AREE Open Access Library Journal

. 2025, Volume 12, e13293
) X ISSN Online: 2333-9721
ISSN Print: 2333-9705

Polychlorinated Biphenyls Contamination of
Drinking Water Source of the Pra River:
Congener Distribution and Associated Risk

John K. Bentum?*, Albert Eshun?, David K. Essumang!, Patrick Boakye3, Joseph Kweku Adjei?,
Justice Wiston Amstrong Jonathan4, Obed 0. Ohene-Kwayisil

'Department of Chemistry, School of Physical Sciences, College of Agriculture and Natural Sciences, University of Cape Coast,

Cape Coast, Ghana

*Department Laboratory Technology, School of Physical Sciences, College of Agriculture and Natural Sciences, University of

Cape Coast, Cape Coast, Ghana

*Department of Chemical Engineering, Kwame Nkrumah University of Science and Technology, Kumasi, Ghana

‘Department of Basic Sciences, School of Basic and Biomedical Sciences, University of Health and Allied Sciences, Ho, Ghana

Email: *jbentum@ucc.edu.gh, *albert.eshun@ucc.edu.gh

How to cite this paper: Bentum, J.K., Eshun,
A., Essumang, D.K,, Boakye, P., Adjei, ].K,,
Jonathan, J.W.A. and Ohene-Kwayisi, O.O.
(2025) Polychlorinated Biphenyls Contami-
nation of Drinking Water Source of the Pra
River: Congener Distribution and Associated
Risk. Open Access Library Journal, 12: €13293.
https://doi.org/10.4236/0alib.1113293

Received: March 18, 2025
Accepted: May 28, 2025
Published: May 31, 2025

Copyright © 2025 by author(s) and Open
Access Library Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

[Omom

Abstract

PCB pollution of the environment and the associated ecological and health im-
pacts have been of great concern since the 1970s, yet PCBs persist in the envi-
ronment. In this study, the spatial distribution and impacts of PCBs at twenty
different locations in the drinking water source of the Pra River in Ghana were
determined in the wet and dry seasons. Extraction of PCBs was performed us-
ing solid-phase extraction and a solvent extraction system, respectively, and
the analytes were identified and quantified by gas chromatography. PCBs 18,
153, and 180 were the dominant congeners in the river water. The mean
21,PCBs concentration ranges in the wet season were 0.04 - 11 ng/L, 0.33 - 69
ng/g, and 0.72 - 153 ng/L. The dry season PCB concentrations were higher at
all locations. The Pra River has low levels of PCB pollution at all the sites com-
pared with other regions. In general, the hexa-chlorinated PCBs biphenyls were
the most dominant homologue. The estimated probabilistic PCB cancer risk is
much lower than the acceptable risk of one chance in a million (1.0E-06) of
exposed persons to suffer the risk of cancer. The mean TEQs for fish, birds and
humans/mammals were very low, and none of the samples exceeded the envi-
ronmental quality standard of 1.0 pg-TEQ/L. The PCB concentration suggests
that the river water does not pose a danger to aquatic organisms and human
health.
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1. Introduction

Polychlorinated Biphenyls (PCBs) are one of the Persistent Organic Pollutants
(POPs) that has been used as dielectric fluids in transformers and capacitors, as
plasticizers and in carbonless copy paper, hydraulic fluids and as additives in
paint [1]. Technological polychlorinated biphenyls consist of a mixture of ho-
mologous and/or isomeric chlorinated biphenyls. The compounds/congeners
have various degrees of chlorination between 21% and 68%. PCBs with an aver-
age content of 42 to 54% chlorine during the production and use [2]. These toxic
compounds have been banned in transformers since July 1979. However, in Eng-
land, Scotland, Wales and EU transformers whose oil contains more than 0.005%
(500 pm) PCBs but less than 0.05% (500 ppm) and a total PCB volume of 50 ml
are currently being used, and will be held until the end of their useful life. These
facilities containing PCBs are expected to be decommissioned or disposed of by
31t December 2025 [3].

Globally, PCBs exist in various environmental and human matrices because of
their widespread production, use and their propensity for long-range atmospheric
transport [4]-[8]. Also, PCB compounds are generated from thermal processes
such as waste incineration, plasticizer burning, and vehicle exhaust emissions [9]
[10]. The continued dispersive released from primary and diffuse secondary
sources has led to serious contamination [11] [12]. In recent years, this class of
pollutants have become an increasing concern in aquatic environments [13]-[15],
especially in sediments of rivers, lakes, and seas. PCBs enter aquatic systems
through various paths, via air deposition, wastewater discharge and runoff and are
transported from one media to another through the atmosphere, rainfall, or land
runoff [16] [17]. PCBs have been determined in several environmental media
worldwide [18]-[22], these toxic compounds have been identified amongst pollu-
tants that pose ecological risk [23] [24], and have contributed significantly to dis-
ease as a result of widespread human exposure to these pollutants [25]-[31].

Though PCBs were never produced in Ghana, yet the usage of PCB oils in elec-
tric transformers and capacitors, storage and leaks have led to the contamination
of the Ghanaian environment with PCBs. Surrounding areas of pre-1972 trans-
formers country wide have been identified as PCB contaminated sites in Ghana
[32] [33]. Another probable source of PCBs is one of the world’s largest ships’
graveyards, just south of Nouadhibou Mauritania, where hundreds of wrecks have
been grounded and left to decay [34]-[36].
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Reports indicate the occurrence of PCBs in environmental samples in Ghana,
such as sediments, soils, oysters, and lagoon water and sediments, electronic waste
and air samples [37]-[40]; and in breast milk at levels that might pose health risk
to children [41] [42]. The presence of these toxic compounds in the Pra River, a
major drinking water source in the central region of Ghana, may pose adverse
health and ecological effects. The sediment PCB profile and potential hazards due
to exposure to Pra River sediments have been studied [43]. However, there is no
report on the incidence of PCBs in the drinking water source of the Pra Rives. The
potential health effects and ecological impacts due to the use of the river water
have not been adequately investigated. This paper presents the PCB distribution
of drinking water sources of the Pra River, the potential health risks, and impacts

on humans and wildlife.

2. Study Area and Methodology
2.1. Sampling

The Pra River is a river in Ghana, the easternmost and the largest of the three
principal rivers that drain the area south of the Volta divide. Rising in the Kwahu
Plateau near Mpraeso in the eastern region then flowing southward for 240 km
(149.129 miles) into the Gulf of Guinea east of Takoradi in the western region
[44]. River water samples were collected along the western and central region sec-
tions of the river (Figure 1). The locations were chosen based on their proximity
to settlements, unregulated dumping sites, local palm oil processing factories and
urbanized water channels into the river. This choice guarantees that the analysis
includes both high-risk regions and more general regional patterns in the distri-
bution of PCBs. All samples were put in an icebox, transported to the laboratory,
and stored in a freezer at —20°C. The sampling locations are designated as P1 - 20
(Table 1).

2.2. Chemicals

Standard PCB mixture of “CEN PCB Congener Mix 17 (IUPAC No.’s 18, 28, 31,
44, 52,101, 118, 138, 149, 153, 180, and 194) (Supelco, USA), which comprises 10
ug/L of each component in heptane was employed for the six-point calibration
technique. For the analysis, an internal standard solution was added to samples
before extraction and it consisted of 50 ng/L 4,4’-dibromobiphenyl, Supelco
(USA) in n-heptane. First-grade quality solvents, namely n-heptane, methanol
and acetone were also used for the analytical procedure, respectively. These sol-
vents were procured from the Wako Pure Chemicals. The laboratory blanks used

were 18() water purchased from Sigma-Aldrich.

2.3. Extraction and Cleanup of PCBs

Water samples from the Pra River basin were spiked with 4,4’-dibromobiphenyl
as internal standard and extracted with n-hexane/acetone (1:1 v/v). All eluates

from the Silicagel and Florisil cartridges (Sep-Pacl Vac 6 cc, Waters) were
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Figure 1. Study area showing sampling sites [43].

Table 1. Sampling locations with their coordinates.

Sampling Site Name Sampling Site Number Coordinates (N, W)
Atieku P1 5.56667, —1.73240
Twifo Praso P2 5.36599, —1.32599
Supong P3 5.98580, —1.94344
Twifo Damang P4 5.61379, —1.56545
Beposo P5 5.12163, —1.61658
DOI: 10.4236/0alib.1113293 4

Open Access Library Journal


https://doi.org/10.4236/oalib.1113293

J. K. Bentum et al.

Continued

Sekyere Hemang P6 5.183333, —1.56667
Twifo Hemang P7 5.57118, —1.54650
Apetebi P8 5.17440, —-1.60710
Adiembra P9 4.93673, -1.73319
Otodum P10 5.16667, —165100
Daboase P11 5.13850, —1.65910
Shama P12 5.01948, —1.62690
Sekyere Nsuta P13 5.31778, —1.97879
Atwereboanda P14 5.33333, —1.88333
Supomu Dunkwa P15 5.118269, —1.62188
Bosomase P16 5.92160, —1.55930
Abetemasu P17 5.38333, —1.63333
Dadieso P18 5.85025, —2.01507
Kyekyewere P19 5.91599, -1.67971
Sekyere Krobo P20 5.24156, —1.60860

concentrated in volume to 0.5 ml under nitrogen gas flow. Sample extraction and

chemical analyses were performed following previous methods [45]-[47].

