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Abstract
This study reports the occurrence and risk assessment of 2,4-dinitrophenol (2,4-DNP), phenol (PHE), and 2,4,6-trichlorophenol 
(2,4,6-TCP) in drinking water sources in three south-western States in Nigeria (Osun, Oyo, and Lagos). Groundwater (GW) and 
surface water (SW) were collected during dry and rainy seasons of a year. The detection frequency of the phenolic compounds 
followed the trend Phenol > 2,4-DNP > 2,4,6-TCP. The mean concentrations of 2,4-DNP, Phenol, and 2,4,6-TCP in GW/SW 
samples from Osun State were 639/553 μg L−1, 261/262 μg L−1, and 169/131 μg L−1 during the rainy season and 154/7 μg 
L−1, 78/37 μg L−1, and 123/15 μg L−1 during the dry season, respectively. In Oyo State, the mean concentrations were 165/391 
μg L−1 for 2,4-DNP and 71/231 μg L−1 for Phenol in GW/SW samples, respectively, during the rainy season. Generally, in the 
dry season, these values decreased. In any case, these concentrations are higher than those previously reported in water from 
other countries. The concentration of 2,4-DNP in water posed serious ecological risks to Daphnia on the acute scale while it 
was algae on the chronic scale. Estimated daily intake and hazard quotient calculations suggest that 2,4-DNP and 2,4,6-TCP 
in water pose serious toxicity concerns to humans. Additionally, the concentration of 2,4,6-TCP in water from Osun State in 
both seasons of the year and in both groundwater and surface water poses significant carcinogenic risks to persons ingesting 
water from these sources in the State. Every exposure group studied were at risk from ingesting these phenolic compounds in 
water. However, this risk decreased with increasing age of the exposure group. Results from the principal component analysis 
indicate that 2,4-DNP in water samples is from an anthropogenic source different from that for Phenol and 2,4,6-TCP. There is 
a strong need to treat water from GW and SW systems in these States before ingesting while assessing their quality regularly.
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Introduction

Due to phenolic compounds’ carcinogenicity, neurotoxic-
ity, mutagenicity, and endocrine-disrupting abilities, surveil-
lance has been increased on them in the aquatic environment. 
Phenolic compounds such as Phenol, 2,4-dinitrophenol (2,4-
DNP), and 2,4,6-trichlorophenol (2,4,6-TCP) are listed as 
priority pollutants in water by the United States Environ-
mental Protection Agency (USEPA 2011). Phenolic com-
pounds are organic chemicals with special structures consist-
ing of an aromatic ring with one or more hydroxyl (–OH) 
functional groups. These –OH functionalities make phenolic 
compounds soluble in water, increasing their prevalence and 
easy transportation around surface water and in groundwa-
ter. Their presence has been reported across international 
borders and in places where they have never been used. A 
good example is the earth’s pole (Jacob and Cherian 2013).
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The presence of Phenol and 2,4-dinitrophenol in water 
stems from their massive utilisation in agricultural indus-
tries for the production of pesticides and fertilisers. 2,4-Dini-
trophenol is also used in weight control pills (Gziut and 
Thomas 2022). Other sources of phenolic contamination 
in our water bodies are wastewater from industries such as 
textile, dyeing, and pharmaceutical (in the manufacture of 
personal care products). These phenolic compounds have 
the potential to bio-accumulate primarily because of their 
low biodegradability index (Zhou et al. 2017). This ability 
to bioaccumulate is amplified in the aquatic food chain (Al-
Ahmari et al. 2018; Alharbi et al. 2018).

Phenolic compounds have caused a vast array of health 
challenges in humans, including endocrine disruption and 
toxicity to reproductive organs (Wolff et al. 2015; Zhang 
et al. 2017), alteration in growth and development, attack 
on the immune system (Goulart and Mascaro 2016), and 
carcinogenicity and neurotoxicity (Bolton and Dunlap 
2017). Specifically, chlorophenols and nitrophenols are 
known to cause high fever, gastro-intestinal disturbances, 
cardiac arrest, headache, confusion and convulsions, his-
topathological alterations, genotoxicity (Chen et al. 2017; 
Lu et al. 2011), mutagenicity (Zhang et al. 2017), heart dis-
eases, sarcoma, asthma (Igbinosa et al. 2013), lung cancer 
in living organisms (Honda and Kannan 2018), and thyroid-
hormone disrupting effects (Hernández et al. 2020). One of 
such nitrophenols, 2,4-dinitrophenol (2,4-DNP), is noted to 
be the most noxious, having an LD50 around 30 mg kg−1 
body weights in rats (Shea et al. 1983). 2,4-DNP is toxic at 
certain concentrations, and prolonged exposure to it through 
inhalation and skin absorption could affect the bone mar-
row, cause breakdown of the central nervous system, affect 
the cardiovascular system, cause cataracts, and increased 
metabolism resulting in fever, headache, profuse sweating, 
thirst, fatigue, and more. From animal studies, 2,4-DNP is 
teratogenic, mutagenic, and carcinogenic (Grundlingh et al. 
2011). For 2,4,6-TCP, it is documented that it causes endo-
crine disruption and induces liver cancer, lymphomas, leu-
kaemia, and hemangiosarcoma in rodents (Jung et al. 2004; 
McConnell et al. 1991; Program 1979). On the other hand, 
Phenol impacts water with unpleasant odour and taste, which 
reduces the quality and quantity of water available for human 
consumption (Yahaya et al. 2019). The hydrophobicity of 
these phenolic compounds, their ability to form free radicals, 
their low concentrations in water (usually at ng L−1–μg L−1 
levels), and the complexity of environmental matrices make 
them even more toxic, which makes monitoring of these 
pollutants necessary.

There are reports from China (Chen et al. 2021; Wang 
et al. 2020), Brazil (Ramos et al. 2021), Egypt (El-Naggar 
et al. 2022), South Africa (Yahaya et al. 2019), India (Kumar, 
2018), and Malaysia (Al-Janabi et al. 2012) about the pres-
ence of these priority pollutants in their water bodies. A few 

countries, especially North America (USA and Canada) and 
Europe, have successfully tackled the problem of phenolic 
contamination in their water bodies. As a result, there have 
been very few reports of these chemical compounds in their 
water bodies since the last decade. In contrast, high concen-
trations of phenolics compounds have been found in a few 
countries in Asia and Africa, e.g., China, India, South Africa 
and Egypt, indicating some level of increasing industrialisa-
tion in these countries.

In addition, several developed countries have in place 
permissible concentration limits for the presence of these 
phenolic compounds in their water especially drinking water. 
Countries in Europe, for example, put the maximum level 
of chlorophenol in drinking water at 2 μg L−1 (WHO 2017), 
Canada at 2 μg L−1 (Warrington, 2021), India at 1 μg L−1 
(Chand, 2018), China at 0.2 μg L−1 (Liu, 2009), Australia at 
2 μg L−1 (Batley, 2014), and the World Health Organization 
(WHO) at 1 μg L−1 (WHO, 2017). The USEPA recommends 
10 μg L−1 as the maximum concentration limit for 2,4-DNP 
in drinking water in the United States of America. It is even 
regarded as a priority pollutant by the Clean Water Act (Al-
Mutairi 2010). While the USEPA has placed a maximum 
permissible limit of 1.0 mg L−1 for Phenol in wastewater, the 
WHO has 0.1 mg L−1 as its maximum permissible limit for 
the same in drinking water (Sonawane and Korake 2016). In 
Brazil, the Brazilian Potability Standard for drinking water 
set the maximum permissible level for 2,4,6-TCP at 200 
ng L−1 (Sartori et al. 2012). However, there is a dearth of 
data on the presence of these phenolic compounds in water 
bodies and drinking water sources in Africa, even though 
these chemical compounds are vastly used in industries and 
particularly for agricultural purposes in the continent. Con-
sequently, no limit has been determined for these priority 
pollutants in aquatic environments in African countries.

To make matters worse for millions of Africans, the 
major sources of drinking water are some of these aquatic 
environments, including streams, rivers, hand-dug wells, 
and boreholes. In fact, it is estimated that >50% of Afri-
cans use groundwater as their primary source of drinking 
water (https://​busin​essday.​ng/​opini​on/​artic​le/​world-​water-​
day-​2022-​where-​are-​we/). Water from these sources is usu-
ally not pre-treated before use. The quality of these drink-
ing water sources from Africa and especially Nigeria, with 
respect to phenolic compounds, is relatively unknown.

Based on these observed gaps, this study aims to pro-
vide baseline data on the occurrence of some phenolic 
compounds [Phenol, 2,4-dinitrophenol (2,4-DNP), and 
2,4,6-trichlorophenol (2,4,6-TCP)] in groundwater and sur-
face water samples from three States in Southwestern Nige-
ria (Osun, Oyo, and Lagos States). Osun State is mainly 
an agricultural State, while the populace in Oyo State are 
government workers and as such it has several more urban 
areas than Osun State. Lagos State is one of the highly 

https://businessday.ng/opinion/article/world-water-day-2022-where-are-we/
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industrialized States in Nigeria and is regarded as a metro-
politan State. Both Osun and Oyo States are closest to Lagos 
State in the Southwest of Nigeria. 2,4-DNP and Phenol were 
chosen based on their massive utilisation for agricultural 
purposes in this region of Nigeria, especially as constituents 
of fertilisers and pesticides, and also as component of paints 
while 2,4,6-TCP was selected since it is mainly a by-product 
of chlorination of water containing Phenol or certain aro-
matic acids, a process still being practiced in Nigeria. The 
choice of groundwater and surface water is because in most 
parts of Nigeria, especially in the Western region, groundwa-
ter and surface water are the primary potable water sources. 
Data from this study will be useful to policy-makers and 
water treatment professionals who will need them to develop 
guidelines and effective treatment strategies for the abate-
ment of these chemical contaminants in water in Nigeria and 
the African continent.

