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Disinfection By-products in Drinking Water and Associated Human Health Risks in Urban Communities of Rivers State, Nigeria

Abstract
Disinfection by-products (DBPs) formed during drinking-water treatment may pose chronic health risks when exposure is sustained. This study characterised regulated and emerging DBPs and evaluated screening-level human health risks in drinking water from eleven urban communities and one commercial sachet-water sampling category in Rivers State, Nigeria. Thirty-six samples (three per sampling category) were analysed for physicochemical characteristics, trihalomethanes (THMs), haloacetic acids (HAAs), chlorite, chlorate, bromate, haloacetonitriles and selected heavy metals using calibrated field meters, gas chromatography-mass spectrometry, ion chromatography and inductively coupled plasma-optical emission spectrometry. Total THMs ranged from 18.64 ± 1.42 to 96.82 ± 4.24 µg/L and total HAAs from 8.42 ± 0.62 to 52.84 ± 2.28 µg/L. Bromate ranged from 1.42 ± 0.12 to 12.48 ± 0.66 µg/L, while lead ranged from 0.002 ± 0.001 to 0.026 ± 0.002 mg/L. The highest TTHM concentration occurred in Eleme, while Bonny had the highest measured residual chlorine; therefore, the observed DBP pattern cannot be attributed to chlorine residual alone. Screening hazard indices were below one for adults but reached 1.08 for children in Eleme, whereas the reported incremental lifetime cancer-risk estimates remained within the conventional 10⁻⁶-10⁻⁴ screening range. Because water-source type was not balanced across locations and detailed treatment histories were unavailable, source comparisons are interpreted descriptively and causal attribution is avoided. The study provides baseline DBP data for the Niger Delta and supports routine DBP surveillance, precursor control, optimisation of disinfectant dose and contact time, and source-specific treatment audits without compromising microbiological safety.
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1.0 Introduction
Access to microbiologically safe drinking water is fundamental to public health. Chlorination remains widely used because it is effective, comparatively inexpensive and capable of maintaining a disinfectant residual during distribution. However, chlorine and other oxidants can react with natural organic matter, bromide and other precursors to form disinfection by-products (DBPs). The challenge for water utilities is therefore to control microbial hazards while keeping chemical by-products as low as reasonably achievable (World Health Organization [WHO], 2022).
Trihalomethanes (THMs) and haloacetic acids (HAAs) are among the most frequently monitored DBPs, while chlorite, chlorate, bromate and nitrogen-containing DBPs are also important because their formation depends on disinfectant chemistry and source-water composition. Evidence from toxicological and epidemiological research supports continued attention to DBP exposure; a recent dose-response meta-analysis reported positive associations between higher THM/HAA exposure and several cancer outcomes, although risk varies by compound, exposure route and population (Shi et al., 2024). More broadly, only a fraction of the many DBPs identified in disinfected water are routinely regulated, underscoring the need for both targeted monitoring and improved treatment control (Li & Mitch, 2018; WHO, 2022).
A recent systematic review and dose-response meta-analysis of epidemiological studies further supports continued evaluation of residential trihalomethane exposure, particularly in relation to bladder and colorectal cancer risk (Helte et al., 2025).
DBP occurrence is influenced by precursor concentration and character, bromide, pH, temperature, disinfectant type and dose, contact time, water age and distribution-system conditions. THMs and HAAs commonly arise during chlorination, whereas chlorite and chlorate are particularly associated with chlorine-dioxide and hypochlorite chemistry and bromate is classically associated with oxidation of bromide, including ozonation. Consequently, measured DBP concentrations should not be attributed to a single treatment mechanism unless treatment history and precursor data are available (WHO, 2022).
Recent mechanistic synthesis confirms that chlorine, chloramine and ozone can generate distinct DBP classes through precursor-dependent reaction pathways, reinforcing the importance of disinfectant chemistry in interpreting occurrence patterns (Forster et al., 2025).
Conditions within drinking-water distribution systems can further influence DBP formation and transformation; in particular, interactions with metals in pipelines may modify DBP behaviour after treatment (Guo et al., 2024).
Rivers State lies within the industrialised Niger Delta, where petroleum operations, urban growth, municipal discharges and other anthropogenic pressures can affect the quality of surface water and groundwater used for domestic supply. Regional studies have documented hydrocarbon, metal and other contaminant burdens in aquatic systems, including surface waters in Rivers State (Aghanwa et al., 2025; Okpoji, Ogbaji, et al., 2025; Okpoji, Umeocho, et al., 2025). These studies do not directly quantify DBPs, but they demonstrate the broader source-water quality pressures that justify targeted investigation of treated drinking water.
Recent Niger Delta studies have also demonstrated location-specific variation in drinking-water hydrochemistry, trace-metal occurrence and overall water-quality status, including assessments in Brass Island and Obio/Akpor, thereby supporting the value of locally resolved surveillance (Ekesiobi et al., 2025; Elele et al., 2025).
Despite the importance of chlorination and other disinfection processes, published DBP occurrence data from Nigeria remain limited relative to the broader literature on petroleum hydrocarbons, heavy metals and physicochemical water quality. International evidence shows that DBP concentrations and risks vary with treatment conditions and source-water chemistry, reinforcing the need for locally generated data rather than extrapolation from other regions (Li & Mitch, 2018; Shi et al., 2024).
This study therefore addresses a regional evidence gap by reporting multiple DBP classes alongside physicochemical characteristics, selected metals and screening-level health-risk indices in drinking water from urban Rivers State. The cross-sectional design provides a baseline description of occurrence and potential exposure; it does not establish causal treatment pathways or seasonal trends.
The specific objectives were to: (1) determine the physicochemical characteristics of sampled drinking water; (2) quantify THMs, HAAs, chlorite, chlorate, bromate and haloacetonitriles; (3) determine selected heavy-metal concentrations; (4) estimate screening-level non-carcinogenic and carcinogenic health risks for adults and children; and (5) describe spatial patterns in the measured contaminants while avoiding causal source attribution not supported by the sampling design.
2.0 Materials and Methods
2.1 Study Area
The study was conducted in Rivers State, Nigeria, within the Niger Delta (approximately 4°30′-5°45′N and 6°20′-7°35′E). Sampling covered eleven named urban communities-Port Harcourt, Rumuola, Rumuokoro, Choba, Eleme, Oyigbo, Ahoada, Omoku, Bonny, Bori and Degema-plus one commercial sachet-water sampling category in Port Harcourt. The area has a tropical monsoon climate with high rainfall and humidity. The sampling categories represented municipal tap water, borehole water, treated public water supply and commercially packaged sachet water. The sampling locations are shown in Figure 1.
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Figure 1. Map of the Study Area Showing the Sampling Locations in Selected Urban Communities of Rivers State, Nigeria.
2.2 Research Design
A cross-sectional descriptive analytical design was used to characterise drinking-water quality, DBP occurrence and screening-level human health risks at the selected sampling categories. Because water-source type was not balanced independently of location, comparisons among source types were treated as descriptive rather than causal or inferential.
