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A B S T R A C T

The concentrations of Ʃ14 PCBs were determined, with the aid of gas chromatography-mass spectrometry
(GC–MS), in transformer/turbine oils, soils, groundwater, and drainage water collected within a power plant in
the Niger Delta of Nigeria. The Ʃ14 PCB concentrations in the transformer oils, drainage water, groundwater and
soils ranged from 484 to 48506 mg kg−1, 0.99 to 2.95 mg L−1, 0.16 to 0.56 mg L−1 and from 8.4 to 510 mg kg−1

respectively. The congener distribution patterns in these samples indicate the dominance of highly chlorinated
homologues (hepta- and octa-PCBs). The Σ14 PCB concentrations in the transformer oils were above the pro-
visional definition of low persistent organic pollutant (POP) content for PCBs of 50mg kg−1 as defined in the
guidelines on the management of POP waste of the Basel Convention. The concentrations of Ʃ14 PCBs in the soils
were above the Dutch guideline value of 1000 μg kg−1 and the estimated incremental lifetime cancer risks
relating to exposure of humans to PCBs in soils indicate serious health risks. There is therefore a need to im-
plement a surveillance programme in the vicinity of power plants to determine the impacts on the adjacent
ecosystem.

1. Introduction

Polychlorinated biphenyls (PCBs) were among the first twelve
compounds included in the list of persistent organic pollutants (POPs)
in May 2001 by the Stockholm Convection on POPs. They are derived
from biphenyl in which between one and ten hydrogen atoms are re-
placed by chlorine atoms. This gives rise to 209 possible congeners but
only about 130 of these are found in commercial products [1]. They are
man-made organic compounds that are inert, semi-volatile, resistant to
alkalis, acids and oxidising agents, thermally stable, poorly water so-
luble, lipophilic, and resistant to photodegradation. PCBs have many
applications including their use as additives in paints, and as coolants
and insulating liquids in power capacitors and transformers [2]. In
addition, PCBs have been used as pesticide extenders, hydraulic fluids,
flame retardants, cutting oils, in carbonless copy paper, as stabilizing
additives in PVC coatings, adhesives, sealants, wood floor finishes, and
casting agents [3,4].

Their physicochemical properties cause them to be persistent in the
environment, and to exhibit tendencies for bioaccumulation and bio-
magnification, and long-range transport and deposition in places far
removed from emission sources. In addition, they cause chronic toxicity

and are ubiquitous in ecosystems and humans [5,6]. The adverse effects
of PCBs on humans include impaired reproduction, cancer, neuro-de-
velopmental effects in infants, endocrine disruption, and im-
munotoxicity [5]. The dioxin-like PCBs cause the activation of the aryl-
hydrocarbon receptor which induces the multiplication of genes in-
cluding xenobotic metabolizing enzymes such as cytochrome P450
(CYPs) and anti-oxidant proteins, e.g paraoxonases and metallothio-
neins. In addition, exposure to dioxin-like PCBs is known to cause ad-
verse changes in hepatic micronutrient homeostasis. These changes
exacerbate severe liver damage [7]. The hepatotoxicity of PCBs in an-
imals is associated with the blockage of the autophagic flux [8] and
aggravated loss of clearance capacity and activation of apoptosis [9].
PCBs stimulate changes in the DNA sequence [10] and oxidative stress
[11]. For these reasons, the production and use of PCBs has been
banned globally, but large quantities of these compounds are still found
in old power capacitors and transformers [12,13]. PCBs from these
sources can be released into the environment through runoff, volatili-
zation, oil leakage, waste discharges, and dry and wet deposition, thus
causing pervasive environmental effects [12,14].

As at 2016, the PCB Elimination Network (http://www.pops.int/
Implementation/IndustrialPOPs/PCB/Guidance/tabid/665/ctl/

https://doi.org/10.1016/j.toxrep.2019.08.008
Received 26 November 2018; Received in revised form 13 August 2019; Accepted 15 August 2019

⁎ Corresponding author.
E-mail address: cmaiwegbue@delsu.edu.ng (C.M.A. Iwegbue).

Toxicology Reports 6 (2019) 933–939

Available online 15 August 2019
2214-7500/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22147500
https://www.elsevier.com/locate/toxrep
https://doi.org/10.1016/j.toxrep.2019.08.008
http://www.pops.int/Implementation/IndustrialPOPs/PCB/Guidance/tabid/665/ctl/Download/mid/4238/Default.aspx?id=11%26ObjID=22585
http://www.pops.int/Implementation/IndustrialPOPs/PCB/Guidance/tabid/665/ctl/Download/mid/4238/Default.aspx?id=11%26ObjID=22585
https://doi.org/10.1016/j.toxrep.2019.08.008
mailto:cmaiwegbue@delsu.edu.ng
https://doi.org/10.1016/j.toxrep.2019.08.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.toxrep.2019.08.008&domain=pdf


Download/mid/4238/Default.aspx?id=11&ObjID=22585) reports
that Nigeria could have at least 341 transformers with oil containing
PCBs that are still in service. Yet, a review of the literature indicates
that there are no published works on the PCB concentrations in the
environments of power plants in Nigeria. The present work was aimed
at determining the concentrations of PCBs in transformer/capacitor
oils, and in soils, groundwater, drainage water and effluent, in the
immediate vicinity of a power plant in the Niger Delta of Nigeria. We
believe that this is the first work that reports PCB concentrations in
these media in Nigeria.

2. Materials and methods

2.1. Study area, sample collection and pretreatment

The study was conducted at the Transcorp Power Station, which is a
gas-fired thermal plant, located at Kilometer 20 Ughelli-Patani Road,
Ughelli in Ughelli North Local Government of Delta State, Nigeria. The
power plant was built in 1964 with an installed capacity of 2× 36MW
or 72MW from two Stal-Laval gas turbines but, today, the Transcorp
Power Station stands at 972MW of electricity with all gas turbines
running at full capacity. It is the largest fossil fuel-based generating
station in Nigeria and has the capacity of generating 2500 GWh of
electricity annually [15].

