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This study provides, for the first time, data on the distribution and toxicity of catechol (CAT) and
hydroquinone (HQ) in drinking water sources from Africa. Groundwater (boreholes and hand-dug wells)
and surface water in three Southwestern States in Nigeria served as sampling sites. The concentrations
of CAT and HQ in groundwater and surface water were determined throughout a period of 12 months,
evaluating the effects of seasonal variation (rainy and dry seasons). Mean concentrations of CAT in water
samples were higher than those of HQ. In this study, CAT was more frequently detected, with its mean
concentration in groundwater samples higher in the rainy season (430 pg L™) than in the dry season
(175 pg LY. Multivariate analysis using the Principal Component Analysis Software suggests that in most

sample sites, CAT and HQ in water samples were from entirely different anthropogenic sources. The
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Accepted 14th November 2023 most impacted population groups were the toddlers and infants. Similarly, maximum and median

concentrations of CAT in water samples pose serious risks to Daphnia at both acute and chronic levels.
The results from this study suggest the need for further control of these dihydroxybenzenes through
regular monitoring and removal from drinking water during treatment.
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1 Introduction

The resultant effects of urbanization, industrialization and
increased population have led to increased concentrations of
pollutants in water bodies globally and the spotlight is now on
the adverse effects of these pollutants on both aquatic and
human lives.! Catechol (CAT) (1,2-dihydroxybenzene) and
hydroquinone (HQ) (1,4-dihydroxybenzene) are dihydrox-
ybenzene compounds that are vastly utilized in pharmaceuti-
cals and personal care products (PPCPs).> HQ is a phenolic
compound widely used in topical skin creams for skin-toning or
skin lightening,® a developing agent in photography, an anti-
oxidant for fats and oils, a polymerization inhibitor, a stabilizer
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in paints, varnishes, motor fuels and oils, and an intermediate
for rubber processing chemicals in the production of mono and
dialkyl ethers.* The hydroxyl functionalities and solubilities of
HQ allow for its easy transportation and movement into surface
water and systems. On the other hand, (CAT) is employed as an
antiseptic agent, antifungal preservative, photographic agent,
dye developer, and as an antioxidant. It is released during the
natural decomposition of the humic and lignocellulosic
substances.” Due to the several uses of HQ and CAT in many
PPCPs and their low bio-degradabilities,*” they persist in water
bodies and possess the ability to bio-accumulate.

One of the major adverse effect attributed to the bio-
accumulation of HQ is exogenous ochronosis, which is
a medical condition that is easily identified by reticulated,
ripple-like, and sooty pigmentation majorly on the forehead,
cheeks and other areas of HQ-product application on the
human skin (Fig. S1%). In addition, the presence of HQ in the
human system is reported to cause toxicity of several organs,
notably the kidney and fore-stomach,® hemolysis,® degeneration
of the renal tubes, depletion of the liver functions,' cancers,
and neurodegenerative diseases.' In spite of its useful appli-
cations, HQ is claimed to be the plausible cause of mutagenicity
and nephrocarcinogenity in animals.'> On the other hand, CAT
is reported to be an irritant to the eyes, skin, and respiratory
tract. It also causes DNA damage, vascular collapse, coma, and
even death™ in certain cases. The toxicities of these compounds
(CAT and HQ) even at low concentrations (ng L' to pg L")

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra04877b&domain=pdf&date_stamp=2023-12-22
http://orcid.org/0000-0002-1006-277X
http://orcid.org/0000-0002-1293-9811
http://orcid.org/0000-0001-8905-132X
http://orcid.org/0000-0001-9697-2960
http://orcid.org/0000-0001-9854-3924
https://doi.org/10.1039/d3ra04877b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04877b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014002

Open Access Article. Published on 02 January 2024. Downloaded on 4/7/2026 3:35:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

emanate from their low bio-degradability. Hence, there is the
need for the monitoring and quantification of these pollutants
in water bodies to help provide a database that can be used to
alert the public about any potential health threat from their
ingestion and to also help water treatment professionals
develop effective strategies for their removal in water.

