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Abstract

In this study, five surface water and sediment samples were collected from five different points along the course of
the Udu River, Niger Delta, Nigeria, which were near the human population. Water samples were liquid-liquid
extracted with dichloromethane in a separatory funnel, while sediment samples were Soxhlet extracted using a
mixture of acetone, dichloromethane, and n-hexane. Quantification of polychlorinated biphenyls (PCBs) in the
extracts was done using gas chromatography-mass spectrometry. The ecological risk of PCBs was assessed by
comparing the determined PCB concentrations with established guideline values, while health risk was evaluated
using non-cancer and total cancer risk models. From the results obtained, only one congener (PCB-167) was
present in water samples, with concentrations ranging from 20-1860 ng L™. For sediment samples, 28 congeners
were detected. The concentration of X,,PCBs and the 12 dioxin-like PCBs (dI-PCBs) ranged from 5.34-16.1 and 1.07-
5.36 ng g’ respectively. The toxicity equivalence values for dI-PCBs varied from 0.0065-0.018. Compared to
guideline values for both water and sediment, the PCB concentration obtained in this study does not pose any
ecological risk at all except for one sampled point. Similarly, the hazard index values for non-cancer risk evaluation
were < 1at all but one point, while total cancer risk values were between 1x 10 and 1 x 10™at all but one sampling
point, indicating no potential risk of developing cancer associated with PCBs in water and sediments of the Udu
River.
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INTRODUCTION

Polychlorinated biphenyls (PCBs) are a class of chemicals comprising a biphenyl ring structure with 2-10
chlorine atoms attached to it"". There are 209 congeners of PCBs, which can be grouped into two types
based on their toxicological properties”. The first group comprises 12 congeners (PCBs 77, 81, 105, 114,
118, 123, 126, 156, 157, 167, 169, and 189) and are called dioxin-like PCBs (dI-PCBs) due to their similar
toxicities with those of dioxins'”, e.g., immunotoxicity, developmental toxicity, carcinogenesis,
neurotoxicity, etc."”. The second group of PCBs does not show any dioxin-like toxicity but exhibits other
toxicological properties” such as neurobehavioral effects, including impaired auditory functions (PCBs 52
and 180) and altered sexually dimorphic behaviors (PCB-180)".

Anthropogenic activities such as emissions from commercial PCB products (e.g., agricultural chemicals and
electrical equipment)” and industrial activities (thermal processes, and production of paints and
chlorinated solvent)" are major contributors to PCBs in environmental matrices. However, PCBs have been
found in remote areas devoid of industrial activities”. Even though PCBs were banned by the United
Nations Stockholm Convention several years ago, they still find useful applications in many developing
countries"*"". The PCBs in these developing countries originate mainly from electrical transformers
containing PCB oil"*"”.. Thus, PCBs can become present in the environment through leakages and illegal
dumping of PCB-containing equipment, transformer fluids, and emissions resulting from the incineration
of PCB wastes""". Atmospheric transport is also reported to be the main distribution route for PCBs,
carrying them great distances from the emission sources, where they are deposited on different

15-17]

environmental matrices, including soil, water, and biota"*"".

The presence of PCBs in water bodies is an emerging issue for water quality"*. This is because, once PCBs
reach a lake or river, they concentrate in the sediments by attaching to the organic matter"”. Aquatic
organisms such as crustaceans, snails, and phytoplankton that live in the sediments ingest these PCB-
contaminated organic materials®’, and fish can then accumulate PCBs by consuming these organisms".
Fish contaminated with PCBs can then be transferred to humans via ingestion; since PCBs are lipophilic,
they continue to bioaccumulate in human fatty tissues with time. There are several reports on elevated PCB
levels in water from Nigerian rivers”**”. Beyond Nigeria, elevated levels of PCBs have also been reported in
surface water from the Bay of Bengal coast of Bangladesh™ and rivers in Shanghai®, while relatively low
levels were reported in surface water of the Yangtze River Delta in China.

Accidental exposure or consumption of fish contaminated with PCBs has been reported to alter endocrine,
| Studies on both human and

33,34

immune and nervous systems, particularly in developing children'
laboratory mammals provide strong evidence of the carcinogenic and reproductive toxicities of PCBs"”". An
approximate three-fold increase in the risk of developing breast cancer in postpartum women exposed to
PCBs (PCBs 167, 187, and 203 in particular) has been reported”. Early PCBs exposure in humans may
influence the development of breast cancer, thereby leading to harmful health consequences””. There is,
therefore, the need for monitoring the levels of PCBs in aquatic environments and the probable risk to
humans through either consumption of or dermal contact with contaminated water and sediments.

