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ABSTRACT
Eniong River is an important source of seafood at commercial levels. Riverine communities also depend on it for other domestic uses. Potential human activities in the study area include boating, fishing, sand mining, and transportation, among others. These PCB-induced activities have been going on in the study area over the years, and there is no research data on PCB levels in fish in the area; hence, the need for this research. The objective of this study was to determine the concentration and distribution of PCBs in fish and sediment samples from the Eniong River. The determination of PCBs in fish samples from the river was done using standard procedures. Fish samples (96) (Clarias gariepenius) were collected from four sampling locations for twelve months. Extraction of samples was done using dichloromethane, hexane, and acetone. PCBs (28) congeners were determined using gas chromatography equipped with a mass spectrometer (GC-MS). The data obtained in this study were subjected to descriptive statistical analysis using the Statistical Package for the Social Sciences (SPSS). Analysis of variance (ANOVA) was used to test for significant differences in PCB concentrations across the sampling stations at P = 0.05. The results showed that the total PCBs (∑ 28 PCBs) concentrations in fish ranged from 30.26 to 107.07ngg-1. The hazard index values for non-cancer risk were less than unity, while the total cancer risk values were less than 10-6, indicating low risk. However, the toxic equivalent quotient of 12 DL- PCBs ranged from 4.6 E-03 to 2.7 E-02 ngg-1, indicating values greater than the upper limit of 6.5 E-03 stipulated by the European Food Safety Authority (EFSA) for all Dl PCBs in fish. Although the homolog composition did not differ significantly between the two seasons (p > 0.05). Most of the homologues recorded higher values in the wet season compared with the dry season. As a precautionary measure, the results indicated the need for urgent intervention to prevent escalation in levels of the pollutants in the commercial fish.
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INTRODUCTION
Aquatic ecosystem pollution is a global issue due to its impact on human health through food chain. As industrialization, urbanization and climate change limit rainfall, water pollution has been connected to human and aquatic ecosystems health issues worldwide. Pollutants may originate from industrial discharges, agricultural runoff,    domestic sewage,    and atmospheric deposition,    contributing to the accumulation of toxicants like heavy metals,    organic compounds,    nutrients,    and microplastics in aquatic environments (Chaturvedi et al., 2025). According to Kim et al. (2018), ecological deterioration and a million new water pollution related diseases each year kill over ten million people who lived in tropical countries. These contaminants which can be inorganic such as trace metals or organic substances such as polychlorinated biphenyls (PCBs) when present in elevated levels in an aquatic ecosystem cause environmental toxicity and health risk.  Diverse human activities have resulted in discharge of numerous chemicals including as bye products into the environment and the fate of these chemicals is of great concern. These chemicals find their ways into the aquatic ecosystem through various ways such as industrial waste treatment facilities, agricultural runoff and indiscriminate dumping of various kinds of wastes thereby causing environmental degradation with potential health effects on humans and aquatic biota (Igbo et al., 2018). 
PCBs are non polar hazardous chemicals with 209 congeners but according to Adeyemi et al 2009 only 130 congeners are present in industrial combinations. They are organic compounds having 1 to 10 chlorine atoms bonded to biphenyl, a two benzene molecule with a chemical formula C12 H(10-x)Clx, where n is the number of chlorine atoms and ranges between 1 and 10. Structurally, “PCBs are grouped into two major classes: non-coplanar PCBs and coplanar PCBs. In non-coplanar PCBs, chlorine substitution is either ortho - or di-ortho - substituted, leading to steric pressure and a distorted geometry, and are described as “non dioxin- like PCBs,” while coplanar PCB chlorine substitution lacks ortho - substitution, leading to a planar structure and a “dioxin-like” classification” (Wahlang et al., 2014).  “Dioxin-like PCBs (dl-PCBs) behave similar in terms of toxicities with those of dioxins, such as immunotoxicity, developmental toxicity, carcinogenesis, neurotoxicity” (Folarin et al., 2022)   while non dioxin-like PCBs do not posses any toxicological property similar to dioxin-like PCBs but “they exert some toxicities such as neurobehavioral effects, including impaired auditory functions from PCBs 52 and 180 and also altered sexually dimorphic behaviors from PCB-180” (Viluksela et a., l 2012) . PCBs are ubiquitous environmental contaminants, Igbo et al., 2018 reported months to years of their half lives in soil and sediment. Their physicochemical features make them persistent in the environment, bio-accumulating and biomagnifying with tendency long range transport. (Aganbi et al 2019). Their physical and chemical properties allow them to be transported over long distances from their sources of release through environmental processes, deposited, and incorporated into aquatic food webs . 
Generally, Iniaghe et al. (2022) pointed out that PCBs source of distribution across countries also resulted principally from importation of some PCBs containing equipment such as electrical transformer oils containing PCBs from developed countries. This is evident in records in countries like France, United Kingdom, and Japan which widely used PCBs containing equipment in the energy production sector between the 1970s and 1980s. “PCBs can become present in the environment through leakages and illegal dumping of PCB-containing equipment, transformer fluids, and emissions resulting from the incineration of PCB wastes” (Sohail et al., 2018).  It has been established by some researchers the presence in significant levels of PCBs in water, sediments and fish in some parts of Nigeria environment especially among the coastal area where  these contaminants  concentrate in the sediments by attaching to the organic particles (Iniaghe et al, 2022; Unyimadu et al, 2018; Adeyemi et al, 2009; Ezemonye 2005 and Osibanjo et al., 1990) . Benthic organisms present in the sediment of an aquatic ecosystems such as crustaceans, snails, and phytoplankton ingest these organic matter contaminated with PCBs (Filipkowska, 2013) where it eventually gets accumulated in the tissues of fish . Since PCBs are lipophilic, they bioaccumulate in fatty tissues of humans through  ingestion of contaminated  fish. 
There is, therefore, the need to monitor the levels of PCBs in aquatic environments and  assess  the risk associated with fish consumption by humans.  According to Iniaghe et al. (2022), there is an alteration of endocrine, immune and nervous systems due to accidental exposure to PCBs contaminated water and fish contaminated with  PCBs particularly in developing children . Also, early exposure of humans to PCBs 167, 187 and 203 may lead to the development of breast cancer especially among the postpartum women (Morgan et al., (2017).  
The Niger Delta region of Nigeria is among the most environmentally impacted regions in Nigeria considering such indices as increase in population growth rate, metal smelting, increasing coastal traffic and intense crude oil exploration over the years. Also, just like in most developing countries with increase in population, Nigeria is generally characterised by high loadings of increasing waste generation (Ademoroti, 1996) most of which are disposed without treatment and consequent entrance into aquatic environments (Arukwe et al., 2012). The general improper waste management techniques in the country may make urban surface water or sediment to become the ultimate reservoirs for these contaminants (Udosen et al., 2016). These, in addition to incidences of oil spills in the region have raised public concerns regarding the environmental status of the region (Ganvir & Guhey, 2021). It is in records that some air and aquatic pollution indices are significantly associated with some human health effects such as painful body outgrowth, respiratory disorders and child deformities in other communities of the Niger Delta region of Nigeria (Ana et al., 2011).   “The accretion of the chemicals in any sort of biota due to the considerable difference in the rate of assimilation and rate of elimination can be termed as bioaccumulation, and heavy metals are the prime bio-accumulating category. The problem of the bioaccumulation of contaminants like heavy metals is common around the industrial zones involved in heavy metal transactions” (Chandekar, 2023). 