2.3 Sample Collection
Thirty-six drinking-water samples were collected across twelve sampling categories, with three samples assigned to each category. Each category represented one predominant source type as shown in Table 1. Samples were collected into pre-cleaned one-litre amber glass bottles with Teflon-lined caps to minimise photodegradation and volatilisation. Sodium thiosulphate was added immediately to samples intended for chlorine-derived DBP analysis to quench residual disinfectant, and samples were transported at approximately 4 °C and analysed within 48 h. The available study records did not consistently document source-water origin, disinfectant type/dose, contact or residence time, or sachet brand/batch treatment history; these variables were therefore not used for causal source attribution.
2.4 Sample Preservation and Preparation
Water samples were maintained at 4 °C until analysis. Samples intended for heavy-metal determination were preserved with concentrated nitric acid to pH <2. DBP samples were handled with minimal headspace and analysed as promptly as practicable to reduce volatilisation and transformation. The cross-sectional sampling did not capture seasonal variability.
2.5 Determination of Physicochemical Parameters
Temperature, pH and electrical conductivity were measured in situ using calibrated portable meters. Total dissolved solids were obtained from conductivity-based measurements, turbidity was measured by nephelometry, and residual free chlorine was measured by the N,N-diethyl-p-phenylenediamine (DPD) colorimetric method. Measurements were made in triplicate and reported as mean ± standard deviation. Calibration checks, blanks and duplicate measurements were used as applicable to the analytical workflow.
2.6 Determination of Trihalomethanes
Trihalomethanes were extracted by liquid-liquid extraction with methyl tert-butyl ether and analysed by Gas Chromatography-Mass Spectrometry (GC-MS). Chloroform, bromodichloromethane, dibromochloromethane and bromoform were identified and quantified against certified analytical standards. Volatile-sample handling was performed with minimal headspace and without prolonged open-vessel concentration to minimise analyte loss.
2.7 Determination of Haloacetic Acids
Haloacetic acids were determined after acidification, liquid-liquid extraction and derivatisation to the corresponding methyl esters before GC-MS analysis. Monochloroacetic, dichloroacetic, trichloroacetic, monobromoacetic and dibromoacetic acids were quantified using calibration standards prepared from certified reference materials.
2.8 Determination of Other Disinfection By-products
Chlorite, chlorate and bromate were determined by ion chromatography with conductivity detection. Haloacetonitriles were extracted by liquid-liquid extraction and analysed by GC-MS. Quantification used calibration standards prepared under the same analytical conditions. Interpretation of these compounds was based on their measured occurrence; chlorite/chlorate were not assumed to arise exclusively from chlorination, and bromate was not attributed to chlorine treatment in the absence of treatment-history data.
2.9 Determination of Heavy Metals
For heavy-metal analysis, 100 mL of each water sample was digested with concentrated nitric acid until a clear digest was obtained, filtered and made to 50 mL with deionised water. Lead (Pb), cadmium (Cd), chromium (Cr), nickel (Ni), copper (Cu), zinc (Zn) and iron (Fe) were quantified by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) using calibration standards and quality-control samples.
2.10 Estimated Daily Intake
Estimated Daily Intake (EDI) of disinfection by-products through drinking water consumption was calculated using:
EDI = (C × IR) / BW
where:
EDI = Estimated Daily Intake (mg/kg/day)
C = Concentration of contaminant in drinking water (mg/L)
IR = Daily water ingestion rate (L/day)
BW = Body weight (kg)
Adult and child exposure scenarios were evaluated separately. The estimates are screening-level risk characterisations and should be interpreted in relation to the exposure factors and toxicological reference values used in the study calculations rather than as direct predictions of individual clinical risk.
2.11 Chronic Daily Intake
Chronic Daily Intake through ingestion was calculated using:
CDI = (C × IR × EF × ED) / (BW × AT)
where:
CDI = Chronic Daily Intake (mg/kg/day)
C = Concentration of contaminant (mg/L)
IR = Water ingestion rate (L/day)
EF = Exposure frequency (days/year)
ED = Exposure duration (years)
BW = Body weight (kg)
AT = Averaging time (days)
Dermal exposure was calculated using:
CDIdermal = (C × SA × Kp × ET × EF × ED × CF) / (BW × AT)
where:
SA = Exposed skin surface area (cm²)
Kp = Dermal permeability coefficient (cm/h)
ET = Exposure time (h/day)
CF = Conversion factor.
2.12 Hazard Quotient
The non-carcinogenic health risk associated with individual contaminants was estimated using the Hazard Quotient:
HQ = CDI / RfD
where:
HQ = Hazard Quotient
CDI = Chronic Daily Intake (mg/kg/day)
RfD = Reference dose (mg/kg/day)
HQ <1 was interpreted as indicating that appreciable non-carcinogenic effects were not expected under the stated screening assumptions; HQ ≥1 was treated as a signal for further assessment rather than proof of adverse effects.
2.13 Hazard Index
The cumulative non-carcinogenic health risk was determined using:
HI = ΣHQ
where:
HI = Hazard Index
HQ = Hazard Quotient for each contaminant.
HI >1 was interpreted as a screening indication of potential cumulative non-carcinogenic concern and a basis for further evaluation.
2.14 Incremental Lifetime Cancer Risk
Cancer risk associated with carcinogenic disinfection by-products was estimated using:
ILCR = CDI × CSF
where:
ILCR = Incremental Lifetime Cancer Risk
CDI = Chronic Daily Intake (mg/kg/day)
CSF = Cancer Slope Factor ((mg/kg/day)⁻¹)
ILCR values were interpreted using the commonly applied screening range of approximately 10⁻⁶ to 10⁻⁴; these estimates are model-based and depend on the selected exposure and cancer-slope assumptions.
2.15 Quality Assurance and Quality Control
All glassware was soaked in 10% nitric acid for 24 h and rinsed with deionised water before use. Instrument calibration used certified analytical standards. Method blanks, duplicate samples, matrix spikes and certified reference materials were analysed with field samples. Overall recoveries reported in the study records were 90-110%, with relative standard deviations below 5%. Because analyte-group-specific recovery, LOD/LOQ and full instrument operating records were not retained in the manuscript dataset, this is acknowledged as a reproducibility limitation rather than supplemented with unverified values.
2.16 Statistical Analysis
Results are presented primarily as descriptive statistics (mean ± standard deviation, ranges and location-specific values). The three observations within each sampling category were used to summarise that category. Because the design did not provide balanced independent replication of water-source type across locations and the underlying raw-data structure was not available for verification, inferential source-type comparisons, the previously reported Pearson correlation matrix and principal component analysis were removed from the revised manuscript. This avoids treating analytical or within-category replicates as independent experimental units.
3.0 Results
3.1 Sampling Locations and Drinking Water Sources in Selected Urban Communities of Rivers State
A total of 36 drinking-water samples were included across twelve sampling categories: eleven named urban communities and one commercial sachet-water category in Port Harcourt. Four source descriptions were represented (municipal tap, borehole, treated public supply and sachet water), but source type was confounded with location and is therefore described rather than statistically compared. The sampling locations and drinking-water sources are presented in Table 1.
Table 1 Sampling Locations and Drinking Water Sources in Selected Urban Communities of Rivers State
	Sample Code
	Community
	Local Government Area
	Water Source
	Number of Samples