The Udu River is a large tributary of the Warri River in Nigeria’s Niger Delta region. It is essential to the
inhabitants of Udu community, as it serves as a source of sea foods and water for farming, domestic, and
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recreational purposes. Although the microbial load® and physicochemical and heavy metals status™’ of the
river water have been previously reported, data on the concentration and potential health risk of PCBs in
the river are limited. Additionally, the fact that water from this river is largely used for domestic and
recreational purposes, and the environmental persistence and bioaccumulation potential of PCBs,
necessitated this study. Therefore, the objective of this study was to determine the concentration and
distribution of PCBs in water and sediment samples from the Udu River. Risk exposure assessment was also
carried out to evaluate the ecological and probable health risks to humans using the toxic equivalency and
cancer and non-cancer risk models.

MATERIALS AND METHODS

Study area

The Udu River is situated in Udu town in Delta State, Nigeria, and extends more than 48 km**. The river is
sourced from Aboh and lies between longitude 6.20°N and latitude 5.45°E". It flows southwest to Warri,
where it joins several creeks, then empties into the brackish Forcados River, and finally into the Atlantic
Ocean'. The river aids several communities, such as Ekete Waterside, Aladja, and Ovwian, where fishing is
a major livelihood for residents of these communities. Activities such as washing clothes, bathing,
swimming, dumping sawdust, and slaughtering cattle by the riverbank also take place. The area covered in
this study spanned from the Udu Bridge down to a few meters after the jetty, where the most human activity
takes place. Maps of Nigeria showing Delta State and the sampling points on the Udu River are shown in
Figure 1A and B, respectively.

Chemicals and solvents

Dichloromethane (LC grade) and alumina were obtained from BDH (Poole, Dorset, UK). Acetone and n-
hexane were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). The mixed standard of surrogate
"C,,-labeled PCBs was obtained from Cambridge Isotope Laboratories Incorporated (Tewksbury,
Massachusetts, USA). Anhydrous Na,SO, was obtained from Merck (Darmstadt, Germany). The PCB
standard solution was a product of Accu Standard Inc. (CT, USA), and it contained 28 target PCBs (PCBs 8,
18, 28, 44, 52, 66, 77, 81, 101, 105, 114, 118, 123, 126, 128, 138, 153, 156, 157, 167, 169, 170, 180, 187, 189, 195,
206, and 209).

Sampling and sample preparation

Five samples of water and sediment were collected from five different points along the course of the Udu
River. Sampling was done between 8:00 and 10:00 a.m., in April 2021, just after sunrise. A locally fabricated
Ekman grab sampler was used for collecting sediment samples, while glass bottles were used for collecting
water samples. Water samples were collected just below the water surface (up to 1 m deep) using pre-
cleaned bottles. The samples were then transferred into pre-cleaned and labeled opaque glass bottles, which
were also rinsed with the sampled water'*”. These were kept in an ice chest and transported to the
laboratory. Collected sediment samples were placed in properly labeled aluminum foils, kept in an ice chest,
and taken to the laboratory. Replicate samples were collected at each site, and the final sample was a
composite of all replicate samples via thorough mixing. In the laboratory, water samples were preserved at a
temperature of 4 °C. Sediment samples were dried in the open at ambient temperature, passed through a
sieve (2 mm mesh), ground into smaller particles using an agate mortar and pestle, and refrigerated until
analysis.

Extraction and clean-up of PCBs from water samples

Extraction of PCBs was done according to the USEPA Method 1668B"*”. First, a 200 mL of water sample
was liquid-liquid extracted in a separatory funnel with 75 mL of dichloromethane (DCM). The funnel was
agitated for 2 min with intermittent venting to release vapor pressure from the funnel. The organic layer
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Figure 1. (A) Map of Nigeria, showing Delta State; and (B) map of Udu River, indicating the sampling points along its course.

was allowed to separate for 10 min and recovered into a 500 mL flask. The aqueous layer was re-extracted
twice with 75 mL of the extracted solvent. The two extracts were combined and dried with anhydrous
Na,SO, in a Buckner funnel. Clean-up of the extract was done using a multi-layer alumina-silica gel glass
column (10 mL capacity), packed with, from bottom to top, 4 g of neutral silica gel (5% deactivated), 2 g of
neutral alumina (6% deactivated), and 5 g of anhydrous Na,SO,. A 40 mL aliquot of n-hexane and DCM
mixture (3:1 v/v) was used to elute the PCBs from the column, and the cleaned eluates were concentrated to
approximately 2 mL under a slow stream of nitrogen gas.

