected immediately following the second
COVID-19 wave in KwaZulu-Natal WWTPs (Albert Falls,
Howick, Darvil, Mpumalanga, Hammersdale, Dassenhoek,
KwaNdengezi, Verulam and Umdloti) as well as in rivers close to
the WWTPs.

In addition, during the third COVID-19 wave, samples were
collected in Gauteng across the greater Tshwane area (Babelegi,
Baviaanspoort, Rooiwal East, Themba and Zeekoegat WWTPs). In
contrast, during the fourth wave of the pandemic, samples were
collected in KwaZulu Natal WWTPs (Howick, Darvil, Mpumalanga,
Hammersdale, Northern and Southern). Surface samples were also
taken from rivers allocated near the stated WWTPs. The samples
were kept in the fridge at 4°C until analysis. Supplementary Tables
S2 and S3 provide the sampling site descriptions for all the samples
collected in Kwazulu Natal and Gauteng Provinces.

2.4 Sample preparation and analysis

Offline solid phase extraction SPE adopted from previous
studies (Almeida et al., 2019) was used to extract compounds
from the water aqueous samples (wastewater and river water).
Before the extraction, C18 SPE cartridges (200 mg) were
conditioned with 5 mL of acetonitrile and 5 mL of Milli-Q water.
After that, 50 mL of the sample was loaded into the cartridges.
Elution was performed by adding 2 mL of acetonitrile. The extract
was then filtered into HPLC vials using 0.22 um syringe filters. A
similar method was followed to prepare the procedure blank
samples (ultrapure water was used as a sample). Extraction of
An Agilent HPLC
1200 Infinity series (Agilent Technologies, Waldbronn, Germany)

each sample was done in triplicates.
equipped with a diode array detector (DAD) (Agilent Technologies,
Waldron, Germany) was used for the detection and quantification of
MePB, EtPB, PrPB and BuPB. Chromatographic separations were
obtained with an Agilent Zorbax Eclipse Plus C18 column (3.5 pm x
150 mm x 4.6 mm) (Agilent, Newport, CA, United States) at a
temperature of 25°C. The mobile phase comprised 40% water (A)
and 60% methanol (B) with a flow rate of 1 mL/min in an isocratic
elution mode. The total run time and injection volume were 10 min
and 5 pL, respectively. Lastly, the detection was managed at 260 nm.
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2.5 Quality assurance/quality control

The quantification of parabens in the samples was carried out
using external standards, and a seventh-point calibration curve was
constructed using standard solutions at concentration levels ranging
from 0.40 to 500 pg/L. The calibration curve with at least a coefficient
of determination of R* = 0.99 was used to estimate the concentrations
of the analytes. Procedure (method) blanks (ultrapure water) and
instrument blanks (acetonitrile and ultrapure water (1:1, v:v)) were
involved throughout the analysis of the samples. The procedure and
instrument blanks were analysed after every ten samples to check for
possible carryover between samples. The results showed no
contamination in blanks and no carryover observed. Therefore,
background correction was not required. The method detection
and quantification limits (MDL and MQL) were determined using
a revised U.S. Environmental Protection Agency method (Supowit
et al,, 2016). They were estimated from the signal-to-noise ratio of
3 and 10 from the replicate analysis (n = 7) of tap water, river water,
effluent and influent blank spiked with a standard solution containing
parabens at 0.01 pg/L. Randomly selected river water, effluent and
influent samples were spiked at three concentration levels with
paraben standards (1, 50, 100 pg/L) to obtain recoveries. The
method’s precision was calculated from spiked samples and
expressed as relative standard deviations (%RSDs). The retention
time (RT) of parabens in the wastewater and river water matrices was
within +0.3 min of the RT of the standard analytes under similar
conditions.

2.6 Ecotoxicological risk assessment

Previous studies have reported that parabens in aquatic systems
may lead to toxic effects on aquatic organisms (Nagar et al., 2020).
Therefore, this study assessed the potential risk to organisms using
the risk quotient (RQ) computed for algae, daphnia, and fish. The
RQ values were calculated based on the measured environmental
concentration (MEC) of parabens detected in river water and the
predicted no-effect concentration (PNEC) using Eq. (1).

MEC
PNEC

RQ = (1)

Where MEC is the measured environmental concentration of
each analyte in river water, while PNEC is the predicted no-effect
concentration, the PNEC values for acute and chronic tests were
derived from the literature (Bolujoko et al., 2022) and are presented
in Table 1. An assessment factor of 100 was employed for the acute
tests, while an assessment factor of 10 was used for chronic tests for
algae and daphnia alone (Yamamoto et al., 2011). The risk quotient
is classified as high risk (RQ > 1), medium risk (1 < RQ < 0.1), and
low risk (RQ < 0.1).

3 Results and discussion
3.1 Method performance
The MDL and MQL in spiked surrogate river water, effluent,

influent and ultrapure water are presented in Table 2. The MDL ranged
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TABLE 1 Acute and chronic predicted no-effect concentrations (PNEC) (ug/L) of parabens in surface water samples.