Materials and methods

Chemicals

Analytical standards of HPLC grades for Phenol, 2,4-Dini-
trophenol (2,4-DNP), and 2,4,6-Trichlorophenol (2,4,6-TCP) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Methanol, ethyl acetate, dichloromethane, and acetonitrile 
were also obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Similarly, other chemicals, such as concentrated 
hydrochloric acid, were obtained from Sigma-Aldrich (St. 
Louis, MO, USA) and were of analytical standard; ultrapure 
water was generated from a water purification system using 
Milli-Q Direct 8/16. The standard stock solutions of each 

analyte (20 mg L−1) were prepared singly in ultrapure water 
and stored at 4 °C. Working solutions were spiked with 200 
μg L−1 of the mixed phenolic compounds in the dilute stock 
solution prepared with ultrapure water.

Description of the study area

Osun, Oyo, and Lagos States belong to the tropical rainfor-
est Biome in South-western Nigeria and 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 
approximately 14,875, 28,454, and 3,577 km2, respectively. 
Coordinates for each sampling site is presented in the sup-
porting information document (Table S1). The sampling 
States for this study are shown in Fig. 1.

Sample collection

Water samples from groundwater (hand-dug wells and bore-
holes) from 34 locations (Table S1) were collected using 
a polyethene bailer just below the water level (hand-dug 
well) and directly into sample bottles from the study area 
for 1 year, covering rainy and dry seasons. Similarly, surface 
water samples were randomly collected from 31 locations 
(Table S1) cutting across major rivers (Epe River in Lagos 
and Osun river in Osun State) and a water dam (Asejire in 
Oyo State). Samplings were done between April 2021 to 
March 2022, and each sample was collected in triplicate.

At each sampling site, samples of groundwater were taken 
(n = 3) and made into a composite. At the same time, for sur-
face water, grab samples (n = 3) were collected from all the 
sampling sites in Osun, Oyo, and Lagos States, Nigeria, but not 
made into composites. Physicochemical analysis of samples 

Fig. 1   The map of Southwest-
ern States in Nigeria where 
the sampling campaign was 
conducted
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was done with Hanna probe with capacity to measure pH and 
electrical conductivity, while total dissolved solids (TDS) were 
measured with a TDS meter. Results of some physicochemical 
analysis of these samples are shown in Table S2 (SI document).

Furthermore, the influence of seasonal variations on 
the amount and distribution of these phenolic compounds 
[2,4-dintrophenol (2,4-DNP); phenol; 2,4,6-trichlorophenol 
(2,4,6-TCP)] in water was studied. Three sampling cam-
paigns (one for each State) were carried out during the rainy 
season (April to September 2021) and three also during the 
dry season (December to March 2022).

Groundwater and surface water samples (500 mL) from 
the field were stored in amber glass bottles already 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 and stored at 4 °C. Extrac-
tion of analytes from water samples was done within 24 h.

Instrumental analysis

Prior to instrumental analysis, pre-treatment of samples was 
done using the solid phase extraction technique. Details of 
the procedure for this technique is provided in Section S1 (SI 
document). The quantification of the analytes in the recon-
stituted eluents was done using the high-performance liquid 
chromatography system with a UV detector (Agilent Series 
1100). Analytes were separated using a C18 column (5 μm 
particle size, 250 × 4.6 mm i.d.), and all sample injections 
were done automatically by an autosampler. Methanol (HPLC 
grade) 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 μL with a total run time of 17 min. 
The wavelength detector for the analytes was 220 nm.

Quality assurance and quality control

Procedural blanks were used to check for possible contami-
nation and interferences from solvents and materials used 
in the extraction process. This was done with every extrac-
tion batch. The concentrations obtained from the procedural 
blanks were deducted from the known concentrations of 
the environmental samples. Methanol blank and midpoint 
calibration standard were injected after each batch analy-
sis to check for discrepancies in instrumental response and 
carryover of the analytes of interest from prior injections. 
Quantification of analytes was carried out using the phenolic 
standards, and a standard calibration curve was obtained by 
analysing aqueous solutions containing the analytes of inter-
est ranging from a concentration of 10 to 1000 μg L−1.

Results suggest that standard deviations for data 
obtained were <20% for both types of water samples from 

Osun and Lagos States, <20% in groundwater samples 
from Oyo State, and 26% for Phenol from surface water 
in Oyo State. The instrumental quantification limit was 
determined at three times the signal-to-noise ratio using 
the standard deviation of the seven-point calibration inter-
cepts divided by the slope, and the limit of quantification 
(LOQ) was calculated as ten times the ratio. The LOD 
ranged from 17 to 40 μg L−1, and the coefficients of deter-
mination (r2) of calibration curves were 0.999 for Phenol 
and 2,4-dinitrophenol and 0.998 for 2,4,6-trichlorophenol. 
The coefficients of determination as well as LOD and LOQ 
values are presented in Table S3.

Ecological 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 (Chakraborty et al. 
2016; Chen et al. 2014). The risk quotient (RQ) method 
was used to determine the toxicity levels of these phenolic 
compounds. The RQ is determined as follows:

where RQ is the risk quotient; PNEC is the Predicted No 
Effect Concentration of compounds (μg/L) and MEC is the 
Measured Environmental Concentration of the compounds 
in water samples (μg/L). The PNEC is calculated for both 
acute and chronic tests using the EC50/LC50 and NOEC, 
respectively, divided by an assessment factor (AF) (Wang 
et al. 2019a).

where EC50/LC50 is the median effect/lethal concentration 
and NOEC is the no observed effect concentration.

The acute toxicity data (LC50 or EC50) and chronic tox-
icity data (NOEC, LOEC, EC50, and MATC) used in the 
current study for ecological risk assessment of Phenol, 2,4-
DNP, and 2,4,6-TCP in three south-western states in Nige-
ria were obtained from existing literature, entailing three 
aquatic organisms [algae, invertebrates (Daphnia), and ver-
tebrates (fishes)].

The ecological risk were grouped into three levels accord-
ing to the RQ values with RQ >1 indicating a high eco-
logical risk, RQ values between 0.1 < RQ < 1 signifying a 
median risk, and RQ < 0.1 suggesting a minimal environ-
mental risk (Wang et al. 2019b).

(1)RQ =
MEC

PNEC

(2)
PNECacute =

(

EC50∕LC50 of three acute toxicity tests
)

∕AFacute

(3)PNECchronic = NOEC in chronic tests∕AFchronic
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Health risk assessment

The human risk is categorized into non-carcinogenic risk 
and carcinogenic risk. The non-carcinogenic risk (NCR) is 
calculated in terms of a hazard quotient (HQ) (Gerba 2019), 
where

RfD = oral reference dose (2,4,6-TCP = 1.1 × 10−2 mg 
kg−1 day−1; 2,4-DNP = 2 × 10−3 mg kg−1 day−1; phenol = 
0.3 mg kg−1 day−1)

Where C =	� highest phenolic compound concentration 
found (mg L−1)

DI =	� daily intake (2.4 L day−1)

EF =	� exposure frequency (days/years)

ED =	� exposure duration (30 years for adult and 6 
years for children as national upper bound 
time at one residence which is the 90th 
percentile)

BW =	� body weight (80 kg for adult and 30 kg for 
children), and

AT =	� averaging times in days (ATAdult = 10950 
days and ATChildren = 2190 days) (EPA, 2015; 
Gerba 2019).

Moreover, the risk of cancer is calculated using

where

CR =	� cancer risk

CSF =	� cancer slope factor which is 1.1 × 10−2 mg kg−1 
day−1 for 2,4,6-TCP (Iris 2011). Phenol and 2,4-
DNP are yet to have OSF values.

The HQ of the non-carcinogenic risk is categorized as 
HQ >1, indicating a high non-carcinogenic risk, while HQ 
<1 indicates non-carcinogenic risk. The carcinogenic risk, 
however, is categorized into negligible risk (CR < 10−6), 
possibility of cancer (CR > 10−6), and unacceptable risk 
(CR > 10−4) (Zhou et al. 2017). The CR was calculated for 

(4)HQ = CDI∕RfD

(5)But CDI = (C × DI × EF × ED)∕(BW × AT)

(6)CR = CDI mg∕kg∕day ∗ CSF mg∕kg∕day

all the phenolic compounds with CSF for the compounds in 
water as found in the literature ((EPA), 2002; IB and Assess-
ment 1993).

Due to the simultaneous presence of these phenolic com-
pounds, the hazard index (HI), which predicts the potential 
harm caused from exposure to more than one chemical via 
the sum of the individual hazard quotients for each chemical, 
was also used in this study:

If HI is >1.0, then the water is unsafe for drinking. The 
closer the HI value is to 1.0, the more unsafe the drinking 
water is.