2.4. Analysis of PCBs

The gas chromatography-mass spectrometry (GC-MS) (Shimadzu QP-2010 Ultra
Japan equipped with flame ionization detector), analysis of the samples was con-
ducted using a DB-5MS capillary column of length 30 m (0.25-pm internal diam-
eter and 0.25-um film thickness). Helium was used as a carrier gas with a flow rate
of 0.72 mL/min and a total flow of 31.8 mL/s and a linear velocity of 32.2 cm/s at
purge flow of 3.0 mL/min using splitless injection mode. The injection and detec-
tor temperatures were set at 150°C and 320°C, respectively. The oven temperature
was programmed to increase from 80°C to 310°C at a rate of 40°C/min and then
from 310°C to 320°C at a rate of 2°C/min. A 1-pL injection volume was used. PCB
homologues were determined by single ion monitoring (SIM).

The following quantifying and qualifying ions were monitored simultaneously:
m/z values were 256 and 258 for trichlorobiphenyls; 290 and 292 for tetrachloro-
biphenyls; 326 and 328 for pentachlorobiphenyls; 360 and 362 for hexachlorobi-
phenyls; 394 and 396 for heptachlorobiphenyls; and 312 for 4,4’-dibromo bi-
phenyl. All the quality control steps were followed. Laboratory blanks were sub-
jected to the same analytical procedures as applied to the original samples. How-
ever, no significant peaks were observed for the analytes of interest.

The identification of PCB congener peaks was based on their relative retention

times (RRTs) and on intensity ratios of the monitored ions for quantification
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using gas chromatography- mass spectrometry (GC-MS). The target individual

PCBs were quantified using the internal standards calibration method

2.5. Health and Ecological Risk
2.5.1. Health Risk Estimation

The carcinogenic risk associated with a potential receptor exposure to PCBs in
water was estimated using the linear low-dose model [48]. This model assumes
that there are multiple stages for cancer, and it is only applicable at low risk levels
(Ze., estimated risks < 0.01). The assessment risk was based on ingestion and der-

mal contact.

2.5.2. Ecological Risk Analysis

TEQ method quantitatively was used to assess the ecological-toxicity. The TEQ
values of the dioxin-like PCB118 were obtained by multiplying the WHO-TEF of
the PCB 118 congener for humans and mammals, fish, and birds by the PCB con-
centrations [49] [50].

2.6. Quality Control

Procedural blanks, matrix-spiked blanks, duplicate samples, internal standards
and surrogate standard were analyzed with the field-sampless. The recoveries of
spiked 12 indicator polychlorinated biphenyl (PCB) congeners, nos.18, 28, 31, 44,
52,101, 118, 138, 149, 153.194 and 180; PCBs from water were 71.20% - 105.7%,
with precision as relative percent difference (RPD) range of 2.41% - 10.79%. The
limit of detection (LODs) determined for all congeners were in the range of 0.0047
- 0.057 ng/L, and the LOQ from 0.017 - 0.098 ng/L. The calibration linearity was
good and ranged from r* = 0.992 - 0.998, in line with the acceptance criteria of r
<0.995 (or r* £ 0.990) for GC analysis of environmental samples.

The YPCB concentration was defined as the sum of 12 PCB congeners. Data
analyses were performed using Excel, SPSS 14.0 (SPSS Inc., Chicago, 1L, USA).
For similarity comparisons cluster analysis (CA) and principal component analy-
sis (PCA) were conducted on the mean concentrations of PCB congeners in water,
in addition to the use of coefficient of determination, R* Details on the interpre-

tation of R? and the multivariate analysis are found in Bentum et al [43].

3. Results and Discussion
3.1. PCBs Recovery Rates

The recovery rates of polychlorinated biphenyls (PCBs) during solid-phase ex-
traction (SPE) and solvent extraction processes ranged from 75.20% to 105.70%.
These values fall within the acceptable limits based on standard analytical guide-
lines, where recovery rates between 70% and 120% are generally considered satis-
factory for environmental sample analyses [51].

The recovery range observed in this study closely aligns with previously re-

ported values of 72% - 108% for PCBs extracted from water samples using SPE
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[52]. Similarly, the recovery range of 70% - 110% reported by Guo in 2017 [53],
using a combination of SPE and GC-MS for PCB analysis in soil and sediment
samples, is comparable to the findings of the current study. Another study inves-
tigating water samples reported a slightly broader recovery range of 68% - 112%
[54], with some values falling just below the 70% threshold, indicating minor de-

viations when compared to the present study.

3.2. PCBs Distribution in the Pra River

The PCB congener detection frequency of various congeners is shown (Figure 2).
The detection frequency ranged from 50% - 100%. The predominant congeners
in both seasons were PCB 18, 153 and 180 (Table 4). In all seasons these congeners
recorded detection. PCB 31 recorded 100% detection in the dry season only. These
congeners were thus detected in samples from all the sampling sites. PCB 194 rec-
orded the least percentage detections of 50%. The PCB congener distribution for
the wet and dry seasons are shone (Table 2 and Table 3).

PCB 180 R R R R
PCB 1%4
PCB 153
PCB 149
PCB 138
PCB 118
PCB 101
PCB 52
PCB 44
PCB 31
PCB 28
PCB 18

0 20 40 60 80 100 120
Congener detection frequency (%)
® Wet season water - Dry season water

Figure 2. Proportions of PCB congeners detect in the river Pra Basin water.

Table 2. PCBs distribution in river water at sampling sites in the minor wet season.

Site
P1
P2
P3
P4

P5

18
0.039
0.61
0.55
0.58

0.088

28
0.033
0.017
0.018
0.021

0.065

31
0.05
nd
0.035
0.078

0.061

PCB congener concentration (ng/L)
44 52 101 118 138 149 153 194 180 XPCBs
nd 0.036 0.16 0.67 0.038 nd 0.049 nd 0.16 1.235
0.31 0.044 nd nd 0.083  0.084 0.081 nd 0.56 1.789
035 0.089 021  0.064 002 0056 027 0.12 0.89  2.672
nd 0.075 nd 0.087  0.025  0.045 0.74 0.034 0.32 2.005

0.24 0.079 nd 0.083 0.029  0.065 0.18 0.056 0.11 1.056
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P6 0.14 0.065  0.077 0.26 0.025 0.26 0.08 0.047  0.073 0.04 0.034 0.2 1.301
pP7 0.16 0.02 0.045 nd 0.047 nd 0.085  0.055  0.047 0.18 0.098 0.03 0.767
P8 0.054  0.028 n.d nd 0.010 0.15 0.023 0.023 nd 0.13 0.035 0.13 0.583
P9 0.094  0.025 n.d nd 0.008 nd 0.095  0.011 nd 0.14 0.046 0.11 0.529
P10 0.064  0.055 n.d 0.38 0.092 0.32 0.097  0.032 nd 0.37 nd 0.2 1.61
P11 0.23 0.078  0.034 0.67 nd 0.54 nd 0.12 0.075  0.073  0.008 0.12 1.948

P12 0.13 n.d n.d 0.56 0.038 nd 0.023 nd 0.084  0.091 0.061 0.65 1.637

P13 0.046 n.d n.d 0.85 nd nd 0.087  0.023  0.045  0.082 nd 0.54 1.673
P14 0.085  0.027  0.034 nd 0.17 0.86 nd nd nd 0.39 nd 0.34 1.906
P15 0.14 0.14 0.078 0.93 nd 0.05 nd nd nd 0.78 0.097 0.78 2.995

P16 0.041 0.067  0.089 0.4 0.064 nd 0.041 0.21 0.053 0.45 0.032  0.087 1.534
P17 0.25 0.02 n.d nd 0.083 0.45 0.067  0.081 0.043 0.54 nd 0.012 1.546
P18 0.13 0.023 n.d 0.36 0.032 0.12 nd 0.12 0.045  0.097  0.065 0.87 1.862
P19 0.058  0.045  0.035 0.45 0.067 nd 0.043 nd 0.057 0.64 nd 0.42 1.815
P20 0.09 0.078  0.054 0.93 0.041 0.075 0.045  0.047 nd 0.76 0.008 0.13 2.258

z 3.579  0.825 0.67 6.69 0.999  3.195 1.59 0964 0772 6.083 0.694 6.659 32.720

Table 3. PCBs distribution in river water at sampling sites in the dry season.