Analytes Taxonomic group PNEC,cute PNECChronic References
Methylparaben Algae 800 2,100 Bolujoko et al. (2022)
Daphnia 340 240
Fish 630 160
Ethylparaben Algae 520 1800
Daphnia 74 160 Bolujoko et al. (2022)
Fish 140 80
Propylparaben Algae 360 740 Bolujoko et al. (2022)
Daphnia 20 110
Fish 49 40
Butylparaben Algae 95 80
Daphnia 19 80 Bolujoko et al. (2022)
Fish 31 30

TABLE 2 SPE/HPLC-DAD method detection and quantification limits (MDLs and MQLs) estimated in various water matrices, units ng/L.

Analytes Ultrapure water River water Effluent Influent

MDL Methylparaben 14 28 56 82
Ethylparaben 12 24 48 71
Propylparaben 13 26 52 76
Butylparaben 14 28 56 82

MQL Methylparaben 47 93 186 274
Ethylparaben 40 80 160 235
Propylparaben 43 87 173 255
Butylparaben 47 93 186 274

TABLE 3 SPE/HPLC-DAD method showing relative recoveries (mean + standard deviation) of parabens from spiked river water and wastewater (effluent and
influent) samples (n = 3).

Samples Added (pug/L) MePB (%) EtPB (%) PrPB (%) BuPB (%)
River water 1 99.4 + 4.3 97.8 + 4.6 107 + 5 98.1 £5.2
10 105 + 3 99.5 £ 3.7 115 £ 3.7 109 + 4
50 121 + 4 118 £ 3 129 + 3 126 + 4
Effluent 1 96.7 £ 4.3 98.8 £5.2 98.4 £ 5.1 94.8 £5.5
10 98.7 £ 3.6 112 £ 3 105 + 4 97.4 + 43
50 101 £ 3 123 £ 2 112 +£3 98.6 £ 3.7
Influent 1 88.5+ 5.3 873 +£5.6 84.7 + 6.2 83.6 +54
10 923 £43 945 £ 4.2 89.6 £ 4.7 90.1 £ 43
50 95.6 + 3.6 96.7 + 3.3 955+ 4 94.3 £ 3.5

from 12-14, 24-28, 48-56 and 71-82 ng/L in ultrapure water, river ~ and MQLs were higher in wastewater samples due to matrix effects, but
water, effluent and influent, respectively. Meanwhile, MQL ranged  they were acceptable for accurate quantification of parabens.

from 40-47, 80-93, 160-186, and 235-274 ng/L in ultrapure water, river Average relative recoveries obtained using the spiking test
water, effluent, and influent. These results have shown that the MDLs ~ ranged from 84% to 129% for all analytes (Table 3). These
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FIGURE 1

Concentrations (ug/L) of parabens in wastewater (A) influent and (B) effluent collected from selected KwaZulu Natal WWTPs during second wave of
COVID-19. Sampling sites during second wave are: A = Albert Falls WWTP; B Darvil WWTP; C Dassenhoek WWTP; D Hammesdale WWTP; E Howick
WWTP; F KwaNdengezi WWTP; G Mpumalanga WWTP; H Umdloti -WWTP; | Verulam WWTP.
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Concentrations (ug/L) of parabens in wastewater (A) influent and (B) effluent collected from selected KwaZulu Natal WWTPs during 4"wave of
COVID-19. Sampling sites during fourth wave were: A Darvil WWTP; B Hammersdale WWTP; C Howick WWTP; D Mpumalanga WWTP; F Northern WWTP;

G Southern WWTP.

results indicate that the SPE/HPLC-DAD method had acceptable
and good recoveries. The precision was less than 10%, showing the
method has good repeatability.

3.2 Occurrence of parabens in water bodies
from KwaZulu Natal Province

3.2.1 Concentration of parabens in wastewater
The concentrations of four commonly used parabens detected in
wastewater samples from nine WWTPs in KwaZulu Natal Province
are shown in Figures 1, 2. These concentrations were quantified in
samples collected during the second and fourth waves of the
COVID-19 pandemic. The results obtained showed that during
the second wave of COVID-19, the target analytes were more
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frequently detected in the influent (inlet) than in effluent
wastewater samples (Figure 1A and Supplementary Table S4).
The average concentrations of parabens in wastewater influent
ranged from ND-84.7 ug/L. MePB, EtPB and PrPB were the
most common parabens detected in WW'TPs influent, however
MePB had the highest concentrations in most WWTPs influents
than other parabens. The highest concentration was detected at
Howick (84.7 ug/L), followed by the Darvil WWTP (71.3 ug/L).
BuPB had the lowest frequency detection than other parabens.
Most of these parabens were detected in WWTP effluents during
the second wave (Figure 1B). Overall, the concentration range was
ND-13.5 pg/L. Despite the high-frequency detection of these parabens
in WWTP effluents, it can be observed that there was a significant
reduction in the concentration levels of these compounds in WWTP
effluent samples. Additionally, BuPB had the lowest detection
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FIGURE 3

Total concentration of parabens in influent and effluent wastewater samples collected in selected KZN WWTPs during (A) second and (B) 4"waves of

COVID-19.

frequency in WWTP effluents with lower concentrations. Overall,
there was a significant difference between the concentrations of
parabens in effluent and influent samples. This might be due to
the removal process, or some parabens are adsorbed on the sludge.
The highest concentrations of parabens in effluent samples were
recorded for Darvil and Dassenhoek WW'TPs (Figure 1B).