Four groundwater samples (GW1-GW4), two drainage water sam-
ples (DRA1-DRA2), one containment pond water (Effluent), five sam-
ples of soil (SL1-SL5) and nine samples of transformer/turbine/com-
pressor oil (T1 to T4 were used transformer oils, FTraO was fresh
transformer oil, FTurO was fresh turbine oil, UTB was used turbine oil,
UCO was used compressor oil, and USO2 was fresh compressor oil)
were collected within the power plant. The oil samples were collected
from transformers, turbines and compressors that were in use as well as
fresh oil from their spare parts store. The samples were collected in
amber-coloured sample bottles, stored in a cooler box containing ice,
and conveyed to the laboratory for PCB analysis. The soil samples were
air-dried and passed through a 2mm mesh sieve.

2.2. Chemicals and reagents

A standard PCB mixture containing 14 PCB congeners (PCB-18,
PCB-28, PCB-29, PCB-43, PCB-52, PCB-101, PCB-118, PCB-138, PCB-
142, PCB-153, PCB-170, PCB-180, PCB-194 and PCB-209) was obtained
from Supelco Inc. (Bellefonte, PA, USA), while a mixed standard con-
taining six isotopically labelled 13C12PCBs (13C12PCB-28, 52, 118, 153,
180 and 209) was obtained from Cambridge Isotope Laboratories, Inc.
(USA). The PCB congener choice covered the seven indicator PCBs. n-
Hexane, dichloromethane (DCM) and acetone (pesticide grade) were
obtained from BDH, Poole, UK, while anhydrous sodium sulfate, copper
powder, Florisil and silica gel were purchased from Merck (Darmstadt,
Germany).

2.3. Extraction and clean-up

2.3.1. Soil
A mass of 10 g of each soil sample was spiked with a mixed standard

containing the surrogate PCBs and transferred into a Whatman Soxhlet
cellulose thimble (previously extracted with DCM). The sample-stan-
dard mixture was subjected to Soxhlet extraction for 18 h with 50mL of
DCM/n-hexane (1:1 v/v). The extract was concentrated to 1mL by
rotary evaporation. The concentrated extract was purified on a column
packed from bottom to top with 1 g each of anhydrous Na2SO4, Florisil,
acidified silica gel and copper powder. Elution with 50mL of hexane
provided the PCB fraction. The eluate was subsequently evaporated to
1mL under a slow flowing stream of pure nitrogen gas.

2.3.2. Transformer oil
The preparation of transformer oil for PCB analysis was carried out

following the procedure described by Shin and Kim [16] with slight
modifications. Briefly, a 5 g sample of the transformer oil was refluxed
for 1 h with 50mL of 1M ethanolic potassium hydroxide solution and
cooled to room temperature. The PCBs were extracted from the alkali-
treated solution by ultra-sonication for 10min with 30mL of hexane-
acetone (1:1 v/v), washed twice with 100mL of water, and the extract
reduced in volume to about 5mL by rotary evaporation. Approximately
30–50mL of concentrated H2SO4 was added and the addition repeated
until the sulfuric acid phase was clean. A volume of 10mL of water was
used to wash the solution, and the washing process was carried out
three times with fresh 10mL portions of water used each time. The
washed extract was concentrated to approximately 1mL and was pur-
ified as described for soil.

2.3.3. Drainage water and groundwater
The drainage water and groundwater samples were prepared for

PCB analysis following the procedure described by Sichilongo and
Banda [17] with slight modifications. A 50mL aliquot of the water
sample was measured into a 100mL separating funnel, 10mL of 1:1 (v/
v) DCM/n-hexane was added, and the mixture was subjected to ultra-
sonication for 15min. The organic layer was drained into a 250mL
beaker. The extraction process was repeated three times on the aqueous
layer with fresh 10mL aliquots of 1:1 DCM/n-hexane each time. The
organic layer in each repeated extraction was drained and combined
with the first aliquot. The combined extracts were rotary evaporated to
2mL and cleaned-up as described in the case of the soil samples.

2.4. Instrumental analysis

A gas chromatograph (Agilent Model 7890A) coupled to a mass
selective detector (Agilent 5972) (GC–MS) was used to quantify the PCB
concentrations in the samples. The column type used for the separations
was a HP-5 fused silica capillary column (5% phenyl-95% dimethyl
polysiloxane) (30m length × 0.25mm i.d.× 0.25 μm film thickness).
The initial column temperature was set at 120 °C (holding time 1min),
and was increased to 190 °C at 20 °Cmin−1, followed by a further in-
crease to 230 °C at 5 °C min−1, and finally to 300 °C at a rate of 25 °C
min−1 (holding time 10min). The temperatures of the injector and
transfer line were set at 280 and 300 °C, respectively. High purity he-
lium with a constant flow rate of 0.8 mL min−1 was used as the carrier
gas. The sample injection volume was 1 μL, injected into the GC–MS in
splitless mode. The mode of operation of the mass spectrometer was
electron impact ionization (EI) by using automatic gain control. The
storage window was programmed at full scan mode in the range of m/z
200–500, and the selected ion monitoring (SIM) mode was used for data
acquisition. The retention times of the authentic PCB standards along-
side the abundance of the quantification and confirmation ions were
used to resolve the identities of the PCBs in the samples (Table 1).

2.5. Statistical analysis/quality assurance

All statistical calculations were performed by using Microsoft Excel
(Microsoft Inc., USA) and SPSS 16.0 (SPSS Inc., Chicago, IL, USA). The
surrogate standard consisting of the 13C12-labelled PCBs was used to
evaluate the extraction efficiency for the target PCB congeners. The
surrogate PCBs were added prior to the extraction processes and the
average recoveries of these standards from the different environmental
matrices ranged from 89.7 to 103%. Calibration was performed by in-
jections of standard solutions containing a mixture of PCBs at six con-
centration levels. The R2 values for the calibration lines of the PCB
congeners are given in Table 1. The blanks were clear of all the in-
vestigated PCBs. The limits of detection (LODs) and quantification
(LOQs) were determined as the concentrations that produce a signal-to-
noise ratio of 3 and 10 respectively (see Table 1).
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2.6. Incremental lifetime cancer risk assessment

The model equations and conditions stated by the US EPA [18,19]
were used to estimate the incremental lifetime cancer risk (ILCR) for
human exposure to PCBs through dermal contact, accidental ingestion,
and inhalation of soil particles. The total carcinogenic risk was eval-
uated by adding up the risks arising from these three exposure path-
ways [14].