Statistical analysis

Statistical analyses were carried out using the Statistical 
Package for The Social Sciences (SPSS Statistics23; IBM 
Corporation, Cornell, NY, USA) and Origin (OriginLab 
9.1). The variation in the concentrations between the urban 
and rural sampling sites in Osun, Oyo, and Lagos States 
was determined by the Kruskal-Wallis test; furthermore, 
nonparametric Spearman correlation informed us about the 
relationship between the concentrations of the phenolic com-
pounds, statistical significance was set at p value less than 
0.05. Multivariate statistical analysis was carried out using 
the principal component analysis (PCA) software, which 
was used to further interrogate the significant association 
between the phenolic compounds. The principal component 
analysis is a vastly used multivariate statistical method of 
analysis in environmental studies (Adesanya et al. 2020; 
Ogunlaja et al. 2019). It has been established as an instru-
ment 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 
(Awolusi et al. 2018; Bolujoko et al. 2022; Ogunlaja et al. 
2019).

Results and discussions

Occurrence of phenolic compounds in surface water 
and groundwater

From Fig. 2A–D, it is generally observed that the frequency 
of detection of these phenolic compounds was higher in the 
rainy season than in the dry season with the highest detec-
tion frequencies found in water samples from Osun State and 
the lowest found in those from Lagos State.

Phenol was more frequently detected in water samples 
from the different sampling sites in the three States (Osun, 
Oyo, Lagos) with as much as 100% detection frequency 

(7)HI = sum of hazard quotients
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(Fig. 2A–D) irrespective of the season of the year (rainy 
or dry season) or the source of the water (groundwater or 
surface water). However, in most cases, phenol had higher 
detection frequencies in surface water samples than in 
groundwater samples. 2,4,6-TCP is the least frequently 
detected phenolic compound in water samples from all 
three States (≤50% detection frequencies) for both seasons. 
Nonetheless, from the raw data obtained (not presented), the 
presence of 2,4,6-TCP in groundwater samples from most 
sample sites in Oyo State was below the limit of detection.

Figure 3 shows the box plots for the median, maximum, 
and minimum concentrations of the various phenolic com-
pounds in the water samples collected from the three States. 
From Fig. 3, it is observed that data for the presence of Phe-
nol and 2,4,6-TCP in water samples from Osun State during 
the rainy season have a high level of agreement for both 
surface water and groundwater samples indicating that the 
concentrations of these phenolic compounds in samples col-
lected from the different sites in this State are within close 
range. Data for samples from the other two States (Oyo and 
Lagos) during the rainy season generally have lower levels 
of agreement. However, data variability is reduced in the dry 
season except for data from Osun State (Fig. 3).

The median concentration values for these phenolic com-
pounds are higher in the rainy season than in the dry season 
from samples from Osun State, but the reverse is the case 
with the samples from Oyo and Lagos States.

Considering the mean concentration values of these phe-
nolic compounds in water samples from the different sites 
in the various States, we note that 2,4-DNP has the highest 
mean values for both seasons (rainy and dry seasons) and 
in both groundwater and surface water (Fig. 4A–D). Appar-
ently, the mean concentrations of 2,4-DNP in groundwater 
samples were higher than those for surface water samples 
from the three States for both seasons (rainy and dry). The 
exception to these observations is water samples collected 
during the rainy season in Oyo State (Fig. 3).

This observation with mean concentrations is because of 
the increase in farming activities in Nigeria during this sea-
son which requires the application of fertilisers, pesticides, 
and herbicides. 2,4-DNP being an essential constituent of 
pesticides and foliage fertilisers applied to farmlands during 
the rainy season is washed off into water bodies and perco-
late into groundwater (Luo et al. 2014; Ramos et al. 2021; 
Zhong et al. 2018). The mean concentration levels of 2,4-
DNP in water samples from Osun State are higher during the 
rainy season for this reason since the State is known mainly 
for agriculture. Furthermore, during this season, there is an 
increase in stormwater across the three States’ discharge that 
increases the level of 2,4-DNP in water (Yahaya et al. 2019).

Analysis for the presence of 2,4,6-TCP in most ground-
water and surface water samples during the rainy season 
in Oyo and Lagos States indicates concentrations that are 
below the detection limit. However, 2,4-DNP was found 

Fig. 2   Detection frequency of 
phenolic compounds in water 
samples collected from Osun, 
Oyo, and Lagos States in Nige-
ria (Rainy-G = rainy season 
groundwater samples; Rainy-S 
= rainy season surface water 
samples; Dry-G = dry season 
groundwater samples; Dry-S 
= dry season surface water 
samples)
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in less amounts in water samples from Oyo and Lagos 
States with the latter being the least. This is especially so 
because Lagos State is a metropolitan city with very few 
agricultural activities.

Precisely, the mean concentrations of 2,4-DNP in ground-
water (639.2 μg L−1) and surface water (553.4 μg L−1) from 
Osun State were highest among the three States during the 
rainy season (Fig. 4A, B). It should be noted that 2,4-DNP 

Fig. 3   Box plots for median, 
maximum, and minimum 
concentrations of phenolic 
compounds in water samples 
collected from Osun, Oyo, and 
Lagos States in Nigeria (SW = 
surface water; GW = groundwa-
ter; 2,4-DNP = 2,4-Dinitrophe-
nol; 2,4,6-TCP = 2,4,6-Trichlo-
rophenol)

Fig. 4   Plots of mean concentra-
tion values of phenolic com-
pounds in water samples from 
Osun, Oyo, and Lagos States 
in Nigeria (Rainy-G = rainy 
season groundwater samples; 
Rainy-S = rainy season surface 
water samples; Dry-G = dry 
season groundwater samples; 
Dry-S = dry season surface 
water samples)
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in the groundwater samples from Osun State had a mean 
concentration of 154.2 μg L−1 while Phenol and 2,4,6-TCP 
had mean concentrations of 77.7 μg L−1 and 122.9 μg L−1, 
respectively, during the dry season. The mean concentrations 
639.2 μg L−1 for 2,4-DNP, 261 μg L−1 for Phenol, and 169 
μg L−1 for 2,4,6-TCP in groundwater samples during the 
rainy season were observed from this State (Fig. 4A, B). The 
mean concentrations for 2,4-DNP, Phenol, and 2,4,6-TCP in 
surface water samples in Osun are 553 μg L−1, 261 μg L−1, 
and 146 μg L−1, respectively, during the rainy season and 
25 μg L−1, 42 μg L−1, and 40 μg L−1 during the dry season, 
respectively.

However, in the dry season, analysis of groundwater and 
surface water samples from Oyo State for the presence of 
2,4-DNP gave the highest mean concentration values of 
1080 μg L−1 and 405 μg L−1, respectively (Fig. 4C, D). 
Basically, groundwater samples from Oyo State had mean 
concentration values of 1080 μg L−1 for 2,4-DNP, 157 μg 
L−1 for Phenol, and 216 μg L−1 for 2,4,6-TCP during the dry 
season. In the rainy season, the mean concentration values 
are 165.3 μg L−1 for 2,4-DNP and 71 μg L−1 for Phenol. 
There were no mean concentration values for 2,4,6-TCP 
in groundwater samples from this State in the rainy season 
because results were all below detection limits for this phe-
nolic compound. For surface water samples, the mean con-
centration values were 405 μg L−1 for 2,4-DNP, 145 μg L−1 
for Phenol, and 275.6 μg L−1 for 2,4,6-TCP during the dry 
season. Furthermore, the mean concentration values were 
391 μg L−1 for 2,4-DNP and 171 μg L−1 for Phenol during 
the rainy season (Fig. 4A–D).

The mean concentration values for these phenolic com-
pounds in groundwater samples from Lagos State in the 
rainy season are 260 and 131 μg L−1 for 2,4-DNP and phe-
nol, respectively; in the dry season 341.6, 34.3, and 154 μg 
L−1 for 2,4-DNP, Phenol, and 2,4,6-TCP respectively. For 
surface water samples collected from this State, the mean 
concentrations for 2,4-DNP and Phenol were 203 and 177 μg 
L−1 in the rainy season and 235 and 60 μg L−1 in the dry sea-
son, respectively (Fig. 4A–D). The mean concentrations for 
2,4,6-TCP in groundwater and surface water samples from 
this State were not reported because it was observed that ca. 
98% of the samples had below detection limit concentrations 
of this phenolic compound.

Although 2,4-DNP had the highest mean concentration 
values in the water samples studied, the concentrations of 
phenol in these samples were also significantly high. This 
might not be unconnected with the increasing use of per-
sonal care products by millions of Nigerians, most especially 
as disinfectants and sunscreens, hair dyes, and relaxers. 
These products are known to contain Phenol. Furthermore, 
the biodegradation of substituted phenolic compounds by 
microorganisms in the aqueous soil phase may result in the 
formation of Phenol (Preda et al. 2018). However, there 

is generally a decrease in the maximum concentrations of 
the three phenolic compounds in water samples during the 
dry season except for samples from Oyo State where the 
reverse is the case. This is because samples from this State 
were collected a day after a heavy rainfall across the State 
during a season regarded to be dry.

Even though the concentrations of phenolic compounds 
in groundwater samples were higher in urban areas than in 
rural areas, statistical analysis (not shown) indicate that there 
is no significant difference (p < 0.05) in these concentra-
tions, which suggests that people living in both urban and 
rural areas in these States are equally exposed to any poten-
tial risk associated with the concentration of these phenolic 
compounds in their water bodies when ingested.

There was an impact of seasonal variation on the quality 
of water samples collected. Groundwater samples from Oyo 
and Lagos States show more toxicity to algae, Daphnia, and 
fish in the dry season (Fig. 3) than in the rainy season due to 
the higher maximum concentration of these phenolic com-
pounds. In contrast, samples from Osun State show a reverse 
trend. This is likely because, from our observation, there are 
more hand-dug wells in Osun State than in Oyo and Lagos 
States. It is known that surface runoff readily contaminates 
hand-dug wells (which are usually shallow). Consequently, 
these phenolic compounds can easily be transported to hand-
dug wells during the rainy season (Ibrahim et al. 2021). 
However, groundwater samples from Oyo and Lagos were 
from boreholes, often below the water table and not easily 
polluted by transported chemicals.

