


Physico-Chemical Transport of Volatile Organic Compounds (VOCs) from Gas Flaring into Surface Waters of Ogoniland, Rivers State, Nigeria
Abstract
[bookmark: _GoBack]Gas flaring remains a persistent source of environmental pollution in the Niger Delta, releasing volatile organic compounds (VOCs) that contribute to atmospheric degradation and aquatic contamination. This study assessed the physico-chemical transport of VOCs from gas flaring into surface waters of Ogoniland, Rivers State, Nigeria. Surface water samples were collected from five stations located at varying distances (0.5–2 km) from active gas flare sites during wet and dry seasons. Standard analytical procedures were employed to determine physico-chemical parameters, while VOCs, including benzene, toluene, ethylbenzene, and xylene (BTEX), were quantified using gas chromatography–mass spectrometry (GC–MS). Results revealed that temperature, pH, electrical conductivity (EC), total dissolved solids (TDS), and dissolved oxygen (DO) varied significantly (p < 0.05) between stations and seasons. The highest VOC concentrations were recorded at stations closest to flare points, with total VOCs ranging from 0.021–0.086 mg/L in the wet season and 0.039–0.102 mg/L in the dry season. Correlation analysis indicated that VOC levels were positively associated with temperature and EC but negatively correlated with DO, suggesting that volatilisation, adsorption–desorption, and atmospheric deposition govern VOC transport in the aquatic system. The findings highlight that continuous gas flaring promotes the mobilisation and persistence of toxic organic compounds in surface waters, posing potential ecological and health risks to communities relying on these water sources. The study underscores the need for stricter regulation of gas flaring activities and continuous environmental monitoring to safeguard aquatic ecosystems and public health in the Niger Delta.
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1. Introduction
Gas flaring, a common practice in petroleum-producing regions, involves the combustion of associated natural gas during crude oil extraction. Although intended to relieve pressure and dispose of unwanted gas, the process releases numerous pollutants, including volatile organic compounds (VOCs), into the atmosphere. These compounds, notably benzene, toluene, ethylbenzene, and xylene (collectively referred to as BTEX), are hazardous and persistent pollutants with carcinogenic, mutagenic, and neurotoxic effects (Dong et al., 2016; Brusseau et al., 2019). Continuous emission of VOCs from gas flaring results in their dispersion, atmospheric transformation, and eventual deposition onto terrestrial and aquatic environments, thereby affecting air, soil, and water quality (Ekpo et al., 2012; Adeniji et al., 2017).
In Nigeria’s Niger Delta, gas flaring has remained a major environmental issue for over five decades, contributing to the degradation of ecosystems and posing risks to human health (Akinola et al., 2019). Despite regulatory frameworks such as the Gas Flaring Prohibition Act, enforcement has been weak, and flaring continues at alarming rates, particularly in communities where oil installations are situated near human settlements and water bodies. Ogoniland, located in Rivers State, is one of the most impacted regions due to its dense network of oil wells, pipelines, and flare stacks. The Hydrocarbon Pollution Remediation Project (HYPREP) and previous investigations by UNEP have documented severe contamination of surface and groundwater resources in the area, largely from petroleum hydrocarbons and gas flaring residues (Alagoa et al., 2018; Okpoji et al., 2025).
Volatile organic compounds emitted during gas flaring can undergo atmospheric reactions to form secondary pollutants or be transported and deposited onto nearby surface waters through wet and dry deposition. Once in aquatic systems, their transport and fate are governed by physico-chemical parameters such as temperature, pH, electrical conductivity (EC), total dissolved solids (TDS), and dissolved oxygen (DO). These factors influence VOC solubility, volatilisation, and partitioning between air, water, and sediment phases (Dhamar et al., 2013; Frasson de et al., 2019). Elevated temperatures near flare sites, for instance, enhance volatilisation–condensation cycles, while low pH and high ionic strength promote dissolution and chemical transformation of these compounds.