Extraction and clean-up of PCBs from sediment samples

Extraction was carried out in accordance with the USEPA Method 3540C"*" using a Soxhlet apparatus. First,
10 g of sediment samples was extracted with 150 mL of a mixture of acetone, DCM and n-hexane (1:1:1 v/v)
in a water bath at 65 °C for 18 h. The surrogate °C,,-labeled PCBs were also added to the samples prior to
extraction. After extraction, 3 g of anhydrous Na,SO, and 1 g of activated copper granules were added to
remove water and sulfur, respectively. The extract was then concentrated to about 2 mL in a rotary
evaporator. Clean-up of the extract was done in a similar manner as described above for water samples.

Quantification of PCBs

A gas chromatograph-mass spectrometer (Agilent 7890A, Agilent 5975C, Palo Alto, CA, USA) was used for
the quantification of PCBs. The operating parameters of the equipment have been previously described””.
The column type used was a DB-5 column (30 m length x 0.25 mm internal diameter, 0.25 um film
thickness). The carrier gas was high-purity helium gas flowing at a rate of 2 mL min”. The initial
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temperature of the column was set at 80 °C for 2 min, then increased to 180 °C at a rate of 10 °C min’, and
lastly increased to 280 °C at a rate of 5 °C min™ for 20 min, giving a run-time of 33 min.

Given a sample concentration of C ug L, a final volume of 2 mL (0.002 L) and an initial weight of
10 g (0.01 kg), the concentration of PCBs in sediment samples was calculated as follows:

instrument reading C ( :—‘g) x final volume of extract (L)

Concentration (ug kg!) = 1)

initial weight of sample (kg)

Since 1 pg = 1000 ng and 1 kg = 0.001 g, Equation (1) can be re-arranged and expressed in units of ng g, as
shown in Equation (2):

1000xC (7;_9) x final volume of extract (L)

Concentration (ng g!) = )

initial weight of sample (0.01 g)

The final concentration unit of ng g’ was used in this study to ensure uniformity with units expressed
largely in the literature.

Quality assurance/quality control measures

Quality control measures are described in an earlier publication on PCBs"*!, which included the use of
procedural blanks, spikes, and surrogate “C ,-labeled PCBs. Analysis of procedural blanks was used to check
for reagent purity, interference and potential contaminations from the laboratory. None of the determined
PCB congeners were detected in the procedural blank samples. Recovery studies were performed to validate
the efficiency of the chosen analytical procedure. Recovery studies were carried out by adding known
concentrations of PCB standards to selected samples that had been initially quantified for PCBs, and all the
analytical procedure was repeated. The calculated recoveries ranged from 85.7% to 102.3%. The recoveries of
the surrogate °C,,-labeled standards ranged from 83.6% to 94.9%. The limits of detection and quantification
(LOD and LOQ, respectively) of the instrument were evaluated based on the background noise from the
analysis of blank samples. The LOD and LOQ values were 0.01 and 0.03 ng g, respectively.

Data analysis

Analysis of variance (ANOV A) was used to test for significant differences in PCB concentrations across the
studied sites at P = 0.05. All statistical calculations, including unit conversions and health risk assessments,
were done using SPSS version 15.1 software.

Ecological risk assessment

The ecological risk of PCBs in sediments was done by comparing the PCB concentration obtained in this
study with stipulated guideline values'. The guidelines used for comparison in this study include the
International Sediment Quality Guidelines (ISQGs); the effect range approach, including the effect range
low (ERL) and the effect range medium (ERM) concentrations; and the effect level approach, including the
threshold effect level (TEL) and the probable effect level (PEL)™".
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Human health risk assessment

Evaluation of toxicity equivalence (TEQ) of dI-PCBs

In the TEQ approach for assessing mixtures of dl-PCBs, the concentrations of individual dl-PCBs are
converted to the toxicity equivalence concentration of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) using a
toxicity equivalence factor (TEF)". The TCDD is assigned a TEF value of 1, while other dioxin-like
compounds are assigned values less than 17, The TEQ was evaluated using the expression"**:

TEQ=Y",TEFix Ci 3)

where Ci is the determined concentration of dI-PCBs and TEFi is the toxicity equivalence factor. The TEF
values of dI-PCBs used in this study were obtained from Van den Berg et al.: 1 x 10™*for PCB-77, 3 x 10™*for
PCB-81, 3 x 10°for PCB-105, 3 x 10°for PCB-114, 3 x 10°for PCB-118, 3 x 10°for PCB-123 and 1 x 10" for
PCB-126, 3 x 10”°for PCB-156, 3 x 10~ for PCB-157, 3 x 10”°for PCB-167, and 3 x 10° for PCB-189'*’.

