Comparative Assessment of Polycyclic Aromatic Hydrocarbon Levels in Indoor and Outdoor Air and Associated Inhalation Health Risks in Akpajo, Alesa and Aleto Communities, Eleme, Rivers State, Nigeria

Abstract
Polycyclic aromatic hydrocarbons (PAHs) are persistent semi-volatile organic contaminants generated mainly during the incomplete combustion of organic materials and petroleum-derived fuels. This study assessed PAH levels in indoor and outdoor air and estimated the associated inhalation health risks in Akpajo, Alesa and Aleto communities of Eleme Local Government Area, Rivers State, Nigeria, an industrially and traffic-influenced area of the Niger Delta. Twelve 24-hour integrated air-sampling conditions were evaluated across three communities, two seasons (dry and wet) and two microenvironments (indoor and outdoor). Airborne particulate-bound PAHs were collected using a high-volume air-sampling approach, solvent-extracted with dichloromethane:n-hexane (1:1, v/v), concentrated and quantified by gas chromatography-mass spectrometry. Method quality control included internal-standard calibration, field and method blanks, duplicate checks, surrogate recovery assessment, blank correction, and limits of detection and quantification. Statistical analysis was based on descriptive statistics, including range, arithmetic mean, pooled congener totals, community means, seasonal means and indoor-outdoor means. Total PAH concentrations ranged from 7.40 µg/m³ in Alesa wet-season indoor air to 30.55 µg/m³ in Aleto dry-season outdoor air. The mean total PAH concentration was highest in Aleto (21.41 µg/m³), followed by Akpajo (11.80 µg/m³) and Alesa (10.39 µg/m³). Dry-season air had a higher mean total PAH concentration (18.18 µg/m³) than wet-season air (10.88 µg/m³), while outdoor air (15.75 µg/m³) exceeded indoor air (13.32 µg/m³). Anthracene, pyrene, benzo(k)fluoranthene, naphthalene, fluorene and phenanthrene were the dominant contributors to the pooled PAH burden. Non-detected high-molecular-weight PAHs were reported as below the method detection limit rather than as true zero values. Screening-level risk assessment showed that children had higher estimated lifetime average daily dose and incremental lifetime carcinogenic risk than adults under the same sampling conditions. The highest child ILCR occurred in Aleto dry-season outdoor air (4.12E-04), while several child-risk estimates exceeded 1.00E-04, indicating potential concern under the assumptions used. The findings demonstrate measurable PAH contamination in the studied communities and support routine monitoring, emission reduction, dust suppression and targeted public-health communication, particularly for children and other sensitive receptors.
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Introduction
Air pollution remains a major environmental and public-health concern in industrialised and rapidly urbanising regions. It involves chemical, physical and biological alterations of the atmosphere that can degrade air quality, affect visibility and harm human health and ecosystems (World Health Organization [WHO], 2024, 2021, 2024). In the Niger Delta region of Nigeria, air quality is influenced by petroleum-related activities, road traffic, domestic and commercial generator use, open combustion, industrial operations, port-related activities and construction-related dust (Ana et al., 2012; Ede & Edokpa, 2015; Antai et al., 2020).
Polycyclic aromatic hydrocarbons are a class of semi-volatile organic compounds composed of two or more fused aromatic rings. They are formed largely during incomplete combustion of carbon-containing materials such as petroleum products, biomass, refuse and coal-derived materials (Maliszewska-Kordybach, 1999; Ghetu et al., 2022). PAHs can exist in both vapour and particle-associated phases; lower-molecular-weight compounds are generally more volatile, whereas higher-molecular-weight congeners are more strongly associated with soot, dust and fine particulate matter. This partitioning influences atmospheric transport, deposition, persistence and inhalation exposure (Maliszewska-Kordybach, 1999; Seo et al., 2009). Recent review evidence similarly identifies PAHs as persistent combustion-derived environmental contaminants whose toxic relevance supports their continued monitoring in affected environmental media (Onwujekwe et al., 2022).