= × × × × ×
×

ILCR C IngR EF ED CF SFO
BW ATing

soil
(1)

= × × × × × × × ×
×

ILCR
C SA AF ABS EF ED CF SFO GIABS

BW AT

derm

soil soil

(2)

= × × × × ×
×

ILCR C InhR EF ET ED IUR
PEF ATinh

soil
* (3)

where ILCRing, ILCRderm, and ILCRinh are the ILCR via unconscious in-
gestion, dermal contact and inhalation of soil particles, Csoil represents
the measured concentration of PCBs in soil (mg kg−1), IngR represents
the ingestion rate of soil (100mg d−1 for an adult), EF represents the
exposure frequency (350 days/year, excluding 15 days of holidays), ED
represents the exposure duration (52 years was used based on the
average life expectancy of a Nigerian), CF is the conversion factor
(1× 10−6), SFO signifies the oral slope factor (2.0mg kg−1 d−1), BW is
the average body weight (65 kg), AT represents the averaging time for
carcinogens (days) estimated as 52×365=25,550 days, SA represents
the surface area of the skin in contact with soil (3300 cm2) including
exposed hands and arms, AFsoil represents the skin adherence factor for
soil (0.2 mg cm−2), InhR is the inhalation rate which is 15.8m3 d−1 for
adults, ABS and GIABS depict the dermal absorption factor (0.1) and
gastrointestinal absorption factor (1) respectively. ET, PEF and IUR
represent the exposure time (8 h d−1), soil to air particle emission
factor (1.36×109m3 kg−1), and inhalation unit risk
(5.7× 10−1 μgm−3) respectively [20,21].

Eq. (1) was adopted for the estimation of the ILCR associated with
drinking of water sourced from the boreholes within the power plant
premises. Since the recommended daily intake of water is 2 L d−1, a
consumption rate of 667mL per 8 h working period was assumed. The
quantitative categorization of cancer risk is as follows: ≤ 10−6 = very
low; 10−6 to ≤10−4 = low; 10−4 to ≤10−3 = moderate; 10−3 to
≤10−1 = high and ≥10−1 = very high [22].

3. Results and discussion

3.1. Concentrations and distribution patterns of PCBs

The Ʃ14 PCB concentrations in the transformer oils, and ground-
water, drainage water and soils from the power plant are displayed in
Tables 2–4. The concentrations of the Ʃ14 PCBs ranged from 0.16 to
0.56mg L−1 in the groundwater samples, 0.99 to 2.95mg L−1 in the
drainage and containment pond waters, 484 to 48,506mg kg−1 in
transformer/turbine and compressor oils, and from 8.4 to 510mg kg−1

in the soils. The Ʃ14 PCB concentrations in the soils and drainage water
were higher than those of the groundwater samples. However, the
concentrations of the Ʃ14 PCBs in the transformer and compressor oils
were several thousand-fold higher than the measured concentrations in
the other environmental matrices around the power plant.

Table 1
Validation parameters of the GC–MS method for the PCB analytes.

PCB Congener Retention time/min Quantification ion Confirmation ion LOD/mg kg−1 LOQ/mg kg−1 R2

PCB-18 8.91 256 258 0.003 0.01 0.9994
PCB-28 9.83 258 260 0.003 0.01 0.9997
PCB-29 10.7 292 294 0.003 0.01 0.9996
PCB-43 11.2 292 294 0.003 0.01 0.9991
PCB-52 12.4 336 338 0.003 0.01 0.9996
PCB-101 13.7 360 362 0.003 0.01 0.9998
PCB-118 13.9 326 338 0.006 0.02 0.9998
PCB-138 14.1 360 362 0.003 0.01 0.9995
PCB-142 14.7 360 362 0.003 0.01 0.9999
PCB-153 16.3 394 396 0.013 0.04 0.9994
PCB-170 16.8 394 396 0.006 0.02 0.9991
PCB-180 17.7 428 430 0.006 0.02 0.9992
PCB-194 18.8 438 440 0.003 0.01 0.9996
PCB-209 21.2 441 443 0.003 0.01 0.9999

Table 2
Concentrations of PCBs (mg L−1) in water samples.

GW1 GW2 GW3 GW4 DRA1 DRA2 Effluent

PCB-18 < 0.01 < 0.01 < 0.01 < 0.01 0.15 0.02 0.11
PCB-28 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.01 0.01
PCB-29 < 0.01 < 0.01 < 0.01 < 0.01 0.04 0.05 0.01
PCB-43 < 0.01 < 0.01 < 0.01 < 0.01 0.03 0.12 0.1
PCB-52 < 0.01 < 0.01 < 0.01 < 0.01 0.02 0.04 0.1
PCB-101 <0.01 < 0.01 < 0.01 < 0.01 0.03 < 0.01 0.31
PCB-118 <0.01 < 0.01 < 0.01 < 0.01 0.06 0.08 0.04
PCB-138 <0.01 < 0.01 < 0.01 < 0.01 0.06 0.02 0.01
PCB-142 <0.01 < 0.01 < 0.01 < 0.01 0.21 0.02 0.07
PCB-153 <0.01 < 0.01 < 0.01 < 0.01 0.04 < 0.01 0.08
PCB-170 <0.01 < 0.01 < 0.01 < 0.01 0.08 0.07 0.09
PCB-180 0.43 0.1 0.13 0.14 0.27 0.42 0.26
PCB-194 0.11 0.04 0.25 0.08 0.07 0.13 0.31
PCB-209 0.01 0.02 0.01 0.01 1.89 0.01 0.09
TOTAL 0.56 0.16 0.39 0.23 2.95 0.99 1.59
Tri-PCBs < 0.01 < 0.01 < 0.01 < 0.01 0.19 0.08 0.13
Tetra-PCBs 0.01 < 0.01 < 0.01 < 0.01 0.05 0.16 0.2
Penta-PCBs < 0.01 < 0.01 < 0.01 < 0.01 0.09 0.08 0.35
Hexa-PCBs < 0.01 < 0.01 < 0.01 < 0.01 0.31 0.04 0.16
Hepta-PCBs 0.43 0.1 0.13 0.14 0.35 0.49 0.35
Octa-PCBs 0.11 0.04 0.25 0.08 0.07 0.13 0.31
Deca-PCBs 0.01 0.02 0.01 0.01 1.89 0.01 0.09
Indicator