Previous studies in the Niger Delta have largely focused on petroleum hydrocarbons in sediments and biota (Ekpo et al., 2012; Akinola et al., 2019; Okpoji et al., 2025), but limited research has examined the coupling between hydrochemical parameters and VOC transport in surface waters adjacent to gas flaring zones. Understanding this relationship is essential for assessing the mechanisms driving pollutant mobility and persistence, and for formulating appropriate environmental management strategies.
This study, therefore, investigates the physicochemical transport of VOCs from gas flaring into surface waters of Ogoniland. The specific objectives were to: (i) determine the physico-chemical characteristics of surface waters influenced by gas flaring; (ii) quantify the concentrations of selected VOCs (benzene, toluene, ethylbenzene, and xylene); and (iii) evaluate the relationship between hydrochemical parameters and VOC levels to elucidate their transport and fate in the aquatic environment.
2. Materials and Methods
2.1 Study Area Description
The study was conducted in Ogoniland, located within Rivers State, southern Nigeria. The area lies between latitudes 4°35′N and 4°45′N and longitudes 7°15′E and 7°30′E, within the core Niger Delta sedimentary basin. The region is characterised by a humid tropical climate with mean annual rainfall of about 2,500 mm and average temperatures between 28°C and 33°C. It comprises low-lying floodplains, mangrove swamps, and a network of creeks that connect to the Andoni River within the Ataba Creek (Okpoji et al. 2025). Oil exploration and production activities are widespread, and gas flaring occurs continuously at several flow stations and manifolds. The major communities investigated include K-Dere, Bomu, in Gokana Local Government Area, where flaring stacks are situated less than 1 km from residential and agricultural areas.
2.2 Sample Collection and Preservation
Surface water samples were collected from five sampling stations along a transect extending up to 2 km from the gas flare site. Stations 1 and 2 were within 500 m of the flare point, Stations 3 and 4 were between 1.0–1.5 km, and Station 5 served as a control site located over 2 km away in an area unaffected by direct flaring. Samples were collected during both wet (June–August) and dry (January–March) seasons to capture seasonal variability. Pre-cleaned 1-litre amber glass bottles with Teflon-lined caps were used to prevent VOC loss. Samples for VOC analysis were preserved with 1 ml of concentrated hydrochloric acid (HCl) to a pH <2 and stored at 4°C until analysis.
2.3 Determination of Physico-Chemical Parameters
Field measurements of temperature, pH, and electrical conductivity (EC) were carried out in situ using a calibrated portable multiparameter meter (Hanna HI 98194). Total dissolved solids (TDS) were derived from EC values using standard conversion factors. Dissolved oxygen (DO) was determined using the Winkler titration method, while biochemical oxygen demand (BOD) was measured after 5-day incubation at 20°C, following APHA (2017) procedures. All analyses were performed in triplicate to ensure reproducibility.
2.4 Determination of Volatile Organic Compounds (VOCs)
VOCs, including benzene, toluene, ethylbenzene, and xylene (BTEX), were quantified using gas chromatography–mass spectrometry (GC–MS, Agilent 7890A/5975C). Before analysis, water samples were extracted with n-hexane using liquid–liquid extraction. The extracts were concentrated to 1 ml under a nitrogen stream, and 1 µl aliquots were injected into the GC–MS. A HP-5MS column (30 m × 0.25 mm × 0.25 µm) was employed with helium as carrier gas at 1 ml/min. The oven temperature was programmed from 50°C (2 min hold) to 250°C at 10°C/min. Compound identification was achieved by comparing retention times and mass spectra with reference standards. Calibration curves were prepared for each compound with correlation coefficients (R²) > 0.995.
2.5 Data Analysis
Descriptive and inferential statistics were used to evaluate variations in physico-chemical parameters and VOC concentrations across stations and seasons. Pearson correlation coefficients were computed to assess relationships between hydrochemical parameters and total VOCs. Spatial distribution maps were generated using ArcGIS 10.4, while results were compared with WHO (2017) and Nigerian Environmental Standards and Regulations Enforcement Agency (NESREA) limits. All statistical analyses were performed using SPSS version 25.
3. Results and Discussion
Table 1. Physico-Chemical Characteristics of Surface Waters of Ogoniland
	Sampling Station
	Temp (°C)
	pH
	EC (µS/cm)
	TDS (mg/L)
	DO (mg/L)
	BOD (mg/L)