The concentrations of phenolic compounds obtained 
in this study are significantly higher than those previ-
ously reported from other countries worldwide, as shown 
in Table 1. In some cases, 2,4,6-TCP concentrations were 
higher than WHO-set limits of 200 μgL−1 for its presence 
in drinking water (Angelino and Gennaro 1997; EPA and 
Technology 2015; Organization 1994; WHO 2003). In fact, 
the mean concentrations of 2,4-DNP and 2,4,6-TCP reported 
in this study are >200-fold higher than those found in the 
Buffalo River of Eastern Cape South Africa (Yahaya et al. 
2019), one of the very few reports from Africa.

Multivariate statistics: principal component analysis

The results of the principal component analysis (PCA) for 
the parameters studied in groundwater and surface water 
samples from Osun, Oyo, and Lagos States are summarized 
in Table 2. The preliminary results of the Kaiser-Meyer-
Olkin (KMO) test (≥0.5) and Bartlett sphericity tests (p < 
0.001) indicate that the data qualify for structure detection, 
and this further validates the results of the PCA. For ground-
water samples from Osun State, three principal components 
dominated the PCA, accounting for 82.7% of the total vari-
ance. The first principal component (PC1) explained 41.5% 
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of the total variance and showed very high loadings of 0.99 
and 0.98 for electrical conductivity (EC) and total dissolved 
solids (TDS), respectively. Similar high loadings ≥0.97 for 
EC and TDS were also observed for other water samples 
(groundwater and surface water) from Oyo State (Table 2; 
Fig. 5). High PCA loadings found in water samples (both 
groundwater and surface water) in Osun and Oyo States sug-
gest a very strong association between EC and TDS, and 
hence similar sources and factors contributing to the val-
ues of both EC and TDS from water samples from the two 
States. This is expected because of the relationship between 
EC and TDS, and previous reports which show a similar 
strong correlation between EC and TDS (Thirumalini and 
Joseph 2009; Sa’ad et al. 2021). For groundwater samples 
from Osun State, there is an association between Phenol 
and 2,4,6-TCP in the PC2 analysis shown in Table 2. This 
suggests a quasi-independent behaviour within the group, 
which is further corroborated by a large distance between 
the two phenolic compounds (PHE and TCP) in Fig. 5A and 
confirming they are from different sources. There is also an 

association between phenol and pH in Osun surface water 
and Oyo groundwater samples which suggests that these two 
components (phenol and pH) have a similar source in water 
samples from these States.

The pH loading of 0.51 for groundwater samples from 
Osun State (Fig. 5A) is not as high as that for EC and TDS, 
suggesting that the pH of water samples from this State is 
influenced by pollution from different sources. Likewise, the 
PCA results for Osun surface water (SW) showed that it had 
three principal components significantly dominated by EC 
and TDS in PC1. This accounts for 33.5% of the total vari-
ance with very high loadings of ≥0.99 indicating a strong 
relationship between EC and TDS (Fig. 5B) influenced by 
a common factor.

The PC2 value for Osun State groundwater samples con-
sist of a high loading of 0.91 for Phenol (PHE) and a rela-
tively moderate loading of 0.66 for 2,4,6-TCP (TCP). Also, 
PC2 values (for surface water samples) for Osun State were 
dominated by pH and PHE with loadings of 0.66 and 0.70, 
respectively, accounting for 20.1% of the total variance. The 

Table 1   Concentrations of 
phenolic compounds in water 
sources from different countries

*Values are in micrograms per litre
† Mean concentration values

Country Matrix Phenol* 2,4-DNP* 2,4,6-TCP* Reference

China River <LOD-3.84 <LOD-2.69 <LOD-2.48 Chen et al. (2021)
Egypt River <LOD-0.109 0.0914 0.0029–0.046 El-Naggar et al. (2022)
Brazil Groundwater -- 0.43 0.08–25.9 Ramos et al. (2021)
Singapore River 0.3 0.45 --- Tang et al. (2014)
Poland Groundwater --- --- 0.06–0.89 Michałowicz et al. (2011)
Malaysia Treated water --- --- 1–5 Al-Janabi et al. (2012)
South Africa Dam 0.14 0.774 0.46 Nthunya et al. (2019)
WHO Drinking water 1000 - 200
Nigeria† Groundwater 261 1080 216 This study
Nigeria† River 261 553.4 275 This study

Table 2   Rotated component matrix for variables in groundwater and surface water samples from Osun and Oyo States

Extraction method: principal component analysis. Rotation method: Varimax with Kaiser (bold figures indicate values ≥ 0.5); Figures in bold are 
those above acceptable threshold limit of 0.50

Osun GW Osun SW Oyo GW Oyo SW Lagos GW Lagos SW

1 2 3 1 2 3 1 2 3 1 2 1 2 1 2

DNP 0.15 0.05 0.94 0.03 −0.01 0.96 0.29 0.29 0.80 −0.24 0.75 −0.08 0.75 0.18 0.76
PHE −0.16 0.91 0.09 0.03 0.70 −0.02 0.24 0.84 0.16 0.09 0.57 −0.73 0.20 −0.02 0.39
TCP 0.37 0.66 −0.20 −0.10 −0.52 0.17 0.08 0.09 −0.90 −0.09 0.76 0.05 −0.72 −0.02 −0.78
pH 0.51 0.27 −0.56 −0.14 0.66 0.24 −0.01 0.85 −0.03 0.30 0.51 0.76 0.32 0.70 0.30
EC 0.99 0.02 0.03 1.00 0.21 0.03 0.98 0.10 0.03 0.98 −0.01 0.55 −0.39 0.93 −0.08
TDS 0.98 0.02 0.03 1.00 0.01 −0.01 0.97 0.13 0.10 0.98 −0.02 0.65 −0.11 0.97 −0.02
Eigen values 2.490 1.348 1.121 2.012 1.207 1.004 2.552 1.358 1.192 2.109 1.703 1.993 1.254 2.395 1.371
% Total variance 41.51 22.47 18.69 33.53 20.12 16.73 42.54 22.63 19.86 35.15 28.38 33.21 20.90 39.92 22.85
% Cumulative 41.51 63.98 82.66 33.53 53.65 70.38 42.54 65.17 85.03 35.15 63.53 33.21 54.11 39.92 62.77
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PC3 for groundwater samples is dominated only by 2,4-DNP 
accounting for 18.7% of the total variance with high loadings 
of 0.94. This is confirmed in Fig. 5A, indicating that 2,4-
DNP is from a source different from those of PHE and TCP. 
The loading of −0.56 for pH indicates that 2,4-DNP and pH 
have different sources. Like the groundwater samples, the 
PC3 for surface water samples from this State is dominated 
significantly by 2,4-DNP with a loading of 0.96 accounting 
for 16.7% of the total variance (Fig. 5A), also indicating 
that 2,4-DNP is from a source different from phenol and 
2,4,6-TCP.

Similarly, the physico-chemical parameters of ground-
water samples from Oyo State were dominated by three 
principal components. PC1, PC2, and PC3 were best rep-
resented by EC and TDS, EC and PHE, and pH and DNP 
accounting for 42.5, 22.6, and 19.9% of the total variance 
respectively (Table 2). The negative high loading of −0.90 
for TCP (Fig. 5C) and its large distance with 2,4-DNP indi-
cate that it is from a different source. Nonetheless, surface 
water samples from this State (Oyo) were described by two 
principal components (PC1 and PC2). Like with Osun State 
groundwater and surface water samples, PC1 was dominated 
by EC and TDS accounting for 35.2% of the total variance, 
while PC2 was dominated by 2,4-DNP, PHE, 2,4,6-TCP, and 
pH with loadings of 0.75, 0.57, 0.76, and 0.51, respectively, 
accounting for 28.4% of the total variance. The relatively 
low loadings of PHE and pH suggest the influence of a dif-
ferent factor through a similar source as shown in Fig. 5D.

Likewise, Table 2 summarizes the results of the PCA for 
groundwater and surface water samples obtained from Lagos 
State. Data from the PCA also showed that PHE did not con-
tribute significantly (p ≤ 0.05) to the total variance observed 
in the parameters studied.

The groundwater PCA result was represented by two prin-
cipal components responsible for a cumulative variance of 
54.1% with pH, EC, and TDS dominating PC1 accounting 
for 33.2% of the total variance. EC and TDS were also cor-
related in PC1 even though not as strong as the association 
seen in water samples from Osun and Oyo States (Fig. 6A). 
The PC2 for Lagos groundwater is dominated significantly 
by DNP with a loading of 0.75 accounting for 20.9% of the 
total variance. The surface water PCA result was equally 
represented by two principal components responsible for a 
cumulative variance of 62.8% with pH, EC, and TDS domi-
nating the PC1 accounting for 39.9% of the total variance, 
and 2,4-DNP with a loading of 0.76 dominating the PC2 
accounting for 22.9% of the total variance (Fig. 6B).