The health relevance of PAHs arises from their toxic, mutagenic and carcinogenic potential. Several PAH congeners have been used in risk assessment because their toxicological potency can contribute to lifetime cancer risk under chronic exposure assumptions (U.S. Environmental Protection Agency [USEPA], 1989, 2001; International Agency for Research on Cancer [IARC], 2010). Benzo(a)pyrene is frequently used as an indicator compound, but other congeners may contribute to overall risk depending on concentration, exposure route and potency factor. Recent atmospheric studies also show that source analysis and health-risk assessment are useful for interpreting particulate-bound PAH occurrence where combustion-related emissions are suspected (Wu et al., 2024).
Indoor and outdoor air may both contribute to PAH exposure. Outdoor PAHs may reflect traffic exhaust, petroleum-related activities, combustion emissions, road dust and atmospheric dispersion conditions, while indoor PAHs may be influenced by outdoor infiltration, cooking practices, household fuel use, generator emissions and ventilation patterns (Mannan & Al-Ghamdi, 2021; Ghetu et al., 2022). In settings where residential areas, schools, roads and industrial activities are closely spaced, comparing indoor and outdoor microenvironments is important for exposure interpretation. A recent Nigerian study around a scrap-iron smelting plant further demonstrates that indoor-outdoor and seasonal PAH patterns can differ by local source context and exposure pathway (Adeniran et al., 2025).
Eleme Local Government Area in Rivers State is an important industrial and transport corridor within the Niger Delta. Akpajo, Alesa and Aleto are environmentally relevant communities because they are located within an area affected by major roads, residential activities, commercial movement and nearby industrial operations. Dry and wet seasons may also influence PAH behaviour through differences in rainfall washout, dust resuspension, humidity, wind movement and atmospheric mixing (Fann et al., 2016; Antai et al., 2020). Recent particulate matter monitoring in industrial communities in Rivers State further supports the need for localised air-quality assessment in industrially influenced settlements (Ideriah et al., 2025).
Despite existing evidence on air-quality concerns in the Niger Delta, community-specific comparative information on PAH levels in both indoor and outdoor air across dry and wet seasons remains limited for Akpajo, Alesa and Aleto. This study addresses this gap by linking measured PAH concentrations with screening-level inhalation risk estimates for adult and child receptors in the selected communities.
The aim of this study is to assess the occurrence, seasonal distribution and screening-level inhalation health risks of PAHs in indoor and outdoor air from Akpajo, Alesa and Aleto communities in Eleme, Rivers State, Nigeria. The specific objectives are to: (i) quantify selected PAH congeners in indoor and outdoor air during dry and wet seasons; (ii) compare total PAH concentrations across community, season and microenvironment; (iii) identify the dominant PAH congeners contributing to the measured PAH burden; (iv) estimate adult and child LADD and ILCR values using established screening-risk equations; and (v) provide environmental health recommendations relevant to monitoring and exposure reduction.
Materials and Methods
Study area and sampling design
The study was conducted in Akpajo, Alesa and Aleto communities (Figure 1) in Eleme Local Government Area, Rivers State, Nigeria. Eleme lies within the industrialised Niger Delta and is influenced by residential settlements, schools, transport routes, commercial activities, port-related movement and petroleum-linked operations. Previous studies have identified the Niger Delta and Eleme axis as environmentally important for air-quality monitoring because of the interaction of industrial activity, traffic emissions, seasonal meteorology and community exposure settings (Ana et al., 2012; Ede & Edokpa, 2015; Yorkor et al., 2017; Antai et al., 2020).
The sampling programme covered a 12-month period from November 2023 to October 2024 and was structured to compare community, season and microenvironment. Twelve 24-hour integrated air-sampling conditions were reported: three communities × two seasons × two microenvironments. Indoor samples represented residential or school-related indoor exposure settings, while outdoor samples represented ambient exposure around community activity zones. This design allowed descriptive comparison of seasonal and indoor-outdoor PAH patterns and is summarised in Table 1.
Table 1. Sampling design for PAH monitoring in air
	Community
	Representative sampling points
	Seasonal coverage
	Microenvironmental coverage
	Reported air observations