Health risk assessment
In the aquatic environment, human exposure to PCBs can occur mainly by ingestion (intentional ingestion,
when water is used for drinking, or incidental ingestion, during swimming) and dermal contact!™.

For intentional ingestion of PCBs in surface water, the following expression was used:

C xIngR xF x ED
BW x AT

CDI = 4

where CDI is the chronic daily intake (mg kg*-day); C is the measured concentration (mg L") of PCBs in
water; IngR* is the ingestion rate of drinking water (L day™), 1.5 L day™ for adults and 1 L for children; F* is
the resident exposure frequency (days year"), 365 days; ED is the exposure duration (years), 55 years for
adults and 21 years for children; BW* is the body weight (kg), 70 kg for adults and 15 kg for children; and
AT* is the average time (days), ED 365 (*adapted from Eslami et al."™”).

Similarly, for incidental ingestion of PCBs in surface waters while swimming, two scenarios were considered
in this study. In the first scenario (chronic exposure), it was assumed that exposures may have occurred
over an entire lifetime, such as is obtainable in a rural or tribal community. In the second scenario
(intermediate exposure), a three-month vacation period of the exposed individual was assumed.

The following expression was used for both chronic and intermediate exposures'™":

CxIngR x EV x tgpent x Fx ED (5)
BW x AT

CDI=

where CDI is the chronic exposure dose (mg kg day™); C is the measured concentration (mg L") of PCBs
in water; IngR** is the ingestion intake rate (L hour™), 0.12 L hour™ for children and 0.071 L hour" for
adults; EV** is the site-specific event frequency (events day™), 1 event day'; t...,* is the time-specific event
duration (hour event™), 2 h event™; F** is the exposure frequency (days week" week year"), 7 days week ' 52
weeks year™ for chronic exposures and 5 days week' 13 weeks year™ for intermediate exposures; ED is the
exposure duration (years), 55 years for adults and 21 years for children; AT is the averaging time (days), F
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ED; and BW is the body weight (kg) (**values were adapted from ATSDR"™).

For non-cancer risk, the hazard quotient (HQ) was calculated using Equation (5)">*"

cDI
RfDo

HQ = ©)

where RfDo is the oral reference dose (mg kg day”), 3.3 10°for PCB-167"". HQ values greater than 1
indicate high potential non-cancer risk, while HQ values less than 1 indicate low potential non-carcinogenic
risk*”

The total cancer risk was evaluated using the expression:

TCR = CDI x SFO (7)

where SFO is the oral slope factor (mg kg™ day"). The values of SFO used for the ingestion pathway were 0.4
and 2.0 for adults and children, respectively™.

RESULTS AND DISCUSSION

Concentration of PCBs in water

The concentrations of PCBs in water samples from Udu River are shown in Table 1. Out of the 28 PCBs
quantified, only PCB-167 was identified across the sites, with concentrations ranging from 20-1860 ng L.
The maximum concentration was at Point 3 (1860 ng L"), while the minimum concentration was at Point 4
(20 ng L"). The elevated concentration of PCB-167 at Point 3 relative to other sampling points could be due
to emissions of particulates from jetty boats located nearby. Although there are limited health concerns
about PCB-167, this congener has been reported to be associated with a low risk of breast cancer in
women"*.

The 12 dI-PCBs and 7 indicator PCBs were not detected in water samples. This could be attributed to their
inherently low concentrations, which were probably caused by biological and photo degradation.
Additionally, the generally low detection of most PCB congeners in this study could be partly attributed to
the fact that PCBs in the aquatic ecosystem usually become adsorbed onto particles in the water and settle
on sediments™”. Industrial effluents from food, textiles, fertilizers, detergents, and soap production are
reported to be the main industrial activities responsible for elevated levels of PCBs in river waters™, and
such activities are not common around the studied river.

The results of this study are comparable with reports for PCBs in river waters available in the literature, as
shown in Table 2. The absence of indicator and dI-PCBs in surface waters in this study compared with
surface waters in nearby areas such as Warri, Ethiope, and Benin Rivers indicates the existence of some
significant point and non-point sources of PCBs in the latter"..