Hierarchical cluster analysis

Cluster analysis (CA) was performed on the selected physico-
chemical parameters and phenolic compound concentrations 
in both groundwater and surface water samples. The results 
are represented by the dendrograms (Figs. 7 and 8). The 
degree of association between the variables (physicochemical 

Fig. 5   PCA loading 3D plot 
for studied parameters in Osun 
State (A) groundwater samples 
(PC1 vs PC2 vs PC3); (B) sur-
face water samples (PC1 vs PC2 
vs PC3); Oyo (C) groundwater 
samples (PC1 vs PC2 vs PC3); 
and (D) surface water samples 
(PC1 vs PC2)
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Fig. 6   PCA loading 3D (PC1 vs PC2) plot for parameters studied in Lagos (A) groundwater and (B) surface water samples, respectively

Fig. 7   Hierarchical cluster analysis dendrogram showing the relationship between phenolic compounds and physicochemical properties in Osun 
(groundwater (i) and surface water (ii)) and Oyo (groundwater (iii) and surface water (iv) Samples
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parameters and phenolic compound concentrations) is 
depicted by the distance between clusters in the dendrogram. 
The dendrogram further corroborates the results of the PCA.

Figure 7(i,ii) shows that the CA results for Osun ground-
water and surface water samples were grouped into two main 
clusters (A and B). For Osun groundwater, cluster A con-
tains two lower clusters, A1 (TDS, pH and TCP) and A2 
(EC and PHE). pH and TCP were joined together at a shorter 
distance, suggesting a common origin, but pH and TCP were 
joined together at a relatively high level confirming the influ-
ence of another factor. Similarly, A2 (EC and PHE) was 
joined together at another relatively higher level than A1 
(TDS, pH and TCP), suggesting the influence from similar 
sources. Furthermore, the CA result for Osun groundwater 
also contained a stand-alone cluster B (DNP) that joined 
cluster A at a higher distance. Similarly, the proximity in the 
dendrogram between EC and TDS in Fig. 7(ii–iv) suggests a 
form of similarity in distribution patterns in water samples 
and corroborated the PCA results.

In addition, Fig. 7iv shows that the studied variables in 
Oyo surface water samples were grouped into four main 
clusters. However, the clustering pattern was less distinct 
in comparison to others. Furthermore, Fig. 7(i–iv) shows a 
consistent wide distance between DNP and every other stud-
ied variable, indicating the influence of a different anthro-
pogenic source.

Although Fig.  8(ii) shows significant associations 
between the physico-chemical properties and phenolic com-
pounds in surface water samples from Lagos State at higher 
distances compared to what is seen in Fig. 8(i), the similar-
ity in the cluster pattern suggests a similar anthropogenic 
source of contamination for both groundwater and surface 
water in Lagos State except for DNP with large distances 
from other two phenolic compounds (as seen with the PCA). 

This indicates the influence of an entirely different anthro-
pogenic source of DNP. In Oyo surface water samples, there 
is a close association between 2,4-DNP and 2,4,6-TCP and 
this is suggestive of the fact that they are both from similar 
origin and have the same influencing factors. The similar-
ity in the PCA with reference to pH, EC, and TDS between 
Osun groundwater and surface water also suggests similarity 
in the contributing factors, and hence similar sources of pH, 
EC, and TDS (Fig. 8A, B). Although data from the PCA 
showed that groundwater from Osun and Oyo States had 
more multiple sources of contamination than other samples, 
the analysis showed that 67 to 100% of groundwater sam-
ples had more multiple sources of contamination compared 
to surface water samples from the three States. However, 
for Lagos groundwater and surface water samples, there 
was no correlation between the phenolic compounds and 
the physico-chemical properties (pH, EC, and TDS) as seen 
from the loadings. This shows that the physico-chemical 
factors were not the determining factors for the presence of 
phenolic compounds in Lagos water samples but other vari-
ables (Fig. 8). 2,4-DNP was not associated with any other 
phenolic compound and physico-chemical properties except 
in Oyo surface water.

Ecological risk assessment

The ecological risk assessment for 2,4-Dinitrophenol, Phe-
nol, and 2,4,6-Trichlorophenol was calculated based on the 
risk quotient (RQ) for minimum and maximum measured 
environmental concentrations for surface water and ground-
water samples from the three States. Data obtained are pre-
sented in Tables S4 and S5.

In Osun State, the ecological risk to three trophic level,s 
algae, Daphnia, and Fish from the concentration of 2,4-DNP, 

Fig. 8   Hierarchical cluster analysis dendrogram showing the relationship between phenolic compounds and physicochemical properties in Lagos 
State groundwater (i) and surface water (ii) samples
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Phenol, and 2,4,6-TCP in groundwater and surface water is 
high and even much higher during the rainy season than in 
the dry season. This trend is reversed for water samples from 
Lagos State as seen from the RQacute and RQchronic values 
in Tables 3 and 4. Samples from Oyo State show a similar 
ecological risks trend to Algae, Daphnia, and Fish like that 
from Lagos State.

Comparing the risk from the three phenolic compounds, 
2,4-DNP pose the highest toxicity risk to the three aquatic 
lives, followed closely by 2,4,6-TCP, with Phenol being 
the least with moderate ecological risk. On the acute scale 
(RQacute), Daphnia is more at risk than either Algae or Fish 
(Tables S4 and S5) in both rainy and dry seasons for ground-
water and surface water. Conversely, on the chronic scale 
(RQchronic), Algae and Fish are more susceptible to toxicity 
from the three phenolic compounds in both groundwater and 
surface water during the rainy and dry seasons.

In comparing the RQ values of water samples during 
both seasons, groundwater samples from Oyo and Lagos 
States show higher RQ values compared to the RQ values 
obtained from surface water in the same States during the 

dry season. The reverse is the case for samples from Osun 
State in the same season. However, during the rainy season, 
the RQ values obtained from groundwater samples in Osun 
and Lagos States were higher than those obtained for the 
surface water in these two States. Nonetheless, samples from 
Oyo State showed a reverse trend in the rainy season. This 
may suggest that the presence of these chemicals may, on the 
one hand, hinder algal growth, which appears to be a posi-
tive development, but on the other hand, harm the health of 
people drinking from such polluted water in the long term. 
The higher ecological risks posed by 2,4-DNP compared to 
that of Phenol or 2,4,6-TCP is in tandem with its high mean 
concentrations in water samples collected across the three 
States.

In general, it is observed that 2,4-DNP toxicity impacts 
Daphnia more than Algae and Fish on the acute scale 
(RQacute) while Algae is the most impacted on the chronic 
scale (RQchronic). In general, 2,4-DNP in water samples col-
lected around these Southwestern States in Nigeria pose 
more ecological risk to aquatic life—Algae, Daphnia, and 
Fish—than either phenol or 2,4,6-TCP. This can be seen 

Table 3   Non-cancer and cancer 
risk assessments for phenolic 
compounds in groundwater 
samples from Osun, Oyo, and 
Lagos States, Nigeria

HQ hazard quotient, NCR non-carcinogenic risk, CR carcinogenic risk, PC phenolic compound, LoR level 
of risks
*No values
**There are no values or because there is currently no CSF for 2,4-DNP and Phenol

State Season PC CDINCR HQNCR LoRNCR HQCR LoRCR

Osun Rainy 2,4-DNP 0.03831 19.6 High ** **
Phenol 0.01038 0.03 Low ** **
2,4,6-TCP 0.0096 24 High 1.06 × 10−4 High

HI 43.2
Dry 2,4-DNP 0.01314 6.6 High ** **

Phenol 0.00426 0.01 Low ** **
2,4,6-TCP 0.00339 8.5 High 3.73 × 10−5 High

HI 15.1
Oyo Rainy 2,4-DNP 0.0063 3.2 High ** **

Phenol 0.00435 0.015 Low ** **
2,4,6-TCP * * * * *

HI 3.2
Dry 2,4-DNP 0.03939 19.7 High ** **

Phenol 0.01656 0.06 Low ** **
2,4,6-TCP 0.01221 30.5 High 1.34 × 10−4 High

HI 50.3
Lagos Rainy 2,4-DNP 0.01932 9.7 High ** **

Phenol 0.00846 0.03 Low ** **
2,4,6-TCP 0.00225 5.6 High 2.48 × 10−5 High

HI 15.3
Dry 2,4-DNP 0.01788 8.9 High ** **

Phenol 0.00357 0.012 Low ** **
2,4,6-TCP 0.00615 15.4 High 6.77 × 10−5 High

HI 24.3
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from the higher RQ values for 2,4-DNP compared with those 
for phenol or 2,4,6-TCP. The susceptibility of Daphnia to 
acute toxicity from 2,4-DNP found in these water samples 
when compared to Algae and Fish is expected because of 
its lower organisation level, without well-developed mecha-
nisms to ameliorate toxicity imposed on them from the 
environment. The potential acute and chronic toxicity risks 
posed by groundwater and surface water bodies reported in 
this study are likely to increase if water treatment involves 
chlorination (Michałowicz and Duda 2007), as is still the 
case in many developing countries in the world. Although a 
published study reported by Michałowicz and Duda suggests 
that the concentrations of Phenol in water samples posed the 
most negligible toxicity to algae, Daphnia, and Fish when 
compared with 2,4-DNP and 2,4,6-TCP (Michałowicz and 
Duda 2007), this is not obvious from this study. It, thus, 
implies that the concentration of Phenol may determine 
its level of toxicity to aquatic life since the concentration 
of Phenol in water samples in this study far exceeds those 
reported by Michałowicz and Duda (2007).

Human exposure and health risk assessments

Human exposure

Groundwater is a major source of drinking water for the popu-
lace in Nigeria (Danert and Healy 2021). In some impover-
ished areas in these States studied, which are typically in the 
rural settings, surface water suffices as a source of drinking 
water. Hence, it is crucial to determine the amount of human 
exposure to these phenolic compounds when ingesting water 
from these sources. The human exposure to phenolic com-
pounds in this study was assessed using the estimated daily 
intake (EDI; μg kg−1 bw day−1) based on the United States 
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).