While there is a permissible limit of 2% for HQ in
cosmetics,™ nothing is said about its permissible limit in water
despite the level of its toxicity as previously described. The focus
is rather on the removal of HQ and CAT from water using
techniques such as electrochemical,’>*® activated carbon
electrode®?* as well as the use of adsorption,”® membrane
filtration,** and biodegradation.”® There is therefore, a huge
scarcity of information on the distribution and potential health
risk assessment of HQ and CAT in environmental matrices like
in water bodies globally, and particularly, in Nigeria. Although,
it is known that the use of personal care products containing
HQ and CAT have the potential to cause various health
challenges,**?® long exposure to these contaminants (hydro-
quinone and catechol) via ingestion of polluted water also have
the ability to create the health challenges previously mentioned.

To provide permissible limits for this pair of pollutants in
water (which is currently lacking), it is imperative that a data-
base on their occurrence and quantity in groundwater and
surface water as wells as their risks assessment (ecological and
health) is developed. It is on this basis and the dearth of
information on these pollutants in water, that water samples
from drinking water sources: groundwater (borehole, hand-dug
well) and river water, in three South-western States in Nigeria
(Osun, Oyo and Lagos) were collected and analyzed for the
presence of HQ and CAT.

Osun State is mainly an agricultural State with a lot of its
populace engaged in farming activities, while the populace in
Oyo State are largely made up of government workers with
several more urban centers in this State than in Osun State.
Lagos State is one of the highly industrialized States in Nigeria
and is regarded as a metropolitan city. Both Osun and Oyo
States are closest to Lagos State in the Southwest of Nigeria. To
the best of our knowledge, this is the first report on the presence
of dihydroxybenzenes in water in West Africa. Principal
Component Analysis (PCA) was used to explain the association
between the sources of HQ and CAT in the water samples. To
further understand the implication of the quantity of HQ and
CAT found in the water samples, ecological and human risks
assessment evaluations were carried from the data generated
analysis of water samples.

23

24

2 Materials and methods

2.1. Chemicals

Hydroquinone (HQ) and catechol (CAT), methanol, ethyl
acetate, dichloromethane and acetonitrile were purchased from
Sigma Aldrich (St. Louis, MO, USA). These chemicals were
99.9% pure (High Performance Liquid Chromatography stan-
dards). Analytical grade of concentrated hydrochloric acid was
also purchased from Sigma Aldrich while ultrapure water was
obtained from Milli-Q Direct 8/16 System. The standard stock
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solutions of each HQ and CAT (200 mg L") were prepared
singly in ultrapure water and stored at 4 °C. Working solutions
(200 pg L") of mixed phenolic compounds were freshly
prepared by dilution of stock solution with ultrapure water.

2.2. Description of study area

Osun, Oyo and Lagos States are located in the tropical rainforest
biome in South-Western Nigeria, and they lie between Lat. 06°
30’ N and Long. 04° 30" E, Lat. 7° 51’ N and Long. 3° 55’ E and
Lat. 6° 27’ N and 3° 24’ 23’ E, encompassing areas of approxi-
mately 14 875 sq. km, 28 454 sq. km and 3577 sq. km respec-
tively. The details of the sampling sites as well as the sampling
codes are presented in the ESIf document (Fig. S1-S3, ESIT
document).

2.3. Sample collection

Groundwater samples (from hand-dug wells and boreholes)
were taken from 34 locations directly into sample bottles from
the study areas, for a duration of 12 months, covering both the
wet and dry seasons in Nigeria. Furthermore, surface water
samples were collected at random from 31 locations which
included major rivers in Lagos and Osun (Epe and Osun rivers
respectively) as well as a major water dam (Asejire dam) in Oyo
State. The sampling periods were between April 2021 to April
2022, and water samples were collected in triplicates. Three
sampling campaigns were executed (one for each State) in the
wet season (April to September 2021) and in the dry season
(December to April 2022).

At each sampling site, groundwater samples (n = 3) were
collected and made into composite samples. However, for
surface water, grab samples (n = 3) were collected from all the
sampling sites in Osun, Oyo and Lagos State but were not made
into composites. Water samples (500 mL) were collected in
amber glass bottles (pre-washed with methanol and ultrapure
water) and kept in ice packs to maintain the integrity of the
samples. The samples were transported to the laboratory, stored
at 4 °C. Analyte extraction was done within 24 h of returning
from the field campaign.