PCB congener concentration (ng/L)

Site 18 28 31 44 52 101 118 138 149 153 194 180 2PCBs
P1 0.081 0.056 0.061 0.086 0.63 0.059 nd 0.13 nd 0.67 0.34 0.17 2.283
P2 0.098 0.073 0.56 0.056 0.58 0.065  0.087 0.083 0.078 0.08 0.067 0.45 2.277
P3 0.07 0.05 0.056  0.057 0.81 nd nd nd 0.057 0.089 nd 0.84 2.029
P4 0.098 0.081 0.19 0.34 0.68 nd 0.095 0.059 0.086 0.14 0.084 0.25 2.103
P5 0.81 nd 0.23 nd 0.56 nd 0.091 nd 0.76 0.48 0.096 0.11 3.137
P6 0.037 nd 0.094 0.048 0.93 nd 0.25 nd 0.095 0.09 nd 0.87 2.414
pP7 0.026 0.042  0.057 0.095 0.2 nd 0.088 0.870 0.087 0.76 1.04 0.15 3.415
P8 0.083 nd 0.083 nd 0.98 0.089 0.29 0.230 nd 0.13 0.082 0.56 2.527
P9 0.51 nd 0.052  0.059 nd nd nd nd nd 0.76 0.94 0.11 2.431

P10 0.45 0.23 0.062 1.39 0.76 0.075 0.55 0.064 nd 0.097 nd 0.29 3.968

P11 0.37 0.52 0.34 nd nd 0.083 0.16 nd nd 0.84 0.54 0.65 3.503
P12 0.28 0.44 0.095  0.097 nd 0.062 0.78 nd nd 1.67 0.069 0.95 4.443
P13 0.52 0.23 1.02 0.083 nd 0.079 0.86 nd nd 0.86 nd 0.78 4.432
P14 0.089 0.28 0.081 0.2 0.27 0.12 0.085 nd nd 0.072 nd 0.94 2.137
P15 0.78 0.056 0.46 0.13 nd 0.076  0.079 nd nd 0.08 nd 0.56 2.221
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P16 0.069 nd 0.47 nd 0.64 0.18 nd 0.210 0.087 1.24 nd 0.083 2.979
P17 0.076 0.051  0.093 0.68 0.83 0.064 nd 0.290 nd 0.84 nd 0.29 3.214
P18 0.73 0.32 0.059 0.89 0.82 0.98 nd 0.460 0.66 0.47 nd 0.48 5.869
P19 0.97 0.054 0.098 0.067 0.69 0.054 0.62 0.93 0.67 0.84 nd 0.42 5.413
P20 0.89 0.064 0.14 0.075 0.71 0.085  0.89 0.0471 0.84 0.18 0.008 1.32 5.249
z 7.03 2.547 4301 4353 10.09 2.071 4925 3.3731 3.42 10.388  3.266 10.273  66.044
Table 4. Distribution Statistics of PCB Congener Profile of Water Samples from the Pra River Basin.
Concentration of PCB Congeners (ng/L) in Water Samples
0.18 28 P;B 44 52 101 118 138 149 153 194 180 Xi.PCB
Mean 029 011 0.15 0.291 028 0.13 0.16 0.11 0.12 0.43 0.11 0.42 2.60
August- Std 029 015 023 035 034 0.22 025 0.21 0.25 0.39 0.23 0.33 1.33
December CV 102.04 130.0 161.16 118.7 121.7 167.24 155.52 96.03 198.68 89.72 21442 7725 51.09
Median 0.13 0.06 0.06 0.11 0.08 0.06 0.08 0.03 0.05 0.32 0.03 0.33 2.30
Min 0.03 nd nd nd nd nd nd nd nd 0.04 nd 0.01 0.77
Max 097 052 1.02 1.39 098 0.98 0.89 0.93 0.86 1.67 1.04 1.32 6.02
PCB% 10.94 4.34 558 11.19 10.65 5.06 6.26  4.07 4.77 16.66 4.17 16.27 100.00
Mean 022 004 0.03 034 0.05 0.160 0.08 0.04 0.04 0.35 0.05 0.33 1.73
August- Std 0.23 0.03 0.03 032 004 023 0.14 0.05 0.03 0.30 0.08 0.29 0.71
September CV 107.94 81.24 956 9595 83.49 144.18 180.62 115.74 81.53 84.81 156.19 85.76 41.27
Median 0.130 0.028 0.035 0.330 0.043 0.063 0.06 0.03 0.045 0.225 0.03 0.20 1.66
Min 0.01 nd nd nd nd nd nd nd nd 0.01 nd 0.01 0.03
Max 085 014 0.09 093 017 0.86 0.67 0.21 0.08 0.97 034  0.89 6.20
PCB% 12.57 2.39 1938 19.35 2.89 9.243 4.60 251 2233 20.123 2892 19.26 100.00
Mean 035 019 026 025 051 0.10 0.25 0.17 0.21 0.52 0.17 0.51 3.47
November-  Std 0.33 0.18 029 037 035 021 0.31 0.28 0.33 0.46 0.31 0.35 1.23
December CV 93.61 97.39 113.55 150.15 69.59 204.38 126.12 165.44 157.07 87.84 187.29 67.66  35.40
Median 0.19 0.08 0.10 0.09 0.64 0.07 0.09 0.05 0.03 0.48 0.03 0.47 3.09
Min 0.03 nd  0.05 nd nd nd nd nd nd 0.07 nd 0.08 2.03
Max 0.97 097 1.02 1.39 098 0.98 0.89 0.93 0.86 1.67 1.04 1.32 6.02
PCB% 10.13 532 740 7.13 1452 2.98 7.09  4.86 6.04 14.95 4.80 14.79 100.00

The mean PCB congener concentration in the surface water were generally

lower in the wet season, than the drying season (Figure 3) Apart from PCB 44
(0.34 ng/L) and PCB 101 (0.16 ng/L) that recorded relatively higher concentra-

tions in the wet seasons, all other congeners recorded lower concentrations in the
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wet season. The mean congener concentrations in the wet season ranged from
0.03 + 0.03 ng/L (PCB 31) - 0.35 + 0.30 ng/L for PCBs 153, and decrease in the
order congener 153 > 44 > 180 > 18 < 101 > 118 > 194 = 52 > 149, 138, 28 > 31.

0.6 -
_os] ; L]
2411
o1 {El I Gt El £ G E G E
o JEL &1 2= Wl wel % : EEMEE* z iEM :

PCB PCB PCB PCB PCB PCB PCB PCB PCB PCB PCB PCB
18 28 31 44 52 101 118 138 149 153 194 180

PCB Congener
B Wet Season = Dry season Il Average

Figure 3. Average PCB congener profile of the Pra river water.

The concentrations in the dry season ranged from 0.10 0 + 0.21 ng/L (PCB 101)
- 0.52 £ 0.46 ng/L (PCB 153), and followed the order by PCB congeners
44 >153 >105 >180 >70 >101 >28 > 52. The total PCB concentration for the dry
and wet seasons were respectively 3.47 + 1.23 ng/L and 1.7 + 0.71.ng/L. The overall
mean was YPCB was 2.60 + 1.33 ng/L. Significant variation in the PCB distribu-
tion, 51.09% as revealed by the coefficient of variation. The variation recorded for
the congener distribution in the dry and wet seasons were respectively 67.66% -
204.38% and 81.24% - 180.62%; with respective means 35.40% and 41.27%. How-
ever, along the River Nile, Egypt, PCB 138 (10.119 ug/L) has been reported as the
highest congener concentration and PCB118 (1.009 pg/L) the lowest [55]. Also,
the levels of PCB 28 (0.018 - 0.042 ug/L), PCB52 (0.006 - 0.015 ug/L) and PCB 101
(0.001 - 0.039 pg/L) reported in Mexico City [56] were found to be lower than
those recorded in the Pra River basin in this study.

The total PCB concentrations (X1,PCB) for the water from the sampling points
in the dry season and wet seasons, is shown (Figure 4). The box plot (Figure 5)
shows the ranges of ¥1,PCB for the dry season was higher than the wet season
mean. Except for sites P3 and P15, which recorded higher PCB concentrations
during the wet season, all other sites showed elevated concentrations in the dry
season. Surface runoff during the wet season can transport PCBs into the river
system from contaminated sources, and desorption from bottom sediments may
also contribute to increased levels. The rise in PCB concentrations at sites P3 and
P15 is likely due to this influx. In contrast, evaporation and reduced dilution dur-
ing the dry season tend to concentrate PCBs in the water.

Additionally, anthropogenic activities further amplify these seasonal patterns.
Contributing factors such as illegal mining (galamsey), discharges of engine and

lubricating oils, improper waste disposal, and agricultural runoff create a
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complex, seasonally-driven variation in PCB distribution.

N W

IPCB (ng/L)
W

Sampling Sites

# dry season & Wet season

Figure 4. Total PCB levels in river water at the sampling sites.

T T
2PCBs in water(AS) ZPCBs in water(ND)

Figure 5. Box-plot of PCB distribution in water from the Pra River.

The highest concentration, YPCB, in the dry and wet season respectively were
recorded at sites P18 (5.869 ng/L) and P15 (2.995 ng/L). The least concentrations
were recorded at sites P3 (2.029 ng/L) and P9 (0.5285 ng/L) respectively in the dry
and wet season. The means X,PCB for the dry, wet seasons as well as the overall
mean YPCB for the two seasons, 2.60 £ 1.33 ng/L, were all below the USEPA’s
recommended standard for freshwater (<14 ng/L) [57], suggesting exposure at
these sites does not pose potential risks from PCBs. The YPCBs observed for this
study are comparable to those reported in literature for river waters elsewhere, as
shown in Table 5.
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Table 5. Comparison of the Pra river PCB concentrations with other studies.