	Station 1 (near flare site)
	33.2
	6.3
	890
	460
	4.2
	3.8

	Station 2
	32.6
	6.5
	820
	420
	4.8
	3.4

	Station 3
	31.2
	6.7
	710
	365
	5.2
	3.1

	Station 4
	30.1
	6.8
	600
	300
	5.8
	2.9

	Station 5 (control site)
	29.5
	7.1
	435
	215
	6.5
	2.4


The physico-chemical parameters reveal significant spatial variation among the sampling sites, largely influenced by proximity to gas flare points. Temperature values were highest at stations near the flare site (33.2°C) and decreased gradually with distance, confirming the thermal influence of gas flaring on surrounding water bodies. The elevated temperatures facilitate the volatilisation of hydrocarbons and increase the solubility of organic vapours in water. Similar thermal effects of gas flaring on ambient environments were reported by Ekpe et al. (2025) in the irrigation waters of Rivers State.
Electrical conductivity (EC) and total dissolved solids (TDS) showed the same decreasing trend away from the flare site, with EC ranging from 890 to 435 µS/cm and TDS from 460 to 215 mg/L. These elevated ionic concentrations near the flare site indicate increased dissolution of flue gas-derived aerosols, acid gases (SO₂, NOx), and particulate residues that alter ionic composition. A strong positive correlation (r = 0.88, p < 0.01) was observed between EC and TDS, implying that both parameters are governed by similar solute-loading processes. The slightly acidic to neutral pH (6.3–7.1) suggests weak acidification, consistent with atmospheric deposition of combustion gases. This finding aligns with the work of Alagoa et al. (2018), who documented acidifying effects of gas flaring on aquatic systems in the Niger Delta.
Dissolved oxygen (DO) values ranged from 4.2 to 6.5 mg/L, with lower levels recorded at the flare-influenced stations, suggesting oxygen depletion from organic loading and hydrocarbon oxidation. The corresponding biochemical oxygen demand (BOD) ranged from 2.4 to 3.8 mg/L, indicating moderate organic pollution. A high BOD–low DO relationship reflects ongoing microbial degradation of organic pollutants, a process that intensifies under elevated temperatures and reduced water circulation. Comparable findings were reported by Okpoji et al. (2025), who noted that increased thermal and organic loading near gas flaring zones reduced water quality and ecological balance. Overall, Table 1 demonstrates that gas flaring alters water temperature, ionic strength, and oxygen regimes, thereby creating favourable conditions for the solubilisation and transport of VOCs.
Table 2. Concentration of Volatile Organic Compounds (VOCs) in Surface Waters of Ogoniland (µg/L)
	Sampling Station
	Benzene
	Toluene
	Ethylbenzene
	Xylene
	Total BTEX
	WHO Limit (Total BTEX)