	Akpajo
	Community Senior Secondary School and residential setting
	Dry and wet seasons
	Indoor and outdoor
	4

	Alesa
	Comprehensive High School and residential setting
	Dry and wet seasons
	Indoor and outdoor
	4

	Aleto
	Community Secondary School and residential setting
	Dry and wet seasons
	Indoor and outdoor
	4

	Total
	Three communities
	Two seasons
	Two microenvironments
	12
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Figure 1. Study area showing sampling locations in Eleme Local Government Area, Rivers State, Nigeria

Air sampling, extraction and GC-MS determination
Particulate-bound PAHs were collected using a high-volume air sampling (HVAS, EMS 2000) approach consistent with established ambient air PAH monitoring practice (USEPA, 1999). The high-volume air sampler was operated at a nominal flow rate of 1.13 m³/min for 24 hours, giving a typical sampled air volume of approximately 1,627 m³ per condition. Filters were handled with clean forceps, wrapped, transported to the laboratory and stored under conditions intended to minimise contamination and loss of semi-volatile compounds.
Before extraction, each filter was allowed to equilibrate to room temperature in a clean laboratory environment. The filter was then cut into small pieces using solvent-rinsed stainless-steel scissors and transferred into a pre-cleaned cellulose extraction thimble. Surrogate recovery standards, including deuterated PAH standards, were added to the filter samples and allowed to equilibrate before extraction.
The PAHs were extracted using 200-250 mL of a 1:1 (v/v) mixture of n-hexane and dichloromethane in a Soxhlet apparatus. Extraction was carried out for 16-24 h under gentle reflux. The extract was allowed to cool and was then passed through pre-cleaned anhydrous sodium sulphate to remove residual moisture. The filtrate was concentrated using a rotary evaporator at 35-40 °C under reduced pressure to approximately 2-5 mL.
The concentrated extract was cleaned up using a glass chromatography column packed with activated silica gel, activated alumina and anhydrous sodium sulphate. The column was preconditioned with n-hexane before the sample extract was loaded. The PAH fraction was eluted with n-hexane:dichloromethane (1:1, v/v) at an approximate flow rate of 0.5-1.0 mL min⁻¹. The eluate was further concentrated using rotary evaporation and gentle nitrogen blowdown, solvent-exchanged into n-hexane and adjusted to a final volume of 1.0 mL before GC-MS analysis (USEPA, 1999, 2018; Seo et al., 2009).
PAH analysis was performed using an Agilent 7890 gas chromatograph coupled to an Agilent 5975C mass selective detector. Separation was achieved on an HP-5MS UI capillary column (30 m × 0.25 mm × 0.25 µm). The injection volume was 1 µL in splitless mode, with the injector temperature set at 300 °C. Helium (99.999%) was used as the carrier gas at 1.0 mL/min. The oven programme began at 60 °C (2 min hold), increased to 230 °C at 8 °C/min (2 min hold), increased to 290 °C at 2 °C/min (2 min hold), and then increased to 300 °C at 5 °C/min (12 min hold). The mass spectrometer operated in electron-impact ionisation mode at 70 eV, with an ion source temperature of 230 °C, quadrupole temperature of 150 °C and transfer-line temperature of 280 °C. Selected-ion monitoring was used for quantification, with a scan range of m/z 50-500 used for tuning and confirmation. The main method-performance and sampling conditions are presented in Table 2.
Table 2. Method-performance and sampling conditions for PAH determination
	Parameter
	Value used in method

	Extraction solvent
	Dichloromethane:n-hexane (1:1 v/v)

	Solvent volume
	200-250 mL

	Extraction time
	16-24 h

	Rotary evaporation temperature
	35-40 °C

	Final extract volume
	1.0 mL

	Surrogate recovery acceptance range
	70-120%

	HVAS nominal flow rate
	1.13 m³/min

	Sampling duration
	24 h

	Typical sampled air volume
	~1,627 m³



Quality assurance, blank correction and detection limits 
Quality assurance and quality control were applied throughout sampling, extraction and GC-MS analysis in line with standard analytical expectations for semi-volatile organic compounds in environmental samples (USEPA, 1999, 2018). Calibration curves containing priority PAH standards were prepared at multiple concentration levels. Quantification was based on internal-standard calibration. Surrogate standards were used to evaluate extraction and analytical recovery, and recoveries within 70-120% were considered acceptable for the screening dataset.
Field blanks, method blanks, duplicate samples and matrix-spike checks were included with analytical batches to control contamination and analytical drift. Where blank responses were detected, sample concentrations were blank-corrected before final reporting. Relative percent differences between duplicate determinations were maintained below 20%. Limits of detection (LOD) and limits of quantification (LOQ) were determined using signal-to-noise ratios of 3 and 10, respectively. The available method record showed LODs of 0.01-0.06 ng/m³ and LOQs of 0.03-0.20 ng/m³ for selected PAHs (Table 3). Results recorded as 0.00 were treated as below LOD and presented as < LOD in the concentration tables, rather than interpreted as true absence.
Table 3. Method detection and quantification limits for selected PAHs
	PAH compound
	LOD (ng/m³)
	LOQ (ng/m³)

	Naphthalene
	0.01
	0.03

	Acenaphthylene
	0.01
	0.04

	Fluorene
	0.02
	0.06

	Phenanthrene
	0.02
	0.07

	Fluoranthene
	0.03
	0.10

	Pyrene
	0.03
	0.10

	Benzo(a)anthracene
	0.04
	0.12

	Chrysene
	0.04
	0.12

	Benzo(b)fluoranthene
	0.05
	0.15

	Benzo(k)fluoranthene
	0.05
	0.15

	Benzo(a)pyrene
	0.05
	0.15

	Indeno(1,2,3-cd)pyrene
	0.06
	0.20

	Dibenz(a,h)anthracene
	0.06
	0.20

	Benzo(g,h,i)perylene
	0.06
	0.20



Calculation of air concentrations
PAH concentrations in air were calculated by normalising the mass of each compound detected in the final extract to the total volume of air sampled, following the mass-per-volume reporting principle used in USEPA Compendium Method TO-13A for PAHs in ambient air (USEPA, 1999). Total PAHs were calculated as the arithmetic sum of individual PAH congeners quantified in each condition. Values below LOD were retained as < LOD in the concentration tables rather than converted to true zero values. Equation (1) was used to calculate air concentrations.
Cair = (Cext × Vext) / Vair								(1)
where Cair is the PAH concentration in air, Cext is the GC-MS concentration in the final extract, Vext is the final extract volume, and Vair is the total volume of air sampled.