PCBs
0.43 0.10 0.13 0.14 0.48 0.57 0.81

Tri-PCBs=PCB-18 + PCB-28 + PCB-29
Tetra-PCBs=PCB-43 + PCB-52
Penta-PCBs= PCB-101 + PCB-118
Hexa-PCBs= PCB-138 + PCB-142 + PCB-153
Hepta-PCBs= PCB-170 + PCB-180
Octa-PCBs=PCB-194
Deca-PCBs= PCB-209
Indicator PCBs= PCB-28 + PCB-52 + PCB-101 + PCB-118 + PCB-138 +
PCB-153 + PCB-180
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The Ʃ14 PCB concentrations in the soil samples were above the
60 μg kg−1 value set as the regulatory limit for PCBs in ambient soil by
the defunct USSR Ministry of Health in 1991 [23]. The Σ14 PCB con-
centrations in the soil samples also exceeded some international reg-
ulatory limits such as the Dutch action intervention values, the Aus-
tralian and New Zealand ecological investigation levels (1000 μg kg−1)

[24,25], and the Canadian soil guideline for residential areas (1300 μg
kg−1) [26]. A comparison of the measured concentrations of PCBs with
those reported in other studies is usually complex because of the var-
iations in the selected congeners and related statistics. However, the
levels of Ʃ14 PCBs in soils from the power plant were comparable to the
total PCBs (120,000 μg kg−1) around a former telecommunication
manufacturing site in south west England [27] and a PCB production
site in Sauget, USA (150-27,000 μg kg−1) [28], but were higher than
the total PCB concentrations found around an electrical transformer in
Ghana [29], a chemical factory [30], rural/urban soils [31–36], soils
around e-waste recycling sites [37–41], mountain soils [42], and soils
around industrial sites [1]. The Σ14 PCB concentrations in the trans-
former oils were higher than those (nd-48.33mg kg−1) found in
transformer oils from Korea [16]. The Basel Convention set 50mg kg−1

as the acceptable limit for the classification of waste in the POPs reg-
ulation [43]. The levels of PCBs in the analyzed transformer oil samples
exceeded this limit and also that of the Republic of Korea Ministry of
the Environment limit which is 2mg kg−1 [44].

3.2. PCB profiles

Generally, the hepta-PCBs constituted significant proportions
(0.9–99.2%) of the Ʃ14 PCBs in these samples (Figs. 1–3), which in-
dicates that the use of PCBs in the power plant is the major source of
contamination. Tri-, tetra-, penta-and hexa-PCBs were less than the
limit of quantification in most of the samples, except for soils and
drainage water/containment pond water samples. The occurrence of

Table 3
Concentrations of PCBs (mg kg−1) in transformer oil samples.

T1 T2 T3 T4 FTraO FTurO UTB UCO USO2

PCB-18 < 0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
PCB-28 < 0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
PCB-29 < 0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
PCB-43 < 0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
PCB-52 < 0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
PCB-101 <0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
PCB-118 <0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
PCB-138 <0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
PCB-142 <0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
PCB-153 <0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
PCB-170 164 370 <0.01 < 0.01 173 80.3 < 0.01 < 0.01 < 0.01
PCB-180 617 3412 97.0 247 3042 1099 1019 48004 2320
PCB-194 62.4 419 387 26384 285 256 374 502 160
PCB-209 84.5 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
TOTAL 927.9 4201 484 26,631 3500 1435.3 1393 48,506 2480
Tri-PCBs < 0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Tetra-PCBs < 0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Penta-PCBs < 0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Hexa-PCBs < 0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Hepta-PCBs 781 3782 97 247 3215 1179.3 1019 48004 2320
Octa-PCBs 62.4 419 387 26384 285 256 374 502 160
Deca-PCBs 84.5 <0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Indicator PCBs 617 3412 97.0 247 3042 1099 1019 40008 2320

Tri-PCBs= PCB-18 + PCB-28 + PCB-29
Tetra-PCBs= PCB-43 + PCB-52
Penta-PCBs=PCB-101 + PCB-118
Hexa-PCBs= PCB-138 + PCB-142 + PCB-153
Hepta-PCBs=PCB-170 + PCB-180
Octa-PCBs= PCB-194
Deca-PCBs=PCB-209
Indicator PCBs=PCB-28 + PCB-52 + PCB-101 + PCB-118 + PCB-138 + PCB-153 + PCB-180

Table 4
Concentrations of PCBs (mg kg−1) in soil samples.

SL1 SL2 SL3 SL4 SL5

PCB-18 0.95 5.65 < 0.01 < 0.01 < 0.01
PCB-28 0.09 < 0.01 < 0.01 < 0.01 < 0.01
PCB-29 1.15 0.27 < 0.01 < 0.01 < 0.01
PCB-43 2.13 1.19 < 0.01 < 0.01 < 0.01
PCB-52 1.04 0.32 0.42 < 0.01 0.41
PCB-101 <0.01 < 0.01 < 0.01 < 0.01 < 0.01
PCB-118 3.94 < 0.01 0.52 < 0.01 0.77
PCB-138 <0.01 < 0.01 < 0.01 < 0.01 < 0.01
PCB-142 1.73 < 0.01 < 0.01 < 0.01 < 0.01
PCB-153 3.34 < 0.01 < 0.01 < 0.01 < 0.01
PCB-170 2.62 20.5 0.8 < 0.01 < 0.01
PCB-180 12.8 4.4 505 13.6 4.38
PCB-194 3.67 19.6 3.31 27.4 2.82
PCB-209 0.49 8.16 < 0.01 < 0.01 < 0.01
TOTAL 33.95 60.09 510.05 41.0 8.38
Tri-PCBs 2.19 5.92 < 0.01 < 0.01 < 0.01
Tetra-PCBs 3.17 1.51 0.42 < 0.01 0.41
Penta-PCBs 3.94 < 0.01 0.52 < 0.01 0.77
Hexa-PCBs 5.07 < 0.01 < 0.01 < 0.01 < 0.01
Hepta-PCBs 15.42 24.9 505.8 13.6 4.38
Octa-PCBs 3.67 19.6 3.31 27.4 2.82
Deca-PCBs 0.49 8.16 < 0.01 < 0.01 < 0.01
Indicator PCBs 21.2 4.72 506 13.6 5.60

Tri-PCBs= PCB-18 + PCB-28 + PCB-29
Tetra-PCBs= PCB-43 + PCB-52
Penta-PCBs=PCB-101 + PCB-118
Hexa-PCBs= PCB-138 + PCB-142 + PCB-153
Hepta-PCBs=PCB-170 + PCB-180
Octa-PCBs= PCB-194
Deca-PCBs=PCB-209
Indicator PCBs=PCB-28 + PCB-52 + PCB-101 + PCB-118 + PCB-138 +
PCB-153 + PCB-180
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other PCB homologues in the drainage water and soil samples may be
related to microbial transformation, and weathering of higher chlori-
nated PCBs into less chlorinated PCBs. The tri-PCBs constituted less
than 10% of the Ʃ14 PCBs in the drainage water and soil samples (Fig. 1
and Fig. 3).