The lower Eniong River is a unique aquatic environment in the humid tropics with marked maritime influence due to riverine inflow, vertical mixing, nutrient enrichment from the riparian vegetation and anthropogenic sources of pollutants from the swamp rice project at Mbiabet Ikpe located at the upper Eniong catchment. The river is one of the ecologically rich river systems in southern Nigeria providing breeding grounds for a variety of fish.
There is limited knowledge and data on PCBs in Eniong River, especially the knowledge that covers all compartments of the aquatic system which are water, sediment and fish. Therefore, there is every need to investigate the health risk assessment of some PCBs in fish from Eniong River. Most interestingly is the fact that the river water is mainly used for domestic purposes while fishing in the river done is done at commercial level and bioaccumulation potential of PCBs in biota necessitated this study. Although many studies on other pollutants have been carried out, there is no information on levels of PCBs in fishin also only focused on inorganic pollutants. The lack of information and the need for knowledge on the organic pollutants in this river has therefore prompted an investigation of the organic pollutants in this river. The results and outcomes of this study will provide background information on the status and levels of PCBs contamination of the study area. 
. Therefore, the objective of this study was to determine the concentration and distribution of PCBs in fish and sediment samples from the Eniong River. Risk exposure assessment was also carried out to evaluate the probable health risks to humans using cancer and non-cancer risk models and toxic equivalency. 
MATERIALS AND METHODS
2.1	Study Area 
 	The study area is a humic freshwater ecosystem of Eniong River, a tributary of the middle course of the Cross River located in South-Eastern coast of the Niger Delta region of Nigeria which occupies 20,156 square kilometres (Udo, 2017). 
The ecosystem is home to diverse species of fish resources and supports remarkable populations of fin-fishes including Clarias gariepinus, Marcusenius senegalensis, Coptodon guineensis that are widely consumed by the catchment communities in Itu and ini Local Government Areas of Akwa Ibom State. This study was conducted on four locations along the stretch of Eniong River at station 1 (5º 23´ 189״ N; 7º 48´   321̎ E), station 2 (5º 21´ 189״ N; 7º 52´   321̎ E), station 3(5º 17´ 189״ N; 7º 54´   321̎ E) and station 4 (5º 11´ 189״ N; 7º 58´   321̎ E).The choice of the sampling stations was based on the possible anthropogenic inputs from activities of transportation, farming practice, sand mining, wood logging, log driving, fishing and domestic discharges into the river.  During wet season tremendous run off from the thinly vegetated slopes often carry with it a lot of wastes into water bodies which become polluted by them. The location of the study area is shown in Figure 1.
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Figure 1: Study area indicating sampling sites
.
2.2.2	Fish Samples Collection
Fish sampling was carried out at all the sampling locations. Fish samples (96) (Clarias gariepenius) were collected from the local fishermen fishing in the river using local fishing traps for the analysis. 
2.3	Samples Preservation and Treatment
Sample preservation is usually carried out in order to prevent the samples collected from undergoing any chemical and biological changes that would have occurred once the samples are removed from their natural sources.