During the fourth wave in KZN all four parabens were
detected in WWTP influents (Figure 2A). MePB was measured
in higher concentrations than other parabens. The concentration
ranges of these compounds were as follows MePB (2.66-53.8 pg/
L), EtPB (0.45-21.0 pg/L), PrPB (0.54-28.9 ug/L) and BuPB
(0.97-6.68). These concentration ranges, which demonstrate
the prevalence of MePB, EtPB, or PrPB, and then BuPB, are in
good agreement with the literature. The relatively high
concentrations and high detection frequency of MePB, EtPB
and PrPB in wastewater samples can be justified by the
synergic preservative effect obtained when two compounds are
used together (Ramirez et al.,, 2012), suggesting that two of the
parabens might have been combined as preservatives.

During fourth wave, MePB, EtPB and PrPB were the most
abundant compared to BuPB in WWTPs effluent samples
(Figure 2B). This is because MePB, BuPB and PrPB are the most

Frontiers in Environmental Science

06

widely used pharmaceutical and personal care preservatives. In
addition, MePB and PrPB were generally found at higher
concentrations than EtPB and BuPB (Figure 2B). The average
concentration of parabens in selected KZN WWTPs effluents
during the fourth wave ranged from ND-3.51 ug/L (Figure 2B
and Supplementary Table S5).

The sum concentration of parabens in influent wastewater
samples, during the second wave of COVID-19 followed the
order: Howick (151 pg/L), Darvil (104 pg/L), Dassenhoek
(36.6 pg/L), Umdloti (36.0 ug/L), KwaNdengezi (28.2 pg/L),
Hammesdale (20.9 pg/L), Mpumalanga (19.9 pg/L), Verulam
(16.1 pg/L) and Albert Falls (4.33 pg/L) WWTPs (Figure 3A).
Generally, high concentrations of parabens were observed in
KwaZulu Natal during the second wave of COVID-19, except for
Albert Falls (4.33 ug/L), where its total concentration was
comparable to or lower than most WWTP effluents in KZN
during the second wave. As can be seen, Howick and Darvil had
the highest concentrations of parabens, and this could be the
reflection of the increased use of paraben-containing products
during the second in KZN.

Whereas in the effluent wastewater, samples had the sum
concentrations in the following order: Dassenhoek (21.2 ug/L),
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TABLE 4 Concentration of parabens during second and fourth waves of COVID-19 for river water samples collected in KwaZulu Natal.

Sampling sites Sampling dates MePB EtPB PrPB BuPB
2nd wave of COVID-19 April 2020

Howick-upstream 1.32 £ 0.04 1.64 + 0.07 575+ 0.22 0.93 + 0.04
Albert Falls downstream ND ND ND ND

Darvil UP 1.29 £ 0.05 1.67 + 0.03 7.40 £ 0.14 3.82 £ 0.09
Darvil Down 345+ 0.11 0.54 + 0.03 235+ 0.11 ND
Dassenhoek-river up 0.094+ 1.27 £+ 0.05 5.13 + 0.06 1.03 + 0.04
Dassenhoek-river 1.76 + 0.06 1.42 £ 0.06 3.75 + 0.04 2.37 + 0.06
KwaNdengezi 1.53 £ 0.05 0.31 £ 0.04 ND 0.88 £ 0.05
KwaNdengezi 4.03 + 0.08 0.59 + 0.03 ND 1.13 + 0.08
Mpumalanga upstream 5.08 £ 0.05 0.38 £ 0.02 2.16 £ 0.08 ND
Mpumalanga-downstream 2.41 £ 0.08 0.32 + 0.03 ND ND
Hammesdale upstream 1.04 + 0.03 ND ND ND
Hammesdale -downstream 1.28 + 0.06 1.54 + 0.07 0.59 + 0.04 6.88 + 0.14
4th wave of COVID-19 December 2021

Howick river upstream 2.53 £ 0.05 16.4+ 5.82 +0.15 ND

Darvil river upstream 1.45 £ 0.04 ND 0.63 £ 0.04 ND

Darvil river downstream 0.65 + 0.03 ND 0.83 + 0.04 ND
Mpumalanga river upstream 0.15 + 0.01 3.14+ 0.094 + 0.005 ND
Mpumalanga river downstream ND ND ND ND
Hammersdale river downstream ND ND ND ND
Hammersdale river downstream 0.087 + 0.004 1.84 + 0.07 0.14 + 0.01 ND