2.4. Pretreatment and sample extraction

Water samples (200 mL) spiked with a known concentration of
a combination of HQ and CAT, were adjusted to pH 3.0 using
0.1 M HCl, and filtered using membrane filters (0.4 pm) under
vacuum. A blank sample of ultrapure water was adjusted to pH
3.0 using 0.1 M HCI. Extraction of the HQ and CAT was carried
out using solid phase extraction cartridges (Supel-select HLB
SPE tube, 500 mg, 6 mL, Waters, MA, USA). These cartridges
were initially pre-conditioned with 5 mL methanol and 5 mL of
Millipore water, and subsequently adjusted to pH 3.0. Samples
were loaded on the cartridges at a flow rate of 5 mL min .
Then, HQ and CAT were eluted from the cartridges using 3 mL
of acetonitrile, dichloromethane and ethyl acetate (volume ratio
of 1:1:1) and the eluents were dried in a vacuum oven at 50 °C.
The eluents were reconstituted with 0.5 mL acetonitrile.

RSC Adv, 2024, 14, 982-994 | 983
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2.5. Instrumental analysis

The quantification of HQ and CAT was done using High
Performance Liquid Chromatography (HPLC)-UV system, Agi-
lent Series 1100 LC system. Analytes were separated using on LC
C18 column (5 pm particle size, 250 x 4.6 mm i.d.) and all
injections were done automatically by an autosampler. Meth-
anol was used as the mobile phase at a flow rate of 0.5 mL min ™"
[isocratic elution of water/methanol (30/70, v/v)]. The injection
volume was 20 pL with a total run program of 6 min, and the
detector wavelengths for the analytes were 220 nm.

2.6. Quality assurance and quality control (QA/QC)

To scrutinize for possible contamination and interferences
from the solvents and materials used during extraction, proce-
dural blanks were analysed with every extraction batch and the
concentration obtained from the procedural blank samples
were deducted from the known concentration of the environ-
mental samples. Methanol blank and midpoint calibration were
injected after each batch analysis to check for differences in
instrumental response and also for carry-over of the analytes of
interests from prior injections. Quantification of analytes was
carried out using standards, and a standard calibration curve
was obtained by analysing aqueous solutions containing the
analytes of interest ranging from concentration of 10 to 1000 pg
L.

The relative standard deviations (RSD) were <5% for all the
water samples collected (Table 1). The instrumental quantifi-
cation limit was determined as three times the signal to noise
ratio using the standard deviation of the seven-point calibration
intercepts divided by the slope, and the limit of quantification
(LOQ) was calculated as ten times the ratio. The LOD ranged
from 2.9 and 24 pug L™ " and coefficients of determination (+*) of
calibration curves were >0.999. The coefficients of determina-
tion, LOD and LOQ are presented in Table 1.

2.7. Risk assessment

The basis for the ecological risk assessment of phenolic
compounds in this study is obtained from the US EPA ecological
risk assessment framework.> The risk quotient (RQ) method
was used to determine the toxicity levels of HQ and CAT. The RQ
was determined as follows:

RQ — MEC

" PNEC (1)

Table 1 Linear range, regression coefficient, limit of detection (LOD),
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where RQ = risk quotient, PNEC = predicted no effect
concentration of compounds (ug L™'), MEC = measured envi-
ronmental concentration of the compounds in water samples
(hg L)

The PNEC was calculated for both acute and chronic tests
using the ECs5¢/LCso and NOEC respectively, divided by an
assessment factor (AF).*

PNEC,cue = (LCs of three acute toxicity tests)/AF cue  (2)

PNEC ronic = NOEC in chronic tests/AF chronic (3)

where EC5,/LCs, is the median effect/lethal concentration and
NOEC is the no observed effect concentration.

The acute toxicity data (LCs, or ECs4) and chronic toxicity
data (NOEC, LOEC, EC;) used in the current study for
ecological risk assessment of HQ and CAT in three South-
western States in Nigeria were obtained from existing litera-
ture for three aquatic organisms (algae, invertebrates and
vertebrates). The ecological risk levels were grouped into
three levels according to the RQ values. RQ > 1 indicates
a high ecological risk, RQ values between 0.1 < RQ < 1 mean
a median risk, and RQ < 0.1 suggests a minimal environ-
mental risk.**