Inhalation health risk assessment
Screening-level inhalation risk was assessed using lifetime average daily dose (LADD) and incremental lifetime carcinogenic risk (ILCR) for adult and child receptor groups. The assessment was designed as a screening tool rather than a clinical or individual exposure diagnosis. Exposure may vary with age, activity pattern, time spent indoors, occupation, household behaviour and proximity to local emission activities.
Equations (2)-(5) were adapted from established USEPA human health risk assessment guidance for Superfund baseline risk evaluation, inhalation risk assessment and exposure factor selection, as shown in Table 4 (USEPA, 1989, 2009, 2011). The LADD equation was used to express chronic intake normalised by body weight and averaging time, while ILCR was estimated by multiplying LADD by the relevant cancer slope factor for PAHs with available toxicity values. For each PAH congener with an assigned cancer slope factor, the following equations were applied:
LADD = (C × IR × EF × ED × CF) / (BW × AT)   					    (2)
ILCR = LADD × SF        								    (3)
ΣLADD = LADD₁ + LADD₂ + LADD₃ + … + LADDₙ       				    (4)
ΣILCR = ILCR₁ + ILCR₂ + ILCR₃ + … + ILCRₙ       				    (5)
where C is concentration in air (µg/m³), IR is inhalation rate (m³/day), EF is exposure frequency (days/year), ED is exposure duration (years), CF is the conversion factor from µg to mg (1 × 10⁻³ mg/µg), BW is body weight (kg), AT is averaging time for carcinogenic risk (days), SF is the cancer slope factor ((mg/kg-day)⁻¹), and n is the number of PAH congeners included in the summation. Total LADD and total ILCR were obtained by summing the congener-specific estimates as shown in Equations 4 and 5.
The exposure dose and cancer risk equations follow USEPA Risk Assessment Guidance for Superfund, Volume I, Part A (USEPA, 1989), the inhalation risk framework in RAGS Part F (USEPA, 2009) and exposure factor recommendations in the USEPA Exposure Factors Handbook (USEPA, 2011).
Table 4. Exposure and toxicological parameters used for screening inhalation risk
	Parameter
	Symbol
	Adult
	Child
	Unit/description

	Pollutant concentration
	C
	Measured
	Measured
	µg/m³

	Inhalation rate
	IR
	20
	7.6-10
	m³/day

	Exposure frequency
	EF
	350
	350
	days/year

	Exposure duration
	ED
	30
	6
	years

	Body weight
	BW
	70
	15
	kg

	Averaging time for cancer
	AT
	25,550
	25,550
	days

	Conversion factor
	CF
	1 × 10⁻³
	1 × 10⁻³
	mg/µg

	Slope factors applied
	SF
	BaA 0.60; Chr 0.061; BkF 0.061; BaP 6.10; IcdP 0.61; DahA 6.10
	Same as adult
	(mg/kg-day)⁻¹

	Risk-screening categories
	ILCR
	<1E-06 negligible; 1E-06-1E-04 tolerable; >1E-04 potential concern
	Same as adult
	unitless


Note: The summarized risk values in Table 10 reproduce the congener-specific screening-risk tables available for the dataset. Congeners without assigned slope factors in those tables were included in total LADD but did not contribute to ILCR. Risk results are screening estimates and should be interpreted together with the USEPA risk-assessment sources cited for Equations (2)–(5).


Data treatment and statistical approach
The data were treated using descriptive statistical procedures based on the reported condition-specific PAH concentrations across the selected communities, seasons and microenvironments. The analysis involved the determination of concentration ranges, arithmetic means, community-based mean values, seasonal mean values, indoor-outdoor mean values, pooled congener totals and percentage contributions of the dominant PAH congeners. These descriptive outputs were used to evaluate PAH occurrence, identify concentration patterns across sampling conditions and support the interpretation of screening-level inhalation health risks.

Results and Discussion
Concentrations of PAHs in indoor and outdoor air
The concentrations of individual PAHs and total PAHs are presented by community in Tables 5-7. Across all twelve reported conditions, total PAHs ranged from 7.40 to 30.55 µg/m³. This range shows that PAH levels were not uniform across the study area; rather, they varied with community, season and indoor/outdoor microenvironment. The highest total PAH concentration occurred in Aleto dry-season outdoor air (30.55 µg/m³), whereas the lowest occurred in Alesa wet-season indoor air (7.40 µg/m³). Figure 2 illustrates the condition-specific total PAH pattern across the three communities.
The data show a clear concentration gradient among the three communities. Aleto recorded the highest mean total PAH concentration (21.41 µg/m³), followed by Akpajo (11.80 µg/m³) and Alesa (10.39 µg/m³). In Aleto, three of the four reported conditions exceeded 20 µg/m³, indicating that the community had a consistently larger PAH burden than Akpajo and Alesa during the monitored periods. This pattern identifies Aleto as a priority location for closer environmental surveillance and exposure-reduction attention.
Dry-season total PAHs were generally higher than wet-season values. The dry-season mean was 18.18 µg/m³, compared with 10.88 µg/m³ in the wet season (Table 8). This seasonal contrast is environmentally plausible because rainfall can remove particle-associated PAHs by wet deposition, while dry conditions may increase dust resuspension, traffic-related particles and atmospheric stagnation (Fann et al., 2016; Antai et al., 2020). Nevertheless, wet-season values were not negligible, particularly at Aleto outdoor (20.70 µg/m³), indicating that rainfall reduced but did not eliminate airborne PAH occurrence.
Outdoor air had a higher mean total PAH concentration (15.75 µg/m³) than indoor air (13.32 µg/m³). This suggests that outdoor sources or outdoor-to-indoor transport may be important in the studied communities. Indoor values remained substantial, especially in Akpajo dry-season indoor air (16.65 µg/m³) and Aleto dry-season indoor air (22.20 µg/m³), showing that indoor exposure cannot be ignored. Indoor PAHs may arise from infiltration of outdoor particles as well as household-level activities and ventilation conditions (Mannan & Al-Ghamdi, 2021; Ghetu et al., 2022).