(8)EDI water
(

μg kg−1 bw day−1
)

= (C × D)∕BW

Table 4   Non-cancer and cancer 
risk assessments for phenolic 
compounds in surface water 
samples from Osun, Oyo, and 
Lagos States, Nigeria

HQ hazard quotient, NCR non-carcinogenic risk, CR carcinogenic risk, PC phenolic compound, LoR level 
of risks
*No values
**There are no values or because there is currently no CSF for 2,4-DNP and Phenol

State Season PC CDINCR HQNCR LoRNCR HQCR LoRCR

Osun Rainy 2,4-DNP 0.02601 13.0 High ** **
Phenol 0.01026 0.03 Low ** **
2,4,6-TCP 0.00672 16.8 High 7.39 × 10−5 High

HI 29.8
Dry 2,4-DNP 0.00108 0.5 Low ** **

Phenol 0.0066 0.02 Low ** **
2,4,6-TCP 0.00216 5.4 High 2.38 × 10−5 High

HI 5.9
Oyo Rainy 2,4-DNP 0.02406 12.0 High ** **

Phenol 0.01281 0.04 Low ** **
2,4,6-TCP * * * * *

HI 12.1
Dry 2,4-DNP 0.03333 16.7 High ** **

Phenol 0.00786 0.03 Low ** **
2,4,6-TCP 0.01638 40.9 High 1.8 × 10−5 High

HI 57.6
Lagos Rainy 2,4-DNP 0.01509 7.5 High ** **

Phenol 0.01317 0.04 Low ** **
2,4,6-TCP 0.00579 14.5 High 6.37 × 10−5 High

HI 22.1
Dry 2,4-DNP 0.0153 7.7 High ** **

Phenol 0.00828 0.03 Low ** **
2,4,6-TCP 0.0084 21 High 9.24 × 10−5 High

HI 28.7
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where C is the concentration of the analyte in water (μg 
L−1), D is the daily water consumption rate (L day−1), and 
BW is the body weight (kg). The median and maximum con-
centrations were used to calculate the EDI. The daily water 
consumption rate (D) and body weight used for calculating 
the EDI were as follows: infants (1 L day−1, 9.2 kg), toddlers 
(0.9 L day−1, 13.8 kg), children (1.3 L day−1, 31.8 kg), teen-
agers (2.4 L day−1, 71.6 kg), and adults (3.1 L day−1, 80 kg) 
(USEPA, 2011). The Environmental Protection Agency of 
the United States gave a Provisional Peer-Reviewed Toxicity 
Value of 0.002 mg kg−1 day−1 for 2,4-DNP from drinking 
water (EPA 2007). The non-fatal lowest observed adverse 
effect level (LOAEL) for 2,4-DNP is put at 0.9–2.0 mg kg−1 
day−1 while its fatal doses are given as 3.0–7.0 mg kg−1 day−1 
for 3–14 days (Przybyla et al. 2021). However, because 2,4,6-
TCP is considered a carcinogenic compound, a no significant 
risk level (NSRL) of 10 μg day−1 was assigned to it (https://​
oehha.​ca.​gov/​chemi​cals/​246-​trich​lorop​henol). Phenol is not 
known to be toxic but can alter the taste of water.

The median and maximum concentrations for these phe-
nolic compounds in groundwater and surface water samples 
collected from the different States are provided in Table S6.

Considering Fig. 9 obtained from maximum concentra-
tions of the phenolic compounds, the EDI values of 2,4-DNP 
in groundwater samples from the different States both in the 
rainy and dry seasons are below the LOEAL and fatal doses 
already prescribed but are higher than the Provisional Peer 
Reviewed Toxicity Value of 0.002 mg kg−1 day−1 (Fig. 9A, 

D). This is even so when median values 2,4-DNP was used 
for EDI calculations for both seasons (Fig. 10A, C). Simi-
larly, the EDI values for 2,4,6-TCP in the groundwater sam-
ples from Osun and Lagos States during the rainy season 
are far higher than the prescribed threshold limit of 10 μg 
day−1 when maximum concentrations were used for EDI 
calculations (Fig. 9C). This is similarly true for groundwa-
ter samples from Oyo State during the dry season (Fig. 9F). 
However, with median concentration values, only EDI val-
ues from Oyo State were beyond the 2,4,6-TCP prescribed 
threshold limit during the dry season as values obtained in 
the rainy season were below the detection limit (Fig. 10E). 
However, in the dry season, the EDI values for 2,4,6-TCP 
were lower than the threshold limit.

The trend observed for EDI values of 2,4-DNP in surface 
water for the different States and in rainy and dry seasons is 
similar to that observed for groundwater as earlier described. 
However, the EDI values of the former are lower than the lat-
ter (Figs. 9, 10, 11, and 12). Just like with groundwater, the 
EDI values for 2,4,6-TCP in surface water are higher than the 
prescribed threshold limit of 10 μg day−1 in most cases and 
this is more so in the dry season than in the rainy season when 
maximum concentrations of the phenolic compound (2,4,6-
TCP) was used for the calculation of EDI values (Fig. 11C, F).

When the median values of the concentrations of phenolic 
compounds were used to calculate the EDI values for surface 
water, it is observed that EDI values for 2,4-DNP calculated 
for infants and toddlers for Osun State were higher than the 

Fig. 9   Estimated daily intake (EDI) calculated with the maxi-
mum concentration values of (A) 2,4-Dinitrophenol, (B) Phenol, 
(C) 2,4,6-Trichlorophenol in groundwater during rainy season, (D) 

2,4-Dinitrophenol, (E) Phenol, and (F) 2,4,6-Trichlorophenol in 
groundwater during the dry season for various exposure groups in 
Osun, Oyo, and Lagos States, Nigeria

https://oehha.ca.gov/chemicals/246-trichlorophenol
https://oehha.ca.gov/chemicals/246-trichlorophenol
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Provisional Peer-Reviewed Toxicity Value of 0.002 mg kg−1 
day−1 during the rainy season (Fig. 12A) as well as those for 
Lagos and Oyo States in the dry season (Fig. 12D). However, 
the EDI values were lower than the LOAEL and fatal doses 
prescribed. These same population groups (infants and tod-
dlers) are also at risk with the concentration of 2,4,6-TCP in 
surface water from Osun and Oyo States during rainy and dry 
seasons, respectively (Fig. 12C, F). Generally, the EDI values 
for these phenolic compounds in surface water decreased in the 
dry season (Fig. 12D–F) than in the rainy season (Fig. 12A–C).

Generally, 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. 
Water samples from Osun State provided the highest EDI 
values across all exposure groups for 2,4-DNP, Phenol, and 
2,4,6-TCP during the rainy season (Figs. 9, 10, 11, and 12). 
During the dry season, the EDI values for all three phe-
nolic compounds decreased for Osun and Lagos States but 

Fig. 10   Estimated daily intake (EDI) calculated with the median 
concentration values of (A) 2,4-Dinitrophenol, (B) Phenol in ground-
water during rainy season, (C) 2,4-Dinitrophenol, (D) Phenol, (E) 

2,4,6-Trichlorophenol in groundwater during the dry season for vari-
ous exposure groups in Osun, Oyo, and Lagos States, Nigeria

Fig. 11   Estimated daily intake (EDI) calculated with the maxi-
mum concentration values of (A) 2,4-Dinitrophenol, (B) Phenol, 
(C) 2,4,6-Trichlorophenol in surface water during rainy season, (D) 

2,4-Dinitrophenol, (E) Phenol, (F) 2,4,6-Trichlorophenol in surface 
water during the dry season for various exposure groups in Osun, 
Oyo, and Lagos States, Nigeria
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increased for Oyo State. This is likely because of the unusual 
event earlier mentioned that highlights the impact of climate 
change on seasonal variation.

Nevertheless, from this study, it is observed that 2,4-DNP 
in groundwater is most toxic to all exposure groups (infants, 
toddlers, children, teenagers, and adults) from the three 
States (Osun, Oyo, Lagos) than other phenolic compounds 
studied, judging from its higher EDI values in comparison 
with the other phenolic compounds (Figs. 9 and 10).

Human risk assessment

To measure human risks from ingesting these phenolic com-
pounds from water, the hazard quotient is used as described 
in “Health risk assessment”.

The hazard quotient (HQ) and human exposure assess-
ment results (Tables 3 and 4) showed that human exposure 
to these phenolic compounds needs to be further controlled 
by regular monitoring and assessment of the surface and 
groundwater quality in these areas.

The results in Tables 3 and 4 show that with the highest 
concentrations of the phenolic compounds in groundwater and 
surface water samples, 2,4-DNP and 2,4,6-TCP show high NCR 
(HQNCR >> 1.0) for the adult population in all three States and 
in both seasons with 2,4,6-TCP providing the highest NCR in 
most cases (Tables 3 and 4). In groundwater, the NCR of 2,4-
DNP is generally higher during the dry season than in the rainy 
season (Table 3). When median concentrations of the phenolic 
compounds were used for HQ calculations, the results show no 
significant NCR for both children and adult population across 
the three states, in both ground and surface water samples, and 

in both dry and rainy seasons (Table S7). HQCR values for 2,4,6-
TCP are greater than >10−6 in water samples for all three states 
in both groundwater and surface water (Table 3).