Darvil (12.2 ug/L), Howick (11.6 pg/L), Hammesdale (5.56 ug/L),
KwaNdengezi (4.49 ug/L), Umdloti (3.52 pg/L), Mpumalanga
(3.05 ug/L), Verulam (2.04 pg/L) and Albert Falls (1.63 ug/L)
WWTPs (Figure 3A. The concentrations of parabens detected in
the effluent wastewater samples were considerably lower in some of
the WWTPs. For example, in Howick, the parabens concentration
was 13 times lower than the total influent concentration. This
confirms that WWTPs can reduce the amount of parabens
concentrations in wastewater but cannot completely remove these
substances. The same trend can be observed for Darvil (12.2 ug/L)
when compared to Darvil influent. Dassenhoek (21.2 pg/L) had the
highest concentrations of parabens, showing less reduction of
concentration (Figure 3B). Several factors influence the presence
of chemical pollutants in WWTP effluents, as well as their removal
throughout wastewater treatment operations. Among others, their
volatility, solubility, ability to adsorb on solids, as well as their
capacity to undergo biodegradation in aqueous waste streams are
critical variables that may affect their environmental fate and
behaviour (Kanama et al., 2018).

During the fourth wave of the pandemic, the sum concentration
(ug/L) of parabens ranking in influent wastewater from high to low
was: Southern (industrial) (134 pg/L), Hammersdale (108 pg/L,
Howick WWTP inlet (84.9 ug/L), Northern WWTP inlet
(80.0 pg/L), Southern (domestic) (70.6 pg/L), Darvil (57.0 ug/L)
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and Mpumalanga (3.65 pg/L) WWTPs (Figure 3B). The sum
concentration (ug/L) of parabens in KZN during the fourth wave
was also measured in high concentrations. At the same time, the sum
concentration (ug/L) of parabens trend in effluent wastewaters
followed the trend: Hammersdale (7.26 pg/L), Howick (6.18 ug/
L), Darvil (4.19 ug/L), Southern t (3.8 pug/L), Northern (1.6 pug/L) and
(026 upg/L) WWTPs 2B).
concentrations were detected in effluent samples. In general, the

Mpumalanga (Figure Lower

decrease in concentration levels from wastewater influent to
wastewater effluent water is clearly evident.

3.2.2 Concentration of parabens in surface water

Surface water samples were collected in the rivers located near
the WWTP, except in cases where the rivers were not accessible.
Most target parabens were identified and quantified in the river
water (Table 4). The average concentrations of the parabens in river
samples ranged between ND and 16.4 ug/L. During the second wave,
the compounds that were frequently detected were MePB and EtPB.
During the fourth wave, BuPB was not detected in any river water
samples, while EtPB was detected in Howick River upstream,
Mpumalanga River upstream and Hammersdale River
downstream. The results observed in Table 4 for individual
parabens in the surface waters show that their detection pattern

significantly differed from the WWTP influent and effluents except
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FIGURE 4

Concentrations (ug/L) of parabens in (A) influent and (B) effluent wastewater collected from selected Gauteng Province WWTPs during third wave of
COVID-19. Sampling sites were (A) influent: A Babelegi WWTP; B Baviaanspoort WWTP; C Rooiwal East WWTP (Composite samples); D Rooiwal East
WWTP; E Themba clarifier 2 WWTP; F Themba WWTP; G Zeekoegat WWTP. (B) effluent: A Babelegi WWTP; B Baviaanspoort WWTP; C Refilwe WWTP; D
Rooiwal East WWTP (before chlorination); E Rooiwal East WWTP; B Themba WWTP; Zeekoegat WWTP.

for EtPB during the second wave. These results reveal that the
occurrences of parabens in the river systems in the study areas may
be attributed to partially treated water.

The concentration levels of parabens slightly decreased in
surface water. Still, they remained high in some of the surface
water samples, which demonstrates that the treated wastewater
discharge has a considerable impact on river water quality.
Furthermore, the results for surface water samples clearly show
that wastewater treatment plants do not effectively remove all of the
personal care products found in wastewater influents, resulting in
the discharge of several compounds into river water.

3.3 Occurrence of parabens in water bodies
from Gauteng province

3.3.1 Levels of parabens in wastewater

During the third wave, parabens were detected in influent and
effluent wastewater collected from Gauteng Province and their
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concentrations are presented in Figure 4 (Supplementary Table
56). The use of paraben-containing products in the selected study
area varied depending on the sampling site, as different
concentrations of parabens were detected in different WWTPs.
The mean concentrations of parabens in influent wastewater
samples ranged from 0 to 11.6 pg/L, 0-3.77 ug/L, 29.8-197 pg/
L, 0-17.5 pg/L, 31.7-73.4 ug/L at Babelegi, Baviaanspoort,
Rooiwal, Themba WWTPs, respectively
(Figure 4A). It was worth noticing that Rooiwal East Inlet had

and Zeekoegat

high concentration levels for all four parabens. EtPB was detected
in influent wastewater from Baviaanspoort, Rooiwal and
Zeekoegat WWTPs.