Location Concentration YPCBs (ng/L)  Reference

Pra river basin 0.5285 - 5.869 This study
Hudson river estuary, USA 0.86 - 6.0 [58]
Houston waterway 0.49 to 12.49 ng/L [59]
Yangtze River 0.04 - 11 ng/L [60]
Rivers in Shanghai, China 0.04 - 11 ng/L [61]
Estuary of Dagu River, China ND-34.8 [62]
Southern Moravia region, Czech Republic 5.2-190.8 [63]
Udu River, Nigeria 20 - 1860 [64]
Ganga and Brahmaputra. Rivers, India ND - 142 [65]
Ebro River (up to 108 ng/L [66]

The most dominant homologs detected in water samples were the hexachlorobi-
phenyl homologs (6-CBs), which is made up of PCBs 138, 149 and 153 constituted
25.51% of the total PCBs in water. PCB153 was the most dominant congener con-
stituting 16.66%. The homologs order 6-CBs > 7-CBs (16.27%) > 4-CBs > 5-CBs >
3-CBs > 8-CB (4.17%). Whiles previous reports have suggested a slight increase in
PCB concentration with higher chlorine numbers [57], this study found that the

concentration of PCBs was not dependent on the number of chlorine atoms present.

3.3. PCB Comparison Using R?

The degree of similarity between any two sites congener profiles is identified
through the use of coefficient of determination R /67/[68]. An R*value of 0.9 to
1.0 shows a perfect match between the profiles; R value of 0.8 to 0.89 means very
similar fingerprints; 0.7 to 0.78 suggests similar fingerprints, while a value of 0.0
implies no relationship between profiles. Very few sampling sites, P6 and P1, P5
and P4, P5 and P3, P10 and P9, P11 and P8, P14 and P9, P14 and P10, and P20
and P7 showed fingerprints match in the dry season; with R = 0.945 (r = 0.972).
More sites showed very similar degree of fingerprint. Sites that showed ambiguous
fingerprints had R? values ranging from 0.6 to 0.69 (r = 0.787 - 0.814), while sites
with distinctly different fingerprints recorded R* < 0.6 (r < 0.775). In the wet sea-
son, many sites showed perfect march, and very similar and similar fingerprints
in their congener profiles than in the dry season. An R? of 0.2 (p = 0.05) was ob-
tained for PCB congener profile comparison of samples for dry and wet seasons.
Thus only 20% of the variation in the PCB profile in one season is dependent on
the profiles of the other season. The water samples for the two seasons had dis-

tinctly different PCB congener fingerprint.

3.4. PCB Comparisons Based on HCH and PCA

3.4.1. Hierarchical Cluster Analysis
The dendrograms show the hierarchical clustering of the sampling sites based on
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their PCB congener profiles. Clusters with the least Euclidean distance (shortest
branch) are most similar. The clusters are dissimilar if the distance is about half
the whole Euclidian distance [43]. The clustering of the sampling sites for water
(Figure 6), revealed that sites P3 and P6 had the highest level of similarity in terms
of their PCB profiles. The degree of similarity followed the order: P3and P6 > P16
and P17 > P12, P13 and P15 > P2, P3 and P6 > P4 and P19.

0 +

20 - 1

40 -

Similarity
—

80

O I e RERRRERIREILRER
- - - - - ™ ™ ™
a o o [ S« TR « W« T - F - B - N - B

Figure 6. Dendrogram of water sampling sites for PCB profiles.

3.4.2. PCB Fingerprint Based on PCA

To examine the relationships, similarities among the PCB congeners and sam-
pling points; the PCB profiles (mean of PCB data) obtained were subjected to
Principal Component Analysis (PCA). The results are shown (Figures 7-9), were
interpreted based on the guide reported [43] [67]-[70]. The Principal Compo-
nents of PCBs observed in 3D (Figure 7) and 2D (Figure 8 and Figure 9) for water
samples are shown. The results show that 56.68% of the total variation in congener
data is explained by the first three components. Principal Component 1 (PC1),
plotted on the horizontal axis, explains most (23.53%) of the variability. The sec-
ond component (PC2) captured 17.45% and the third (PC3), 15.70% (Figure 9).
Principal Component 1 is loaded with PCBs 18, 28, 44, 101, 138, 180 and 194 as
these are closer (more parallel) to PC1 axis (Figure 6).

However, PCB 44 with the largest score (longest vector) contributes greatest to
the variability followed by PCB 194, 180 and 28. PCBs vectors of 138 and 194
pointing in opposite directions to the others have a negative relationship. Vectors
pointing in the same direction (PCB 18, 44 and 180; PCB 28 and 31) correlate
positively. The correlations suggest that these congeners have common sources or
mutual dependence and/or similar behavior during transport, or are subject to

common factors of control [71].
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Figure 7. A 3D Principal Components of PCBs observed in the Pra river water samples.
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Figure 8. Principal Components Analysis of PCBs projected onto PC 1 and PC 2.
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Figure 9. Principal Components Analysis of PCBs projected onto PC 1 and PC 3.

The second component (PC2) is loaded with PCBs 31, 52, 101, 149 and 153 as
these are closer (more parallel) to PC2 axis. However, PCB 52 with the largest
score (longest vector) contributes greatest to the variability followed by PCB 31.
PCBs of 52 and 149 correlate negatively with PCBs 31 and 153. PCBs 52, and 149;
whiles PCBs 28 and 31 correlated positively.

Principal Component 3 is loaded explains 15.70% of the variations, and loaded
with PCBs 44, 180 and 194. The sampling sites (points P) that show similarity have
similar or close scores, included P3 and P6; P2, P16 and P17; P12, P13 and P15;
P4 and P19. These are in agreement as those observed with the cluster analysis in

Figure 6.

3.5. Human Cancer Health Risk Assessment

The PCB cancer risk from use of water from Pra River Basin is mainly due to
PCBI118, the only dioxin like PCB detected in this study. The mean and ranges of
cancer risk values for human exposure to PCBs via ingestion (CRig) and dermal
contact (CRue) are respectively 4.8E—-09 (0 to 2.7E-08) and 4.5E-10 (0 to
2.0E-09). The total cancer risk value is 5.3E—09 (Table 6). Thus, a maximum of
three chance in a hundred million and averagely five out of a billion of the popu-
lation are at risk of exposure to cancer or related illness as a result of PCB118
exposure. The observed estimated probabilistic PCB cancer risk is much lower
than the acceptable risk of one chance in a million (1.0E—06) of exposed persons

to suffer the risk of cancer. This implies a very low PCB cancer risk from the use
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of water from the Pra river.

Table 6. PCB Cancer Risk Values Associated with the use of Water from Pra River.

CRing CRder CRItotal

PCB min max mean min max mean min max mean

PCB118 0 2.7E-08 4.8E-09 0 2.0E-09 4.5E-10 0 2.9E-08 5.3E-09

3.6. Non-Cancer Health Risk Assessment

The mean HQs due to the individual PCBs is shown (Rable 4). ranged from 3.9 x
107 - 1.9 x 107%. The hazard index (HI) which is the sum of the HQs [72] had a
mean of 1.1 X 10™%, and ranged from 3.2 x 107 to 5.8 x 107 The HQs and the
HI were all lower than 1. Thus, this indicates the potential for non-cancer haz-
arded negligible.

However, in children, chronic exposure to lower chlorinated PCBs is associated
with lower IQ, attention deficits and behavioral problems [73]. Also, the lower
chlorinated PCBs can accumulate in aquatic organisms especially fish leading to
reproductive toxicity, growth inhibition, and immune suppression [74]. Commu-
nities relying on the Pra River are at risk. Ingesting contaminated fish leads PCB
accumulation in human beings particularly affecting liver function, endocrine dis-

ruption, and neurological development [75].

3.7. Potential Ecotoxicological Risks

The TEQs for PCBs in samples were calculated by using toxicity equivalence fac-
tors (WHO-TEFs). The total TEQ was calculated by multiplying the actual con-
centration of PCBs in the environmental sample by the corresponding toxic equiv-
alency factor (TEF). The TEQ values are shown (Table 7). The TEQs calculated
for the water in the wet and dry seasons respectively range from 0.005 - 0.030 pg/L
and 0.020 - 0.059 pg/L for birds; 0.003 - 0.0145 pg/L and 0.011 - 0.029 pg/L for
fish, and 0.053 - 0.267 pg/L and 0.203 - 0.587 pg/L for human and mammals. All
the TEQs are lower than the recommend WHO PCB-TEQ value 0.003 ng/L (3.0

pg/L) [76].

Table 7. PCB-TEQ values for wildlife and humans/ mammals.

PCB-TEQ (pg/L)

Dry season Wet season
Birds Fish Humans Birds Fish Humans
P1 0.023 0.012 0.228 0.012 0.006. 0.123
P2 0.023 0.011 0.280 0.018 0.009 0.179
P3 0.020 0.010 0.203 0.027 0.013 0.267
P4 0.021 0.011 0.210 0.020. 0.010 0.201
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Continued
P5 0.032 0.016 0.314 0.011 0.005 0.106
P6 0.024 0.012 0.241 0.013 0.007 0.130.
pP7 0.034 0.017 0.342 0.008 0.004 0.077
P8 0.025 0.013 0.253 0.006 0.003 0.058
P9 0.024 0.012 0.243 0.005 0.003 0.053
P10 0.040 0.020 0.397 0.016 0.008 0.161
P11 0.035 0.018 0.350 0.020 0.010 0.195
P12 0.034 0.017 0.344 0.016 0.008 0.164
P13 0.044 0.022 0.443 0.017 0.008 0.167
P14 0.021 0.011 0.214 0.019 0.010 0.191
P15 0.022 0.011 0.222 0.030 0.015 0.300
P16 0.040 0.020 0.398 0.015 0.008 0.154
P17 0.032 0.016 0.032 0.016 0.007 0.155
P18 0.059 0.029 0.587 0.019 0.009 0.186
P19 0.054 0.027 0.541 0.018 0.009 0.182
P20 0.053 0.026 0.525 0.023 0.011 0.226
Mean 0.033 0.017 0.330 0.016 0.008 0.164
std 0.012 0.006 0.119 0.006 0.003 0.063
CvV 36.05. 36.06 3606 38.25 38.25 38.25

The coefficient of variation ranged from 36.06% - 38.25%, suggesting signifi-
cant variation in the TEQs at the sampling sites. However, the variation in TEQs
for the wet and dry sessions was very minimal. The levels recorded in the Pra River
is within levels reported worldwide. In rivers in Shanghai, China it ragged from
nd-1135.63 pg TEQ/L [61]; in Lake Baikal, Russia 107 to 3.3 x 107 pg/L [77], iin
surface water east Slovakia, 2.86 ng/L [78]; Korean river, <0.01 - 238 pg/L [79];
Yamuna River (<1 - 1600 pg/L) and the Delhi River (<0.01 - 2314 pg/L) [80]. High
TEQs beyond the WHO acceptable limit has been reported in in River Otamiri,
Imo State, Nigeria [81].