Table 5. PAH concentrations in Akpajo indoor and outdoor air (µg/m³)
	PAH component
	Akpajo Dry Indoor
	Akpajo Dry Outdoor
	Akpajo Wet Indoor
	Akpajo Wet Outdoor

	Naphthalene
	0.45
	2.25
	0.20
	1.00

	Acenaphthylene
	1.20
	1.25
	0.80
	0.60

	Acenaphthene
	0.40
	0.25
	0.15
	0.10

	Fluorene
	0.40
	1.40
	0.20
	0.50

	Phenanthrene
	1.50
	0.05
	0.85
	0.10

	Anthracene
	2.25
	3.15
	1.70
	2.20

	Fluoranthene
	1.00
	0.90
	0.55
	0.75

	Pyrene
	5.45
	2.35
	3.05
	1.30

	Benzo(a)anthracene
	0.05
	0.05
	< LOD
	0.10

	Chrysene
	0.05
	0.05
	< LOD
	0.10

	Benzo(b)fluoranthene
	0.05
	0.05
	< LOD
	0.10

	Benzo(k)fluoranthene
	3.85
	1.85
	1.75
	0.85

	Benzo(a)pyrene
	< LOD
	< LOD
	< LOD
	< LOD

	Indeno(1,2,3-c,d)pyrene
	< LOD
	< LOD
	< LOD
	< LOD

	Dibenz(a,h)anthracene
	< LOD
	< LOD
	< LOD
	< LOD

	Benzo(g,h,i)perylene
	< LOD
	< LOD
	< LOD
	< LOD

	Total PAHs
	16.65
	13.60
	9.25
	7.70


Note: < LOD indicates concentration below the method detection limit. Total PAHs reproduce the summed values reported for each condition.







Table 6. PAH concentrations in Alesa indoor and outdoor air (µg/m³)
	PAH component
	Alesa Dry Indoor
	Alesa Dry Outdoor
	Alesa Wet Indoor
	Alesa Wet Outdoor

	Naphthalene
	0.15
	0.30
	0.15
	0.20

	Acenaphthylene
	0.45
	1.20
	0.35
	0.95

	Acenaphthene
	0.20
	0.45
	0.10
	0.20

	Fluorene
	0.65
	0.85
	0.50
	0.35

	Phenanthrene
	0.10
	0.10
	0.05
	0.10

	Anthracene
	2.75
	2.15
	2.15
	1.80

	Fluoranthene
	0.10
	0.05
	< LOD
	< LOD

	Pyrene
	4.15
	4.45
	2.35
	2.95

	Benzo(a)anthracene
	0.40
	0.50
	0.15
	0.15

	Chrysene
	0.55
	0.55
	0.20
	0.25

	Benzo(b)fluoranthene
	0.70
	0.75
	0.15
	0.30

	Benzo(k)fluoranthene
	2.00
	2.55
	1.25
	0.80

	Benzo(a)pyrene
	< LOD
	< LOD
	< LOD
	< LOD

	Indeno(1,2,3-c,d)pyrene
	< LOD
	< LOD
	< LOD
	< LOD

	Dibenz(a,h)anthracene
	< LOD
	< LOD
	< LOD
	< LOD

	Benzo(g,h,i)perylene
	< LOD
	< LOD
	< LOD
	< LOD

	Total PAHs
	12.20
	13.90
	7.40
	8.05


Note: < LOD indicates concentration below the method detection limit. Total PAHs reproduce the summed values reported for each condition.