MePB and PrPB were detected in all WWTPs effluent samples,
ranging from 0.87 to 15.5 pg/L and 2.16-12.5 ug/L, respectively
(Figure 4B). While, EtPB and BuPB were the least detected in
WWTP effluent samples. Generally, the concentration levels of
these parabens were significantly reduced in effluent samples,
with EtPB and BuPB showing high removal compared to MePB
and PrPB (Figure 4B).
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TABLE 5 Concentrations of MePB, EtPB, PrPB, BuPB in waste water treatment plants and rivers during third wave in Gauteng.

Sampling sites

Apies River (below Rooiwal East WWTP) March 2021

Apies River (Hammanskraal)

Apies River (after Babelegi WWTP)

Hennops River
Pienaars River (before Baviaanspoort WWTP) upstream
Pienaars River (after Baviaanspoort WWTP) downstream

Pienaars River (Moloto road)

Pienaars River (Zeekoegat WWTP) upstream
Pienaars River (Zooekgat WWTP) downstream
Pienaars River (Mamelodi)

Tolwane River (after Klipgat WWTW) downstream

The total concentration of parabens in various influent
wastewater samples followed the trend: Rooiwal East (295 pg/L),
Zeekoegat (205 ug/L), Rooiwal East (Composite samples) (166 ug/
L), Themba clarifier 2 (29.8 pg/L), Themba (20.6 pg/L), Babelegi
(17.6 pg/L) and Baviaanspoort (8.24 pug/L) WWTPs (Supplementary
Table S6). While in the effluent wastewater the total paraben
concentration trends was: Zeekoegat (37.6 pg/L), Rooiwal East
(34.22), Rooiwal East (before chlorination) (27.3 pg/L), Refilwe
(24.5 pg/L), Themba (5.9 pg/L), Babelegi (3.03 pg/L) and
Baviaanspoort (0.93 pg/L) WWTPs. Paraben concentrations
found in Gauteng Province WWTPs during the third wave were
much lower than those found in KwaZulu Natal (second wave)
except for the concentrations detected in influent samples from
Zeekoegat and Rooiwal East WWTPs.

3.3.2 Levels of parabens in river water

The average concentrations of target parabens in the surface
water samples from Gauteng Province are presented in Table 5. The
investigated parabens showed different concentration levels in
surface water samples in the range of ND (not detected)-3.14 ug/
L, ND-1.03 pg/L, ND-2.33 ug/L and ND-1.31 ug/L for MePB, EtPB,
PrPB and BuPB, respectively. The frequency of the detected
parabens in different rivers followed the trend: MePB > PrPB >
EtPB > BuPB. Hennops, Apies River (Hammanskraal) and Tolwane
Rivers had the highest total paraben concentrations compared to
other river systems. Generally, levels of parabens in the surface water
were lower than the concentrations detected in the wastewater
effluents. The presence of parabens in some river water systems
implied that the WWTP effluents were the major contributors to the
levels in the surface water bodies.

3.4 Comparison of concentration levels of
parabens in WWTPs during COVID-19
seasonal waves

The concentration levels of four parabens were measured in
KZN and GP provinces during the second, third and fourth waves of
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Sampling date

MePB EtPB PrPB BuPB
1.43 +0.07 ND 0.78 + 0.04 1.31 £ 0.05
2.43 £0.12 1.03 + 0.07 2.06 + 0.09 ND

0.87 £ 0.05 ND 1.13 £ 0.07 ND

3.14 £0.22 0.84 + 0.06 2.33 £0.12 ND

0.096 + 0.002 0.14 + 0.07 0.36 + 0.05 ND

ND ND ND ND

1.04 + 0.06 0.58 + 0.04 1.35 £ 0.06 ND

1.16 + 0.07 ND 1.47 + 0.06 ND

0.81 + 0.05 ND 1.01 + 0.09 ND

1.22 £ 0.08 0.16 + 0.04 1.18 £ 0.06 ND

0.98 + 0.05 0.76 + 0.03 1.04 + 0.05 0.43 + 0.04

COVID-19 in South Africa. Many factors, such as the number of
active cases and death rate in South Africa, characterised these
waves. The findings revealed that the selected parabens were most
frequently found in WWTP influents during the second wave and
the fourth wave. However, the results also demonstrated a
substantial variation in the total concentrations of these parabens
between the second and fourth waves. The total sum of parabens
concentration was higher during the fourth wave in KZN, with the
exception of a few sample sites. This suggests that sanitisers might
have been used in excess in KZN during the fourth wave. The high
number of cases of COVID-19 can explain this in that period, which
was caused by the most contagious omicron variant of COVID-19.
MePB had a higher detection frequency than other parabens for
both the second and fourth waves in KZN. Additionally, BuPB had
low detection frequency for both waves.