2.3.2	Fish Samples
[bookmark: _GoBack]“The fish samples were washed with distilled water to remove loosely held particles before they were gutted and decapitated using stainless steel kitchen knife. The decapitated fish samples were filleted on both sides, placed in a porcelain crucible and dried in an oven. The dried muscles were homogenised using mortar and pestle” (Akpan et al., 2024) The finely homogenised fish samples were stored in a well – labeled plastic bag prior to extraction.



2.4  Preparation and Extraction of Samples for Quantitative Determination of PCBs.
Prior to instrumental analysis, freeze- dried fish sample was accurately weighed, homogenized, and quantitatively transferred into a pre-cleaned extraction thimble. Fish were Soxhlet-extracted with 180ML of the mixture of acetone and hexane (V/V,1:1). Activated copper was added for desulphurization. After concentrating, the extract was subjected to multilayer silica/alumina column.The column was eluted with 15mL hexane, which was discarded. The second fraction containing target contaminants was eluted with 70mL of dichloromethane and hexane (V/V,30:70). The fractions were concentrated under a gentle ﬂow of high-purity nitrogen to appropriate volumes, spiked with appropriate internal standards and then adjusted to accurate pre-injection volumes (200μL) for instrumental analysis.
2.5   	Identiﬁcation and Quantification of PCBs
These were performed on an Agilent 6890 gas chromatograph (GC) system equipped with an Agilent 5975B mass selective detector (MSD) operating in selective ion monitoring (SIM) mode, using a DB-5 capillary column (60m length × 0 .25 mm i.d × 0.25 μm ﬁlm thickness). Splitless injection of 2μL of sample was conducted with an auto sampler. The carrier gas was an-ultra high purity helium. The column oven was programmed from an initial temperature of 120 to 180°C at a rate of 6°C/min, then ramped to 240°C at a rate of 1°C/min, and ﬁnally increased at a rate of 6°C/ min to 290°C and held for 15min. 
The analytes were identified by comparison of the retention times of the peaks detected in samples with the peaks obtained from a GC-MS/MS run using a standard solution containing a mixture of all 209 PCB congeners. The quantification of the PCBs was based on the area obtained for each analyte in the samples, the mass/area ratio obtained for the internal standard, the response factor obtained from the calibration curve and the original sample weight or volume (depending on media type).
Concentrations of single PCB congeners and total PCB (∑PCBs) are given in nanogram per gram dry weight (ng/g dw) for fish sample. In addition, while calculating the concentration of PCB homologues and ∑PCBs the values of < levels of detections (LODs) were assigned to zero.
Quality Control and Assurance
Quality control measures used include the use of procedural blanks, spikes, and surrogate 13C12-labeled PCBs. None of the determined PCB congeners were detected in the procedural blank samples. Recovery studies were performed to validate the efficiency of the chosen analytical procedure. Recovery studies were carried out by adding known concentrations of PCB standards to selected samples that had been initially quantified for PCBs, and all the analytical procedures were repeated.  Each sample was analysed in triplicates. All chemicals and reagents used in the study were of analytical grade. Preparations of all the standard solutions were performed under clean Laboratory environment. The quantification of the PCBs was achieved by using an external calibration method consisting of five-point calibration lines obtained as a plot of the congener peak areas versus the standard concentrations.


Human Health Risk Estimation
Human health risk assessment was carried out to estimate the nature and probability of adverse health effects in humans as a result of exposure to PAHs, PCBs, and heavy metals   through consumption of contaminated fish. All calculations were done based on USEPA standards (USEPA, 1996). Assessment was carried out for adults (70kg) for both non-carcinogenic and carcinogenic health risk. Exposure assessments were evaluated for ingestion pathway because it is the most significant route of exposure to these contaminants. In the light of the above discussion, this study, risk assessment was conducted according to USEPA (2000). The description and values of the parameters used for the various calculations were presented as shown in Table 1.
Estimated Daily Intake (EDI)
       To estimate the exposure dose resulting from oral consumption of PCBs in ﬁsh edible tissues, the estimated daily intake (EDI) (estimated daily intake of a speciﬁc chemical over a lifetime) for both non-carcinogenic and carcinogenic chemicals was calculated using some mathematical models according to USEPA (2000) as provided in Equation 1. The equation gives the exposure dose for fish consumption and was evaluated by calculating the level of exposure resulting from the consumption of a particular PCB in fish. 

EDImg/kg/day =  								Equation 1

where Cm is the mean chemical concentration in ﬁsh muscles (mg/kg), IR is the ingestion rate (0.049) for adult, EF is the exposure frequency (365 days/year), ED is the exposure duration over a lifetime (assumed as 70 years), BW is the body weight (assumed as 70 kg adults) and AT is the average lifetime (70 years  365 days/year). 
Hazard Quotient
	Assessment of non-carcinogenic health risks was achieved by estimating the hazard quotient (HQ). For non-carcinogenic risks from exposure to PCBs and PAHs, the HQ was calculated as the quotient between the EDI and the reference dose (RfD) (Equation 2), 

HQ	=   									Equation 2
Cancer risk (CR) Assessment
Assessment of Carcinogenic health risks
LCR = EDI × CSF								Equation 3
Where CSF is the cancer slope factor, also known as potency factor was 2.0 mg/kg/day for PCBs (total and separate congeners) (USEPA, 2009). LCR values greater than one in one million (10-6) are considered unacceptable (USEPA, 2009) while the USEPA (2000) considers a risk of greater than one in one hundred thousand (10-5) to be unacceptable. 
Toxic Equivalent Quotient (TEQ) for Dioxin – like PCBs

The potential of PCBs to cause carcinogenic health risk was further evaluated using Carcinogenic Toxic Equivalents (TEQs). Carcinogenic toxic equivalents (TEQs) were determined as the sum of the products of the concentrations of individual ∑PCBs and their toxicity equivalency factor (TEF). The toxic equivalent quotient (TEQ) for PCBs is expressed in Equation 4 according to Eze et al. (2021).