Table 7. PAH concentrations in Aleto indoor and outdoor air (µg/m³)
	PAH component
	Aleto Dry Indoor
	Aleto Dry Outdoor
	Aleto Wet Indoor
	Aleto Wet Outdoor

	Naphthalene
	5.65
	4.95
	1.45
	3.25

	Acenaphthylene
	1.95
	2.30
	1.40
	1.45

	Acenaphthene
	0.35
	0.85
	0.10
	0.60

	Fluorene
	2.45
	4.05
	1.45
	3.00

	Phenanthrene
	3.45
	4.10
	1.45
	2.55

	Anthracene
	2.75
	7.65
	2.20
	5.40

	Fluoranthene
	1.25
	2.40
	1.00
	1.50

	Pyrene
	2.25
	1.90
	1.85
	1.45

	Benzo(a)anthracene
	0.10
	0.90
	< LOD
	0.65

	Chrysene
	0.05
	0.15
	< LOD
	0.10

	Benzo(b)fluoranthene
	0.05
	0.10
	< LOD
	< LOD

	Benzo(k)fluoranthene
	1.90
	1.20
	1.30
	0.75

	Benzo(a)pyrene
	< LOD
	< LOD
	< LOD
	< LOD

	Indeno(1,2,3-c,d)pyrene
	< LOD
	< LOD
	< LOD
	< LOD

	Dibenz(a,h)anthracene
	< LOD
	< LOD
	< LOD
	< LOD

	Benzo(g,h,i)perylene
	< LOD
	< LOD
	< LOD
	< LOD

	Total PAHs
	22.20
	30.55
	12.20
	20.70


Note: < LOD indicates concentration below the method detection limit. Total PAHs reproduce the summed values reported for each condition.
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Figure 2. Total PAHs in indoor and outdoor air across Akpajo, Alesa and Aleto


Table 8. Summary of total PAH concentration metrics across the 12 conditions
	Summary metric
	Value (µg/m3)

	Minimum total PAHs
	7.40

	Maximum total PAHs
	30.55

	Overall mean total PAHs
	14.53

	Mean: dry season
	18.18

	Mean: wet season
	10.88

	Mean: indoor
	13.32

	Mean: outdoor
	15.75



Congener profile and relative contribution
The pooled congener pattern is summarised in Table 9. Anthracene had the largest pooled concentration (36.15 µg/m³), followed by pyrene (33.50 µg/m³), benzo(k)fluoranthene (20.05 µg/m³), naphthalene (20.00 µg/m³), fluorene (15.80 µg/m³) and phenanthrene (14.40 µg/m³). These compounds accounted for a major share of the total PAH burden and therefore deserve priority attention in routine monitoring.
The dominance of anthracene and pyrene indicates that mid-molecular-weight PAHs were important in the dataset. Naphthalene and fluorene also contributed substantially, reflecting the presence of lower-molecular-weight PAHs that are relatively more volatile. Benzo(k)fluoranthene contributed strongly even though it is a higher-molecular-weight congener, and this is important because carcinogenic-risk estimates are influenced not only by concentration but also by toxicological potency.
Benzo(a)pyrene, indeno(1,2,3-cd)pyrene, dibenz(a,h)anthracene and benzo(g,h,i)perylene were below the detection limit in the concentration summary table for the three-community manuscript subset. Reporting these values as < LOD is more scientifically appropriate than reporting them as zeros, because a non-detect does not necessarily mean complete absence. It may indicate that concentrations were below the analytical detection capability under the sampling and extraction conditions used. Where such compounds are important for carcinogenic-risk interpretation, future work may benefit from wider sampling coverage and strengthened analytical sensitivity (USEPA, 2018).
The congener distribution should therefore be interpreted as compositional evidence of PAH occurrence rather than as a quantitative allocation of contributions from individual activities. The measured pattern is useful for identifying dominant congeners and priority conditions, while broader environmental information is required for more detailed emission-control planning.







Table 9. Ten highest pooled PAH congeners across the 12 air conditions (µg/m³)
	PAH Component
	Pooled concentration