There are similarities in the compositions of PCBs in the soils col-
lected in the vicinity of the power plant. The hepta-PCBs are the major
PCB homologues and constituted 33.2–99.2% of the Ʃ14 PCBs in these
soil samples, while the octa-PCBs constituted 0.6–66.8% of the Ʃ14
PCBs in these soil samples. The tri-, tetra-, penta and hexa-PCBs were
found in one to four out of the five soil samples investigated. The tri-,
tetra- and penta-PCBs were detected at levels less than 6.0mg kg−1 in
these soils. PCB-180 was the main determinant of the hepta-PCB con-
centrations in these soils except for SL2 where PCB-170 constituted

34% of the Ʃ14 PCBs.
Of the 14 PCB congeners investigated, only PCB-180, PCB-194 and

PCB-209 were detected in the groundwater samples. PCB-180 con-
stituted the major proportion of the Ʃ14 PCBs (33.3–76.8%) in the
groundwater samples except for GW-3 where PCB-194 constituted
64.1% of the Ʃ14 PCBs. In the groundwater samples, the hepta-PCBs
constituted 33.3–76.8% of the Ʃ14 PCBs, whereas the octa-PCBs con-
stituted 19.6–64.1% of the Ʃ14 PCBs. The congener distribution pat-
terns in the drainage water are entirely different from those observed in
the soil, groundwater and transformer/turbine oils. The majority of the
14 PCB congeners were found in the drainage water samples except for
a few cases. The dominant PCB homologues in the drainage water
samples were hepta-PCBs except in the case of DRA1 that had a higher
concentration of deca-PCBs (PCB-209). Results from earlier reports
suggest that high concentrations of PCB-209 found in wastewater
treatment plants might have originated from industrial sources (al-
though the kind of industries is yet to be known) [13,45,46].

The hepta- and octa-PCBs were the only PCB homologues found in
the transformer, compressor and turbine oils investigated. PCB-180 was
the dominant PCB congener in these oil samples except in the case of T3
and T4 that had higher concentrations of PCB-194. PCB-170 was de-
tected in four of the oil samples investigated and constituted 4.9–17.7%
of the Ʃ14 PCBs in these oil samples. The PCB homologue profile in
these transformer oils was different from that of Chinese transformer
oil. For example, the PCB homologue profile of Chinese transformer oil
followed the order: tri-PCBs (63%)> tetra-PCBs (24%)>di-PCBs
(9%), and ƩPCBs in the oil contained 42.9% chlorine [47]. PCBs were
usually applied as technical mixtures and not as individual compounds,
and 70% of the PCBs manufactured globally were tri-to-penta-chlori-
nated PCBs, with trichlorinated ones as the dominant homologues
[31,48]. Aroclors are PCB mixtures produced from approximately 1930
to 1979, and are potential sources of PCBs in the environment. Of the
nine Aroclors, Aroclor 1016, 1242, 1248, 1252 and 1260 are the most
commonly used. The PCB profiles in the oils, soils and other environ-
mental matrices within the power plant consist of mainly hepta- and
octa-PCBs and point to the fact that Aroclor 1252 and 1260 are still in
use in this area.

3.3. Risk assessment

The total risk is related to the exposure from all possible routes
(dietary consumption included) and the aggregated exposure should
ideally be considered [49,50]. In addition, risk can be higher as real
exposure is related to chemical mixtures of many more chemicals which
manifest the same toxicities at low doses. Their effects and possible
interactions can manifest at the concentrations of the individual com-
ponents, which when tested alone, cannot be measurable by the
available conventional testing methods. Therefore, there is a need to
develop sensitive methods that account for multiple adverse outcomes,
which is similar to what occurs in human conditions [51,52]. In this
study, the risk assessment was based on human exposure to PCBs in
soils around the power plant through dermal contact, inhalation and
unconscious ingestion of soil particles during working hours. We did
not incorporate other possible sources of exposure to PCBs such as those
arising from inhalation, food consumption, drinking water at home, and
exposure to outdoor and indoor dusts, etc. The estimated cancer risk

Fig. 1. PCB profiles in water samples.

Fig. 2. PCB profiles in transformer oil samples.

Fig. 3. PCB profiles in soil samples.

Table 5
Cancer risk from PCB exposure in soils and water.

Soil Samples RISKING RISKINH RISKDERM Total Cancer Risk Water Samples Daily Intake/μg kg−1 bw d−1 Total Cancer Risk

SL1 6.26× 101 1.24×10−7 2.50× 10−1 6.29×101 GW1 6.23 6.89
SL2 1.11× 102 2.20×10−7 4.42× 10−1 1.11×102 GW2 1.78 1.97
SL3 9.41× 102 1.87×10−6 3.75 9.44×102 GW3 4.34 4.80
SL4 7.56× 101 1.50×10−7 3.02× 10−1 7.59×101 GW4 2.56 2.83
SL5 1.55× 101 3.07×10−8 6.17× 10−2 1.55×101
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values associated with exposure of humans to PCBs in the soil through
dermal contact, unconscious ingestion, and inhalation are given in
Table 5. The risk of PCB exposure from the ingestion pathway exceeded
that from dermal contact and inhalation. The total cancer risk values for
human exposure to PCBs in the soil ranged from 15.5 to 944 which
suggest a very high risk. The estimated probabilistic cancer risk is by far
greater than the acceptable risk of one chance in a million of equally
exposed persons to suffer the risk of cancer or cancer-linked illness. The
dietary intakes of PCBs from drinking water sourced from the boreholes
on the premises of the power plant ranged from 1.78-6.23 μg kg−1 bw
d−1 which exceeds the tolerable intake value. As given in Table 5, the
total cancer risk (1.97–6.89) associated with drinking the water from
the boreholes suggests serious adverse effects arising from these com-
pounds.