2.8. Statistical analysis

Statistical analyses were carried out using the Statistical
Package for The Social Sciences (SPSS Statistics23; IBM
Corporation, Cornell, NY, USA) and Origin (Origin lab 9.1).
The variation in the concentrations between the urban and
rural sampling sites in Osun, Oyo and Lagos States
was determined by Kruskal-Wallis test. Furthermore,
nonparametric Spearman correlation informed us about the
relationship between the concentrations of the phenolic
compounds. Statistical significance was set at p < 0.05.
Multivariate statistical analysis was carried out using the
Principal Component Analysis (PCA) software, which further
interrogated the significant association between the phenolic
compounds in the environment. The PCA is a common tool in
the determination of multivariate statistical method of anal-
ysis in environmental studies.*>** It has been established as an
instrument for the identification of contamination sources
and also used substantially to confirm the association between
diverse environmental variables and/or total variability of
a data set.?>3%3%

limit of quantification (LOQ) of hydroquinone and catechol in water

samples
Linear range LOD LOQ Spiked conc.
Analyte (ngrL™M I (ngL™ (ngL™ (ngL ™ Recovery (%) + SD RSD (%) n =3
100 95.2 £ 1.34 1.78
Hydroquinone 10-1000 0.9999 2.9 10 200 92.5 + 2.28 2.68
500 92.1 + 0.62 1.26
100 104.1 £ 2.41 2.70
Catechol 10-1000 0.9999 26 88 200 101.3 £ 3.54 4.21
500 94.6 £ 2.62 3.02
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3 Results and discussions

3.1. Occurrence of hydroquinone and catechol in surface
and ground water

From Fig. 1A-D, the general trend of occurrence for HQ and
CAT show that the frequency of detection for these pollutants
are higher in the rainy season than in the dry season for both
groundwater and surface water samples. However, HQ is the
most detected in Osun and Oyo ground water samples with as
much as a 100% detection frequency during the rainy season,
with Lagos State being the least. However, during the dry
season, Lagos State has the highest detection frequency of HQ
and CAT in both groundwater and surface water samples.

The box plots for the median, maximum, and minimum
concentrations of HQ and CAT in water samples collected are
summarized in Table S1{ and Fig. 2. It is inferred from Fig. 2
that the median, maximum and minimum concentrations for
HQ in both groundwater and surface water samples in Osun
State are in close range for rainy and dry seasons.

Although, the detection frequency of HQ is significantly
higher than CAT in both seasons in groundwater and surface
water from Osun State (Fig. 1), yet, its concentrations in water
samples from this same State are not as high as those for CAT.
Besides, the concentrations of CAT both in the groundwater and
surface water samples are higher during the rainy season than
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in the dry season in Osun State. A similar trend is observed for
water samples from Oyo State. However, in contrast to what is
obtained in Osun State, the concentrations of CAT from water
samples in Oyo State are significantly higher during the dry
season compared to the rainy season. In anycase, surface water
samples have the highest median and maximum concentra-
tions in the State.

For water samples from Lagos State, the median, maximum
and minimum concentrations of HQ and CAT are significantly
higher in surface water samples than in groundwater samples
both in rainy and dry seasons. However, CAT has the highest
concentrations both in the dry season and the rainy season than
HQ (Fig. 2).

The mean concentration values of HQ and CAT in water
samples from the three States are provided in Table S1. During
the rainy season, the mean concentrations for HQ in Osun State
are 53 ug L' and 47 pug L™ for groundwater and surface water
samples respectively, while the mean concentration is 47 pg L™"
for both groundwater and surface water samples during the dry
season (Fig. 3A-D). Furthermore, the mean concentration for
CAT is 430 pug L™ in both groundwater and surface water during
the rainy season while during the dry season, the mean
concentrations are 102 pg L ™" for groundwater samples and 39
pg L™ for surface water samples (Fig. 3B and D).

~ 100 EE Osun
EE Oyo
75 Lagos

50~

25+

Detection Frequency (%

100+ Osun

EE Oyo
Lagos

Detection Frequency (%)

Fig. 1 Detection frequency of hydroquinone (HQ) and catechol (CAT) in (A) groundwater. (B) Surface water samples collected from Osun, Oyo
and Lagos States in Nigeria in the rainy season. (C) Groundwater. (D) Surface water collected from Osun, Oyo and Lagos States in Nigeria in the

dry season.
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of HQ and CAT in water samples collected from Osun, Oyo and Lagos

States in Nigeria (SW = Surface water; GW = groundwater; HQ = hydroquinone; CAT = catechol).