In comparison to samples from KZN WWTPs, the paraben
concentrations in Gauteng province were slightly higher. For
instance, BuPB had the highest concentrations in Gateng, in the
range of ND-85.8 ug/L. The third wave of COVID-19 had the highest
cases of COVID-19 in South Africa. This might have increased the
rate at which sanitisers and other paraben-containing products were
consumed. On the other hand, EtPB had low-frequency detection in
Gauteng compared to the KwaZulu Natal province.

3.5 Comparison of levels of parabens in
different environmental water in
South Africa

A comparison of the results in this study with those obtained
previously for South African wastewater and river samples was
conducted. Generally, the majority of wastewater and river
concentrations in this study were considerably higher than the
values in the literature, especially in influent and effluent samples.
This indicates the extensive use of sanitisers and disinfectants
containing parabens. For example, the concentration of MePB in
influent wastewater reported by (Archer et al., 2017; Mashile et al.,
2018) in 2017 and 2018 were 947 ng/L and 58.7 ng/L, while in this
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TABLE 6 Global concentration of paraben concentrations (ug/L) in wastewater and surface water samples.

Country Matrix MePB EtPB PrPB BuPB Refs

Nigeria Surface water ND-527 ND-377 ND-229 ND-283 Bolujoko et al. (2022)
Brazil Surface water 0.11-0.98 0.38-9.7 0.70-7.9 1.90-11 Derisso et al. (2020)
Malaysia Surface water <0.02-3.60 0.02-1.21 <0.02-1.00 - Wabhab et al. (2023)
India Surface water ND-2.98 - ND-8.06 ND-0.233 Saha et al. (2022)
Egypt Drinking and source water ND-1.78 - ND-0.59 ND-6.38 Radwan et al. (2020)
Greece Hospital wastewater 1.05-168 ND-2.13 4.82-108 - Arvaniti et al. (2023)
Poland Wastewater 3.74-13.5 0.79-6.99 0.52-5.56 0.068-0.552 Styszko et al. (2021)
Vietnam Surface water 0.01-0.07 0.001-0.01 0.01-0.02 < LOD-0.003 Le et al. (2022)
Vietnam wastewater 0.01-0.74 0.01-0.03 0.01-0.12 < LOD-0.03 Le et al. (2022)
Taiwan Surface water ND-0.63 ND-0.13 ND-0.71 ND-0.46 Hsieh et al. (2021)
Iran Wastewater ND-48.0 ND ND ND Khezeli et al. (2023)
China Wastewater ND-0.20 ND-0.12 ND-0.08 ND Mao et al. (2020)
Republic of Korea Wastewater ND-1.42 ND-0.62 ND-0.52 ND-0.02 Choi et al. (2022)
South Africa Surface water ND-5.08 ND-16.4 ND-7.4 ND-6.88 This study

South Africa Wastewater influent and effluent 0.24-123 ND-24.8 ND-67.9 ND-85.8 This study

study, the highest concentration of MePB quantified was 84.7 ug/L. A
comparable concentration of PrPB was reported in wastewater
effluent in KZN by (Gumbi et al, 2022)in 2022. In addition, the
occurrence of parabens in river systems in the current study reflects
the disposal of partially treated/untreated sewage and wastewater from
industries located near or on the edges of the rivers. Previous studies
have agreed with observations in this study, where MePB and PrPB
are the prevalent parabens detected in influents and effluents.

In contrast, BuP and EtP were less frequently detected at lower
concentrations in studies done by (Mashile et al., 2018; Muckoya et al.,
2020) in 2018 and 2020. This trend was observed during the third and
fourth COVID-19 waves, contrary to the second wave, where EtPB and
BuPB were frequently detected in influent and effluent wastewater
samples. These results imply that the use of products containing
parabens has increased during the pandemic outbreak.