Concentration of PCBs in sediments

Sediments give a better reflection of the contamination status of an aquatic environment compared to
surface waters”>**. The concentration of PCBs in sediment samples is presented in Table 3. In total, 28 PCB
congeners were identified across the sampled locations. The total concentration (X,,PCBs) ranged from 5.34
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Table 1. Concentration of PCBs in Udu River water

Concentration (ngL™)

PCB congener Point 1 Point 2 Point 3 Point 4 Point 5
PCB-8 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-18 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-28 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-44 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-52 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-66 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-77 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-81 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-101 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-105 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-114 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-118 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-123 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-126 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-128 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-138 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-153 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-156 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-157 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-167 290 240 1860 20 40
PCB-169 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-170 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-180 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-187 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-189 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-195 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-206 <0.01 <0.01 <0.01 <0.01 <0.01
PCB-209 <0.01 <0.01 <0.01 <0.01 <0.01
Total 290 240 1860 20 40
YlIndicator PCBs <0.01 <0.01 <0.01 <0.01 <0.01
2dl- PCBs <0.01 <0.01 <0.01 <0.01 <0.01

PCB: Polychlorinated biphenyls.

Table 2. Comparison of the PCB concentrations in water obtained in this study with those found in the existing studies

S/No. Location Number of PCB congeners quantified Concentration of PCBs (ngL™) Reference
1 Warri river ND-3900 [9]

2 Ethiope river, Nigeria 8 ND-5600 [23]

3 Benin river, Nigeria 8 ND-11,300 [23]

4 Bay of Bengal coast of Bangladesh 209 32.1-199.4 [30]

5 Shanghai rivers, China 14 ND-34.8 [31]

6 Yamuna river, India 27 10-779 [57]

7 River Nile, Egypt 10 14,000-20,000 [58]

8 Bay of Bengal, India NS 1.93-4.48 [59]

9 Hudson river estuary, USA NS 0.86-6.0 [60]

10 Southern Moravia region, Czech Republic 13 5.2-190.8 [61]

n Ogun river, Nigeria 9 400-1,100 [62]

12 Udu River, Nigeria 1 20-1860 This study

PCB: Polychlorinated biphenyls.
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Table 3. Concentration of PCBs in Udu River sediments

Concentration (ngg™")

PCB congener Point 1 Point 2 Point 3 Point 4 Point 5 Average
PCB-8 1.21 0.49 017 2.02 0.79 0.94
PCB-18 0.67 0.27 0.094 2.26 0.84 0.83
PCB-28 <0.01 <0.01 <0.01 0.1 0.18 0.059
PCB-44 1.47 114 0.91 132 0.54 1.07
PCB-52 0.44 0.34 0.27 0.24 0.73 0.40
PCB-66 <0.01 <0.01 <0.01 0.65 0.25 0.18
PCB-77 0.074 0.29 0.20 0.024 0.69 0.25
PCB-81 0.20 0.76 0.51 112 0.09 0.54
PCB-101 0.20 0.23 0.30 137 0.088 0.44
PCB-105 0.23 0.26 0.35 0.19 0.02 0.21
PCB-114 <0.01 0.068 0.058 1.23 0.17 0.31
PCB-118 <0.01 0.19 0.10 0.37 0.1 0.15
PCB-123 <0.01 <0.01 0.038 0.10 0.17 0.063
PCB-126 0.10 0.18 017 0.09 0.064 0.12
PCB-128 0.026 0.016 <0.01 0.088 0.060 0.038
PCB-138 0.048 0.1 0.098 0.13 0.076 0.092
PCB-153 <0.01 <0.01 <0.01 017 0.10 0.056
PCB-156 <0.01 0.064 0.06 0.078 0.068 0.054
PCB-157 0.098 0.082 0.16 0.32 0.21 0.17
PCB-167 0.36 159 3.51 174 0.27 1.49
PCB-169 on 0.086 0.18 0.056 <0.01 0.085
PCB-170 0.054 0.084 0.076 0.10 0.068 0.077
PCB-180 0.058 <0.01 0.068 0.27 0.10 0.10
PCB-187 <0.01 0.064 0.078 0.33 0.042 0.10
PCB-189 <0.01 <0.01 0.084 0.13 0.21 0.085
PCB-195 <0.01 0.1 <0.01 0.1 0.13 0.071
PCB-206 <0.01 0.094 <0.01 0.45 0.094 0.123
PCB-209 <0.01 <0.01 <0.01 1.03 0.62 0.33
Total 534 6.55 7.49 16.1 6.81 8.45
TIndicator PCBs 0.74 0.86 0.84 2.67 1.38 1.29
%dlI- PCBs 1.07 3.42 523 5.36 2.03 3.42
Y¥non-ortho dI-PCBs 0.38 121 0.95 1.28 0.84 0.93