In Oyo State, the mean concentrations for HQ are 22 ug L™"
and 26 pg L' for groundwater and surface water samples
respectively during the rainy season and an average of 5 ug L "
and 9 pg L' for groundwater and surface water samples
respectively during the dry season (Fig. 3A-D). The concentra-
tion of CAT during the rainy season is 43 pg L' in both
groundwater and surface water samples. There is an increase in
the concentration of CAT during the dry season as the mean
concentrations are 175 ug L™ " in the groundwater samples and
412 pg L in the surface water samples. This is a reverse trend
to what was observed in Osun State (Fig. 3A-D).

In Lagos State, the mean concentration values obtained
during the rainy season for HQ are 13 pg L™ " and 43 pug L™" for
groundwater and surface water samples respectively, and an
average concentrations of 12 pg L' and 13 pg L~ for ground-
water and surface water samples respectively during the dry
season (Fig. 3A-D). The mean concentration values for CAT
during the rainy season are 126 pug L' and 123 pg L™" for
groundwater and surface water samples respectively. During the
dry season however, the mean concentration values are 126 pg
L' and 260 pg L™ for groundwater and surface water samples
respectively (Fig. 3A-D).

From these mean concentrations, it can be seen that CAT is
the most prevalent in water samples and has the highest mean
concentrations in all three States, with water samples from
Lagos State having the least mean concentrations of this
pollutant. However, during the dry season, water samples from

986 | RSC Adv, 2024, 14, 982-994

Oyo State had the highest mean concentrations for CAT in both
groundwater and surface water samples (Fig. 3C and D). In
anycase, all of these could be as a result of the abuse of phar-
maceuticals and the improper disposal of these drugs by the
people in these States as CAT is a potent ingredient in the
manufacture of pharmaceuticals.***” Pharmaceuticals can get
into the waterbodies as run offs.*® Also, CAT is vastly used in the
agro-chemical industry as an intermediate for the synthesis of
molecules for the production of pesticides,* and this could
explain its high concentrations in Osun water samples espe-
cially during the rainy season since Osun State is an agricultural
State and the use of pesticides increases during this season by
farmers throughout the State.* It is, thus, expected that resi-
dues such as CAT from the usage of pesticides would wash off
into water bodies.

3.2. Multivariate statistics: principal component analysis

Data obtained from principal component analysis (PCA) for the
studied parameters in surface and groundwater samples from
Osun, Oyo, and Lagos States are summarized in Table 2 while
the 2D plots are shown in Fig. 4. The suitability of the data for
PCA is validated by the results of the Kaiser-Meyer-Olkin (=0.5)
and Barlett sphericity (p < 0.001) tests respectively. For both
groundwater and surface water samples from Osun State, two
principal components (PCs) dominates the PCA analysis,
accounting for 81.5% and 70.6% of the total variance respec-
tively. Consequently, the PC 1 for the groundwater samples

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Plots of mean concentration values of hydroguinone and catechol in water samples from Osun, Oyo, and Lagos States in Nigeria ((A)
Rainy-G = rainy season groundwater samples; (B) Rainy-S = rainy season surface water samples; (C) Dry-G = dry season groundwater samples;

(D) Dry-S = dry season surface water samples).

explains 55.4% of the total variance and is dominated by EC &
TDS, with a very high loading of 0.92 each and a third signifi-
cant high loading of 0.85 for HQ. This strong association
between these parameters (EC, TDS and HQ) suggests
a common source of contamination. Nonetheless, the PC 2 is
singly dominated by CAT with a high loading of 0.93 accounting
for 26.0% of the total variance. This suggests that it (CAT) has
a different anthropogenic source from that of HQ. Possible
anthropogenic sources of CAT include effluent from photo-
graphic wastes, plastic production industry, and pharmaceu-
tical industry.