The World Health Organization has recommended a limit of 0.003 ng-L™! TEQ
value for PCBs in surface water [76], and the European Union, 1 ng/L [82]. It can
be seen that none of toxicity levels at the study sites exceeded the WHO acceptable
limit for PCBs in surface. This suggests the river water is safe for humans and
wildlife. However, the toxicity of an environmentally derived mixture of chemi-
cals, including dioxinlike PCBs, have been observed to act in an additive or even
synergistic manner [83]; the toxicity of PCB presents in the Pra river to human
and wildlife may therefore be higher than what has been observed in this study as
the toxicity was based on PCB 118 only.
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4. Conclusions

The PCBs at twenty different locations in the drinking water source of the Pra
River were determined. Among all congeners, PCB18, 153, and 180 have the high-
est detection frequency in water. The X,,PCBs concentration for the wet and dry
seasons respectively ranges from 0.539 - 2.995 ng/L and 2.103 - 5.869 ng/L. The
Pra River has low levels of PCB pollution at all the sites compared with other re-
gions. In general, the hexa-chlorinated PCBs biphenyls were the dominant conge-
ners. The mean and ranges of cancer risk values for human exposure to PCBs via
ingestion and dermal contact were respectively 4.8E-09 (0 to 2.7E—08) and
4.5E-10 (0 to 2.0E—09). The total cancer risk value is 5.3E—09. Thus, a maximum
of three chances in a hundred million, and averagely, five out of a billion of the
population are at risk of exposure to cancer or related illness. The observed esti-
mated probabilistic PCB cancer risk is much lower than the acceptable risk of one
chance in a million (1.0E—-06) of exposed persons to suffer the risk of cancer. All
of the TEQ were lower than the environmental quality standard in Japan (1.0 pg-
TEQL (-1)). This implies negligible PCB risk from the use of water from the Pra
River. The potential ecological risk from PCBs in the water is very low. The PCB
concentration in water suggests that the river water does not pose a danger to
aquatic organisms and human health.

Sites identified as contaminated with PCBs should be thoroughly surveyed and
mapped to determine the various sources contributing to PCB leakage into the
Pra River. Targeted interventions such as the removal of PCB-containing equip-
ment, sediment dredging, capping, phytoremediation, public education, and
stricter regulatory enforcement can significantly reduce PCB concentrations and

help prevent further contamination within the Pra River Basin.

Authors’ Contributions

J.K.B., D.K.E,, and A.E. designed and supervised the study; participated in labor-
atory work J.K.B., D.K.E., and oversaw the laboratory work. ].K.B., D.K.E., A.E,
J.K.E, P. B, 0.0.0., ].JW.A.]. All authors performed data interpretation, cleaning
and analysis; and participated in drafting and editing the manuscript. J.K.B.,
D.KE., A.E,]JK.E, P. B, 0.0.0,, JJW.A.]. All authors reviewed the final version of
the manuscript to be published.

Conflicts of Interest

The authors declare no conflicts of interest.

References

[1] Breivik, K., Sweetman, A., Pacyna, J. and Jones, K. (2002) Towards a Global Historical
Emission Inventory for Selected PCB Congeners—A Mass Balance Approach. Global
Production and Consumption. 7he Science of the Total Environment, 290, 181-198.
https://doi.org/10.1016/s0048-9697(01)01075-0

[2] Hutzinger, O., Safe, S. and Zitko, V. (1974) The chemistry of PCBs. CRC Press.

DOI: 10.4236/0alib.1113293

18 Open Access Library Journal


https://doi.org/10.4236/oalib.1113293
https://doi.org/10.1016/s0048-9697(01)01075-0

J. K. Bentum et al.

(8]

(10]

(11]

(12]

(13]

(14]

(15]

European Union (2019) Regulation (EU) 2019/1021 on Persistent Organic Pollutants,
and the European Union (Persistent Organic Pollutants) Regulations 2020 (S.I. No.
146 of 2020).

Sudaryanto, A., Ilyas, M., Wahyono, I.B., Aviantara, D.S., Efadeswarni, Takahashi, S.,
et al. (2023) Spatial Distribution of Atmospheric Polychlorinated Biphenyls (PCBs)
in Jakarta Great Area Using Passive Air Sampler. JOP Conference Series. Farth and
Environmental Science, 1201, Article ID: 012029.
https://doi.org/10.1088/1755-1315/1201/1/012029

Sudaryanto, A., Takahashi, S. and Tanabe, S. (2007) Chapter 13 Persistent Toxic Sub-
stances in the Environment of Indonesia. Developments in Environmental Science,
7, 587-627. https://doi.org/10.1016/s1474-8177(07)07013-1

Meijer, S.N., Ockenden, W.A., Sweetman, A., Breivik, K., Grimalt, J.O. and Jones,
K.C. (2003) Global Distribution and Budget of PCBs and HCB in Background Surface
Soils: Implications for Sources and Environmental Processes. Environmental Science

& Technology, 37, 667-672. https://doi.org/10.1021/es0258091

Ockenden, W.A., Breivik, K., Meijer, S.N., Steinnes, E., Sweetman, A.]. and Jones,
K.C. (2003) The Global Re-Cycling of Persistent Organic Pollutants Is Strongly Re-
tarded by Soils. Environmental Pollution, 121, 75-80.
https://doi.org/10.1016/s0269-7491(02)00204-x

Kalantzi, O.I, Alcock, R.E., Johnston, P.A., Santillo, D., Stringer, R.L., Thomas, G.O.,
et al. (2001) The Global Distribution of PCBs and Organochlorine Pesticides in But-
ter. Environmental Science & Technology, 35, 1013-1018.
https://doi.org/10.1021/es0002464

Mari, M., Nadal, M., Schuhmacher, M. and Domingo, J.L. (2008) Monitoring
PCDD/Fs, PCBs and Metals in the Ambient Air of an Industrial Area of Catalonia,
Spain. Chemosphere, 73, 990-998.
https://doi.org/10.1016/j.chemosphere.2008.06.025

Allan, 1.J. and Ranneklev, S.B. (2011) Occurrence of PAHs and PCBs in the Alna
River, Oslo (Norway). Journal of Environmental Monitoring, 13, 2420-2426.
https://doi.org/10.1039/clem10314h

Cabrerizo, A., Dachs, J., Moeckel, C., Ojeda, M., Caballero, G., Barceld, D., et al
(2011) Factors Influencing the Soil-Air Partitioning and the Strength of Soils as a

Secondary Source of Polychlorinated Biphenyls to the Atmosphere. Environmental
Science & Technology, 45, 4785-4792. https://doi.org/10.1021/es200400e

Ngoubeyou, P.S.K., Wolkersdorfer, C., Ndibewu, P.P. and Augustyn, W. (2022) Tox-
icity of Polychlorinated Biphenyls in Aquatic Environments—A Review. Aquatic
Toxicology, 251, Article ID: 106284. https://doi.org/10.1016/j.aquatox.2022.106284

Helm, P.A., Milne, J., Hiriart-Baer, V., Crozier, P., Kolic, T., Lega, R., et al (2011)
Lake-Wide Distribution and Depositional History of Current- and Past-Use Persis-

tent Organic Pollutants in Lake Simcoe, Ontario, Canada. Journal of Great Lakes Re-
search, 37, 132-141. https://doi.org/10.1016/j.jglr.2011.03.016

Oliveira, T., Santacroce, G., Coleates, R., Hale, S., Zevin, P. and Belasco, B. (2011)
Concentrations of Polychlorinated Biphenyls in Water from US Lake Ontario Tribu-
taries between 2004 and 2008. Chemosphere, 82, 1314-1320.

https://doi.org/10.1016/j.chemosphere.2010.12.012

Li, W., Tian, Y., Shi, G., Guo, C., Feng, Y. and Yue, X. (2012) Source and Risk Assess-
ment of PCBs in Sediments of Fenhe Reservoir and Watershed, China. Journal of
Environmental Monitoring, 14, 1256-1263. https://doi.org/10.1039/c2em10983b