PCB: Polychlorinated biphenyls.

to 16.1 ng g dry weight. The highest concentration was found at Point 4, where all 28 quantified congeners
were detected. The lowest concentration was obtained at Point 1, with only 17 congeners identified. Out of
the 28 PCBs identified, PCBs 8, 18, 44, 81, and 167 were dominant across the sampling points, accounting
for 11.3%, 8.90%, 15.6%, 6.10%, and 18.6% of the total PCB burden in the sediments, respectively. The lower
chlorinated congeners (i.e., congeners with PCB numbers < 101) represented 76% at Point 1, 50.6% at Point
2, 28.7% at Point 3, 48.1% at Point 4, and 60.3% at Point 5 of the total PCB concentration. The dominance of
lower chlorinated congeners at Points 1, 2, and 5 could be an indicator that there were no significant point
sources of PCBs at these locations, since lower chlorinated congeners are transported to longer distances

65]

from their points of contamination'

The levels of PCBs in sediments can be influenced by water flow and organic matter, which may influence
several physical properties of PCBs, such as transport, migration, and adsorption®**. The concentration of
PCBs at Point 4 was significantly (P < 0.05) greater than at the other sampling points. However, the
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generally low level of PCBs in sediments obtained in this study can be attributed to minimal industrial
activities and municipal effluent discharges into the river'. The resulting concentrations of this study are
very low when compared with reports for PCBs in sediments in nearby rivers, including Warri River",

[23]

Orogodo River™, Ethiope and Benin Rivers'”’, and River Niger'””. Table 4 gives a comparison of PCB

concentrations in sediment obtained in this study with some existing studies.

The indicator PCBs detected in sediments in this study include PCBs 28, 52, 101, 118, 138, 153, and 180,
accounting for 13.8%, 13.3%, 11.2%, 16.3%, and 20.4% of the total PCB concentrations across the five
sampling points, respectively. The concentration of the indicator PCBs varied between 0.74 and 2.67 ng g
Indicator PCBs 52, 101, and 138 were the dominant congeners identified in all sampling points. The
concentration of these PCBs in the river sediments was within the ecological risk criteria value of
1-10 ng g'"". There is, therefore, minimal ecological risk due to PCBs in sediments.

The mean concentration of the 12 detected dI-PCBs ranged from 1.07 ng g” at Point 1 to 5.36 ng g’ at Point
4. The average concentration followed the sequence: PCB-167 > PCB-81 > PCB-114 > PCB-77 > PCB-105 >
PCB-157 > PCB-118 > PCB-126 > PCB-169 > PCB-189 > PCB-123 > PCB-156. PCB-105 was detected at all
sampling points, and its presence in sediments has been attributed to its use in paint additives'””. PCB-167
was also detected at all sampling points, with Point 3 having the highest concentration. The elevated
concentration of PCB-167 at Point 3 could be attributed to emissions from nearby jetty boats. The non-
ortho dI-PCBs (i.e., PCBs 77, 81, 126, and 169) are PCB congeners that produce dioxin-like toxicity in fish,
birds, and mammals, while the mono-ortho dI-PCBs cause dioxin-like toxicity in mammals and birds but
generally do not produce the same effect in fish"". This means that the concentrations of non-ortho dl-PCBs
are of importance in aquatic ecosystems. In this study, there was an observed dominance of mono-ortho dl-
PCBs. This also suggests minimal harm to aquatic organisms and a potentially reduced toxicity in the food
chain due to bioaccumulation.

Distribution of PCB homologs in sediments

The degree of chlorination of a PCB congener determines its physicochemical characteristics”™. As a
consequence, their distribution pattern will provide data on the environmental consequence and likely
origin of PCBs!””. The patterns of occurrence and distribution of PCB homologs in sediments from the Udu
River are shown in Figure 2 and followed the order: Tetra-PCBs > Hexa-PCBs > Penta-PCBs > Di-PCBs >
Tri-PCBs > Hepta-PCBs > Deca-PCBs > Nona-PCBs > Octa-PCBs. The di-PCB homolog in the sediment
samples ranged from 0.17 to 2.02 ng g*, accounting for 2%-22% of the total PCBs. For tri-PCBs homolog,
the concentrations varied between 0.10 and 2.37 ng g*, accounting for 1%-15% of the total PCBs. The
concentration of the tetra-PCBs was greatest at Points 1, 2, 4, and 5, ranging from 1.89-3.36 ng g and
accounting for 20%-40% of the total PCBs. The presence of di-PCB through to octa-PCBs suggests the
possibility of varied sources of PCBs!".