Overall, the hazard quotients shown in Tables 3 and 4 
show that ingesting high concentrations of 2,4-DNP (≥400 
mg/L) and 2,4,6-TCP (≥70 mg/L) from either groundwa-
ter and surface water over a long period of time (30 years) 
has the potential to cause non-carcinogenic health issues 
including breakdown of the central nervous system, nega-
tive impact on the cardiovascular system, cataracts, and 
increased metabolism resulting in fever, headache, profuse 
sweating, thirst, fatigue, etc. The maximum EDI values for 
2,4-DNP, Phenol, and 2,4,6-TCP in groundwater water for 
all exposure groups were higher than the prescribed accepta-
ble daily intake (ADI) of 2.0, 1.0, and 1.5 μg kg−1 bw day−1, 
respectively, for drinking water (EPA and Technology 2015). 
The same is true for 2,4-DNP in water samples (including 
groundwater) from all the States which also posed high car-
cinogenic risk to the humans because their concentrations 
currently exceed the USEPA recommended limit of 10 mg/L 
in drinking water (Rani et al. 2020).

Furthermore, the high carcinogenic risk from the con-
centrations of 2,4,6-TCP in groundwater samples across all 
sampling sites in all three States supports the HQ results 
shown in Tables 3 and 4. This is supported by the fact that 
some of the concentrations of 2,4,6-TCP found in water 
samples were far beyond the current recommended limits 
suggested as 18 mg/L by Australia and 5 mg/L by Canada 
(https://​www.​dcceew.​gov.​au/​envir​onment/​prote​ction/​npi/​
subst​ances/​fact-​sheets/​chlor​ophen​ols-​di-​tri-​tetra sourced 
online 8th April 2023) (Warrington 2021).

Fig. 12   Estimated daily intake (EDI) calculated with the median 
concentration values of (A) 2,4-Dinitrophenol, (B) Phenol, (C) 
2,4,6-Trichlorophenol in surface water during rainy season, (D) 

2,4-Dinitrophenol, (E) Phenol, and (F) 2,4,6-Trichlorophenol in sur-
face water during the dry season for various exposure groups in Osun, 
Oyo, and Lagos States, Nigeria

https://www.dcceew.gov.au/environment/protection/npi/substances/fact-sheets/chlorophenols-di-tri-tetra
https://www.dcceew.gov.au/environment/protection/npi/substances/fact-sheets/chlorophenols-di-tri-tetra
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Conclusion

Following the thorough 1-year monitoring of water sources 
in three South-Western States in Nigeria, the three phenolic 
compounds (2,4-DNP, Phenol, and 2,4,6-TCP) were pre-
sent in most of the sampling sites both in surface water and 
groundwater, with the latter being the major source of drink-
ing water in Osun, Oyo, and Lagos States, Nigeria. From 
the mean concentrations of these phenolic compounds in 
water samples reported in this study, it is evident that these 
are among the highest reported in recent times. The most 
frequently detected phenolic compound was phenol, while 
2,4-DNP was reported as having the highest mean concen-
tration (>90% of samples) in water samples.

Generally, the concentrations of these phenolic com-
pounds decreased during the dry season compared with 
the rainy season except for samples collected from Oyo 
State, which showed a reversed trend because samples were 
collected from the State a day after heavy rainfall during 
a season (dry season) expected to be devoid of rain. This 
underscores the impact of climate change on the environ-
ment. However, there was no significant difference between 
concentrations of 2,4-DNP, Phenol, and 2,4,6-TCP found in 
water samples from urban and rural sites. Ecological risk 
assessment suggests that of the three aquatic lives (Algae, 
Daphnia, and Fish), Daphnia and Algae are more suscep-
tible to toxicities from 2,4-DNP, respectively, in the surface 
water and groundwater environment from the different States. 
Results from the PCA indicate, generally, that groundwater 
samples had multiple sources of contamination unlike with 
surface water samples.

This study show that infants are highly vulnerable to 
these phenolic compounds in water, hence families may 
require point-of-use treatment facilities since boiling (com-
monly used in treating water used for babies) might not be 
sufficient.

The most detected compounds were 2,4-DNP and Phenol 
in both surface water and the groundwater. There is clear 
indication that the presence of these phenolic compounds 
in aquatic systems vary with seasons.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11356-​023-​27622-w.

Author contribution  All authors contributed to the study conception 
and design. Material preparation, data collection, and analysis were 
performed by Oluwaferanmi Otitoju, Moses Alfred, and Chidinma 
Olorunnisola. The first draft of the manuscript was written by Olu-
waferanmi Otitoju, and all authors commented on previous versions 
of the manuscript. All authors read and approved the final manuscript.

Funding  Authors EIU, OBO, ODO, AO, and OOO were funded by 
The World Academy of Sciences-Islamic Development Bank (TWAS-
IsDB) collaborative research grant (grant number: 4500420197) for this 
study. The authors declare that no funds, grants, or other support were 
received during the preparation of this manuscript.

Data availability  Yes

Materials availability  Yes

Declarations 

Ethics approval  Not applicable

Consent to participate  All the authors approved of participating in 
this publication.

Consent for publication  All the authors approved the manuscript for 
publication.

Competing interests  The authors declare no competing interests.

References

Adesanya OO et al (2020) Source identification and human health risk 
assessment of heavy metals in water sources around bitumen field 
in Ondo State, Nigeria. Environ Foren pp. 1–12. https://​doi.​org/​
10.​1080/​15275​922.​2020.​18505​69

Al-Ahmari S et al (2018) Adsorption kinetics of 4-n-nonylphenol on 
hematite and goethite. J Environ Chem Eng 6:4030–4036

Al-Janabi KWS et al (2012) Direct acetylation and determination of 
chlorophenols in aqueous samples by gas chromatography coupled 
with an electron-capture detector. J Chromatogr Sci 50:564–568

Al-Mutairi N (2010) 2,4-Dinitrophenol adsorption by date seeds: effect 
of physico-chemical environment and regeneration study. Desali-
nation. 250:892–901

Alharbi OM et al (2018) Health and environmental effects of persistent 
organic pollutants. J Mol Liq 263:442–453

Angelino S, Gennaro M (1997) An ion-interaction RP-HPLC method 
for the determination of the eleven EPA priority pollutant phenols. 
Anal Chim Acta 346:61–71

Awolusi O et al (2018) Principal component analysis for interaction 
of nitrifiers and wastewater environments at a full-scale activated 
sludge plant. Int J Environ Sci Technol 15:1477–1490

Batley (2014) https://​www.​dcceew.​gov.​au/​envir​onment/​prote​ction/​npi/​
subst​ances/​fact-​sheets/​chlor​ophen​ols-​di-​tri-​tetra8

Bolton JL, Dunlap T (2017) Formation and biological targets of qui-
nones: cytotoxic versus cytoprotective effects. Chem Res Toxicol 
30:13–37

Bolujoko NB et al (2022) Occurrence and human exposure assessment 
of parabens in water sources in Osun State, Nigeria. Sci Total 
Environ 814:152448

Chakraborty P et al (2016) Polychlorinated biphenyls and organochlo-
rine pesticides in River Brahmaputra from the outer Himalayan 
Range and River Hooghly emptying into the Bay of Bengal: 
Occurrence, sources and ecotoxicological risk assessment. Envi-
ron Pollut 219:998–1006

Chand (2018) https://​cpcb.​nic.​in/​who-​guide​lines-​for-​drink​ing-​water-​
quali​ty/

Chen R et  al (2014) Spatial–temporal distribution and potential 
ecological risk assessment of nonylphenol and octylphenol 
in riverine outlets of Pearl River Delta, China. J Environ Sci 
26:2340–2347

Chen R et al (2017) Developmental toxicity and thyroid hormone-
disrupting effects of 2, 4-dichloro-6-nitrophenol in Chinese rare 
minnow (Gobiocypris rarus). Aquat Toxicol 185:40–47

Chen Y et al (2021) Phenolic compounds in water, suspended particu-
late matter and sediment from Weihe River in Northwest China. 
Water Sci Technol 83:2012–2024

https://doi.org/10.1007/s11356-023-27622-w
https://doi.org/10.1080/15275922.2020.1850569
https://doi.org/10.1080/15275922.2020.1850569
https://www.dcceew.gov.au/environment/protection/npi/substances/fact-sheets/chlorophenols-di-tri-tetra8
https://www.dcceew.gov.au/environment/protection/npi/substances/fact-sheets/chlorophenols-di-tri-tetra8
https://cpcb.nic.in/who-guidelines-for-drinking-water-quality/
https://cpcb.nic.in/who-guidelines-for-drinking-water-quality/


Environmental Science and Pollution Research	

1 3

Danert K, Healy A (2021) Monitoring groundwater use as a domestic 
water source by urban households: analysis of data from Lagos 
State, Nigeria and Sub-Saharan Africa with implications for pol-
icy and practice. Water 13:568

El-Naggar NA et al (2022) Toxic phenolic compounds in the Egyptian 
coastal waters of Alexandria: spatial distribution, source identifi-
cation, and ecological risk assessment. Water Science 36:32–40

(EPA) USEPA (2002) Integrated Risk Information System (IRIS) 
Chemical assessment summary. https://​www.​epa.​gov/​iris

EPA U (2015) Update of human health ambient water quality criteria 
for 2,4-dinitrophenol Vol. EPA 820-R-15-086

EPA US (2007) Provisional peer reviewed toxicity values for 2,4-dini-
trophenol (CASRN 51-28-5). Vol. EPA/690/R-07/017F Final 
9-25-2007