The PCA results for surface water data from Osun State were
also dominated by two principal components (PC 1 and PC 2)

accounting for 44.4 and 26.2% respectively. Similar to the
groundwater, PC 1 was dominated by EC and TDS with very high
loadings of 0.98 each for EC and TDS, indicating similarity in
source and factors responsible for EC and TDS. However, PC 2
showed a significant association between CAT, HQ and pH with
a high loading of 0.84, 0.62, and 0.53 respectively (Fig. 4B).
These loadings of 0.62 and 0.53 for HQ and pH denote a quasi-
independent behaviour, which may suggest the influence of
different anthropogenic sources within the same component.
Basically, HQ and CAT are two coexisting phenolic isomers
significantly used as primary raw materials and synthetic
intermediates in the pharmaceutical, cosmetics and dyes
industries.*** This also suggests that pH is a significant factor

Table 2 Rotated component for variables in groundwater and surface samples from Osun, Oyo and Lagos States, Nigeria®

OSUN GW OSUN SW OYO GW OYO SW LAGOS SW

1 2 1 2 1 2 1 2 3 1 2
CAT 0.06 0.93 0.04 0.84 0.09 0.85 —0.02 0.88 0.25 0.98 0.09
HQ 0.85 0.31 0.45 0.62 0.003 0.77 —0.03 —-0.75 0.48 0.96 0.12
pH 0.45 —0.59 —-0.13 0.53 0.26 —0.43 0.11 0.04 0.93 -0.3 0.6
EC 0.92 —0.28 0.98 —-0.01 0.99 —0.04 0.99 —0.001 0.07 0.29 0.91
TDS 0.92 —0.29 0.98 —-0.01 0.99 —0.03 0.99 0.01 0.07 0.3 0.92
Eigen values 2.77 1.30 2.22 1.31 2.06 1.49 2.06 1.37 1.07 2.64 1.53
Total variance% 55.44 26.04 44.38 26.21 41.22 29.86 41.19 27.31 21.38 52.85 30.65
Cumulative% 55.44 81.45 44.38 70.60 41.22 71.09 41.19 35.15 89.88 52.85 83.50

¢ Extraction method: principal component analysis. Rotation method: varimax with Kaise (bold figures indicate values =0.5).
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responsible for the observed levels of CAT and HQ in water
samples from Osun State.

Likewise, Oyo State groundwater samples data were
dominated by two principal components (PC 1 and PC 2),
accounting for a total of 71.1% of the total variance. The PC 1
followed the same trend like that for Osun State, with a high
loading of 0.99 for both EC and TDS accounting for 41.2% of
the total variance (Table 2, Fig. 4A and B). This suggests a very

988 | RSC Adv, 2024, 14, 982-994

strong association between EC and TDS. This association
further validates the source of EC and TDS to be similar. The
PC 2 was also dominated by CAT and HQ accounting for
29.9% of the total variance with significant loadings of 0.85
and 0.77 respectively.

Oyo State surface water was dominated by three PCs (PC 1,
PC 2 and PC 3) responsible for 89.9% of the overall variance.
Similar to what was obtained in Osun State, EC and TDS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dominated PC 1 accounting for 41.2% of the total variance with
high loadings of 0.99 each for EC and TDS (Fig. 4C). However,
a significantly high negative loading of —0.75 was observed for
HQ (PC 2), strongly depicting that CAT and HQ have different
origins in Oyo State surface water samples (Fig. 4D). The PC 3
was singly dominated by pH, accounting for 21.4% of the total
variance (Fig. 4D).

Furthermore, the Lagos State surface water samples were
dominated by two PCs (PC 1 and PC 2) accounting for 83.5% of
the total variance, suggesting the influence of two major
anthropogenic sources of contamination of the surface water.
PC 1 was dominated by CAT and HQ accounting for 52.9% of
the total variance with high loadings of 0.98 and 0.96 respec-
tively (Table 2). This strong association indicates that both
pollutants (CAT and HQ) are likely from the same anthropo-
genic source. As isomers, CAT and HQ often coexist and are
identified together in most samples.” Just like other samples
from Osun and Oyo States, PC 2 was dominated by EC and TDS
in surface water accounting for 30.7% of the total variance with
high loadings of 0.91 and 0.92 respectively. The dendrograms
from the hierarchical cluster analysis (Fig. 5) further corrobo-
rates the results of the PCA.