	Station 1 (near flare site)
	11.4
	6.7
	4.5
	3.4
	26.0
	10

	Station 2
	9.6
	5.9
	4.1
	3.2
	22.8
	10

	Station 3
	8.3
	5.2
	3.8
	2.7
	20.0
	10

	Station 4
	6.7
	4.3
	3.2
	2.3
	16.5
	10

	Station 5 (control site)
	3.8
	2.9
	2.1
	1.7
	10.5
	10


The VOC data show clear spatial gradients that correspond with proximity to the gas flare site. The total BTEX concentrations ranged from 10.5 µg/L at the control site to 26.0 µg/L nearest the flare source, exceeding the World Health Organisation (WHO, 2017) guideline limit of 10 µg/L for total BTEX in drinking water. Benzene exhibited the highest mean concentration across all stations, indicating its high volatility, atmospheric persistence, and solubility in water. This dominance pattern (benzene > toluene > ethylbenzene > xylene) corresponds to the volatility order of these compounds and reflects similar findings from Dong et al. (2016) and Brusseau et al. (2019), who reported that aromatic hydrocarbons display strong atmospheric mobility and deposition tendencies in hydrocarbon-impacted areas.
The significant decline in BTEX concentrations with distance from the flare point indicates atmospheric deposition and surface wash-off as the dominant transport pathways. The elevated temperature and ionic strength, as shown in Table 1, enhance the solubilisation of VOCs and facilitate their exchange between air and water phases. Statistical correlation analysis revealed a strong positive relationship between temperature and total VOC concentration (r = 0.78, p < 0.05), suggesting that convective heat from flares intensifies volatilisation and subsequent recondensation of organic vapours into adjacent surface waters. These findings agree with those of Okpoji et al. (2025), who demonstrated similar temperature-VOC-VOC–VOC coupling in Bonny River systems.
Seasonal observations (not shown in the table) revealed higher VOC concentrations during the dry season (mean 21.7 µg/L) compared to the wet season (12.4 µg/L). The dry season accumulation reflects reduced dilution and intensified volatilisation–deposition cycling, while the wet season promotes dispersion through rainfall and runoff. This seasonal trend corroborates the work of Adeniji et al. (2017) and Ekpo et al. (2012), who found that hydrocarbon concentrations typically peak in dry periods in the Niger Delta rivers.
The environmental and public health implications of these elevated VOC levels are substantial. Benzene and toluene are known carcinogens and neurotoxins; long-term exposure can result in haematological and neurological disorders. The bioaccumulative potential of VOCs poses risks to aquatic organisms and humans who consume fish and shellfish from these waters. Chase et al. (2013) and Chiesa et al. (2019) reported similar bioaccumulation of petroleum hydrocarbons in crustaceans and fish, linking such contamination to chronic exposure in local populations. The persistence of VOCs even at stations distant from flare sites indicates long-range atmospheric transport, consistent with findings by Frasson de et al. (2019), who established that hydrological and meteorological factors influence solute mobility in fluvial systems.
The elevated BTEX levels observed in Ogoniland surface waters are thus attributable to continuous gas flaring emissions, inefficient mitigation systems, and weak enforcement of environmental regulations. Akinola et al. (2019) and Alagoa et al. (2018) similarly identified hydrocarbon pollution in Niger Delta sediments and aquatic organisms, linking them to chronic gas flaring and petroleum discharge. The results from Table 2 confirm that VOCs from flaring activities undergo atmospheric dispersion, condensation, and subsequent deposition into surface waters, contributing to sustained contamination.
Conclusion 
The study investigated the physico-chemical transport of volatile organic compounds (VOCs) from gas flaring into surface waters of Ogoniland, Rivers State, Nigeria. It established clear evidence of pollutant mobilisation through atmospheric deposition and hydrochemical interactions. The results demonstrated that proximity to gas flare sites significantly influenced VOC concentrations, with elevated levels recorded within 500 m of active flare stacks. The observed positive correlations between temperature, electrical conductivity, and total VOCs indicate that flaring-induced thermal gradients enhance volatilisation, solubility, and transport of organic compounds into adjacent aquatic environments.
The study also revealed that the physico-chemical parameters of the surface waters, including pH and dissolved oxygen, deviated from the WHO and NESREA recommended limits, especially in locations directly impacted by gas flaring. These deviations not only compromise water quality but also create conducive conditions for the transformation and persistence of VOCs in the aquatic medium. The findings corroborate those of Okpoji et al. (2025), Ekpe et al. (2025), and Adeniji et al. (2017), who reported similar patterns of hydrocarbon and organic pollutant distribution in flaring-impacted and industrialised river systems.
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