3.6 Global concentrations of parabens in
wastewater and surface water (river water)

Parabens are anticipated to occur at high levels in the aquatic
environment due to their relatively high solubility (Marta-Sanchez
et al,, 2018). The global concentrations of parabens in surface and
wastewater are presented in Table 6. Overall, studies reported in the
duration of our research worldwide correspond with our findings.
All four parabens share similar trends: the levels of MePB, PrPB and
EtPB in water were higher, while BuPB was found in low
concentrations. These high concentrations might be due to the
increased use of personal care products (including sanitisers)
during the COVID-19 pandemic. This implies that hand
sanitisers are deposited in environmental care products along
with high concentrations of their chemical constituents.
Additionally, the lower frequency of BuPB detection in this study
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was similar to studies reported in Iran and China (Mao et al., 2020;
Khezeli et al., 2023). This was also expected because BuPB is utilised
less frequently than other parabens in personal care products.
High concentrations of parabens comprising MePB (ND-
527 upg/L), EtPB (ND-377 pg/L), PrPB (ND-229 pg/L), and
BuPB (ND-283 pg/L) were reported in Nigerian surface water
(Bolujoko et al., 2022). These levels were 5-10 times higher than in
this study. The high concentration levels of parabens in Nigeria can
be attributed to the indiscriminate discharge of wastewater
effluents containing parabens, misuse of parabens-containing
products, and improper disposal of cosmetics. Additionally,
MePB and EtPB were the most abundant in Nigerian surface
water, and this trend was in accordance with the current study.
Lower concentrations of parabens were reported in China MePB
(ND-0.20 pg/L), EtPB (ND-0.12 pg/L) and PrPB (ND-0.08 ug/L)
(Mao et al., 2020). It can be seen that BuPB was not detected in
China; however, other parabens showed a similar trend to the
concentrations observed in our study. Therefore, despite the fact
that other countries had lower concentrations, the occurrence of
parabens appears to follow the same trend. For instance, MePB and
EtPB are always detected in high concentrations. On the other
hand, BuPB is detected at lower concentrations in most countries.
This can also be observed in Vietnam, where low concentrations of
parabens were detected MePB (0.01-0.74 ug/L), EtPB
(0.01-0.03 ug/L), PrPB (0.01-0.12 pg/L), BuPB (<LOD-0.03 pg/
L) (Le et al., 2022), and the Republic of Korea MePB (ND-1.42 pg/
L), EtPB (ND-0.62 pg/L), PrPB (ND-0.52 pg/L), BuPB (ND-
0.02 pg/L) (Choi et al, 2022) This trend can be explained by
the regular combination of MeP and EtPB in personal care
products. Furthermore, the low concentration levels of parabens
detected in wastewater from China (Mao et al., 2020), Vietnam (Le
etal., 2022), and the Republic of Korea (Choi et al., 2022) might be
an indication that personal care product compositions or paraben
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TABLE 7 The concentration and removal efficiency of parabens in selected Gauteng and KwaZulu Natal WWTPs.

Sampling sites MePB EtPB PrPB BuPB
KwaZulu Natal Province 2nd wave of COVID-19

Influent Effluent %RE Influent Effluent %RE Influent Effluent %RE Influent Effluent %RE
Albert Falls 2.02 0.99 51.0 0.72 0.16 77.8 1.59 0.48 69.8 ND ND -
Darvil 44.7 3.77 91.6 16.8 141 91.6 25.1 2.93 88.3 173 4.12 76.2
Dassenhoek 103 5.33 483 3.03 3.64 -20.1 13.7 6.89 49.7 9.61 5.32 44.6
Hammesdale 2.63 0.63 76.0 9.01 1.72 80.9 7.71 3.02 60.8 1.52 0.19 87.5
Howick 71.3 5.43 92.4 24.8 5.63 77.3 51.4 0.49 99.0 3.79 ND 100
KwaNdengezi 9.15 3.22 64.8 1.44 ND 100 135 1.27 90.6 4.09 ND 100
Mpumalanga 103 2.12 79.4 3.54 0.93 73.7 3.84 ND 100 2.1 ND 100
Umdloti 7.85 ND 100 14.7 2.89 80.3 11.7 0.63 94.6 1.78 ND 100
Verulam 5.38 1.09 79.7 ND ND - 9.37 0.95 89.9 1.34 ND 100

KwaZulu Natal Province 4th wave of COVID-19
Darvil 153 1.96 87.2 14.6 ND 100 23.7 223 90.6 3.44 ND 100
Hammersdale 56.7 2.45 95.7 15.6 3.59 77.0 28.9 1.22 95.8 6.68 ND 100
Howick 53.8 3.37 93.7 21 2.15 89.8 9.13 0.66 92.8 0.97 ND 100
Mpumalanga 2.66 0.26 90.2 0.45 ND 100 0.54 ND 100 ND ND 100
Northern 39.8 0.83 97.9 126 0.23 98.2 224 0.54 97.6 5.33 ND 100
Southern 82.6 2.01 97.6 21.25 0.35 98.4 95.7 1.44 98.5 4.79 ND 100
Gauteng Province 3rd Wave of COVID-19

Babelegi 5.66 0.87 84.6 ND ND - 11.9 2.16 81.8 ND ND -
Baviaanspoort 2.58 0.24 90.7 1.89 ND 100 3.77 0.69 81.7 ND ND -
Rooiwal East 196.6 17.7 91.0 29.8 ND 100 106.6 118 88.9 127.8 4.72 96.3
Themba 123 2.79 77.3 ND ND - 17.5 3.11 82.2 ND ND -
Zeekoegat 65.8 155 76.4 33.6 4.88 85.5 73.4 1255 83.0 317 4.67 85.3

consumption practices from these countries differ from those
reported in our research and other countries. Taiwan MePB
(ND-0.63 pg/L), EtPB (ND-0.13 pg/L), PrPB (ND-0.71 pg/L)
and BuPB (ND-0.46 ug/L) (Hsieh et al.,, 2021), also showed low
concentrations compared to our study.

Similar or comparable concentration levels of MePB
(0.11-0.98 pg/L), EtPB (0.38-9.7 pg/L), PrPB (0.70-7.9 pg/L) and
BuPB(1.90-11 pg/L) were found in surface water from Brazil
(Derisso et al.,, 2020). The variations in concentration levels of
these parabens reveal that some countries can eliminate parabens
more efficiently than others since their treatment plants are
regulated, monitored and maintained routinely.