	DW-01
	Port Harcourt
	Port Harcourt City
	Municipal tap water
	3

	DW-02
	Rumuola
	Obio/Akpor
	Borehole water
	3

	DW-03
	Rumuokoro
	Obio/Akpor
	Borehole water
	3

	DW-04
	Choba
	Obio/Akpor
	Municipal tap water
	3

	DW-05
	Eleme
	Eleme
	Borehole water
	3

	DW-06
	Oyigbo
	Oyigbo
	Municipal tap water
	3

	DW-07
	Ahoada
	Ahoada East
	Borehole water
	3

	DW-08
	Omoku
	Ogba/Egbema/Ndoni
	Borehole water
	3

	DW-09
	Bonny
	Bonny
	Treated public water supply
	3

	DW-10
	Bori
	Khana
	Borehole water
	3

	DW-11
	Degema
	Degema
	Municipal tap water
	3

	DW-12
	Port Harcourt
	Port Harcourt City
	Sachet drinking water
	3

	Total
	11 communities + 1 sachet-water category
	Rivers State
	Four source descriptions
	36


3.2 Physicochemical Characteristics of Drinking Water Samples
The pH values ranged from 6.42 ± 0.08 to 7.68 ± 0.11, while electrical conductivity varied between 86.4 ± 4.2 and 468.2 ± 12.8 µS/cm. Total dissolved solids ranged from 52.8 ± 2.6 to 286.4 ± 10.6 mg/L. Turbidity varied from 0.42 ± 0.05 to 3.84 ± 0.24 NTU, whereas residual free chlorine concentrations ranged between 0.18 ± 0.03 and 0.82 ± 0.06 mg/L. The recorded temperatures ranged from 27.8 ± 0.3 to 29.1 ± 0.5 °C. These physicochemical characteristics are presented in Table 2.
Table 2. Physicochemical Characteristics of Drinking Water Samples
	Community
	pH
	EC (µS/cm)
	TDS (mg/L)
	Turbidity (NTU)
	Residual Chlorine (mg/L)
	Temperature (°C)

	Port Harcourt
	7.42 ± 0.09
	328.6 ± 10.4
	198.6 ± 8.4
	0.84 ± 0.08
	0.72 ± 0.05
	28.4 ± 0.4

	Rumuola
	6.88 ± 0.08
	264.8 ± 8.6
	162.4 ± 6.8
	1.26 ± 0.10
	0.36 ± 0.04
	28.2 ± 0.3

	Rumuokoro
	6.84 ± 0.07
	286.4 ± 9.2
	174.8 ± 7.2
	1.18 ± 0.08
	0.34 ± 0.03
	28.3 ± 0.4

	Choba
	7.26 ± 0.08
	304.2 ± 10.2
	186.2 ± 8.2
	0.92 ± 0.07
	0.68 ± 0.05
	28.6 ± 0.5

	Eleme
	6.74 ± 0.09
	468.2 ± 12.8
	286.4 ± 10.6
	3.84 ± 0.24
	0.18 ± 0.03
	29.1 ± 0.5

	Oyigbo
	7.18 ± 0.08
	314.6 ± 10.6
	192.6 ± 8.4
	1.04 ± 0.08
	0.64 ± 0.05
	28.5 ± 0.4

	Ahoada
	6.62 ± 0.09
	246.4 ± 8.2
	148.6 ± 6.4
	1.46 ± 0.12
	0.28 ± 0.04
	28.4 ± 0.3

	Omoku
	6.58 ± 0.08
	232.8 ± 7.8
	140.2 ± 6.2
	1.38 ± 0.10
	0.24 ± 0.03
	28.3 ± 0.4

	Bonny
	7.68 ± 0.11
	362.8 ± 11.8
	220.6 ± 9.6
	0.68 ± 0.06
	0.82 ± 0.06
	28.8 ± 0.4

	Bori
	6.42 ± 0.08
	286.2 ± 8.8
	172.8 ± 7.4
	1.62 ± 0.12
	0.22 ± 0.03
	28.5 ± 0.4

	Degema
	7.34 ± 0.09
	318.6 ± 10.8
	194.8 ± 8.2
	0.88 ± 0.08
	0.74 ± 0.05
	28.6 ± 0.4

	Sachet Water
	7.12 ± 0.08
	86.4 ± 4.2
	52.8 ± 2.6
	0.42 ± 0.05
	0.48 ± 0.04
	27.8 ± 0.3


3.3 Concentrations of Trihalomethanes (THMs) in Drinking Water
Total trihalomethane concentrations ranged from 18.64 ± 1.42 to 96.82 ± 4.24 µg/L. Chloroform was the predominant trihalomethane, with concentrations varying from 12.42 ± 0.84 to 58.46 ± 2.36 µg/L, followed by bromodichloromethane (3.12 ± 0.24–18.84 ± 0.92 µg/L), dibromochloromethane (1.64 ± 0.12–12.84 ± 0.68 µg/L) and bromoform (1.46 ± 0.10–6.68 ± 0.42 µg/L). Municipal drinking water generally contained higher trihalomethane concentrations than borehole and sachet water. The THM concentrations are presented in Table 3.
Table 3. Concentrations of Trihalomethanes (THMs) in Drinking Water (µg/L)
	Community
	Chloroform
	Bromodichloromethane
	Dibromochloromethane
	Bromoform
	Total THMs

	Port Harcourt
	52.84 ± 2.24
	16.24 ± 0.86
	10.46 ± 0.62
	5.62 ± 0.36
	85.16 ± 4.08

	Rumuola
	24.62 ± 1.18
	7.82 ± 0.42
	4.28 ± 0.28
	2.24 ± 0.18
	38.96 ± 2.06

	Rumuokoro
	26.18 ± 1.22
	8.14 ± 0.44
	4.52 ± 0.30
	2.36 ± 0.18
	41.20 ± 2.14

	Choba
	46.62 ± 2.08
	14.68 ± 0.74
	9.28 ± 0.54
	4.82 ± 0.32
	75.40 ± 3.68

	Eleme
	58.46 ± 2.36
	18.84 ± 0.92
	12.84 ± 0.68
	6.68 ± 0.42
	96.82 ± 4.24

	Oyigbo
	42.84 ± 1.96
	13.24 ± 0.68
	8.42 ± 0.48
	4.42 ± 0.28
	68.92 ± 3.40

	Ahoada
	20.84 ± 1.04
	6.26 ± 0.34
	3.24 ± 0.20
	1.84 ± 0.14
	32.18 ± 1.72

	Omoku
	18.64 ± 0.96
	5.82 ± 0.32
	3.12 ± 0.18
	1.46 ± 0.10
	29.04 ± 1.56

	Bonny
	54.82 ± 2.28
	17.26 ± 0.88
	11.24 ± 0.66
	5.84 ± 0.36
	89.16 ± 4.18

	Bori
	22.42 ± 1.12
	6.84 ± 0.38
	3.84 ± 0.22
	2.04 ± 0.14
	35.14 ± 1.86

	Degema
	48.84 ± 2.14
	15.42 ± 0.78
	9.84 ± 0.58
	5.16 ± 0.34
	79.26 ± 3.84

	Sachet Water
	12.42 ± 0.84
	3.12 ± 0.24
	1.64 ± 0.12
	1.46 ± 0.10
	18.64 ± 1.42



3.4 Concentrations of Haloacetic Acids (HAAs) in Drinking Water
Haloacetic acid concentrations ranged from 8.42 ± 0.62 to 52.84 ± 2.28 µg/L. Trichloroacetic acid was the predominant haloacetic acid, with concentrations ranging from 2.84 ± 0.24 to 18.62 ± 0.82 µg/L, followed by dichloroacetic acid (2.36 ± 0.18–16.84 ± 0.74 µg/L), monochloroacetic acid (1.82 ± 0.14–10.48 ± 0.56 µg/L), monobromoacetic acid (0.62 ± 0.06–3.48 ± 0.18 µg/L) and dibromoacetic acid (0.78 ± 0.08–3.42 ± 0.16 µg/L). Municipal drinking water had higher haloacetic acid concentrations than borehole and sachet water. Location-specific total THM and HAA concentrations are shown in Figure 2. The HAA concentrations are presented in Table 4.
Table 4 Concentrations of Haloacetic Acids (HAAs) in Drinking Water (µg/L)
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Figure 2. Location-specific concentrations of total trihalomethanes (THMs) and total haloacetic acids (HAAs).
	Community
	Monochloroacetic Acid
	Dichloroacetic Acid
	Trichloroacetic Acid
	Monobromoacetic Acid
	Dibromoacetic Acid
	Total HAAs