TEQ = ∑PCBi × TEF                                                      			Equation  4

where: TEQ =Toxic equivalent quotient
PCBi = PCB Concentration in fish
TEF = Toxic equivalent factor assigned to individual dioxin-like PCBs specific Congener.




Table 1: PARAMETERS USED FOR ESTIMATING HUMAN HEALTH RISK ASSESMENT
	PARAMETERS
	UNIT 
	VALUE
	REFERENCE 

	Concentration of PCBs
	ngg-1
	Mean Value
	

	Body Weight (BW)
	Kg
	
Adult: 70
	Ekere et al., (2018)

	Fish Ingestion  Rate (FIR)
	Kg/Person/Day
	
Adult: 0.049
	Ekere et al., (2018)

	Conversion Factor(CF)
	Kg/mg-1
	10-6
	USEPA 2009

	Cancer Slope Factor for PCBS (SF)
	mg/Kg/Day
	2.0
	USEPA 2009

	Toxic Equivalent Factor (TEF) 
	  No Unit 
	PCB- 77: 0.0001
PCB- 81: 0.0003
PCB- 105: 0.00003
PCB- 114: 0.00003
PCB- 118: 0.00003
PCB-123:  0.00003
PCB- 126: 0.1
PCB- 156: 0.00003
PCB- 157: 0.00003
PCB- 167: 0.00003
PCB- 169: 0.03
PCB- 189: 0.00003
	Van den Berg (2006)
Van den Berg(2006)
Van den Berg (2006)
Van den Berg (2006)
Van den Berg (2006)
Van den Berg (2006)
Van den Berg (2006)
Van den Berg (2006)
Van den Berg (2006)
Van den Berg (2006)
Van den Berg (2006)
Van den Berg (2006)


	Maximum Acceptable Limit (ML)
	Dimensionless  
	10-5
	Tongo et al., (2018)




Statistical Analysis
The data obtained in this study were subjected to descriptive statistical analysis using statistical package for social sciences (SPSS). Analysis of variance (ANOVA) was used to test for significant differences in PCB concentrations across the sampling stations at P = 0.05. All statistical calculations, including unit conversions and health risk assessments, were done using SPSS version 15.1 software.
3.0     Results and Discussion
3.1 The concentration of PCBs in fish samples
The concentrations of PCBs in fish samples were presented as shown in Table 2. The ∑28 PCB concentrations in the fish from Eniong River ranged from 30.26 ng/g  to 167.07 ng/g with the highest concentration 167.07 ng/g found at station 4 while the lowest (30.26 ng/g) in station 3. All 28 PCB congeners except PCB - 81 were detected in sample from station 1. In station 2 only PCB- 114, 118 and 187 were below their detection limits in samples collected whereas all 28 PCBs were found in samples in station 3. In station 4 all 28 PCB congeners except PCB- 167 were detected. The distribution of PCB congeners in the fish samples of the Eniong River was an indication of the presence of several different recolor mixtures. PCB 209 was not only detected in all fish samples but also in high proportions especially in samples from stations 3 and 4. And was the dominant congener (Figure 5). In general, the mean concentration of ∑PCBs followed trend sown: station 4 > station 3 > station 2 > station 1.
Among the 12 DL-PCBs studied, PCB 77,105, 123, 126 156, 157, and 169 were observed in all of the fish samples. However some congeners were below detection limit at various sampling stations: PCB – 81, not detected in station 1, PCB-114 not detected in station 2, PCB-118 not detected in station 2, PCB- 167 not detected in station 4 and PCBs 180 and 187 not detected in station 2. Figure 2 shows the PCB homologs distribution (%) in the fish samples for both seasons (wet and dry). Regardless of stations and seasons, the proportions of the homologues with different degree of chlorination were in the decreasing order of: deca > tri > tetra > hexa > penta and di > hepta> nona >octa to the ∑PCBs, respectively. In general, deca-PCB was the most prevalent homolog in the fish samples, accounting for 19% of ∑PCB, followed by tri-PCB 18% of ∑PCBs, tetra – PCBs (15%), hexa - PCB (14%), di and penta- PCBs (9%), hepta – PCB (7%), nona- (5%) and octa- PCB (4%)of ∑PCBs in Enoing River respectively. 