DOI: 10.4236/0alib.1113293

19 Open Access Library Journal


https://doi.org/10.4236/oalib.1113293
https://doi.org/10.1088/1755-1315/1201/1/012029
https://doi.org/10.1016/s1474-8177(07)07013-1
https://doi.org/10.1021/es025809l
https://doi.org/10.1016/s0269-7491(02)00204-x
https://doi.org/10.1021/es0002464
https://doi.org/10.1016/j.chemosphere.2008.06.025
https://doi.org/10.1039/c1em10314h
https://doi.org/10.1021/es200400e
https://doi.org/10.1016/j.aquatox.2022.106284
https://doi.org/10.1016/j.jglr.2011.03.016
https://doi.org/10.1016/j.chemosphere.2010.12.012
https://doi.org/10.1039/c2em10983b

J. K. Bentum et al.

(16]

(17]

(19]

(20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

Yang, H., Zhuo, S., Xue, B., Zhang, C. and Liu, W. (2012) Distribution, Historical
Trends and Inventories of Polychlorinated Biphenyls in Sediments from Yangtze
River Estuary and Adjacent East China Sea. Environmental Pollution, 169, 20-26.
https://doi.org/10.1016/j.envpol.2012.05.003

Olsen, T.M., Hopke, P.K., Yi, S.M., Milligan, M.S. & Pagano, J.J. (2007) Deposition
and Ambient Concentrations of PBTs (Hg, PCBs, DDE, Mirex, HCB and Diox-in/Fu-
rans) in the Lake Ontario Region. Final Report. USEPA Agreement # X-982487020.

Debela, S.A., Sheriff, I., Goyomsa, G.G., Guta, A.T. and Gebrehiwot, M. (2022) Man-
agement of Polychlorinated Biphenyls Stockpiles and Contaminated Sites in Africa:
A Review of 34 Countries. Chemosphere, 298, Article ID: 134133.
https://doi.org/10.1016/j.chemosphere.2022.134133

Erkul, S.N. and Eker Sanli, G. (2021) Regional-temporal Trends and Risk Assessment
of Polychlorinated Biphenyls (PCBs) in Olive Lands in Bursa, Tiirkiye. Soi/ and Sed-
iment Contamination: An International Journal, 31, 715-737.
https://doi.org/10.1080/15320383.2021.2001641

Gliige, J., Bogdal, C., Scheringer, M. and Hungerbiihler, K. (2016) What Determines
PCB Concentrations in Soils in Rural and Urban Areas? Insights from a Multi-Media
Fate Model for Switzerland as a Case Study. Science of The Total Environment, 550,
1152-1162. https://doi.org/10.1016/j.scitotenv.2016.01.097

Zhan, Y., Wei, T.T., Ye, H.B., Dong, B., Zhang, L.J. and Huang, Y.D. (2021) Distri-
bution, Source, and Ecological Risk Evaluation of the PAHs and PCBs in the Sedi-
ments from Sanya River. Chinese Journal of Environment Science, 42, 1830-1838. (In
Chinese)

Megson, D., Brown, T., Jones, G.R., Robson, M., Johnson, G.W., Tiktak, G.P., et al.
(2022) Polychlorinated Biphenyl (PCB) Concentrations and Profiles in Marine Mam-
mals from the North Atlantic Ocean. Chemosphere, 288, Article ID: 132639.
https://doi.org/10.1016/j.chemosphere.2021.132639

Shi, J., Huang, L., Sanganyado, E., Mo, J., Zhao, H., Xiang, L., ef al (2022) Spatial
Distribution and Ecological Risks of Polychlorinated Biphenyls in a River Basin Af-
fected by Traditional and Emerging Electronic Waste Recycling in South China. Eco-
toxicology and Environmental Safety, 243, Article ID: 114010.
https://doi.org/10.1016/j.ecoenv.2022.114010

Peng, J., Chen, Y., Xia, Q., Rong, G. and Zhang, J. (2021) Ecological Risk and Early
Warning of Soil Compound Pollutants (Hms, PAHs, PCBs and OCPs) in an Indus-
trial City, Changchun, China. Environmental Pollution, 272, Article ID: 116038.
https://doi.org/10.1016/j.envpol.2020.116038

Donat-Vargas, C., Gea, A., Sayon-Orea, C., Carlos, S., Martinez-Gonzalez, M.A. and
Bes-Rastrollo, M. (2014) Association between Dietary Intakes of PCBs and the Risk
of Obesity: The SUN Project. Journal of Epidemiology and Community Health, 68,
834-841. https://doi.org/10.1136/jech-2013-203752

Montano, L., Pironti, C., Pinto, G., Ricciardi, M., Buono, A., Brogna, C., et al. (2022)
Polychlorinated Biphenyls (PCBs) in the Environment: Occupational and Exposure
Events, Effects on Human Health and Fertility. Zoxics, 10, Article 365.
https://doi.org/10.3390/toxics10070365

Remili, A., Letcher, R.J., Samarra, F.I.P., Dietz, R., Sonne, C., Desforges, J., et al
(2021) Individual Prey Specialization Drives PCBs in Icelandic Killer Whales. Envi-
ronmental Science & Technology, 55, 4923-4931.

https://doi.org/10.1021/acs.est.0c08563

DOI: 10.4236/0alib.1113293

20 Open Access Library Journal


https://doi.org/10.4236/oalib.1113293
https://doi.org/10.1016/j.envpol.2012.05.003
https://doi.org/10.1016/j.chemosphere.2022.134133
https://doi.org/10.1080/15320383.2021.2001641
https://doi.org/10.1016/j.scitotenv.2016.01.097
https://doi.org/10.1016/j.chemosphere.2021.132639
https://doi.org/10.1016/j.ecoenv.2022.114010
https://doi.org/10.1016/j.envpol.2020.116038
https://doi.org/10.1136/jech-2013-203752
https://doi.org/10.3390/toxics10070365
https://doi.org/10.1021/acs.est.0c08563

J. K. Bentum et al.

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

[42]

Robertson, L.W. and Hansen, L.G. (2001) PCBs: Recent Advances in Environmental
Toxicology and Health Effects. University Press of Kentucky.

Vasseghian, Y., Hosseinzadeh, S., Khataee, A. and Dragoi, E. (2021) The Concentra-
tion of Persistent Organic Pollutants in Water Resources: A Global Systematic Re-
view, Meta-Analysis and Probabilistic Risk Assessment. Science of the Total Environ-
ment, 796, Article ID: 149000. https://doi.org/10.1016/j.scitotenv.2021.149000
Manisalidis, I., Stavropoulou, E., Stavropoulos, A. and Bezirtzoglou, E. (2020) Envi-
ronmental and Health Impacts of Air Pollution: A Review. Frontiers in Public Health,
8, Article 14. https://doi.org/10.3389/fpubh.2020.00014

Alharbi, O.M.L., Basheer, A.A., Khattab, R.A. and Ali, I. (2018) Health and Environ-
mental Effects of Persistent Organic Pollutants. Journal of Molecular Liquids, 263,
442-453, https://doi.org/10.1016/j.molliq.2018.05.029

Environmental Protection Agency (EPA)-Ghana (2007) National Implementation Plan
of the Stockholm Convention on Persistent Organic Pollutants. EPA-Ghana. 63 p.
http://chm.pops.int/Portals/0/docs/from old website/documents/implementa-
tion/nips/submissions/Ghana%20NIP.pdf

Bentum, J.K., Dodoo, D.K. and Kwakye, P.K. (2012) Accumulation of Metals and
Polychlorinated Biphenyls (PCBs) in Soils Around Electric Transformers in the Cen-
tral Region of Ghana. Advances in Applied Science Research, 3, 634-643.

FECYT—Spanish Foundation for Science and Technology (2011) High Levels of
Toxic Compounds Found on Coasts of West Africa.
https://phys.org/news/2011-04-high-toxic-compounds-coasts-west.html

Gioia, R., Akindele, A.]J., Adebusoye, S.A., Asante, K.A., Tanabe, S., Buekens, A., et
al. (2013) Polychlorinated Biphenyls (PCBs) in Africa: A Review of Environmental
Levels. Environmental Science and Pollution Research, 21, 6278-6289.
https://doi.org/10.1007/s11356-013-1739-1

Gioia, R., Eckhardt, S., Breivik, K., Jaward, F.M., Prieto, A., Nizzetto, L., et al. (2011)
Evidence for Major Emissions of PCBs in the West African Region. Environmental
Science & Technology, 45, 1349-1355. https://doi.org/10.1021/es1025239

Hogarh, J.N., Seike, N., Kobara, Y., Carboo, D., Fobil, J.N. and Masunaga, S. (2018)
Source Characterization and Risk of Exposure to Atmospheric Polychlorinated Bi-
phenyls (PCBs) in Ghana. Environmental Science and Pollution Research, 25, 16316-
16324. https://doi.org/10.1007/s11356-018-2090-3

Hosoda, J., Ofosu-Anim, J., Sabi, E.B., Akita, L.G., Onwona-Agyeman, S., Yamashita,
R., et al (2014) Monitoring of Organic Micropollutants in Ghana by Combination of
Pellet Watch with Sediment Analysis: E-Waste as a Source of PCBs. Marine Pollution
Bulletin, 86, 575-581. https://doi.org/10.1016/j.marpolbul.2014.06.008

Dodoo, D.K., Essumang, D.K., Jonathan, ].W.A. and Bentum, J.K. (2012) Polychlo-
rinated Biphenyls in Coastal Tropical Ecosystems: Distribution, Fate and Risk As-
sessment. Environmental Research, 118, 16-24.
https://doi.org/10.1016/j.envres.2012.07.011

Bentum, J.K., et al (2016) Spatial and Temporal Distribution of Polychlorinated Bi-
phenyl Residues in Tropical Soils. Open Journal of Applied Sciences, 6, 234-247.