4. Conclusion

The congener distribution patterns in these samples indicate the
dominance of highly chlorinated homologues (hepta- and octa-PCBs).
The PCB concentrations in transformer oils exceeded the Basel
Convention guideline value of 50mg kg−1 generally accepted as the
limit for waste classification in the POPs regulation. The Ʃ14 PCB
concentrations in the soils were above the Dutch guideline value of
1000 μg kg-1 and the estimated incremental cancer risks associated with
human exposure to PCBs in soils indicate a very high risk. It is therefore
imperative to carry out constant and systematic surveillance of PCB
concentrations in order to elucidate the long-term trends and impacts of
the power plant on the surrounding ecosystem. Therefore, further stu-
dies on PCB concentrations and those of other halogenated hydro-
carbon contaminants in the biota, soils, surface water and sediments
around the power plant are required so as to provide a detailed and
complete appraisal of the impacts of the power plant on the adjacent
ecosystem.

Declaration of Competing Interest

The authors declare no conflict of interest.

Acknowledgement

BSM is grateful for research support from the National Research
Foundation of South Africa.

References

[1] Y.-F. Zhang, S. Fu, Y. Dong, H.-F. Nie, Z. Li, X.-C. Liu, Distribution of poly-
chlorinated biphenyls in soil around three typical industrial sites in Beijing, China,
Bull. Environ. Contam. Toxicol. 92 (2014) 466–471.

[2] X. Duan, Y. Li, X. Li, D. Zhang, M. Li, Polychlorinated biphenyls in sediments of the
Yellow Sea: distribution, source identification and flux estimation, Mar. Pollut. Bull
76 (2013) 283–290.

[3] S. Batterman, S. Chernyak, Y. Gouden, J. Hayes, T. Robins, S. Chetty, PCBs in air,
soil and milk in industrialized and urban areas of KwaZulu-Natal, South Africa,
Environ. Pollut. 157 (2) (2009) 633–654.

[4] A. Halfadji, A. Touabet, A.Y. Badjah-Hadj-Ahmed, Comparison of soxhlet extrac-
tion, microwave-assisted extraction and ultrasonication extraction for the de-
termination of PCBs congeners in spiked soils by transformer oil (Askarel), Int. J.
Adv. Eng. Technol. 5 (2) (2013) 63–75.

[5] A.O. Barakat, M. Khairy, I. Aukaily, Persistent organochlorine pesticide and PCB
residues in surface sediments of Lake Qarun, a protected area of Egypt,
Chemosphere 90 (2013) 2467–2476.

[6] Q. Li, Z. Luo, C. Yan, X. Zhang, Assessment of polychlorinated biphenyls con-
tamination in sediment and organism from Xiamen offshore area, China, Bull.
Environ. Contam. Toxicol. 87 (2011) 372–376.

[7] W.D. Klaren, G.S. Gadupudi, B. Wels, D.L. Simmons, A.K. Olivier, L.W. Robertson,
Progression of micronutrient alteration and hepatotoxicity following acute PCB126
exposure, Toxicology 338 (2015) 1e7, https://doi.org/10.1016/j.tox.2015.09.004.

[8] Q. Wang, L.W. Wei, W.T. Zhou, Z.T. Wang, X.L. Xie, PCB28 and PCB52 induce
hepatotoxicity by impairing the autophagic flux and stimulating cell apoptosis in
vitro, Toxicol. Lett. 289 (2018) 28–41, https://doi.org/10.1016/j.toxlet.2018.03.
002.

[9] X.L. Xie, W.T. Zhou, K.K. Zhang, Y. Yuan, E.M. Qiu, Y.W. Shen, Q. Wang, PCB52

induces hepatotoxicity in male offspring through clearance capacity and activating
the apoptosis: sex biased effects on rats, Chemosphere 227 (2019) 389–400.

[10] G. Ludewig, L.W. Robertson, Polychlorinated biphenyls (PCBs) as initiating agents
in hepatocellular carcinoma, Cancer Lett. 334 (1) (2013) 46–55, https://doi.org/10.
1016/j.canlet.2012.11.041.

[11] A. Buha, B. Antonijevic, V. Milovanovic, S. Jankovic, Z. Bulat, V. Matovic,
Polychlorinated biphenyls as oxidative stress inducers in liver of subacutely ex-
posed rats: implication for dose-dependence toxicity and benchmark dose concept,
Environ. Res. 136 (2015) 309–317, https://doi.org/10.1016/j.envres.2014.11.005.

[12] Y. Li, T. Lin, L. Qin Zhang, Z. Guo, Distribution and sources of organochlorine
pesticides in sediments of the Xiangjiang River, south-central China, Environ.
Monit. Assess. 185 (2013) 8861–8871.

[13] C.M.A. Iwegbue, Distribution and ecological risks of polychlorinated biphenyls
(PCBs) in surface sediment of the Forcados River, Niger Delta, Nigeria, Afr. J.
Aquat. Sci. 41 (1) (2016) 51–56.

[14] J.Y. Zhang, L.M. Qiu, J. He, Y. Liao, Y.M. Luo, Occurrence and congeners specific of
polychlorinated biphenyls in agricultural soils from Southern Jiangsu, China, J.
Environ. Sci. 19 (2007) 342–388.

[15] https://en.wikipedia.org/wiki/Ughelli_Power_Plant. (Accessed 20 February 2019).
[16] S.K. Shin, T.S. Kim, Levels of polychlorinated biphenyls (PCBs) in transformer oils

from Korea, J. Hazard. Mater. 137 (2006) 1514–1522.
[17] K. Sichilongo, D. Banda, GC-MS determination of target pesticides in environmental

samples from the Kafue flats of Zambia, Bull. Environ. Contam. Toxicol. 91 (2013)
510–516.

[18] US EPA, Risk Assessment Guidance for Superfund: Human Health Evaluation
Manual, EPA/540/1–89/002 vol. I, Environmental Protection Agency, Washington
DC, USA, 1989.