Osun groundwater and surface water samples were grouped
into two main clusters (A and B). Cluster A contains two lower
clusters, A1 (HQ, pH and CAT) and (HQ, pH and TDS), and A2
(pH and TDS) and (pH and EC) for the groundwater and surface
water samples respectively. pH and HQ are joined together at
a close distance, suggesting a common source of influence for
pH and HQ in both groundwater and surface water samples for

Dendrogram using Average Linkage (Between Groups)
Rescaled Distance Chster Combine

Dendrogram using Average Linkage (Between Groups)
Rescaled istance Cluster Combine

View Article Online

RSC Advances

A1, while HQ and CAT are joined together at a farther distance
for groundwater samples. HQ and TDS are joined together at
a farther distance for surface water samples indicating that
different factors influence the presence of HQ and TDS in the
water samples. Furthermore, A2 (pH and TDS) is joined together
at another relatively higher level than A1 (HQ, pH and CAT) for
groundwater samples. For the surface water samples, A2 (pH
and EC) is joined together at another relatively higher level than
Al (HQ, pH and TDS) indicating they might have same origin.
Also, the cluster analysis (CA) result show a stand-alone cluster
B (EC) that join cluster A at a higher distance for groundwater
samples and a stand-alone cluster B (CAT) that joined cluster A
at a higher distance for surface water samples, respectively
(Fig. 5(i and ii)).

Fig. 5(iii and iv) show the results of the CA for data from
Oyo groundwater and surface water samples which follow the
same trend with CA got Osun State groundwater and surface
water samples. The samples are classified into two main
clusters (A and B). Cluster A contains two lower clusters, Al
(HQ, pH and CAT) and A2 (pH and TDS) for both groundwater
and surface water samples. pH and HQ are joined together at
a close distance, indicative of a similar source in the water
samples in Al. Furthermore, the CA result showed a stand-
alone cluster B (EC) that joined cluster A at a higher
distance for groundwater samples. It is observed that the
proximity in the dendrogram between EC and TDS in Fig. 5(iii
and iv) suggests a form of similarity in distribution patterns
in water samples and corroborated the PCA results.
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Fig. 5 Hierarchical cluster analysis dendrograms showing the relationship between dihydrobenzenes and physicochemical properties in Osun
((i) groundwater and (ii) surface water), Oyo ((iii) groundwater and (iv) surface water), and Lagos ((v) groundwater and (vi) surface water samples).
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The results of the CA for water samples from Lagos State
showed that groundwater and surface water samples from this
State are classified into three main clusters (A, B and C). The
cluster A and B followed the same trend for Osun groundwater
and surface water samples (Fig. 5(v and vi)). The cluster C (TDS)
is a stand-alone cluster that joined with cluster B at a shorter
distance and cluster A at a farther distance for groundwater

H
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samples. The same can be seen for the surface water samples.
This indicates the influence of an entirely different anthropo-
genic source for the physicochemical property and CAT.

3.3 Ecological risk assessment

Based on the minimum and maximum measured environ-
mental concentrations for surface water and groundwater
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Fig.7 Estimated Daily Intake (EDI) calculated with the median concentration values of (A) catechol (B) hydroquinone in groundwater during rainy
season, (C) catechol (D) hydroquinone in groundwater during the dry season for various exposure groups in Osun, Oyo, and Lagos States, Nigeria.
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Nigeria.

samples from the three States, the ecological risk assessment
for HQ and CAT was calculated. Results are presented in Tables
S2 and S3 (ESI documentt).

The ecological risk to three taxonomic group: algae,
Daphnia, and fish from both the minimum and maximum
concentrations of HQ and CAT in groundwater and surface
water from the three States is high and even higher during the
rainy season than in the dry season for Osun State. Generally,
CAT pose the highest toxicity risk to the three taxonomic group.
Furthermore, from the acute and chronic scale of ecological risk
(RQacute & RQchronic), Daphnia in these water samples appears to
be more at risk than either Algae or Fish (Tables S2 and S37) in
both dry and rainy seasons.

Generally, the ecological risk from the presence of HQ and
CAT in these water samples is more in the rainy season than in
the dry season. However, samples from Oyo showed a reverse
trend. Groundwater samples from Osun and Lagos States
showed more toxicity to Algae, Daphnia, and Fish during the
rainy season than during the dry season judging from their
higher maximum concentrations obtained.

3.4. Human exposure and cancer risk assessments

One of the major sources of drinking water for people living in
Nigeria is the groundwater either from boreholes or hand-dug
wells. A large percentage of people living in rural parts of the
country also depend on surface water as a source of drinking
water. Hence, it is of absolute importance to determine the level
of human exposure to these compounds when ingesting water
from these sources. The human exposure to phenolic
compounds in this study was assessed using the estimated daily
intake (EDI; pg per kg bw per day) based on the United States

© 2024 The Author(s). Published by the Royal Society of Chemistry

Exposure Factors Handbook (USEPA, 2011). The population was
grouped into infants (<1 year old), toddlers (1-3 years old),
children (4-11 years old), teenagers (12-21 years old) and adults
(=21 years old).