	Port Harcourt
	9.82 ± 0.52
	15.84 ± 0.72
	17.42 ± 0.78
	3.26 ± 0.18
	3.18 ± 0.16
	49.52 ± 2.24

	Rumuola
	4.68 ± 0.28
	7.82 ± 0.42
	8.84 ± 0.46
	1.42 ± 0.12
	1.24 ± 0.10
	23.99 ± 1.26

	Rumuokoro
	4.84 ± 0.30
	8.16 ± 0.44
	9.24 ± 0.48
	1.46 ± 0.12
	1.36 ± 0.10
	25.06 ± 1.34

	Choba
	8.62 ± 0.48
	13.84 ± 0.64
	15.62 ± 0.72
	2.82 ± 0.16
	2.64 ± 0.14
	43.54 ± 2.02

	Eleme
	10.48 ± 0.56
	16.84 ± 0.74
	18.62 ± 0.82
	3.48 ± 0.18
	3.42 ± 0.16
	52.84 ± 2.28

	Oyigbo
	8.16 ± 0.46
	12.42 ± 0.58
	14.28 ± 0.68
	2.64 ± 0.14
	2.46 ± 0.12
	39.96 ± 1.94

	Ahoada
	3.84 ± 0.24
	6.64 ± 0.36
	7.62 ± 0.40
	1.24 ± 0.08
	1.12 ± 0.08
	20.46 ± 1.18

	Omoku
	3.62 ± 0.22
	6.26 ± 0.34
	6.84 ± 0.38
	1.06 ± 0.08
	1.04 ± 0.08
	18.82 ± 1.10

	Bonny
	9.96 ± 0.54
	16.24 ± 0.72
	18.14 ± 0.80
	3.42 ± 0.18
	3.28 ± 0.16
	51.04 ± 2.22

	Bori
	4.26 ± 0.26
	7.12 ± 0.40
	8.26 ± 0.44
	1.34 ± 0.10
	1.20 ± 0.08
	22.18 ± 1.22

	Degema
	9.14 ± 0.50
	14.68 ± 0.68
	16.82 ± 0.76
	3.04 ± 0.16
	2.96 ± 0.14
	46.64 ± 2.08

	Sachet Water
	1.82 ± 0.14
	2.36 ± 0.18
	2.84 ± 0.24
	0.62 ± 0.06
	0.78 ± 0.08
	8.42 ± 0.62


3.5 Concentrations of Other Disinfection By-products in Drinking Water
Chlorite concentrations ranged from 12.84 ± 0.82 to 84.62 ± 3.62 µg/L, chlorate ranged from 8.62 ± 0.54 to 56.84 ± 2.68 µg/L, bromate varied between 1.42 ± 0.12 and 12.48 ± 0.66 µg/L, while haloacetonitriles ranged from 2.18 ± 0.16 to 18.26 ± 0.84 µg/L. Municipal water supplies contained comparatively higher concentrations of these disinfection by-products than those in borehole and sachet water. The concentrations of these disinfection by-products are presented in Table 5.
Table 5 Concentrations of Other Disinfection By-products in Drinking Water (µg/L)
	Community
	Chlorite
	Chlorate
	Bromate
	Haloacetonitriles

	Port Harcourt
	76.42 ± 3.24
	52.84 ± 2.42
	10.84 ± 0.62
	16.84 ± 0.78

	Rumuola
	32.64 ± 1.64
	20.46 ± 1.12
	4.42 ± 0.26
	6.24 ± 0.38

	Rumuokoro
	34.84 ± 1.72
	22.18 ± 1.18
	4.86 ± 0.28
	6.84 ± 0.42

	Choba
	68.42 ± 2.96
	46.84 ± 2.18
	9.42 ± 0.56
	14.84 ± 0.72

	Eleme
	84.62 ± 3.62
	56.84 ± 2.68
	12.48 ± 0.66
	18.26 ± 0.84

	Oyigbo
	62.84 ± 2.82
	42.64 ± 2.04
	8.84 ± 0.52
	13.82 ± 0.66

	Ahoada
	28.62 ± 1.46
	18.26 ± 0.96
	3.64 ± 0.22
	5.46 ± 0.34

	Omoku
	26.84 ± 1.42
	16.84 ± 0.88
	3.26 ± 0.20
	5.18 ± 0.30

	Bonny
	80.26 ± 3.44
	54.42 ± 2.54
	11.62 ± 0.64
	17.26 ± 0.82

	Bori
	30.42 ± 1.58
	19.64 ± 1.02
	3.96 ± 0.24
	5.82 ± 0.36

	Degema
	72.16 ± 3.08
	48.86 ± 2.26
	10.26 ± 0.58
	15.62 ± 0.76

	Sachet Water
	12.84 ± 0.82
	8.62 ± 0.54
	1.42 ± 0.12
	2.18 ± 0.16


3.6 Heavy Metal Concentrations in Drinking Water
Lead concentrations ranged from 0.002 ± 0.001 to 0.026 ± 0.002 mg/L, cadmium from 0.001 ± 0.000 to 0.006 ± 0.001 mg/L, chromium from 0.004 ± 0.001 to 0.038 ± 0.003 mg/L, and iron from 0.12 ± 0.01 to 0.84 ± 0.04 mg/L. Zinc ranged from 0.08 ± 0.01 to 0.62 ± 0.03 mg/L. Location-specific values are presented in Table 6; no causal comparison among source types was made.
Table 6. Heavy Metal Concentrations in Drinking Water (mg/L)
	Community
	Pb
	Cd
	Cr
	Ni
	Cu
	Zn
	Fe

	Port Harcourt
	0.022 ± 0.002
	0.005 ± 0.001
	0.032 ± 0.002
	0.018 ± 0.001
	0.18 ± 0.01
	0.52 ± 0.03
	0.72 ± 0.04

	Rumuola
	0.010 ± 0.001
	0.002 ± 0.000
	0.014 ± 0.001
	0.009 ± 0.001
	0.10 ± 0.01
	0.28 ± 0.02
	0.36 ± 0.02

	Rumuokoro
	0.012 ± 0.001
	0.003 ± 0.001
	0.016 ± 0.001
	0.010 ± 0.001
	0.11 ± 0.01
	0.30 ± 0.02
	0.42 ± 0.03

	Choba
	0.020 ± 0.002
	0.004 ± 0.001
	0.028 ± 0.002
	0.016 ± 0.001
	0.16 ± 0.01
	0.46 ± 0.02
	0.66 ± 0.03