Jonathan, J.W.A., et al. (2024) Investigating the Levels of Polychlorinated Biphenyls
(PCBs) at Three Lactational Stages: A Comprehensive Study in Ghana. Archives of
Clinical and Medical Case Reports, 8, 77-87.

Asante, K.A., Adu-Kumi, S., Nakahiro, K., Takahashi, S., Isobe, T., Sudaryanto, A., et al.

DOI: 10.4236/0alib.1113293

21 Open Access Library Journal


https://doi.org/10.4236/oalib.1113293
https://doi.org/10.1016/j.scitotenv.2021.149000
https://doi.org/10.3389/fpubh.2020.00014
https://doi.org/10.1016/j.molliq.2018.05.029
http://chm.pops.int/Portals/0/docs/from_old_website/documents/implementation/nips/submissions/Ghana%20NIP.pdf
http://chm.pops.int/Portals/0/docs/from_old_website/documents/implementation/nips/submissions/Ghana%20NIP.pdf
https://phys.org/news/2011-04-high-toxic-compounds-coasts-west.html
https://doi.org/10.1007/s11356-013-1739-1
https://doi.org/10.1021/es1025239
https://doi.org/10.1007/s11356-018-2090-3
https://doi.org/10.1016/j.marpolbul.2014.06.008
https://doi.org/10.1016/j.envres.2012.07.011

J. K. Bentum et al.

(43]

[44]

(45]

[46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

[55]

(56]

(2011) Human Exposure to PCBs, PBDEs and HBCDs in Ghana: Temporal Variation,
Sources of Exposure and Estimation of Daily Intakes by Infants. Environment Interna-
tional, 37, 921-928. https://doi.org/10.1016/j.envint.2011.03.011

Bentum, J.K., et al (2025) Polychlorinated Biphenyls Contamination of Drinking
Water Source of the PRA River: Congener Distribution and Associated Risk. Open
Access Library Journal, 12, €13106.

Water Resource Commission (2023) PRA River Basin: Characteristics, Management
& Challenges. Water Resources Commission of Ghana. https://www.wrc-gh.org

Conka, K., Drobn4, B., Ko¢an, A. and Petrik, J. (2005) Simple Solid-Phase Extraction
Method for Determination of Polychlorinated Biphenyls and Selected Organochlo-
rine Pesticides in Human Serum. Journal of Chromatography A, 1084, 33-38.
https://doi.org/10.1016/j.chroma.2004.11.029

Westbom, R., Thorneby, L., Zorita, S., Mathiasson, L. and Bjérklund, E. (2004) De-
velopment of a Solid-Phase Extraction Method for the Determination of Polychlorin-
ated Biphenyls in Water. Journal of Chromatography A, 1033, 1-8.
https://doi.org/10.1016/j.chroma.2004.01.022

Stoll, G.C., da Silva Carreira, R. and Massone, C.G. (2020) Polychlorinated Biphenyls
(PCBs) in Water: Method Development and Application to River Samples from a
Populated Tropical Urban Area. Analytical and Bioanalytical Chemistry, 412, 2477-
2486. https://doi.org/10.1007/s00216-020-02468-0

Lee, R.G.M,, Coleman, P., Jones, J.L., Jones, K.C. and Lohmann, R. (2005) Emission
Factors and Importance of PCDD/Fs, PCBs, PCNs, PAHs and PM.o from the Domes-
tic Burning of Coal and Wood in the U.K. Environmental Science & Technology; 39,
1436-1447. https://doi.org/10.1021/es048745i

Han, L., Chang, C., Yan, S., Qu, C, Tian, Y., Guo, J., et al (2023) Distribution, Sources
and Risk Assessment of Polychlorinated Biphenyls in Sediments from Beiluo River.
Toxics, 11, Article 139. https://doi.org/10.3390/toxics11020139

Wiltse, J. and Dellarco, V.L. (1996) U.S. Environmental Protection Agency Guide-
lines for Carcinogen Risk Assessment: Past and Future. Mutation Research/ Reviews
in Genetic Toxicology, 365, 3-15.

https://doi.org/10.1016/s0165-1110(96)90009-3

USEPA (1999) Method 1668A: Chlorinated Biphenyls Congeners in Water, Soil, Sed-
iments and Tissue by HRGC/HRMS. U.S. Environmental Protection Agency, EPA
821-R-00-002.

Jiang, Y., Liu, J., Zhang, J. and He, J. (2019) Extraction and Determination of PCBs

in Water Samples by Solid-Phase Extraction Coupled with Gas Chromatography-
Mass Spectrometry. Journal of Environmental Sciences, 77, 285-293.

Guo, W., Zhang, Z. and Hu, S. (2017) Analysis of PCBs in Soils and Sediment by

Solid-Phase Extraction and GC-MS. Environmental Monitoring and Assessment,
189, 173.

Rodil, R,, ef al. (2005) Emerging Pollutants in Sewage, Surface and Drinking Water
in Galicia (NW). Chemosphere, 58, 985-992.

Megahed, A.M., Dahshan, H., Abd-El-Kader, M.A., Abd-Elall, A.M.M., Elbana, M.H.,
Nabawy, E., et al. (2015) Polychlorinated Biphenyls Water Pollution along the River
Nile, Egypt. The Scientific World Journal, 2015, Article ID: 389213.
https://doi.org/10.1155/2015/389213

Salinas, R.O., Bermudez, B.S., Tolentino, R.G., Gonzalez, G.D. and Ledn, S.V.Y.

DOI: 10.4236/0alib.1113293

22 Open Access Library Journal


https://doi.org/10.4236/oalib.1113293
https://doi.org/10.1016/j.envint.2011.03.011
https://www.wrc-gh.org/
https://doi.org/10.1016/j.chroma.2004.11.029
https://doi.org/10.1016/j.chroma.2004.01.022
https://doi.org/10.1007/s00216-020-02468-0
https://doi.org/10.1021/es048745i
https://doi.org/10.3390/toxics11020139
https://doi.org/10.1016/s0165-1110(96)90009-3
https://doi.org/10.1155/2015/389213

J. K. Bentum et al.

(57]

(58]

(59]

(60]

(61]

[62]

(63]

[64]

(65]

[66]

[67]

(68]

(2010) Presence of Polychlorinated Biphenyls (PCBs) in Bottled Drinking Water in
Mexico City. Bulletin of Environmental Contamination and Toxicology;, 85, 372-376.
https://doi.org/10.1007/s00128-010-0105-y

US Environmental Protection Agency (2002) National Recommended Water Quality
Criteria. EPA-822-R-02-047.

Yan, S., Rodenburg, L.A., Dachs, J. and Eisenreich, S.J. (2008) Seasonal Air-Water
Exchange Fluxes of Polychlorinated Biphenyls in the Hudson River Estuary. Envi-
ronmental Pollution, 152, 443-451. https://doi.org/10.1016/j.envpol.2007.06.074

Howell, N.L., Suarez, M.P., Rifai, H.S. and Koenig, L. (2008) Concentrations of Poly-
chlorinated Biphenyls (PCBs) in Water, Sediment, and Aquatic Biota in the Houston
Ship Channel, Texas. Chemosphere, 70, 593-606.
https://doi.org/10.1016/j.chemosphere.2007.07.031

Cui, X., Dong, J., Huang, Z., Liu, C., Qiao, X., Wang, X., et al. (2020) Polychlorinated
Biphenyls in the Drinking Water Source of the Yangtze River: Characteristics and
Risk Assessment. Environmental Sciences Europe, 32, Article No. 29.
https://doi.org/10.1186/s12302-020-00309-6

Wang, X., Han, ., Bi, C., Huang, X., Jia, J. and Chen, Z. (2016) Distribution, Sources,
and Risk Assessment of Polychlorinated Biphenyls in Surface Waters and Sediments
of Rivers in Shanghai, China. Frontiers of Earth Science, 11, 283-296.
https://doi.org/10.1007/s11707-016-0590-3

Wu, H,, Li, Q., Wang, Y. and Hu, S. (2023) Distribution, Sources, and Ecological Risk
Assessment of Polychlorinated Biphenyls (PCBs) in the Estuary of Dagu River, China.
Marine Pollution Bulletin, 194, Article ID: 115340.
https://doi.org/10.1016/j.marpolbul.2023.115340

Léana, R., Vavrova, M., Céslavsky'l, J., Skoumalové, M., Bilkové, A. and Sucman, E.
(2008) PCBs in Samples from the Environment of the Southern Moravia Region,
Czech Republic. Bulletin of Environmental Contamination and Toxicology, 81, 574-
577. https://doi.org/10.1007/s00128-007-9189-4

Iniaghe, P.O. and Kpomabh, E.D. (2022) Polychlorinated Biphenyls (PCBs) in Water
and Sediments from the Udu River, Niger Delta, Nigeria: Concentration, Distribution
and Risk Assessment. Journal of Environmental Exposure Assessment, 1, Article No.
20. https://doi.org/10.20517/jeea.2022.19