	Anthracene
	36.15

	Pyrene
	33.50

	Benzo(k)fluoranthene
	20.05

	Naphthalene
	20.00

	Fluorene
	15.80

	Phenanthrene
	14.40

	Acenaphthylene
	13.90

	Fluoranthene
	9.50

	Acenaphthene
	3.75

	Benzo(a)anthracene
	3.05



Community-specific interpretation
Akpajo showed total PAH values of 16.65 µg/m³ (dry indoor), 13.60 µg/m³ (dry outdoor), 9.25 µg/m³ (wet indoor) and 7.70 µg/m³ (wet outdoor). The dry-season values were higher than the wet-season values, indicating seasonal enrichment. The dry indoor value exceeded the dry outdoor value in Akpajo, which may indicate indoor retention of outdoor particles, the influence of indoor activities, reduced ventilation or temporal differences in sampling conditions. Pyrene, benzo(k)fluoranthene, anthracene and acenaphthylene were important contributors in Akpajo.
Alesa recorded lower total PAH values than Aleto and slightly lower mean total PAHs than Akpajo. Total PAHs were 12.20 µg/m³ in dry indoor air, 13.90 µg/m³ in dry outdoor air, 7.40 µg/m³ in wet indoor air and 8.05 µg/m³ in wet outdoor air. In contrast to Akpajo, outdoor values were slightly higher than indoor values in both seasons. This pattern suggests a stronger outdoor contribution during the monitoring periods, although the difference should be interpreted cautiously because the design reports condition-specific values rather than dense time-series measurements.
Aleto had the highest total PAH concentrations. Total PAHs were 22.20 µg/m³ in dry indoor air, 30.55 µg/m³ in dry outdoor air, 12.20 µg/m³ in wet indoor air and 20.70 µg/m³ in wet outdoor air. The outdoor values were higher than the indoor values in both seasons, and the dry outdoor condition was the highest single value in the entire dataset. Naphthalene, fluorene, phenanthrene and anthracene were particularly elevated in Aleto relative to Akpajo and Alesa, while pyrene was less dominant than in Akpajo and Alesa. These differences indicate that congener-specific profiles may provide more useful information than total PAHs alone.
Inhalation health-risk estimates
The screening-level inhalation risk estimates are summarised in Table 10. The risk pattern generally followed the concentration pattern, but it was also influenced by which PAH congeners had assigned slope factors. Children recorded higher total LADD and ILCR than adults in every condition. This is expected in screening models where dose per unit body weight is greater for children under the exposure assumptions used.
The highest child ILCR occurred in Aleto dry-season outdoor air (4.12E-04), followed by Alesa dry-season outdoor air (3.07E-04), Aleto wet-season outdoor air (2.93E-04), Alesa dry-season indoor air (2.45E-04) and Akpajo dry-season indoor air (1.78E-04). These values exceed the 1.00E-04 risk-screening benchmark commonly used to indicate potential concern in environmental risk assessment (USEPA, 1989, 2001). Adult ILCR values were lower than child values, but adult ILCR exceeded 1.00E-04 in Alesa dry-season outdoor air, Aleto dry-season outdoor air and Aleto wet-season outdoor air.
The risk results indicate that outdoor dry-season exposure may be particularly important, especially in Aleto. However, risk estimates should be interpreted as screening indicators. They depend on default exposure assumptions, selected slope factors, concentration units, non-detect treatment and the exposure duration used. They do not represent measured disease occurrence. The results are most useful for identifying priority conditions for monitoring and exposure reduction.
Table 10. Summary of total PAHs and screening inhalation health risk estimates for adults and children
	Location
	Season/environment
	Total PAHs (µg/m³)
	Adult LADD
	Child LADD
	Adult ILCR
	Child ILCR