	Eleme
	0.026 ± 0.002
	0.006 ± 0.001
	0.038 ± 0.003
	0.022 ± 0.002
	0.24 ± 0.02
	0.62 ± 0.03
	0.84 ± 0.04

	Oyigbo
	0.018 ± 0.001
	0.004 ± 0.001
	0.026 ± 0.002
	0.015 ± 0.001
	0.15 ± 0.01
	0.44 ± 0.02
	0.60 ± 0.03

	Ahoada
	0.008 ± 0.001
	0.002 ± 0.000
	0.012 ± 0.001
	0.008 ± 0.001
	0.08 ± 0.01
	0.22 ± 0.01
	0.28 ± 0.02

	Omoku
	0.007 ± 0.001
	0.001 ± 0.000
	0.010 ± 0.001
	0.007 ± 0.001
	0.08 ± 0.01
	0.20 ± 0.01
	0.24 ± 0.02

	Bonny
	0.024 ± 0.002
	0.005 ± 0.001
	0.034 ± 0.002
	0.020 ± 0.001
	0.20 ± 0.02
	0.56 ± 0.03
	0.78 ± 0.04

	Bori
	0.009 ± 0.001
	0.002 ± 0.000
	0.013 ± 0.001
	0.008 ± 0.001
	0.09 ± 0.01
	0.24 ± 0.01
	0.32 ± 0.02

	Degema
	0.021 ± 0.002
	0.004 ± 0.001
	0.030 ± 0.002
	0.017 ± 0.001
	0.17 ± 0.01
	0.48 ± 0.03
	0.68 ± 0.03

	Sachet Water
	0.002 ± 0.001
	0.001 ± 0.000
	0.004 ± 0.001
	0.003 ± 0.001
	0.04 ± 0.01
	0.08 ± 0.01
	0.12 ± 0.01


3.7 Comparison of Measured Parameters with WHO and Nigerian Drinking Water Standards
Comparison with selected drinking-water benchmarks showed that chromium remained below the 0.05 mg/L WHO guideline value at all sampling categories. Lead and cadmium exceeded their respective WHO guideline values at some locations, while iron exceeded the commonly used acceptability/operational benchmark of 0.3 mg/L at several locations. The highest TTHM concentration (96.82 µg/L, Eleme) exceeded the U.S. EPA maximum contaminant level of 80 µg/L, while HAA5 values remained below the U.S. EPA 60 µg/L maximum contaminant level. Bromate exceeded the U.S. EPA 10 µg/L maximum contaminant level at Port Harcourt, Eleme, Bonny and Degema. Table 7 distinguishes benchmark sources rather than combining WHO and Nigerian standards into one column.
Table 7. Comparison of Measured Parameters with Selected Drinking-Water Benchmarks
	Parameter
	Observed Range
	Selected benchmark and source
	Compliance Status

	pH
	6.42–7.68
	6.5-8.5 (operational/acceptability range; WHO, 2022)
	One category below 6.5

	EC (µS/cm)
	86.4–468.2
	No health-based WHO guideline; operational indicator
	Descriptive only

	TDS (mg/L)
	52.8–286.4
	No health-based WHO guideline; 500 mg/L often used for acceptability
	Within 500 mg/L

	Turbidity (NTU)
	0.42–3.84
	5 NTU operational reference (WHO, 2022)
	Within reference

	Residual Chlorine (mg/L)
	0.18–0.82
	Operational residual depends on system; not a universal 0.20-0.50 mg/L health limit
	Interpret operationally

	Total THMs (µg/L)
	18.64–96.82
	80 µg/L TTHM MCL (U.S. EPA)
	Exceeded at Eleme, Bonny and Port Harcourt

	Total HAAs (µg/L)
	8.42–52.84
	60 µg/L HAA5 MCL (U.S. EPA)
	Within MCL

	Lead (mg/L)
	0.002–0.026
	0.010 mg/L guideline (WHO, 2022)
	Exceeded at several locations

	Cadmium (mg/L)
	0.001–0.006
	0.003 mg/L guideline (WHO, 2022)
	Exceeded at several locations

	Chromium (mg/L)
	0.004–0.038
	0.050 mg/L guideline (WHO, 2022)
	Within guideline

	Iron (mg/L)
	0.12–0.84
	0.3 mg/L acceptability/operational reference; no health-based WHO GV
	Exceeded at several locations

	Bromate (µg/L)
	1.42-12.48
	10 µg/L MCL (U.S. EPA)
	Exceeded at Port Harcourt, Eleme, Bonny and Degema


3.8 Estimated Daily Intake of Disinfection By-products through Drinking Water Consumption
Estimated Daily Intake values for total trihalomethanes ranged from 5.32 × 10⁻⁴ to 2.77 × 10⁻³ mg/kg/day, while total haloacetic acids ranged from 2.40 × 10⁻⁴ to 1.51 × 10⁻³ mg/kg/day. Higher estimated daily intake values were consistently observed for children than for adults because of their lower body weight and relatively higher water consumption per unit body mass. The EDI values are presented in Table 8.
Table 8. Estimated Daily Intake (EDI) of Disinfection By-products
	Community
	Adult EDI (THMs)
	Child EDI (THMs)
	Adult EDI (HAAs)
	Child EDI (HAAs)

	Port Harcourt
	2.43E−03
	2.77E−03
	1.41E−03
	1.51E−03

	Rumuola
	1.11E−03
	1.28E−03
	6.86E−04
	7.42E−04

	Rumuokoro
	1.18E−03
	1.35E−03
	7.16E−04
	7.82E−04

	Choba
	2.16E−03
	2.46E−03
	1.24E−03
	1.36E−03

	Eleme
	2.76E−03
	3.12E−03
	1.52E−03
	1.66E−03

	Oyigbo
	1.98E−03
	2.28E−03
	1.14E−03
	1.26E−03

	Ahoada
	9.26E−04
	1.06E−03
	5.86E−04
	6.42E−04

	Omoku
	8.36E−04
	9.64E−04
	5.36E−04
	5.88E−04

	Bonny
	2.54E−03
	2.90E−03
	1.46E−03
	1.58E−03

	Bori
	1.02E−03
	1.18E−03
	6.34E−04
	6.96E−04

	Degema
	2.26E−03
	2.58E−03
	1.34E−03
	1.44E−03

	Sachet Water
	5.32E−04
	6.08E−04
	2.40E−04
	2.66E−04




3.9 Chronic Daily Intake (CDI) through Ingestion and Dermal Exposure
Chronic Daily Intake through ingestion ranged from 4.86 × 10⁻⁴ to 2.62 × 10⁻³ mg/kg/day among adults and 5.84 × 10⁻⁴ to 3.18 × 10⁻³ mg/kg/day among children. Dermal exposure values ranged from 6.84 × 10⁻⁶ to 4.82 × 10⁻⁵ mg/kg/day for adults and 8.26 × 10⁻⁶ to 5.96 × 10⁻⁵ mg/kg/day for children. Ingestion contributed substantially more to total exposure than dermal absorption in all sampling locations. The CDI values are presented in Table 9.
Table 9. Chronic Daily Intake (CDI) through Ingestion and Dermal Exposure
	Community
	Adult CDI (Ingestion)
	Child CDI (Ingestion)
	Adult CDI (Dermal)
	Child CDI (Dermal)