Table 2: Concentration (ng g-1dw) of PCB homologs and total PCBs in fish and sediment samples collected from Eniong River 
	
	Fish
	
	
	
	Sediment
	
	
	
	
	
	

	 Station
	1
	2
	3
	4
	1
	2
	3
	4
	
	
	
	

	PCB_8
	2.11
	5.58
	15.33
	6.34
	1.88
	23.3
	23.23
	27.69
	
	
	
	

	∑di-PCB 
	2.11
	5.58
	15.33
	6.34
	1.88
	23.3
	23.23
	27.69
	
	
	
	

	PCB_18
	2.11
	9.52
	15.15
	16.74
	0.05
	12.02
	11.05
	36.32
	
	
	
	

	PCB_28
	1.92
	2.77
	6.54
	7.62
	0.23
	5.61
	2.19
	4.36
	
	
	
	

	∑tri-PCB 
	4.03
	12.29
	21.69
	24.36
	0.28
	17.63
	13.24
	40.68
	
	
	
	

	PCB_44
	3.91
	3.55
	3.82
	2.92
	0.03
	3.71
	4.41
	7.24
	
	
	
	

	PCB_52
	1.96
	2.14
	3.74
	7.52
	0.1
	4.2
	2.85
	8.07
	
	
	
	

	PCB_66
	1.88
	0.09
	0.94
	0.18
	0.2
	5.34
	0.78
	14.03
	
	
	
	

	PCB_77
	0.01
	0.03
	0.04
	0.01
	0.45
	2.72
	23.3
	10.99
	
	
	 
	

	PCB_81
	0.00
	0.10
	0.20
	0.16
	0.19
	1.06
	2.37
	3.31
	
	
	
	

	PCB_101
	4.04
	0.28
	0.81
	6.39
	0.23
	1.56
	7.93
	5.72
	
	
	
	

	PCB_105
	0.32
	0.16
	0.01
	0.02
	0.12
	1.59
	0.43
	0.01
	
	
	
	

	∑tetra-PCB 
	12.12
	6.35
	9.56
	17.2
	1.32
	20.18
	42.07
	49.37
	
	
	
	

	PCB_114
	0.01
	0.00
	0.08
	0.14
	1.55
	0.78
	6.67
	7.32
	
	
	
	

	PCB_118
	0. 04
	0.00
	0.04
	0.32
	0.76
	3.62
	7.59
	5.76
	
	
	
	

	PCB_123
	0.42
	0.24
	0.08
	0.16
	0.41
	4.12
	8.64
	4.41
	
	
	
	

	PCB_126
	0.04
	0.16
	0.12
	0.20
	0.1
	4.63
	4.2
	5.73
	
	
	
	

	∑penta-PCB 
	0.51
	0.4
	0.32
	0.82
	2.82
	13.15
	27.1
	23.22
	
	
	
	

	PCB_128
	0.3
	0.01
	0.61
	5.75
	0.14
	2.15
	3.63
	3.26
	
	
	
	

	PCB_138
	1.31
	0.28
	4.31
	11.9
	0.18
	4.27
	1.99
	2.98
	
	
	
	

	PCB_153
	0.03
	2.92
	0.74
	2.13
	1.27
	0.82
	3.23
	3.62
	
	
	
	

	PCB_156
	0.08
	0.08
	0.40
	0.20
	0.64
	0.96
	1.03
	1.36
	
	
	
	

	PCB_157
	0.14
	0.14
	0.04
	0.04
	0.36
	3.93
	1.22
	3.27
	
	
	
	

	PCB_167
	0.02
	0.02
	0.06
	0.00
	0.17
	3.78
	9.32
	5.08
	
	
	
	

	PCB_169
	0.02
	0.22
	0.08
	0.24
	0.53
	0.48
	10.92
	3.075
	
	
	
	

	∑hexa-PCB 
	1.9
	3.67
	6.24
	20.26
	3.08
	12.94
	21.96
	20.8
	
	
	
	

	PCB_170
	0.18
	0.00
	0.49
	2.62
	0.42
	1.35
	0.9
	5.13
	
	
	
	

	PCB_180
	1.12
	0.52
	0.58
	5.61
	0.1
	2.17
	2.17
	5.77
	
	
	
	

	PCB_187
	0.03
	0.00
	4.87
	3.11
	0.00
	4.57
	1.2
	4.69
	
	
	
	

	PCB_189
	0.00
	0.06
	0.06
	0.08
	2.26
	5.88
	1.28
	2.61
	
	
	
	

	∑hepta-PCB 
	1.33
	0.58
	6.00
	11.42
	2.78
	13.97
	5.55
	18.2
	
	
	
	

	PCB_195
	3.57
	1.71
	5.03
	4.27
	0.16
	4.74
	5.89
	3.92
	
	
	
	

	∑octa-PCB 
	3.57
	1.71
	5.03
	4.27
	0.16
	4.74
	5.89
	3.92
	
	
	
	

	PCB_206
	1.71
	0.89
	0.13
	14.24
	0.3
	5.04
	4.67
	9.01
	
	
	
	

	∑nano-PCB 
	1.71
	0.89
	0.13
	14.24
	0.3
	5.04
	4.67
	9.01
	
	
	
	

	PCB_209
	3.51
	5.4
	27.97
	27.53
	4.87
	25.98
	63.33
	56.82
	
	
	
	

	∑deca-PCB 
	3.51
	5.4
	27.97
	27.53
	4.87
	25.98
	63.33
	56.82
	
	
	
	

	∑PCBsc
	30.26
	42.13
	99.57
	167.07
	17.59
	136.93
	207.04
	249.71
	
	
	
	

	∑DL-PCBsa
	1.1
	1.21
	1.21
	1.57
	5.28
	32.24
	67.89
	55.68
	
	
	
	