[19] US EPA, Risk Assessment Guidance for Superfund: Human Health Evaluation
Manual (F, Supplemental Guidance for Inhalation Risk Assessment) EPA/540/R/
070/002 vol. I, Environmental Protection Agency, Washington DC, USA, 2009.

[20] US EPA, Regional screening level (RSL) tables, Risk-Based Standards for Kansas
(RSK) Manual, 5th Version, Kansas Department of Health and Environment (KDHE),
Bureau of Environmental Remediation, Topeka, KS, USA, 2010.

[21] US EPA, Risk Assessment Guidance for Superfund: Human Evaluation Manual (Part
E, Supplemental Guidance for Defined Risk Assessment). EPA/540/R/99/005.7 1
Office of Emergency and Remedial Response, USEPA, Washington, DC, USA, 2001.

[22] ATSDR, Public Health Assessment, Johnstown City Landfill, Johnstown, Fulton
County, NY, USA (1995).

[23] T. Bobovonikova, A. Dibtseva, A. Mitroshkov, G. Pleskachevskaya, Ecological as-
sessment of a region with PCB emissions using samples of soil, vegetation and breast
milk: a case study, Sci. Total Environ. 139–140 (1993) 357–364.

[24] VROM, Intervention Values and Target Values: Soil Quality Standard, Netherlands
Ministry of Housing, Spatial Planning and Environment, Department of Soil
Protection, The Hague, Netherlands, 1994.

[25] ANZECC/NHMRC Australian and New Zealand Environment and Conservation
Council/National Health and Medical Research Council, ANZECC B (Environmental
Investigation Levels) From Australian and New Zealand Guidelines for Assessment
and Management of Contaminated Site, (1992).

[26] CCME (Canadian Council of Ministers of Environment), Canadian Environmental
Quality Guidelines, Summary Table December (2003) www.ec.ca/ceqg-reqee/
English/ceqg/default.

[27] G. Norris, Z. Al-Dhabir, J. Birnstingl, S.J. Plant, S. Cui, P. Mayell, A case study of the
management and remediation of soil contaminated with polychlorinated biphenyls,
Eng. Geol. 53 (1999) 177–185.

[28] C.L. Stratton, PCB and PCT contamination of the environment near sites of manu-
facture and use, Environ. Sci. Technol. 10 (1976) 1229–1233.

[29] J.K. Betum, D.K. Dodoo, P.K. Kwakye, Accumulation of metals and polychlorinated
biphenyls (PCBs) in soils around electric transformers in the central region of
Ghana, Adv. Appl. Sci. Res. 3 (2) (2012) 634–643.

[30] I. Danielovič, J. Hecl, M. Danilovič, Soil contamination by PCBs on a regional scale:
the case of Strážske, Slovakia, Pol. J. Environ. Stud. 23 (5) (2014) 1547–1554.

[31] B. Aichner, B. Glaser, W. Zech, Polycyclic aromatic hydrocarbons and poly-
chlorinated biphenyls in urban soils from Kathmandu, Nepal, Org. Geochem. 38
(2007) 700–715.

[32] D.G. Wang, M. Yang, H.L. Jia, L. Zhou, Y.F. Li, Levels, distributions and profiles of
polychlorinated biphenyls in surface soils of Dalian, China, Chemosphere 73 (2008)
38–42.

[33] T. Wang, Y. Wang, J. Fu, P. Wang, Y. Li, Q. Zhang, G. Jiang, Characteristic accu-
mulation and soil penetration of polychlorinated biphenyls and polybrominated
diphenyl ethers in wastewater irrigated farmlands, Chemosphere 81 (2010)
1045–1051.

[34] S. Wu, X. Xia, S. Zhang, Q. Liu, Levels and congener patterns of polychlorinated
biphenyls (PCBs) in rural soils of Beijing, China, Procedia Environ. Sci. 20 (2010)
1955–1959.

[35] C.H. Vane, A.W. Kim, D.J. Beriro, M.R. Cave, K. Knights, V. Moss-Hayes,
P.C. Nathanail, Polycyclic aromatic hydrocarbons (PAH) and polychlorinated bi-
phenyls (PCB) in urban soils of Greater London, UK, Appl. Geochem. 51 (2014)
303–314.

[36] S.X. Shi, Y.R. Huang, L. Zhou, L.F. Zhang, L. Dong, W.L. Yang, X.L. Zhang, Changes
of the polybrominated diphenyl ethers and polychlorinated biphenyls in surface
soils from urban agglomeration of the Yangtze River Delta, in China 2003 and 2012,
Environ. Sci. Pollut. Res. 22 (2015) 9766–9774.

[37] A. Leung, Z.W. Cai, M.H. Wong, Environmental contamination from electronic
waste recycling at Guiyu, southeast China, J. Mater. Cycl. Waste Manage. 8 (2006)
21–33.

[38] C. Liao, J. Lv, J. Fu, Z. Zhao, F. Liu, Occurrence and profiles of polycyclic aromatic

E. Aganbi, et al. Toxicology Reports 6 (2019) 933–939

938

http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0005
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0005
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0005
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0010
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0010
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0010
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0015
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0015
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0015
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0020
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0020
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0020
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0020
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0025
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0025
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0025
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0030
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0030
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0030
https://doi.org/10.1016/j.tox.2015.09.004
https://doi.org/10.1016/j.toxlet.2018.03.002
https://doi.org/10.1016/j.toxlet.2018.03.002
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0045
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0045
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0045
https://doi.org/10.1016/j.canlet.2012.11.041
https://doi.org/10.1016/j.canlet.2012.11.041
https://doi.org/10.1016/j.envres.2014.11.005
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0060
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0060
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0060
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0065
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0065
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0065
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0070
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0070
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0070
https://en.wikipedia.org/wiki/Ughelli_Power_Plant
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0080
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0080
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0085
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0085
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0085
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0090
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0090
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0090
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0095
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0095
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0095
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0100
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0100
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0100
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0105
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0105
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0105
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0110
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0110
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0115
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0115
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0115
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0120
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0120
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0120
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0125
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0125
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0125
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0125
arxiv:/www.ec.ca/ceqg-reqee/English/ceqg/default
arxiv:/www.ec.ca/ceqg-reqee/English/ceqg/default
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0135
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0135
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0135
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0140
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0140
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0145
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0145
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0145
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0150
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0150
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0155
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0155
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0155
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0160
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0160
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0160
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0165
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0165
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0165
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0165
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0170
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0170
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0170
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0175
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0175
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0175
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0175
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0180
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0180
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0180
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0180
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0185
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0185
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0185
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0190


hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and organochlorine pesti-
cides (OCPs) in soils from a typical e-waste recycling area in Southeast China, Int. J.
Environ. Health Res. 22 (2012) 317–330.