	Port Harcourt
	2.42E−03
	2.96E−03
	4.42E−05
	5.48E−05

	Rumuola
	1.12E−03
	1.36E−03
	1.86E−05
	2.24E−05

	Rumuokoro
	1.18E−03
	1.44E−03
	2.04E−05
	2.46E−05

	Choba
	2.14E−03
	2.64E−03
	3.86E−05
	4.82E−05

	Eleme
	2.62E−03
	3.18E−03
	4.82E−05
	5.96E−05

	Oyigbo
	1.96E−03
	2.38E−03
	3.46E−05
	4.22E−05

	Ahoada
	9.16E−04
	1.12E−03
	1.46E−05
	1.82E−05

	Omoku
	8.46E−04
	1.04E−03
	1.24E−05
	1.58E−05

	Bonny
	2.48E−03
	3.04E−03
	4.56E−05
	5.62E−05

	Bori
	1.04E−03
	1.28E−03
	1.66E−05
	2.04E−05

	Degema
	2.24E−03
	2.76E−03
	4.06E−05
	5.04E−05

	Sachet Water
	4.86E−04
	5.84E−04
	6.84E−06
	8.26E−06


3.10 Hazard Quotient (HQ) for Individual Disinfection By-products
Hazard Quotient values for individual disinfection by-products ranged from 0.02 to 0.88 among adults and 0.03 to 0.96 among children. The highest hazard quotient was recorded for chloroform in Eleme, whereas the lowest values were observed in sachet drinking water. All calculated Hazard Quotient values were below the acceptable threshold of unity. The individual hazard quotient values are presented in Table 10.
Table 10. Hazard Quotient (HQ) for Individual Disinfection By-products
	Community
	Chloroform
	Bromodichloromethane
	Dibromochloromethane
	Bromate
	Total HQ

	Port Harcourt
	0.42
	0.16
	0.08
	0.10
	0.76

	Rumuola
	0.18
	0.07
	0.04
	0.04
	0.33

	Rumuokoro
	0.20
	0.08
	0.04
	0.04
	0.36

	Choba
	0.38
	0.14
	0.07
	0.08
	0.67

	Eleme
	0.48
	0.18
	0.09
	0.13
	0.88

	Oyigbo
	0.34
	0.12
	0.06
	0.08
	0.60

	Ahoada
	0.16
	0.06
	0.03
	0.03
	0.28

	Omoku
	0.14
	0.05
	0.03
	0.03
	0.25

	Bonny
	0.44
	0.16
	0.08
	0.11
	0.79

	Bori
	0.17
	0.06
	0.03
	0.04
	0.30

	Degema
	0.40
	0.15
	0.08
	0.09
	0.72

	Sachet Water
	0.08
	0.02
	0.01
	0.01
	0.12


3.11 Hazard Index (HI) for Combined Non-carcinogenic Health Risks
The Hazard Index ranged from 0.12 to 0.94 among adults and 0.16 to 1.08 among children. Children in Eleme recorded the highest Hazard Index, marginally exceeding the recommended threshold of unity, whereas all adult exposure values remained below one. Sachet drinking water exhibited the lowest Hazard Index values among all sampled drinking water sources. The combined non-carcinogenic health-risk results are presented in Table 11.
Table 11. Hazard Index (HI) for Combined Non-carcinogenic Health Risks
	Community
	Adult HI
	Child HI
	Health Risk Classification

	Port Harcourt
	0.82
	0.94
	Acceptable

	Rumuola
	0.36
	0.42
	Acceptable

	Rumuokoro
	0.38
	0.46
	Acceptable

	Choba
	0.74
	0.88
	Acceptable

	Eleme
	0.94
	1.08
	Slight Potential Risk

	Oyigbo
	0.68
	0.82
	Acceptable

	Ahoada
	0.30
	0.36
	Acceptable

	Omoku
	0.28
	0.34
	Acceptable

	Bonny
	0.86
	0.98
	Acceptable

	Bori
	0.32
	0.40
	Acceptable

	Degema
	0.78
	0.90
	Acceptable

	Sachet Water
	0.12
	0.16
	Acceptable



3.12 Incremental Lifetime Cancer Risk (ILCR) Associated with Carcinogenic Disinfection By-products
The Incremental Lifetime Cancer Risk values for ingestion ranged from 2.84 × 10⁻⁶ to 7.62 × 10⁻⁵ for adults and 3.62 × 10⁻⁶ to 9.84 × 10⁻⁵ for children. Dermal cancer risk values varied between 1.42 × 10⁻⁷ and 4.28 × 10⁻⁶. The highest cancer risk values were observed in Eleme and Bonny, while sachet drinking water recorded the lowest values. The ILCR values are presented in Table 12.
Table 12. Incremental Lifetime Cancer Risk (ILCR) Associated with Carcinogenic Disinfection By-products
	Community
	Adult ILCR (Ingestion)
	Child ILCR (Ingestion)
	Adult ILCR (Dermal)
	Child ILCR (Dermal)
	Overall Cancer Risk

	Port Harcourt
	6.84E−05
	8.62E−05
	3.82E−06
	4.24E−06
	Acceptable

	Rumuola
	2.84E−05
	3.62E−05
	1.84E−06
	2.12E−06
	Acceptable

	Rumuokoro
	3.16E−05
	4.04E−05
	1.96E−06
	2.28E−06
	Acceptable

	Choba
	5.82E−05
	7.36E−05
	3.44E−06
	3.86E−06
	Acceptable

	Eleme
	7.62E−05
	9.84E−05
	4.28E−06
	4.82E−06
	Acceptable

	Oyigbo
	5.24E−05
	6.68E−05
	3.12E−06
	3.56E−06
	Acceptable

	Ahoada
	2.46E−05
	3.08E−05
	1.64E−06
	1.84E−06
	Acceptable

	Omoku
	2.18E−05
	2.84E−05
	1.42E−06
	1.68E−06
	Acceptable

	Bonny
	7.12E−05
	9.08E−05
	4.04E−06
	4.62E−06
	Acceptable

	Bori
	2.68E−05
	3.42E−05
	1.72E−06
	2.02E−06
	Acceptable

	Degema
	6.16E−05
	7.84E−05
	3.62E−06
	4.08E−06
	Acceptable

	Sachet Water
	6.24E−06
	8.12E−06
	2.84E−07
	3.42E−07
	Negligible


3.13 Descriptive Statistics of Drinking Water Quality Parameters
The pH values ranged from 6.42 to 7.68 with a mean of 7.03 ± 0.41, while electrical conductivity ranged from 86.4 to 468.2 µS/cm with a mean of 292.8 ± 97.4 µS/cm. Total trihalomethanes ranged from 18.64 to 96.82 µg/L, total haloacetic acids ranged from 8.42 to 52.84 µg/L, and iron ranged from 0.12 to 0.84 mg/L. These descriptive statistics are presented in Table 13.
Table 13. Descriptive Statistics of Drinking Water Quality Parameters
	Parameter
	Minimum
	Maximum
	Mean ± SD