	∑iPCBsb
	10.40
	8.91
	17.03
	44.33
	2.11
	18.63
	20.36
	30.52
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	



a Sum of 12 dioxin-like PCBs (4 non-ortho substituted PCBs: PCB 77, 81, 126, 169; 8 mono-ortho substituted PCBs: PCB105, 114, 118, 123, 156, 157, 167, 189); 
b Sum of 7 ICES indicator or marker PCBs (ICES-PCBs: PCB 28, 52, 101, 118, 138, 153, and 180) (European Commission, 2011);
c Sum of 28 PCBs;





The total PCBs recorded in the fish samples collected from Eniong River is lower than the acceptable limits established for food (200 µg/kg) and 1000 µg/kg (The permissible limit of PCBs in fish set by the United States Food and Drug Administration (USFDA) and Swedish Food Regulation (SFR)). The results from this study is similar to Yakub et al. (2020) who reported that the total PCBs (indicator and dioxin-like) levels in the fish samples from Igbokoda fish landing station were relatively low in some brackish and marine fish species from Ondo South-West Nigeria. On the other hand, the range obtained in this study is lower than Adeyemi et al. (2009), (560 - 2940 µg/kg) from fish samples (Tilapia zilli, (Redbelly tilapia), Ethmalosa fimbriata (bonga shad) and Chrysichthys nigrodigitatus (catfish).) from the Lagos Lagoon, Nigeria.  Unyimadu et al. (2018) reported a relatively high >1000 µg/kg total PCB levels in the brackish fish samples collected fron Brackish water of River Niger, Nigeria. Osuala et al. (2019) who carried out analysis on three different species of fish (Chrysichthys nigrodigitatus, Cynoglossus senegalensis and Pseudotolithus elongatus) recorded the mean ∑PCBs in the fishes varied from 8.97 ± 5.62 to 16.28 ± 5.05 mg/kg ww. 
Regardless of stations, the proportions of the homologs with different degrees of chlorination were in the decreasing order of: deca> tri > tetra > hexa > penta> di > nona >hepta > octa in fish specimen (Clarias gariepinus) (Figure 3). The dominance of higher chlorinated PCBs (deca- PCB) could be attributed to the fact that the accumulative properties of PCB congeners increase with the number of chlorine atoms substituted to the hydrogen atoms in biphenyl rings and the resulting increase in their lipophilicity. Contrary to the concentration of the homolog  PCBs in this work, Adeyemi et al. (2009) reported that the mean concentrations of high chlorinated biphenyl congeners (138, 153, 156, and 180) were relatively lower than the low chlorinated PCBs in fish samples from Lagos Lagoon, Nigeria. According to Karjalainen et al. (2006) the higher chlorinated congeners are less soluble in water and are therefore detected at higher levels in aquatic organisms as a result of bioaccumulation. The bioaccumulation of PCBs in aquatic organisms could be linked to their degree of chlorination and lipophilicity.
The result of this study shows the PCB homologs composition (%) in the sediment samples in Eniong River followed the pattern: deca > tetra > di > tri > penta > hexa > hepta > nona > octa (Figure 2) This pattern indicates the existence of local input sources and possibly ongoing release into the study area as well. 
In general, deca-PCB was the most prevalent homolog in the sediment samples, accounting for 25%, followed by tetra-PCB (18 % of ∑PCBs) and penta-PCB (11% of ∑PCBs) in Eniong River, respectively (Figure 2). This can be attributed to the fact that the higher chlorinated congeners are less soluble in water hence settle to the bottom of the river. This finding is in agreement with Rajendran et al. (2005) who reported a 65–78% dominance of tetra-, penta- and hexa-PCBs at some stations in the Bay of Bengal of India. Men et al. (2014) reported the main homolog groups were penta- to octa-PCBs in sediment of the Daliao River estuary. Sediments of Alexandria Harbor, Egypt were predominantly composed of tetra- to hepta-PCBs (Barakat et al., 2013). Montuori et al. (2014) also reported that penta- and hexa-PCBs were abundant in sediments from Sarno River and Estuary, Southern Italy, accounting, for 37% and 25 % of ∑PCBs, respectively. The abundance of heavier homologues in these researches was explained as the dominance of recent releases from the local inputs of PCBs in the study areas. Compared to concentrations reported in coastal environments from other parts of the world, PCB concentrations in surface sediments of the investigated area disagreed with the data recorded by other authors (Ajagbe et al., 2018; Obanya et al., 2019).
The results revealed that 26.35% of the ∑28 PCB concentrations were comprised of the dioxin-like PCB congeners (Coplanars). This result is closer to the findings of Ouabo et al.(2018) who reported that between 26-46% of the ∑30 PCB concentrations were comprised of the dioxin-like PCB congeners in soils from informal E-waste Recycling Stations in Douala, Cameroun. Although the homolog composition did not differ significantly between the two seasons (p > 0.05). Most of the homologues recorded higher values in the wet season compared with the dry season. 
 (
Figure 2: Percentage Distribution of PCB Homologs in Sediment Samples
)

 (
Figure 3: Percentage Distribution of PCB Homologs in Fish Samples
)