[39] J. Ge, L.A. Woodward, Q.X. Li, J. Wang, Distribution, sources and risk assessment of
polychlorinated biphenyls in soils from the Midway Atoll, North Pacific Ocean,
PLoS One 8 (8) (2013) e71521, , https://doi.org/10.1371/journal.pone.0071521.

[40] M. Liu, B. Haung, X. Bi, Z. Ren, G. Sheng, J. Fu, Heavy metals and organic com-
pounds contamination in soil from an e-waste region in south China, Environ. Sci.
Process. Imp. 15 (2013) 919–929.

[41] S.J. Chen, M. Tian, J. Zheng, Z.C. Zhu, Y. Luo, X.J. Luo, B.X. Mai, Elevated levels of
polychlorinated biphenyls in plants, air, and soils at an e-waste site in Southern
China and enantioselective biotransformation of chiral PCBs in plants, Environ. Sci.
Technol. 48 (2014) 3847–3855.

[42] Q. Zheng, L. Nizzetto, M.D. Mulder, O. Sáňka, G. Lammel, J. Li, H. Bing, X. Liu,
Y. Jiang, C. Luo, G. Zhang, Does an analysis of polychlorinated biphenyl (PCB)
distribution in mountain soils across China reveal a latitudinal fractionation
paradox? Environ. Pollut. 195 (2014) 115–122.

[43] Basel Convention, Preparation of Technical Guidelines on the Environmentally
Sound Management of Wastes Consisting of, Containing or Contaminated with
PCBs, PCTs or PBBs, UNEP/CHW.7/8/Add.2, Geneva, Switzerland (2004).

[44] Ministry of Environment, Ministry of Environment in Korea Waste Control Act,
(2004).

[45] Y.F. Song, B.M. Wilke, X.Y. Song, P. Gong, Q.X. Zhou, G.F. Yang, Polycyclic aro-
matic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and heavy metals
(HMs) as well as their genotoxicity in soil after long-term wastewater irrigation,

Chemosphere 65 (2006) 1859–1868.
[46] L. Guo, B. Zhang, K. Xiao, Q. Zhang, M. Zheng, Levels and distributions of poly-

chlorinated biphenyls in sewage sludge of urban wastewater treatment plants, J.
Environ. Sci. (China) 21 (2009) 473–486.

[47] Y.F. Li, E. Sverko, J. Ma, Polychlorinated biphenyls in Chinese surface soils,
Environ. Sci. Technol. 41 (2007) 3871–3876.

[48] K. Breivik, A. Sweetman, J.M. Pacyna, K.C. Jones, Towards a global historical
emission inventory for selected PCB congeners- a mass balance approach: 1. Global
production and consumption, Sci. Total Environ. 290 (2002) 181–198.

[49] E. Renieri, M. Goumenou, D.A. Kardonsky, V.V. Veselov, A.K. Alegakis, A. Buha,
M.N. Tzatzarakis, A.E. Nosyrev, V.N. Rakitskii, M. Kentouri, A.M. Tsatsakis,
Indicator PCBs in farmed and wild fish in Greece - risk assessment for the Greek
population, Food Chem. Toxicol. 127 (2019) 260–269, https://doi.org/10.1016/j.
fct.2019.03.027.

[50] M. Goumenou, A. Tsatsakis, Proposing two new approaches for the risk char-
acterisation of single chemicals and chemicals’ mixtures: the Source Related Hazard
Quotient (HQS) and the Adversity Specific Hazard Index (HIA), Toxicol. Rep. 6
(2019) 632–639, https://doi.org/10.1016/j.toxrep.2019.06.010.

[51] R.N. Kostoff, M. Goumenou, A. Tsatsakis, The role of toxic stimuli combinations in
determining safe exposure limits, Editorial in Toxicological Report, Toxicol. Rep. 5
(2009) 1169–1172, https://doi.org/10.1016/j.toxrep.2018.10.010.

[52] A. Tsatsakis, M. Goumenou, J. Liesivuori, W. Dekant, A.F. Hernández, Toxicology
for real-life risk simulation – editorial preface to this special issue, editorial in
Toxicology Letters, Toxicol. Lett. 309 (2019) 33–34, https://doi.org/10.1016/j.
toxlet.2018.12.003.

E. Aganbi, et al. Toxicology Reports 6 (2019) 933–939

939

http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0190
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0190
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0190
https://doi.org/10.1371/journal.pone.0071521
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0200
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0200
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0200
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0205
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0205
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0205
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0205
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0210
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0210
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0210
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0210
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0215
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0215
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0215
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0220
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0220
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0225
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0225
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0225
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0225
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0230
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0230
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0230
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0235
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0235
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0240
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0240
http://refhub.elsevier.com/S2214-7500(18)30723-6/sbref0240
https://doi.org/10.1016/j.fct.2019.03.027
https://doi.org/10.1016/j.fct.2019.03.027
https://doi.org/10.1016/j.toxrep.2019.06.010
https://doi.org/10.1016/j.toxrep.2018.10.010
https://doi.org/10.1016/j.toxlet.2018.12.003
https://doi.org/10.1016/j.toxlet.2018.12.003

	Concentrations and risks of polychlorinated biphenyls (PCBs) in transformer oils and the environment of a power plant in the Niger Delta, Nigeria
	Introduction
	Materials and methods
	Study area, sample collection and pretreatment
	Chemicals and reagents
	Extraction and clean-up
	Soil
	Transformer oil
	Drainage water and groundwater

	Instrumental analysis
	Statistical analysis/quality assurance
	Incremental lifetime cancer risk assessment

	Results and discussion
	Concentrations and distribution patterns of PCBs
	PCB profiles
	Risk assessment

	Conclusion
	mk:H1_17
	Acknowledgement
	References