	pH
	6.42
	7.68
	7.03 ± 0.41

	EC (µS/cm)
	86.4
	468.2
	292.8 ± 97.4

	TDS (mg/L)
	52.8
	286.4
	177.6 ± 61.8

	Turbidity (NTU)
	0.42
	3.84
	1.32 ± 0.91

	Residual Chlorine (mg/L)
	0.18
	0.82
	0.48 ± 0.23

	Total THMs (µg/L)
	18.64
	96.82
	57.95 ± 25.62

	Total HAAs (µg/L)
	8.42
	52.84
	33.54 ± 14.62

	Lead (mg/L)
	0.002
	0.026
	0.015 ± 0.008

	Cadmium (mg/L)
	0.001
	0.006
	0.003 ± 0.002

	Chromium (mg/L)
	0.004
	0.038
	0.022 ± 0.011

	Iron (mg/L)
	0.12
	0.84
	0.50 ± 0.23

	Zinc (mg/L)
	0.08
	0.62
	0.37 ± 0.18




4.0 Discussion
The study provides baseline evidence that regulated and emerging disinfection by-products (DBPs) occur across the sampled drinking-water categories in Rivers State, with marked spatial variation. The highest TTHM, HAA, chlorite, chlorate, bromate and haloacetonitrile concentrations were observed at Eleme, while the lowest values were generally observed in the sachet-water category. Because each source description was tied to particular locations, these patterns are interpreted as location-specific observations rather than evidence that one source type intrinsically produces more DBPs than another. This distinction is important because DBP formation depends on precursor concentration, bromide, disinfectant chemistry, dose, pH, temperature, contact time and distribution-system water age, as emphasised by the World Health Organization (WHO, 2022). Li and Mitch (2018) similarly noted that DBP occurrence is controlled by complex interactions among source-water composition, disinfectant characteristics and treatment conditions.
Most measured physicochemical characteristics fell within commonly used drinking-water operational or acceptability ranges. pH ranged from 6.42 to 7.68, electrical conductivity from 86.4 to 468.2 µS/cm and total dissolved solids from 52.8 to 286.4 mg/L. The Bori sample category was slightly below pH 6.5, while conductivity and TDS indicated relatively low mineralisation. Comparable variability in physicochemical water-quality characteristics has been reported elsewhere in the Niger Delta, where anthropogenic activities and local hydrochemical conditions influence surface-water quality (Olotu et al., 2025). Ekpe et al. (2025) also demonstrated that chemical transport processes can modify the physicochemical characteristics of water used within agricultural environments in Rivers State. These variables are relevant because pH and dissolved constituents can influence disinfectant speciation, precursor reactivity and the distribution of DBP species; however, the present study did not measure dissolved organic carbon or bromide, so precursor-specific mechanisms cannot be established.
Temperature ranged from 27.8 to 29.1 °C, consistent with the tropical setting, and turbidity ranged from 0.42 to 3.84 NTU. The relatively high turbidity recorded in Eleme may indicate a greater particulate burden, but its origin cannot be assigned from the current cross-sectional data. Environmental studies from Rivers State have demonstrated that industrial and petroleum-related activities can contribute particulate matter and metals to surrounding waters. For example, Aghanwa et al. (2025) reported atmospheric deposition of soot and heavy metals into surface waters of Ebocha. Similarly, Okpoji, Ogbaji, et al. (2025) documented the transport of volatile organic compounds from gas-flaring activities into surface waters of Ogoniland. Temperature can accelerate reaction kinetics, while particulate and organic matter may influence disinfectant demand; nevertheless, direct evaluation of these mechanisms would require treatment-history and precursor measurements that were not available in the present study.
Residual free chlorine ranged from 0.18 to 0.82 mg/L. Bonny recorded the highest residual chlorine concentration of 0.82 mg/L, whereas Eleme recorded the lowest value of 0.18 mg/L. This pattern contradicts a simple interpretation that the highest measured DBPs were caused by the highest residual chlorine, because Eleme simultaneously recorded the highest TTHM concentration. Residual chlorine represents the chlorine remaining at the point of sampling and is not equivalent to the original disinfectant dose or cumulative contact time. WHO (2022) recognises disinfectant dose, reaction time, precursor composition and water chemistry as interacting determinants of DBP formation. Accordingly, the findings support an association with broader treatment and source-water conditions rather than a direct causal claim concerning chlorine dosage.
Total THMs ranged from 18.64 ± 1.42 µg/L in sachet water to 96.82 ± 4.24 µg/L in Eleme. Bonny, with 89.16 ± 4.18 µg/L, and Port Harcourt, with 85.16 ± 4.08 µg/L, also exceeded the U.S. Environmental Protection Agency maximum contaminant level of 80 µg/L for total trihalomethanes (United States Environmental Protection Agency [U.S. EPA], n.d.). Chloroform was the predominant THM species. WHO (2022) does not recommend deriving a total-THM guideline simply by summing individual guideline values; therefore, the 80 µg/L comparison in this study is specifically identified as a U.S. EPA regulatory benchmark rather than a WHO limit. Li and Mitch (2018) described THMs as among the best-characterised DBPs because of their widespread occurrence and continued toxicological and epidemiological relevance.
The TTHM concentrations recorded in the present study also need to be interpreted within the environmental setting of the Niger Delta. Okpoji, Umeocho, et al. (2025) reported heavy metals and hydrocarbon pollution in surface waters of oil-bearing communities in Andoni, while Isueken et al. (2025) identified petroleum hydrocarbon fractions and heavy metals in surface water from Southern Ijaw. Okpoji, Orji-Azuka, et al. (2025) similarly reported surfactant and heavy-metal contamination in urban rivers of Benin City. Okpoji, Eboh-Ajoku, et al. (2025) also reported BTEX and PAHs in water and sediment samples from the Bonny River. These studies do not constitute direct evidence of DBP formation, but they demonstrate the broader regional burden of anthropogenic contaminants that may affect source-water quality. Current epidemiological evidence further supports efforts to minimise unnecessary long-term DBP exposure while preserving effective microbial disinfection (Shi et al., 2024).
Total HAA concentrations ranged from 8.42 ± 0.62 to 52.84 ± 2.28 µg/L and remained below the U.S. EPA HAA5 maximum contaminant level of 60 µg/L (U.S. EPA, n.d.). Trichloroacetic and dichloroacetic acids were the dominant measured HAA species. The co-occurrence of elevated THMs and HAAs in several locations is consistent with their shared dependence on organic precursors and disinfection conditions. Li and Mitch (2018) explained that differences in organic precursor composition and treatment chemistry can considerably influence the relative formation of individual DBP classes. However, the present design cannot establish a common causal pathway because dissolved organic carbon, bromide, applied disinfectant dose and contact time were not measured.
Chlorite, chlorate, bromate and haloacetonitriles also varied among locations. These compounds should not be attributed to a single chlorination pathway. WHO (2022) identifies chlorite and chlorate particularly in relation to chlorine-dioxide and hypochlorite chemistry, whereas bromate is strongly associated with oxidation of bromide, including processes involving ozone. Bromate exceeded the U.S. EPA 10 µg/L maximum contaminant level at Port Harcourt, Eleme, Bonny and Degema (U.S. EPA, n.d.). Because disinfectant type and treatment history were not documented for every sampled supply, these results identify locations requiring greater monitoring rather than demonstrating treatment-specific causes.
The spatial variability observed in the present investigation is also consistent with evidence that hydrogeochemical and hydrological conditions vary substantially across the Niger Delta. Okagbare et al. (2025) demonstrated differences in groundwater vulnerability to petroleum contamination in Yenagoa, while Umueni et al. (2026) reported that hydrological and sediment characteristics influenced contaminant distribution and ecotoxicological risk in the Orashi River. Umueni et al. (2025) similarly documented petroleum hydrocarbon contamination in sediments of the Forcados River. Although these studies investigated environmental contaminants rather than drinking-water DBPs, they reinforce the importance of considering local source-water and environmental conditions when interpreting spatial differences.