2 Carcinogenic Health Risk of Dioxin-Like Polychlorinated Biphenyls (DL-PCBs)
 Estimated daily intake of DL-PCBs (EDI∑DL-PCBs) from fish consumption were from 0 – 1.29 E -07 in station 1, 0 – 3.07 E -07 in station 2, 6.14 E -09 – 1.23 E -08 in station 3 and 0 – 9.83 E -08ngg−1 bw/day in station 4.  However, the estimated exposure to DL-PCBs did not exceed the tolerable daily intake.  Furthermore, the highest EDIs of ∑DL-PCBs to the dietary PCBs in fish were found to be higher in station 2.  
Estimated HQ (non- carcinogenic) ranged from 0 to 6.45 E -03 in station1; 0 to 3.79 E -03 in station 2; 1.24 E -04 to 6.15 E -03 in station 3 and 0 to 4.92 in station 4 (table 3), while the HI (non- carcinogenic) values for all the stations ranged from 1.78 E - 02 to 2.33 E -02. However, these values  were below 1 as showed in Table 3 indicating that exposure to PCB mixtures through fish consumption does not have potential  adverse health effect on consumers. Thus, results of this study suggested that there is no severe non carcinogenic health risk via fish consumption for dioxin-like polychlorinated biphenyls in Eniong River.

Incremental Lifetime Cancer risk (ILCR) for PCBs in Fish from Eniong River
 The estimated LCR values ranged from 0 – 2.2 E -07 for station 1, 0 – 1.47 E -07 for station 2, 1.23 E -08 to 1.23 E -07 for station 3 and 0 – 1.97 E -07 for station 4. The ILCR values for fish consumption from Eniong River which ranged between 7.13 E -07 and 9.34 E -07 was within USEPA’s range of 1.00 × 10-6. All computed LCR values were within US EPA permissible limits of 1.00 × 10-6 to 1.00 × 10-4 risk level. By extension, it therefore means that there is no likely risk of developing cancer associated with the direct consumption of fish from this river.
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Table 3: Summary of Carcinogenic Health Risk for Dioxin- like (DL) PCBs in Eniong River
	PCBs
	Station 1
	Station2
	Station 3
	Station 4

	
	EDI(ng/g/day)
	HQ
	LCR
	CTP
	EDI(ng/g/day)
	HQ
	LCR
	CTP
	EDI(ng/g/day)
	HQ
	LCR
	CTP
	EDI(ng/g/day)
	HQ
	LCR
	CTP

	PCB-77
	6.14 
E-09
	3.17 E-04
	1.23
E-08
	1.0 E-06
	1.84
E-08
	9.2 E-04
	3.68 E-08
	3.0 E-06
	2.48
E-08
	1.24 E-04
	4.91E- 08
	4.0 E-06
	6.14 
E-09
	3.07 E-04
	1.23
E-08
	1.0
E-06


	PCB-81
	0
	0
	0
	0
	3.07 
E-08
	1.54 E-03
	6.14 E-08
	3.0 E-05
	6.14
E-08
	3.07 E-03
	1.23 E–07
	6.0 E-05
	4.91
E-08
	2.46 E-03
	9.83
E-08
	4.8 E-05

	PCB-105
	1.11
E-07
	5.55 E-03
	2.2
E-07
	9.6 E-06
	4.91
E-08
	2.46 E-03
	9.83  E-08
	4.8 E-06
	6.14 
E-09
	3.07 E-04
	1.23 E-08
	3.0 E-07
	6.14 
E-09
	3.07 E-04
	1.23
E-08
	6.0 E-07

	PCB-114
	6.14
E-09
	3.07 E-04
	1.23
E-08
	3.0 E-07
	0
	0
	0
	0
	2.46 
E-08
	1.23 E-03
	4.91
 E-08
	2.4 E-06
	4.3
E-08
	2.15 E-03
	8.6
E-08
	4.2 E-06


	PCB-118
	1.23 
E-08
	6.15 E-04
	2.25
E-08
	1.2 E-06
	0
	0
	0
	0
	1.23
E-08
	6.15 E-04
	2.46 E–08
	1.2 E-06
	9.83 
E-08
	4.92 E-03
	1.97
E-07
	9.6 E-06


	PCB-123
	1.29
E-07
	6.45 E-03
	2.58
E-07
	1.2 E-05
	7.37 
E-08
	3.69 E-03
	1.47 E-07
	7.2 E-06
	2.46 
E-08
	1.23 E-03
	4.91 E–08
	2.4 E-06
	4.91
E-08
	2.46 E-03
	9.83
E-08
	4.8 E-06


	PCB-126
	1.23 
E-08
	6.15 E-04
	2.45
E-08
	4.0 E-03
	4.91 
E-08
	2.46 E-03
	9.83 E-08
	1.6 E-02
	3.69 
E-08
	1.85 E-03
	7.37 E–08
	1.2 E-02
	3.07 
E-08
	1.54 E-03
	6.14
E-08
	2.0
 E-02

	PCB-156
	2.46
E-08
	1.23 E-03
	4.91
E-08
	2.4 E-06
	2.46 
E-08
	1.23 E-03
	4.91 E-08
	2.4 E-06
	1.23 
E-07
	6.15 E-03
	2.46 E-07
	1.2 E-05
	6.14 
E-08
	3.07 E-03
	1.23 
E-07
	6.0 E-06