Chakraborty, P., Sakthivel, S., Kumar, B., Kumar, S., Mishra, M., Verma, V.K., et al.
(2014) Spatial Distribution of Persistent Organic Pollutants in the Surface Water of

River Brahmaputra and River Ganga in India. Reviews on Environmental Health, 29,
45-48. https://doi.org/10.1515/reveh-2014-0014

Ferndndez, M.A., Alonso, C., Gonzdlez, M.]. and Herndndez, L.M. (1999) Occurrence
of Organochlorine Insecticides, PCBs and PCB Congeners in Waters and Sediments
of the Ebro River (Spain). Chemosphere, 38, 33-43.
https://doi.org/10.1016/s0045-6535(98)00167-2

Kay, D.P., Blankenship, A.L., Coady, K.K., Neigh, A.M., Zwiernik, M.J., Millsap, S.D.,
et al. (2005) Differential Accumulation of Polychlorinated Biphenyl Congeners in the
Aquatic Food Web at the Kalamazoo River Superfund Site, Michigan. Environmental
Science & Technology, 39, 5964-5974. https://doi.org/10.1021/es048317¢

Saba, T. and Boehm, P.D. (2011) Quantitative Polychlorinated Biphenyl (PCB) Con-
gener and Homologue Profile Comparisons. Environmental Forensics, 12, 134-142.
https://doi.org/10.1080/15275922.2011.572950

DOI: 10.4236/0alib.1113293

23 Open Access Library Journal


https://doi.org/10.4236/oalib.1113293
https://doi.org/10.1007/s00128-010-0105-y
https://doi.org/10.1016/j.envpol.2007.06.074
https://doi.org/10.1016/j.chemosphere.2007.07.031
https://doi.org/10.1186/s12302-020-00309-6
https://doi.org/10.1007/s11707-016-0590-3
https://doi.org/10.1016/j.marpolbul.2023.115340
https://doi.org/10.1007/s00128-007-9189-4
https://doi.org/10.20517/jeea.2022.19
https://doi.org/10.1515/reveh-2014-0014
https://doi.org/10.1016/s0045-6535(98)00167-2
https://doi.org/10.1021/es048317c
https://doi.org/10.1080/15275922.2011.572950

J. K. Bentum et al.

(69]

(70]

(71]

(72]

(73]

(74]

(75]

[76]

(77]

(78]

[79]

(80]

(81]

(82]

Howel, D. (2007) Multivariate Data Analysis of Pollutant Profiles: PCB Levels across
Europe. Chemosphere, 67, 1300-1307.
https://doi.org/10.1016/j.chemosphere.2006.11.025

Groth, D., Hartmann, S., Klie, S. and Selbig, J. (2012) Principal Components Analysis.
In: Reisfeld, B. and Mayeno, A., Eds., Methods in Molecular Biology, Humana Press,
527-547. https://doi.org/10.1007/978-1-62703-059-5 22

Cheng, Z., Lin, T., Xu, W., Xu, Y., Li, J., Luo, C,, et al (2015) A Preliminary Assess-
ment of Polychlorinated Biphenyls and Polybrominated Diphenyl Ethers in Deep-
Sea Sediments from the Indian Ocean. Marine Pollution Bulletin, 94, 323-328.

https://doi.org/10.1016/j.marpolbul.2015.01.027

Goumenou, M. and Tsatsakis, A. (2019) Proposing New Approaches for the Risk
Characterisation of Single Chemicals and Chemical Mixtures: The Source Related
Hazard Quotient (HQS) and Hazard Index (HIS) and the Adversity Specific Hazard
Index (HIA). Toxicology Reports, 6, 632-636.
https://doi.org/10.1016/j.toxrep.2019.06.010

Jacobson, J.L. and Jacobson, S.W. (1996) Intellectual Impairment in Children Ex-
posed to Polychlorinated Biphenyls in Utero. New England Journal of Medicine, 335,
783-789. https://doi.org/10.1056/nejm199609123351104

Safe, S.H. (1994) Polychlorinated Biphenyls (PCBs): Environmental Impact, Bio-
chemical and Toxic Responses, and Implications for Risk Assessment. Critical Re-
views in Toxicology, 24, 87-149. https://doi.org/10.3109/10408449409049308

Agency for Toxic Substances and Disease Registry (ATSDR) (2000) Toxicological
Profile for Polychlorinated Biphenyls (PCBs). U.S. Department of Health and Hu-
man Services.

Van den Berg, M., Birnbaum, L.S., Denison, M., De Vito, M., Farland, W, Feeley, M.,
et al. (2006) The 2005 World Health Organization Reevaluation of Human and Mam-
malian Toxic Equivalency Factors for Dioxins and Dioxin-Like Compounds. Toxico-
logical Sciences, 93, 223-241. https://doi.org/10.1093/toxsci/kfl055

Gorshkov, A.G., Kustova, O.V. and Bukin, Y.S. (2022) Assessment of PCBs in Surface
Waters at Ultratrace Levels: Traditional Approaches and Biomonitoring (lake Baikal,

Russia). Applied Sciences, 12, Article 2145. https://doi.org/10.3390/app12042145

Marek, D., Balog, K. and Tomaskinovd, J. (2016) Determination of Toxic Equivalents
(TEQ) for Polychlorinated Biphenyls (PCBs) in Sediments and Surface Water (East
Slovakia). Journal of Earth and Environmental Sciences, 11, 339-344.

Khim, J.S., Lee, K.T., Kannan, K., Villeneuve, D.L., Giesy, J.P. and Koh, C.H. (2001)
Trace Organic Contaminants in Sediment and Water from Ulsan Bay and Its Vicin-
ity, Korea. Archives of Environmental Contamination and Toxicology, 40, 141-150.
https://doi.org/10.1007/s002440010157

Kumar, B., Singh, S.K., Mishra, M., Kumar, S. and Sharma, C.S. (2012) Assessment
of Polychlorinated Biphenyls and Organochlorine Pesticides in Water Samples from

the Yamuna River. Journal of Xenobiotics, 2, e6.
https://doi.org/10.4081/xeno0.2012.e6

Eze, V.C., Onwukeme, V.1, Ogbuagu, J.O. and Aralu, C.C. (2023) Toxicity and Risk
Evaluation of Polychlorinated Biphenyls in River Otamiri, Imo State. Scientific Afri-

can, 22, €01983. https://doi.org/10.1016/j.sciaf.2023.e01983

Walker, M.K. and Peterson, R.E. (1991) Potencies of Polychlorinated Dibenzo-P-Di-
oxin, Dibenzofuran, and Biphenyl Congeners, Relative to 2, 3, 7, 8-Tetrachlorodibenzo-

DOI: 10.4236/0alib.1113293

24 Open Access Library Journal


https://doi.org/10.4236/oalib.1113293
https://doi.org/10.1016/j.chemosphere.2006.11.025
https://doi.org/10.1007/978-1-62703-059-5_22
https://doi.org/10.1016/j.marpolbul.2015.01.027
https://doi.org/10.1016/j.toxrep.2019.06.010
https://doi.org/10.1056/nejm199609123351104
https://doi.org/10.3109/10408449409049308
https://doi.org/10.1093/toxsci/kfl055
https://doi.org/10.3390/app12042145
https://doi.org/10.1007/s002440010157
https://doi.org/10.4081/xeno.2012.e6
https://doi.org/10.1016/j.sciaf.2023.e01983

J. K. Bentum et al.

(83]

P-Dioxin, for Producing Early Life Stage Mortality in Rainbow Trout (Oncorhynchus
mykiss). Aquatic Toxicology, 21, 219-237.
https://doi.org/10.1016/0166-445x(91)90074-j

Buha Djordjevic, A., Antonijevic, E., Curcic, M., Milovanovic, V. and Antonijevic, B.
(2020) Endocrine-Disrupting Mechanisms of Polychlorinated Biphenyls. Current

Opinion in Toxicology, 19, 42-49. https://doi.org/10.1016/j.cot0x.2019.10.006

DOI: 10.4236/0alib.1113293

25 Open Access Library Journal


https://doi.org/10.4236/oalib.1113293
https://doi.org/10.1016/0166-445x(91)90074-j
https://doi.org/10.1016/j.cotox.2019.10.006

	Polychlorinated Biphenyls Contamination of Drinking Water Source of the Pra River: Congener Distribution and Associated Risk 
	Abstract
	Subject Areas
	Keywords
	1. Introduction
	2. Study Area and Methodology
	2.1. Sampling
	2.2. Chemicals
	2.3. Extraction and Cleanup of PCBs
	2.4. Analysis of PCBs
	2.5. Health and Ecological Risk
	2.5.1. Health Risk Estimation
	2.5.2. Ecological Risk Analysis

	2.6. Quality Control

	3. Results and Discussion
	3.1. PCBs Recovery Rates
	3.2. PCBs Distribution in the Pra River
	3.3. PCB Comparison Using R2
	3.4. PCB Comparisons Based on HCH and PCA
	3.4.1. Hierarchical Cluster Analysis
	3.4.2. PCB Fingerprint Based on PCA

	3.5. Human Cancer Health Risk Assessment
	3.6. Non-Cancer Health Risk Assessment
	3.7. Potential Ecotoxicological Risks

	4. Conclusions
	Authors’ Contributions
	Conflicts of Interest
	References