EDI water (ng per kg bw per day) = (C x D)/BW (4)
where C is the concentration of the analyte in water (ug L™"), D
is the daily water consumption rate (L per day), and BW is the
body weight (kg). The EDI was calculated using the median and
the maximum concentrations. The daily water consumption
rate (D) and body weight used for calculating the EDI were:
infants (1 L per day, 9.2 kg), toddlers (0.9 L per day, 13.8 kg),
children (1.3 L per day, 31.8 kg), teenagers (2.4 L per day, 71.6
kg) and adults (3.1 L per day, 80 kg) respectively (USEPA, 2011).
The Environmental Protection Agency of the United States gave
a No-observed adverse-effect-level (NOAEL) of 4.3 mg per kg
body weight per day for HQ in drinking water. However, there is
no provisional peer reviewed toxicity value for CAT.

The median, minimum, and maximum concentrations for
HQ and CAT in groundwater and surface water samples
collected from the different States are provided in Table S1.f

The EDI values of HQ in groundwater and surface water
samples for all three States in both seasons using minimum,
median, and concentrations of HQ, are lower than the NOAEL
value provided by the USEPA while EDI values for teenagers
were the lowest (Fig. 6-9). It is observed that EDI values
decreased with the increasing age of the exposure group, with
infants and toddlers having most of the highest EDI values. In
Osun State, the EDI values are higher during the rainy season
than in the dry season when minimum values are used of

RSC Adv, 2024, 14, 982-994 | 991
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calculation (Fig. 6A-D). The same is true when median
concentrations are used for EDI calculations (Fig. 7A-D).

According to the results, the EDI values for HQ and CAT in
surface water increased in the dry season than in the rainy season
(Fig. 8A-D) using the maximum concentration. The reverse is the
case with median concentrations of HQ and CAT in surface water.

Using the median concentration values, the EDI values are
slightly higher in the rainy season than in the dry season
(Fig. 9A-D). It is observed that EDI values decreased with the
increasing age of the exposure group. The EDI values were
highest for infants and lowest for teenagers across the three
States. However, there is no statistical difference between EDI
values for Children, Teenagers, and Adults.

4 Conclusion

After a comprehensive monitoring of water bodies in three south-
western States in Nigeria, CAT and HQ were found in most of the
water samples (groundwater and surface water), which are the
major sources of drinking water for the populace inhabiting these
States. Judging from the average concentrations obtained from
these contaminants, it can be seen that the concentrations are
higher than expected and that the most frequently detected
dihydroxybenzene compound was CAT (100%) in water samples.
However, the high detection frequency of these compounds are
potentially from wash-offs, improper disposal of pharmaceuticals,
excessive use of pesticides and an increased use of these dihy-
droxybenzenes for making several household and agricultural
products. Expectedly, there was a significant decrease in the
concentration of these contaminants during the dry season except
for Oyo State which gave a reverse trend because of the

992 | RSC Adv, 2024, 14, 982-994

aforementioned reason. This is clearly a pointer to the effect of
climate change in the environment. Algae, Daphnia and fish are
more susceptible to CAT in both surface water and groundwater
samples from the three States. The human risk assessment
showed high non-carcinogenic risks to humans, especially CAT,
when ingested orally at concentrations found in this study.
Drawing inference from the PCA analysis, the surface water
samples in the three states have similar sources of contamination
and influencing factors. There was a strong association between
the concentrations of HQ and CAT which suggests that these two
compounds are from similar sources and drawing inferences from
the statistical results, the similar factors aforementioned are
responsible for the presence of HQ and CAT in the water samples.
There is a need for determining, monitoring, and recommending
guidelines and permissible limits for these contaminants in water
bodies as there are limited resources on the monitoring and the
presence of these contaminants in water. There is a need for
awareness on how toxic these dihydroxybenzene compounds are
in our water bodies and further develop strategies for their
abatement in our water bodies.

There should be recommendations to policy makers and
governing bodies about the creation of guidelines and limits for
these contaminants found specifically in drinking water espe-
cially for HQ. Safe practices such as controlled and proper
disposal of pharmaceuticals and the proper dicharge of indus-
trial effluents should be worked upon.
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