	Akpajo
	Dry season indoor
	16.65
	3.97E-03
	1.12E-02
	6.33E-05
	1.78E-04

	Akpajo
	Dry season outdoor
	13.60
	3.25E-03
	9.13E-03
	3.41E-05
	9.60E-05

	Akpajo
	Wet season indoor
	9.25
	2.21E-03
	6.21E-03
	2.55E-05
	7.17E-05

	Akpajo
	Wet season outdoor
	7.70
	1.84E-03
	5.17E-03
	2.68E-05
	7.55E-05

	Alesa
	Dry season indoor
	12.20
	2.91E-03
	8.19E-03
	8.72E-05
	2.45E-04

	Alesa
	Dry season outdoor
	13.90
	3.32E-03
	9.33E-03
	1.10E-04
	3.07E-04

	Alesa
	Wet season indoor
	7.40
	1.77E-03
	4.97E-03
	4.00E-05
	1.12E-04

	Alesa
	Wet season outdoor
	8.05
	1.92E-03
	5.41E-03
	3.36E-05
	9.42E-05

	Aleto
	Dry season indoor
	22.20
	5.30E-03
	1.49E-02
	4.21E-05
	1.18E-04

	Aleto
	Dry season outdoor
	30.55
	7.30E-03
	2.05E-02
	1.47E-04
	4.12E-04

	Aleto
	Wet season indoor
	12.20
	2.91E-03
	8.19E-03
	1.89E-05
	5.32E-05

	Aleto
	Wet season outdoor
	20.70
	4.94E-03
	1.39E-02
	1.04E-04
	2.93E-04



Comparison with guideline context and previous studies
At present, widely used FAO/WHO ambient-air limit values are not available for total PAHs as a summed class. WHO guidance on PAHs in air commonly emphasises benzo(a)pyrene as an indicator compound and carcinogenic-risk marker, while FAO/WHO Codex discussions focus mainly on PAHs in food and dietary exposure rather than direct ambient-air compliance assessment (FAO/WHO, 2005; WHO Regional Office for Europe, 2010, 2021). In the present study, benzo(a)pyrene was reported as < LOD in the concentration tables; therefore, direct comparison with benzo(a)pyrene-based air-quality guidance was not appropriate. The total PAH values were consequently interpreted as indicators of PAH burden and exposure potential rather than as pass/fail compliance values against a total-PAH air standard.
The observed total PAH range of 7.40-30.55 µg/m³ and the dry-season elevation are consistent with earlier environmental observations from Eleme and the wider Niger Delta, where petroleum-linked activities, vehicular movement, generator use, seasonal meteorology and suspended particulate matter have been reported to influence air quality (Ana et al., 2012; Ede & Edokpa, 2015; Yorkor et al., 2017; Uzoekwe & Ikpesu, 2019). The present findings add indoor-outdoor and seasonal detail for Akpajo, Alesa and Aleto, showing that PAH occurrence was not restricted to outdoor air and that wet-season reduction did not eliminate measurable PAH presence.
The congener pattern, dominated by anthracene, pyrene, benzo(k)fluoranthene, naphthalene, fluorene and phenanthrene, agrees with the general understanding that atmospheric PAHs occur as mixtures of low-, medium- and high-molecular-weight compounds with different volatility, particle affinity and toxicological relevance (Maliszewska-Kordybach, 1999; IARC, 2010; WHO Regional Office for Europe, 2021). Because health concern depends on both concentration and potency, even congeners present at relatively low concentrations may be important when toxicological weighting or cancer-slope factors are applied.
Environmental and public health implications
The combined concentration and risk results suggest that PAH exposure in the studied communities is not limited to a single season or microenvironment. Dry-season enrichment was evident, but wet-season PAHs remained measurable. Outdoor air tended to be higher than indoor air, but indoor concentrations were also relevant. This pattern supports monitoring strategies that cover both seasons and both microenvironments rather than relying on a single sampling period or outdoor-only monitoring.
Children emerged as the more vulnerable group in the screening-risk assessment because the exposure model produced higher dose estimates per unit body weight. PAH exposure is of public-health concern because several PAH compounds are toxic, mutagenic or carcinogenic, and ambient PAHs have been associated with increased cancer risk in exposed populations (IARC, 2010; WHO Regional Office for Europe, 2021). Schools, residential settings and outdoor activity areas should therefore be considered in public-health communication and air-quality surveillance.
Practical risk-reduction actions may include improved road-dust control, reduction of open burning, maintenance of combustion equipment, cleaner household energy choices, improved ventilation management and regular public-health communication during dry-season periods. These actions are particularly relevant where residential buildings, schools, roads and commercial activities are close to one another.
Recommendations
Policy-makers and relevant environmental authorities should strengthen routine PAH monitoring in Eleme communities, with attention to both indoor and outdoor air and to seasonal variation. Monitoring programmes should require clear reporting of sampling duration, air volume, analytical method, QA/QC performance, LOD/LOQ values and uncertainty notes so that results can be compared across studies and over time.
Local authorities, industries and community leadership should support measures that reduce combustion-related and dust-associated exposure, including control of open burning, cleaner household and commercial energy practices, improved road maintenance, dust suppression around construction corridors, traffic-flow management and periodic public-health awareness for schools and households. Future assessments should expand the number of sampling locations, extend monitoring frequency, include meteorological measurements and evaluate personal exposure factors that influence actual inhaled dose.
Conclusion
This study assessed PAH levels in indoor and outdoor air and estimated associated screening-level inhalation risks in Akpajo, Alesa and Aleto communities in Eleme, Rivers State, Nigeria. Total PAHs varied across community, season and microenvironment, with the highest concentration recorded in Aleto dry-season outdoor air and the lowest in Alesa wet-season indoor air.
The concentration pattern showed higher mean total PAHs during the dry season than the wet season and higher mean outdoor concentrations than indoor concentrations. Aleto had the highest community mean, while anthracene, pyrene, benzo(k)fluoranthene, naphthalene, fluorene and phenanthrene were the dominant pooled congeners. Values initially recorded as zero for some high-molecular-weight PAHs were reclassified as < LOD, since these compounds were below the analytical detection limit rather than truly absent.
Screening-level health-risk assessment indicated higher LADD and ILCR values for children than adults. Several child ILCR values exceeded 1.00E-04, with the highest value occurring in Aleto dry-season outdoor air. The results support routine PAH monitoring, improved emission control, dust suppression, cleaner combustion practices and risk communication targeted to sensitive receptor groups.
Because the study is based on condition-specific values, the findings are interpreted descriptively and as a screening-level health-risk assessment. The observed spatial, seasonal and indoor–outdoor variations provide useful evidence of PAH occurrence and exposure patterns across the studied communities, but the results should be understood within the scope of the available dataset. Future studies may strengthen these findings through expanded sampling, longer monitoring periods and broader environmental assessment.


Limitations
This study provides useful information on the occurrence, seasonal variation and inhalation health-risk profile of PAHs in indoor and outdoor air across selected communities in Eleme, Rivers State, Nigeria. The findings are based on twelve season-community-microenvironment conditions and are interpreted descriptively with emphasis on observed concentration patterns and screening-level health-risk estimates. The results show clear differences across communities, seasons and indoor-outdoor settings, but they should be understood within the scope of the available dataset. Wider sampling coverage, longer monitoring periods and repeated seasonal measurements would strengthen future assessments and improve temporal representation.
The interpretation of PAH patterns was guided by measured concentrations, seasonal behaviour and environmental characteristics of the study area. The health-risk estimates should be regarded as screening-level indicators because actual exposure may vary with age, body weight, occupation, time spent indoors or outdoors, ventilation conditions, household practices and proximity to local emission activities.
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