Ecological risk assessment of PCBs

Comparison with guideline values

Nigeria has no guidelines for evaluating the ecological risk of PCBs. However, there are guidelines for PCBs
established by some international agencies. According to the US EPA guideline, the concentration of PCBs
in surface water should not exceed 0.0005 mg L" (500 ng L"), a concentration below which they are not
considered to pose any hazard to aquatic life or human health®". Additionally, PCBs have a specific
maximum contaminant limit (MCL) value of 0.5 pg L™ (500 ng L") for drinking water, as established by the
New York State Department of Health”. In this study, only one congener was detected in surface water,
and the mean concentration across the sampling sites was low compared to the guideline value. However,
considering the individual sampling points, the concentration at Point 3 exceeded the guideline value.
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Table 4. Comparison of the PCB concentrations in sediments obtained in this study with those found in existing studies

S/No. Location Number of PCB congeners quantified Concentration of PCBs (ngg") Reference
1 Benin river, Nigeria 8 ND-40.9 [9]

2 Ethiope river, Nigeria 8 0.33-229 [9]

3 Asalouyeh harbour, Iran 18 0.0095-14.14 [17]

4 River Ona, Nigeria 17 589-1353.6 [25]

5 Rivers Ase, Niger and Forcados, Nigeria 28 ND-1,633 [29]

6 Shanghai rivers, China 14 1.46-46.11 [31]

7 Danube river, Serbia 6 0.41 [41]

8 River Ogun, Nigeria 9 7.8-10,000 [63]

9 River Nile, Egypt n 1.67-2.46 [70]

10 River Beijing, China NS 0.78-8.47 [71]

1 Liaohe river, China 12 0.0245-0.365 [72]

12 New Calabar river, Nigeria 8 210-6090 [73]

13 Udu River, Nigeria 28 5340-16100 This study

NS: Not specified; ND: not detected; PCB: polychlorinated biphenyls.
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Figure 2. Distribution of PCB homologs in sediments from the Udu River. PCB: Polychlorinated biphenyls.

For sediment samples, the total concentration of PCBs obtained in this study was within the ISQG values of
34.1 and 21.5 ng g for PCBs in freshwater and marine/estuarine, respectively””. When compared with the
German Legislation for individual indicator PCBs in sediments, with a target value of 20 ng g, none of
the individual indicator PCB congeners surpassed it. The total PCB concentrations in this study were also
within the 187 ng g* probable effect level (PEL)"™ and the 274 ng g consensus-based probable effect
concentration (PEC)™. However, since PCBs are lipophilic, they possess good bioaccumulation tendencies
in fatty tissues of aquatic organisms'). Therefore, there might be a potential tendency for PCBs to move up
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the food chain over time. For instance, very low PCB concentrations in water and sediments in rivers of
Southern Moravia region were found, but high contamination was observed in fish from the same rivers'".

Toxicity equivalence (TEQ) of dI-PCBs

The TEQ values for dlI-PCBs are shown in Table 5. The values varied between 0.0065 and 0.018 ng TEQ g.
The average contribution of PCB congeners to the TEQ values across the 5 locations followed the order:
PCB-156 > PCB-123 > PCB-189 > PCB-118 > PCB-157 > PCB-105 > PCB-114 > PCB-77 > PCB-167 > PCB-
81 > PCB-126. PCB-126 congener had the greatest influence on the TEQ values in sediments from the
studied river. A similar study also reported that PCB-126 greatly impacted the TEQ values of dI-PCBs in
river sediments™. This congener has been established to induce hepatotoxicity and hepatic micronutrient
disruption in animals"®. However, the TEQ values of dI-PCBs in the studied sediment samples were within
the sediment quality value of 0.0215 ng TEQ g*”, which suggests minimal risks linked with PCB exposure.

Health risk assessment of PCBs

Non-cancer risk

The non-cancer risks due to the presence of PCBs in water samples from Udu River are shown in Table 6.
The HI values of PCBs in the water samples via intentional ingestion ranged from 1.30 x 107 to 1.21 and
from 4.04 x 107 to 3.76 for adults and children, respectively. For incidental ingestion of water, as expected,
the chronic exposure scenario results were all greater than those of the intermediate exposure scenario. The
HI values for incidental chronic exposure ranged from 1.23 x 107 to 1.14 x 10" and from 9.70 x 10~ to
9.02 x 10 for adults and children, respectively. For incidental intermediate exposure, the HI values ranged
from 8.78 x 10 to 8.18 x 107 and from 6.92 x 10” to 6.44 x 10”. The computed HI values for intentional
ingestion of water were < 1 at all but Point 3 for adult and child exposure scenarios, indicating potential
non-cancer risk at this point. For incidental ingestion, the HI values for both chronic and intermediate
exposures were less than 1 for adult and child exposure scenarios, suggesting that the non-cancer risk of
PCB-167 accompanying the incidental consumption of water from the river is not significant.