Lead and cadmium exceeded WHO guideline values at several locations, whereas chromium remained below 0.05 mg/L throughout the dataset. Iron exceeded the commonly applied 0.3 mg/L acceptability or operational reference at several locations. These findings correct the earlier internal inconsistency that described chromium as exceeding its permissible limit. The occurrence of metals in Niger Delta environmental matrices is well documented. Izuchukwu, Akpan, et al. (2026) reported heavy-metal contamination and toxicological risks in agricultural soils from Eleme, while Ekpe et al. (2026) demonstrated heavy-metal enrichment and ecological risk in Orashi River sediments. Heavy-metal contamination and associated human-health risks have also been reported in the Nun River by Izuchukwu, Ebikienmo, et al. (2026). Although these environmental matrices differ from treated drinking water, the findings provide relevant regional context for the metal contamination observed in the present investigation.
The concurrent presence of metals and DBPs emphasises that chemical water-quality management in Rivers State should address both treatment-related by-products and contaminants originating from source waters or distribution systems. Previous investigations have demonstrated substantial contaminant burdens in aquatic organisms and sediments within the Niger Delta. Anarado et al. (2023), for example, reported bioaccumulation of lead, cadmium, arsenic and mercury in blue crabs from Bayelsa State, while Ogbaji et al. (2025) demonstrated seasonal hydrocarbon contamination of sediments and biota in the Bonny Estuary. Okpoji, Akpan, et al. (2025) likewise documented heavy-metal and polycyclic aromatic hydrocarbon accumulation in estuarine fish from the Andoni Estuary. These studies are not direct DBP investigations, but they illustrate the broader regional exposure context and the need for integrated chemical water-quality surveillance.
Similar concerns have been demonstrated in other biological matrices. Okpoji, Emem, et al. (2025) reported nickel, lead and cadmium bioaccumulation in Callinectes sapidus from the Iko River, while Ohaturuonye et al. (2026) identified heavy-metal bioaccumulation and associated human-health risks in farmed and river-caught catfish from Rivers State. Mahmoud et al. (2026) also reported pharmaceutical residues and heavy-metal pollution in the Ikot Abasi Estuary. These findings further demonstrate that exposure to environmental contaminants in the Niger Delta may occur through multiple pathways, supporting the need to evaluate drinking-water contamination as one component of a broader environmental-health problem.
The Estimated Daily Intake (EDI) and Chronic Daily Intake (CDI) calculations indicated higher modelled exposure for children than adults and a greater contribution from ingestion than dermal contact. These estimates represent screening-level exposure calculations rather than direct measurements of absorbed dose. Their interpretation depends on the exposure factors and compound-specific toxicological values adopted in the calculations. Similar screening approaches have been widely applied to evaluate contaminant exposure in Niger Delta environmental studies. For example, Etesin et al. (2025) applied health-risk assessment procedures to polychlorinated biphenyl contamination in soils and industrial effluents, while Okpoji, Etesin, et al. (2025) assessed ecological risks associated with metal contamination in estuarine sediments. Such indices are most appropriately interpreted as tools for prioritising further investigation rather than as direct predictions of individual disease.
Individual HQ values were below one in the present screening calculations, while the combined Hazard Index reached 1.08 for children in Eleme. An HI slightly above one does not demonstrate that adverse effects will occur; instead, it indicates a potential cumulative non-carcinogenic concern that warrants additional verification using complete exposure-factor documentation, analyte-specific reference doses and repeated sampling. The interpretation of aggregate risk is particularly important because toxicological endpoints and reference doses vary among contaminants. WHO (2022) therefore supports chemical-specific assessment when evaluating risks from drinking-water contaminants.
The pattern of higher child than adult screening indices is consistent with the greater intake-to-body-weight ratio typically applied in child exposure scenarios. However, site-specific water-consumption patterns were not measured in the present study. Regional investigations have similarly demonstrated that estimated health risks depend strongly on the exposure assumptions applied to particular populations and pathways. Ekwere et al. (2025), for instance, evaluated toxicological trade-offs associated with polycyclic aromatic hydrocarbon exposure through processed fish, illustrating the importance of defining the relevant exposure route and population assumptions. Future drinking-water assessments should therefore tabulate all exposure factors, reference doses and cancer slope factors and distinguish risks by individual analyte and route so that combined indices can be independently reproduced.
The reported Incremental Lifetime Cancer Risk estimates fell within the conventional 10⁻⁶–10⁻⁴ screening range, with comparatively higher values in Eleme and Bonny. These estimates should be interpreted cautiously because cancer-risk calculations are sensitive to exposure duration, averaging time, route-specific dose assumptions and compound-specific cancer slope factors. Li and Mitch (2018) emphasised that uncertainties in exposure characterisation remain an important challenge in assessing the human-health effects of DBPs. More recently, Shi et al. (2024), in a systematic review and dose-response meta-analysis, reported epidemiological evidence linking long-term exposure to DBPs with increased cancer risk. 
4.1 Study Limitations
This study was cross-sectional and represents a limited sampling period; seasonal variability was not assessed. The four water-source descriptions were unbalanced across locations, and the replicate structure did not support independent source-type inference. Detailed treatment histories-including disinfectant type and dose, contact/residence time, source-water origin and sachet-water brand/batch information-were not consistently available. Natural organic matter/dissolved organic carbon and bromide, which are important DBP precursors, were not measured. The manuscript records also did not retain analyte-specific LOD/LOQ and recovery data or the full exposure/toxicological parameter table required for complete independent reproduction of the screening risk calculations. These limitations restrict causal source attribution and reinforce the need for repeated seasonal sampling with complete treatment metadata and archived analytical/risk-assessment worksheets.
Conclusion
This study documented measurable concentrations of regulated and emerging disinfection by-products, selected metals and location-specific screening health-risk indices in drinking water from urban Rivers State. Most physicochemical variables were within commonly used operational ranges, but selected chemical benchmarks were exceeded: TTHMs were above the U.S. EPA 80 µg/L MCL at Eleme, Bonny and Port Harcourt; bromate exceeded 10 µg/L at four sampling categories; and lead, cadmium and iron were elevated at several locations. Chromium remained below the WHO guideline value throughout.
The highest DBP concentrations occurred in Eleme despite Eleme having the lowest measured residual chlorine, demonstrating that the observed pattern cannot be explained by residual chlorine alone. In the absence of treatment-history, dissolved organic carbon and bromide data, the findings are interpreted as spatial associations rather than evidence of a specific causal treatment pathway. Water utilities should strengthen routine DBP monitoring, document disinfectant type/dose and contact time, optimise precursor removal and disinfection conditions, and investigate locations with elevated TTHMs or bromate while maintaining adequate microbial protection.
Screening non-carcinogenic indices were generally below one, although the child HI in Eleme reached 1.08, and reported ILCR values remained within the conventional screening range. Priority actions are repeated wet- and dry-season sampling; verification of the health-risk calculations with a transparent parameter table; routine measurement of natural organic matter and bromide; analyte-specific QA/QC reporting; and source-specific treatment audits. These measures would improve reproducibility, clarify formation pathways and support evidence-based optimisation of drinking-water treatment in Rivers State.
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