Gerba CP (2019) Risk assessment. Environmental and pollution sci-
ence. Elsevier, pp. 541-563

Goulart LA, Mascaro LH (2016) GC electrode modified with carbon 
nanotubes and NiO for the simultaneous determination of bisphe-
nol A, hydroquinone and catechol. Electrochim Acta 196:48–55

Grundlingh J et al (2011) 2, 4-Dinitrophenol (DNP): a weight loss 
agent with significant acute toxicity and risk of death. J Med Toxi-
col 7:205–212

Gziut T, Thomas SH (2022) International trends in systemic human 
exposures to 2, 4 dinitrophenol reported to poisons centres. Clin 
Toxicol 60:628–631

Hernández AF et al (2020) Mechanisms underlying disruptive effects 
of pesticides on the thyroid function. Curr Opin Toxicol 19:34–41

Honda M, Kannan K (2018) Biomonitoring of chlorophenols in human 
urine from several Asian countries, Greece and the United States. 
Environ Pollut 232:487–493

IB, I. R., Assessment, C (1993) I. Chronic health hazard assessments 
for noncarcinogenic effects. Screening. 7:20

Ibrahim K et al (2021) Hand-dug wells in rural areas of developing 
countries. Sustain Water Resour Manag 7:1–7

Igbinosa EO et al (2013) Toxicological profile of chlorophenols and 
their derivatives in the environment: The Public Health Perspec-
tive. Sci World J 2013:460215

Iris E (2011) Integrated Risk Information System (IRIS) US environ-
mental protection agency. Chemical assessment summary national 
center for environmental assessment. IRIS assessments. Browse A 
to Z list of chemicals. IRIS Assessments. https://​www.​epa.​gov/​iris

Jacob J, Cherian J (2013) Review of environmental and human expo-
sure to persistent organic pollutants. Asian Soc Sci 9:107–120

Jung J et al (2004) Anti-estrogenic activity of fifty chemicals evaluated 
by in vitro assays. Life Sci 74:3065–3074

Kumar A, Pal D (2018) Antibiotic resistance and wastewater: correla-
tion, impact and critical human health challenges. J Environ Chem 
Eng 6(1):52–58

Liu (2009) https://​www.​iwa-​netwo​rk.​org/​filem​anager-​uploa​ds/​WQ_​
Compe​ndium/​Datab​ase/​Selec​ted_​guide​lines/​016.​pdf

Lu Y-Q et al (2011) Clinical features and treatment in patients with acute 
2, 4-dinitrophenol poisoning. J Zhejiang Univ Sci B 12:189–192

Luo Y et al (2014) A review on the occurrence of micropollutants in the 
aquatic environment and their fate and removal during wastewater 
treatment. Sci Total Environ 473:619–641

McConnell E et al (1991) Toxicology and carcinogenesis studies of 
two grades of pentachlorophenol in B6C3F1 mice. Toxicol Sci 
17:519–532

Michałowicz J, Duda W (2007) Phenols--sources and toxicity. Pol J 
Environ Stud 16:347–362

Michałowicz J et al (2011) Analysis of annual fluctuations in the con-
tent of phenol, chlorophenols and their derivatives in chlorinated 
drinking waters. Environ Sci Pollut Res 18:1174–1183

Nthunya LN et al (2019) Quantitative analysis of phenols and PAHs 
in the Nandoni Dam in Limpopo Province, South Africa: A 

preliminary study for dam water quality management. Phys Chem 
Earth, Parts A/B/C 112:228–236

Ogunlaja A et al (2019) Risk assessment and source identification 
of heavy metal contamination by multivariate and hazard index 
analyses of a pipeline vandalised area in Lagos State, Nigeria. Sci 
Total Environ 651:2943–2952

Preda E et al (2018) Contamination of groundwater with phenol deriva-
tives around a decommissioned chemical factory. Environ Eng 
Manag J 17:569–577

Program NT (1979) Bioassay of 2, 4, 6-trichlorophenol for possi-
ble carcinogenicity. Natl Cancer Inst Carcinogen Tech Rep Ser 
155:1–131

Przybyla J et al (2021) Toxicological profile for dinitrophenols. Atlanta 
(GA): Agency for Toxic Substances and Disease Registry (US). 
https://​www.​ncbi.​nlm.​nih.​gov/​books/​NBK59​0065/

Ramos RL et al (2021) Phenolic compounds seasonal occurrence and 
risk assessment in surface and treated waters in Minas Gerais—
Brazil. Environ Pollut 268:115782

Rani M et al (2020) Efficient degradation of nonylphenol and 2, 4-dini-
trophenol by sunlight responsive hexacyanocobaltates nanostruc-
tures. Environ Nanotechnol Monit Manag 14:100325

Sa’ad FNA, Tahir MS, Jemily NHB, Ahmad A, Amin ARM (2021) Mon-
itoring total suspended sediment Concentration in Spatiotemporal 
Domain over Teluk Lipat UtilizingLandsat 8 (OLI). Appl Sci 11:7082

Sartori AV et al (2012) Chlorophenols in tap water from wells and 
surface sources in Rio de Janeiro, Brazil: method validation and 
analysis. Química Nova 35:814–817

Shea P et al (1983) Biological activities of 2, 4-dinitrophenol in plant-
soil systems. Residue Reviews. Springer, pp. 1-41

Sonawane B, Korake S (2016) Review on removal of phenol from 
wastewater using low cost adsorbent. Int J Sci Eng Tech Res 
5:2249–2253

Tang S et al (2014) In-syringe dispersive solid-phase extraction using 
dissolvable layered double oxide hollow spheres as sorbent fol-
lowed by high-performance liquid chromatography for determi-
nation of 11 phenols in river water. J Chromatogr A 1373:31–39

Thirumalini S, Joseph K (2009) Correlation between electrical con-
ductivity and total dissolved solids in natural waters. Malaysian 
Journal of Science 28: 55–61

US EPA (2011) Exposure factors handbook 2011 edition (Final 
Report). US environmental protection agency, Washington, DC, 
EPA/600/R-09/052F

Wang J et al (2020) Source apportionment of phenolic compounds 
based on a simultaneous monitoring of surface water and emission 
sources: a case study in a typical region adjacent to Taihu Lake 
watershed. Sci Total Environ 722:137946

Wang J et al (2019a) Occurrence and risk assessment of antibiotics in 
the Xi'an section of the Weihe River, northwestern China. Mar 
Pollut Bull 146:794–800

Wang L et  al (2019b) Distribution patterns and ecological risk of 
endocrine-disrupting chemicals at Qingduizi Bay (China): a pre-
liminary survey in a developing maricultured bay. Mar Pollut Bull 
146:915–920

Warrington P (2021) Water quality: ambient water quality guidelines 
for chlorophenols (first update). Technical Background Report. 
Water, Air and Climate Change Branch, Ministry of Environ-
ment. Water Quality Branch, Water Management Division, 
Government of British Columbia, Canada,https://​www.​gov.​bc.​
ca/​water

World Health Organization (1994) Phenol: health and safety guide. 
https://​www.​apps.​who.​int/​iris/​handle/​10665/​39958

World Health Organization (2017) Drinking water parameter cooperation 
project. Support to the revision of Annex I Council Directive 98/83/EC 
on the Quality of Water Intended for Human Consumption(Drinking 
Water Directive)

https://www.epa.gov/iris
https://www.epa.gov/iris
https://www.iwa-network.org/filemanager-uploads/WQ_Compendium/Database/Selected_guidelines/016.pdf
https://www.iwa-network.org/filemanager-uploads/WQ_Compendium/Database/Selected_guidelines/016.pdf
https://www.ncbi.nlm.nih.gov/books/NBK590065/
https://www.gov.bc.ca/water
https://www.gov.bc.ca/water
https://www.apps.who.int/iris/handle/10665/39958


	 Environmental Science and Pollution Research

1 3

WHO, Chlorophenols in Drinking-water (2003) Background document 
for development of WHO Guidelines for Drinking-water Quality, 
Vol. WHO/SDE/WSH/03.04/47. World Health Organization Geneva

Wolff MS et al (2015) Environmental phenols and pubertal develop-
ment in girls. Environ Int 84:174–180

Yahaya A et al (2019) Occurrence of phenolic derivatives in Buffalo 
River of Eastern Cape South Africa: exposure risk evaluation. 
Ecotoxicol Environ Saf 171:887–893

Zhang Y et al (2017) Inhibition of autophagy aggravated 4-nitrophenol-
induced oxidative stress and apoptosis in NHPrE1 human normal 
prostate epithelial progenitor cells. Regul Toxicol Pharmacol 
87:88–94

Zhong W et al (2018) Distribution and potential ecological risk of 50 
phenolic compounds in three rivers in Tianjin, China. Environ 
Pollut 235:121–128

Zhou M et al (2017) Occurrence, ecological and human health risks, 
and seasonal variations of phenolic compounds in surface water 
and sediment of a potential polluted river basin in China. Int J 
Environ Res Public Health 14:1140

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.


	Pollution and risk assessment of phenolic compounds in drinking water sources from South-Western Nigeria
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Description of the study area
	Sample collection
	Instrumental analysis
	Quality assurance and quality control
	Ecological risk assessment
	Health risk assessment
	Statistical analysis

	Results and discussions
	Occurrence of phenolic compounds in surface water and groundwater
	Multivariate statistics: principal component analysis
	Hierarchical cluster analysis
	Ecological risk assessment
	Human exposure and health risk assessments
	Human exposure
	Human risk assessment


	Conclusion
	Anchor 22
	References