Total cancer risk

The total cancer risks (TCR) due to PCBs in Udu River water are also shown in Table 6. The TCR values for
intentional ingestion of water ranged from 1.71 x 107to 1.59 x 10~ for adult exposure and from 2.67 x 10°to
2.48 x 10" for child exposure. Similarly, the TCR values for chronic incidental ingestion of water ranged
from 1.62 x 10°to 1.51 x 10°for adult exposure and from 6.40 x 107to 5.99 x 107 for child exposure. For
intermediate incidental exposure, the TCR ranged from 1.16 x 10° to 1.08 x 10°and from 4.57 x 10”to
4.25 x 107 for adults and children, respectively. All computed TCR values were within US EPA’s range of
1.00 x 10° to 1.00 x 10risk level except Point 3 for intentional ingestion for children. This indicates that,
with the exception of Point 3, there is no likely risk of developing cancer associated with either the direct
consumption of water from this river or the unintentional consumption of water from this river when it is
used for recreational activities.

CONCLUSION

This study provided useful information on the concentration, distribution, and risks of PCBs in water and
sediments from the Udu River, Niger Delta, Nigeria. The results show that only PCB-167 was present in
surface water, with concentrations greater than the guideline value at one of the sampling points. For
sediment samples, all determined concentrations were low relative to established guideline values. The
results also reveal that the water and sediments from the Udu River were not significantly impacted by
PCBs, and that the potential ecological and health risks associated with PCBs in the river water were very
low (except for surface water at one sampling point). Even though there were limited health concerns about
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Table 5. Toxicity equivalence values of PCBs in the Udu River

Site TEQ (ng TEQ™)
1 0.01
2 0.018
3 0.017
4
5

0.0095
0.00065

PCB: Polychlorinated biphenyls.

Table 6. Non-cancer and cancer risks of PCB-167 in Udu River water

Sampling points Human group Exposure route CDI HI TCR
1 Adults Intentional ingestion 6.20x10°® 1.88x 10" 2.49x10°
2 514 %10° 156 %107 2.06%x10°
3 4.00x10° 121 159 x 10
4 4.28x107 130 %107 1.71x107
5 8.57x10” 2.60x107 3.43x10”
1 Children Intentional ingestion 199 x 107 5.86x10" 3.87x107
2 160 x10° 485x10" 3.20x10°
3 124 %10 3.76 2.48 x10™
4 133x10° 4.04 %107 2.67%x10°
5 2.66x10° 8.08x10" 533x10°
1 Adults Incidental ingestion 1.93x10° 178 x10 235x107
2 (chronic exposure) 1.60x10°® 1.48 x 107 1.95x 107
3 124 %10 114 %10 151%10°
4 133x10° 123%10° 1.62x10°
5 2,66 x10° 2.46 %107 3.25x10°®
1 Children Incidental ingestion 4.64x10° 1.41%x10" 9.28x10®
2 (chronic exposure) 3.84x10° 116x10" 7.68x10°
3 2.97x107 9.02x10" 5.99x10°
4 3.20x107 9.70x10° 6.40 x 107
5 6.40 x 107 1.94 x 107 128 x10°®
1 Adults Incidental ingestion 420107 127 x107 1.68x107
2 (intermediate exposure) 3.46x107 1.05 %107 139x107
3 2.69x10° 818 x107 1.08x10°
4 2.89x10° 878 x10™ 116 %10
5 579x10° 178 x10° 232x10®
1 Children Incidental ingestion 331x10° 1.00x 10" 6.63x10°
2 (intermediate exposure) 2.74%x10° 831x107 5.48 x10°
3 212x107 6.44 %10 425%x10°
4 2.28x10” 6.92%107 457%x107
5 456x107 138 %107 914 %107

PCB: Polychlorinated biphenyls.

PCB-167 in the water, further investigation of its source and monitoring is necessary. Similarly, with scarce
data available on the pollution status of this river, there is a need for further monitoring of the river with
respect to other types of pollutants, including polycyclic aromatic hydrocarbons (PAHs) and
organochlorine pesticides (OCPs). Additionally, there is a need to monitor the concentrations of PCBs,
PAHs, and OCPs in aquatic organisms, especially fish, in the river.
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