	PCB- 157
	4.30
E-08
	2.15 E-03
	8.63
E-08
	4.2 E-06
	4.3 
E-08
	2.15 E-03
	8.6 E-08
	4.2 E-06
	1.23 
E-08
	6.15 E-04
	2.46 E-08
	1.2 E-06
	2.46
 E-08
	1.23 E-03
	4.91
E-08
	1.2 E-06


	PCB-167
	6.14
E-09
	3.07 E-04
	1.23
E-08
	6.7 E-07
	6.14
E-09
	3.07 E-04
	1.23 E-08
	6.0 E-07
	1.84 
E-08
	9.20 E-04
	3.69E- 08
	1.8 E-06
	0
	0
	0
	0

	PCB-169
	6.14
E-09
	3.07 E-04
	1.23
E-08
	6.0 E-04
	6.76 
E-08
	3.79 E-03
	1.35 E-07
	6.6 E-03
	2.46
E-08
	1.23 E-03
	4.91
E–08
	1.2 E-03
	7.37
E-08
	3.69 E-03
	1.47
E-07
	7.2 E-03


	PCB-189
	0
	0
	0
	0
	 1.84
 E-08
	9.2 E-04
	3.69
E-08
	1.8 E-06
	1.84
E-08
	9.20 E-04
	3.69 E- 08
	1.8 E-06
	2.46
E-08
	1.23 E-03
	4.91
E-08
	2.4 E-06


	HI
	
	1.78 E-02
	
	
	
	1.91 E-02
	
	
	
	1.83 E-02
	
	
	
	2.33 E-02 
	
	

	ILCR
	
	
	7.13 E-07
	
	
	
	7.62 E-07
	
	
	
	7.74
E-07
	
	 
	
	9.34
E-07
	

	TEQ
	
	
	
	4.6 E-03
	
	
	
	2.3 E-02
	
	
	
	1.4 E-02
	
	
	
	2.7 E-02


 (
EDI – Estimated Daily Intake
CTP – Carcinogenic Toxic Potency
HI – Hazard Index
LCR – Life Time Cancer Risk
HQ – Hazard Quotient 
ILCR – Incremental Life Time Cancer Risk
TEQ – Toxic Equivalent Quotient
)
Human Health Risk 
The computed non-cancer and cancer risks of PCBs in the fish samples from Eniong River were displayed as shown in Table 3. The HQ values ranged from 0-6.45 E -03 for station 1; 0-3.99 E -03 for station 2; 1.24 E -04 to 6.15E -03 for station 3 and 0-4.92E-03 for station 4 respectively. The HI values of PCBs in the Eniong River ranged from 1.78 E -02 to 2.33E -02. However, the HI values for fish samples of studied river were < 1, indicating that there is no adverse non-cancer risk for consumers of the fish from the river.
Toxicity Equivalent Quotient (TEQ) 
The potency of PCBs to cause carcinogenic health risk was further evaluated using Carcinogenic Toxic Equivalents (TEQs). The toxicity equivalent quotients (TEQ) for 12 DL-PCBs in Eniong River were calculated according to the World Health Organization toxic equivalency factors (Van den Berg et al., 2006). The carcinogenic toxic potency of 12 DL-PCBs ranged from 4.6 E-03 to 2.7 E - 02 ngg−1. PCB126 was the major donor to the TEQs obtained for fish samples from all locations in the river. PCB-126 accounted for 75% of the Σ12 DL-PCBs TEQ, the other major contributor was PCB-169 (24%) and the least contributor was PCB- 114 (1%) while the rest were non contributors to the toxicity of DL-PCBs in Eniong River. According to Li et al. (2010) PCB-126 is the most toxic DL-PCB with relatively higher TEF values compared to the other dioxin-like PCB congeners. This finding is similar to Eze et al. (2021) and Li et al., (2018) who reported PCB-126 as a major contributing factor for the TEQ in soils from mechanic workshops within Nekede mechanic village (NMV), Imo State and around a steel plant Area, Northeast China. 
It should be noted that the Σ12 DL-PCBs TEQ values obtained in this study are lower than TEQ (0.31) obtained from Clarias gariepinus in Ovia River, Southern Nigeria (Adeogun et al., 2016) and 35.9 ngg-1 obtained from Cyprinus carpio in  Wupa-Idu  River, Nigeria (Okoh et al. 2022). The TEQ values obtained in fish samples from Eniong  River were greater than the upper limit of 6.5 × 10-3ngg-1   (TEQ, 2005)  stipulated by the European Food Safety  Authority (EFSA)[55] for dl-PCBs in fish except station 1, indicating health risk to consumers of fish in  the area.  

CONCLUSION
The human health risks of PCBs in fish from the Eniong River, Nigeria showed that all the studied DL_PCBs were present in fish with concentrations lower than the established guideline values.  Regarding concerns of human health risks, the EDI of PCBs from the targeted fish samples were calculated. It was found that EDI was below the threshold set by USEPA. In addition, the HQs of individual PCBs were below 1, and the total lifetime cancer risks and hazard quotients for 12 DL-PCBs were also below the recommended tolerability limits indicating that no significant health risk was posed to consumers of the fish. Though some measured values of the parameters were higher, generally, they were all within permissible limits given by regulatory bodies. By extension, it implies that there is no significant health risk was posed to consumers of the fish. For sustainability of the aquatic biota, good agricultural practices and education of riverine communities on the dangers associated with indiscriminate disposal waste into drainage linked to the river is advocated. 
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