3.7 Ecological risk assessment of parabens in
different river systems

The risk of parabens to aquatic organisms of various rivers in
KwaZulu Natal and Gauteng Provinces was investigated using the
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risk quotients (RQs) (Supplementary Material). The RQ values
(acute and chronic) of the parabens MePB (0.001-0.025) and
EtPB (0.001-0.018) were below <0.1, suggesting that they pose
low to the aquatic organisms in the river systems of the two
provinces. Overall, MePB and EtPB are unlikely to threaten
aquatic organisms in these river systems. Meanwhile, the acute
and chronic RQs of PrPB (0.01-0.38) and BuPB (0.01-0.36)
indicated that these parabens may pose a low to medium risk to
aquatic organisms. Among the most likely to be impacted organisms
were daphnia and fish.

It should be noted that single paraben compounds cause the
RQ values discussed in this, but they are a mixture of compounds
in the aquatic environment. Therefore, the actual risk presented
by the mixtures might even be higher. This study showed that
individuals with low paraben concentrations are unlikely to
display acute toxic effects, but the chronic effects of these
should be
bioaccumulate in aquatic life. Therefore, even short-term

not neglected. This is because parabens

exposure may show molecular effects in test organisms.
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3.8 Removal of parabens from selected
Gauteng and KwaZulu Natal WWTPs

The results obtained showed that the four investigated
parabens were detected in influent and effluent wastewater
samples. The removal of the parabens at different WWTPs in
Gauteng and KwaZulu Natal Provinces was analysed using the
concentrations of parabens in influent and effluent wastewater
samples. The removal efficiencies of the target parabens at
different WWTPs of KZN Province ranged from -20.1%-
100% (Table 7). Specifically, the removal efficiency of BuPB
reached 100% at most WWTPs except at Darvil (76.2%),
Dassenhoek (44.6%) and Hammesdale (87.5%) WWTPs.
The removal efficiencies of MePB, EtPB and PrPb were high
(>50%) in almost all WWTPs except Dassenhoek WWTP. As
seen in Table 7, a high concentration (3.64 pg/) of EtPB was
detected in the effluent wastewater from Dassenhoek WWTP,
which then resulted in negative removal efficiency. The WWTPs
treatment procedures and design can have an impact on the
removal of pollutants. Most of the WWTPs in KZN employ the
typical wastewater treatment process, including sedimentation,
biological treatment, sludge treatment as well as
tertially treatment processes. The efficiency of WWTPs on the
removal of polluntants is mostly determined by the properties of
the sewage and the activated sludge conditions. For example,
higher inflows result in increased nutrient and organic load
levels, which compromise the biological nutrient removal (BNR)
process (Jwara et al., 2019). Therefore, the differences between
the concentrations in influent and effluent wastewater samples
could be attributed to the fact that the removal of pollutants in
WWTP strongly affected by chemical or hydraulic

retention times. In addition, negative removal efficiency

is

might be due to the conversion of the transformation product
of parabens into the parent compounds by the chlorination
process of microorganisms. In this study, it was observed
that MePB, EtPB and PrPB were
they were frequently detected with a frequency greater than
80% in the effluent wastewater
KZN WWTPs.

Removal efficiencies of parabens in selected Gauteng
WWTPs during the third wave of COVID-19 are illustrated
in Table 7. The results demonstrated that high removal

recalcitrant because

samples from selected

efficiencies, 77.3%-100%, were observed, suggesting that the
amounts of parabens detected in influent wastewater samples
were partially or fully removed in most cases. Table 7 shows that
EtPB and BuPB were not frequently quantified in the influent
and effluent wastewaters. Even though the removal efficiencies
of these parabens reached 100% in some WWTPs, these
pollutants were still present in high concentrations up to
155 ug/L in the effluent wastewater samples. These results
proved that the conventional WWTPs are not designed to
remove emerging contaminants completely. Furthermore, the
incomplete removal of parabens by traditional WWTPs may be
attributed to the chemical stability and nonbiodegradability
of parabens.
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4 Conclusion

This study presents the concentrations of parabens in

wastewater and surface water samples collected from
KwaZulu Natal and Gauteng Provinces, South Africa, during
periods second, third and fourth waves of COVID-19. The
analytical procedure was suitable for accurately quantifying
parabens in wastewater and surface water samples. As
expected, the concentrations of parabens were higher in
influent wastewater than in effluent samples. These results
proved that the WWTPs studied partially removed the four
detectable parabens. Further, the concentrations of parabens
in receiving surface water samples (upstream and downstream)
of the WWTPs were investigated.

In most cases, the higher average concentrations were
quantifiable downstream than upstream. The increase in
detected

evidence of the wastewater effluent impact in receiving rivers.

paraben concentrations in surface water is

In addition, the current work highlights the importance of
The
assessment of parabens on aquatic organisms indicated low-

river =~ water  monitoring. ecotoxicological  risk

to-medium ecological risks in receiving surface water

sampling areas.
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