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sment of polycyclic aromatic
hydrocarbons in indoor dust from Okerenkoko
community, Warri, Nigeria

Sisanmi Samuel Aghomi, *a Okpoebi Kenneth Berezib and Chilaka Diepreyec

This study investigated the occurrence, sources, and health risks of polycyclic aromatic hydrocarbons

(PAHs) in indoor dust from the Okerenkoko Community, Warri, Nigeria. Dust samples were collected

from three locations: NMU Campus/Lodge (NMU CL), Zion Residential Area (ZA), and Okerenkoko II Area

(Okk). Total PAH concentrations (
P

PAHs) ranged from 0.0546 to 0.1005 mg kg−1, with higher levels at

ZA and Okk, reflecting spatial variability influenced by local anthropogenic activities, including artisanal

crude oil refining, biomass burning, combustion-related emissions from marine transport, and domestic

fuel use. Compositional analysis revealed a predominance of 3- to 5-ring PAHs, with low- and high-

molecular-weight (LMW and HMW) species contributing almost equally (50.8% and 49.2%, respectively),

suggesting mixed pyrogenic–petrogenic sources. Diagnostic ratios (e.g., Ant/(Ant + Phe), Flt/(Flt + Pyr),

BaA/(BaA + Chr), IP/(IP + BghiP)) indicated that NMU CL and ZA were mainly influenced by pyrogenic

sources, whereas Okk reflected both pyrogenic and petroleum-related inputs. Principal component

analysis (PCA) confirmed distinct contributions, with HMW PAHs associated with combustion processes

and LMW PAHs linked to volatilization or indoor emissions. Health risk assessment showed that adults

exhibited the highest incremental lifetime cancer risks (ILCRs), followed by children and adolescents,

with total ILCRs ranging from 1.05 × 10−7 to 1.90 × 10−7 across all sites. Dermal contact and ingestion

were identified as the dominant pathways, while inhalation contributed negligibly (#10−12). For example,

adults at Okk recorded the highest ILCR (1.90 × 10−7), driven largely by dermal exposure, whereas

children's ILCRs ranged between 1.26 × 10−7 and 1.75 × 10−7. Non-cancer risk evaluation indicated

hazard indices (HI) for all age groups remained far below 1 (children: 3.61 × 10−5 to 4.88 × 10−5),

suggesting negligible non-carcinogenic risk. These findings reveal the complex nature of PAH sources in

indoor dust and highlight the importance of dermal exposure alongside ingestion, particularly for adults.

The results underscore the heightened exposure risks for vulnerable groups and the urgency of targeted

environmental controls and community health interventions in the Niger Delta.
Environmental signicance

Indoor environments represent critical but oen overlooked reservoirs of polycyclic aromatic hydrocarbons (PAHs), especially in vulnerable communities within
the Niger Delta. This study demonstrates that PAH concentrations in household dust of Okerenkoko, Nigeria, are inuenced by both pyrogenic and petrogenic
sources, including biomass burning, vehicular emissions, and petroleum-related activities. The ndings reveal elevated risks for children, with hazard indices
exceeding safe limits and incremental lifetime cancer risks approaching U.S. EPA thresholds. These results underscore the urgent need for improved envi-
ronmental management, community health protection, and policy interventions to mitigate exposure. By linking local anthropogenic activities to measurable
indoor contamination and health risks, this work advances understanding of environmental exposure pathways in resource-rich but pollution-burdened
regions.
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1 Introduction

Human well-being is signicantly affected by indoor environ-
mental conditions. From infancy to old age, most individuals
spend up to 90% of their lives indoors, primarily at home or in
the workplace.1 Furthermore, indoor environments have been
scientically shown to be two to ve times more polluted than
outdoor environments.2 Dust particles are ubiquitous in indoor
Environ. Sci.: Adv., 2026, 5, 1141–1161 | 1141
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settings,3 where they act as amajor sink for various semi-volatile
organic compounds (SVOCs).4 Dust consists of solid, ne
particles of matter ranging in size from less than 1 mm to at least
100 mm, which may become airborne depending on their origin,
physical characteristics, and ambient conditions.5 It is
a heterogeneous mixture of inorganic, organic, and biological
materials.6 Dust can be suspended in the air or settle on
surfaces and originates from multiple sources, including soil,
material abrasion, pesticides, asbestos, pollen, bacteria, shed
skin, cigarette smoke, and dust mites.7 It plays a crucial role in
the deterioration of indoor air quality, as it carries allergens and
airborne contaminants that adversely affect human health.8

Indoor dust refers to a complex mixture of materials and
particulate matter deposited from indoor aerosols and soil
particles transported indoors via foot traffic or air movement.9 It
represents a heterogeneous matrix of debris and particles of
both anthropogenic and natural origin.

Despite its importance, indoor dust remains an underex-
plored vector of human exposure in the indoor environment.10

It is relatively persistent and can absorb contaminants over
extended periods, ranging from weeks to years.11 Additionally,
the resuspension of settled particles can mobilize potentially
toxic compounds.12 Indoor dust particles can act as carriers for
a wide array of pollutants, including organic, inorganic, and
biological materials.13 Organic pollutants such as polycyclic
aromatic hydrocarbons (PAHs)—by-products of incomplete
combustion—adhere to dust particles because of their hydro-
phobic properties.14 Inorganic pollutants, including heavy
metals such as lead, cadmium, and mercury, may originate
from building materials, paints, electronics, and outdoor
sources that inltrate indoor spaces.15 Biological contaminants
such as bacteria, fungi, pollen, and allergens also accumulate in
indoor dust.16 These pollutants attach through physical
adsorption or chemical interactions, posing health risks when
inhaled, ingested, or absorbed dermally. Their composition and
concentration are inuenced by factors such as human activity,
indoor materials, ventilation systems, and proximity to pollu-
tion sources.17 Once absorbed, pollutants may persist or
degrade more slowly in indoor settings compared to outdoor
environments.18 Consequently, indoor dust serves as a long-
term repository of contaminants, increasing human exposure
risks through air resuspension, ingestion, or dermal contact.19

Among indoor pollutants, PAHs are particularly notable due
to their ubiquity across environmental media—including air,
water, soil, sediment, vegetation, and dust—where they persist
as trace organic contaminants.20 Because of their persistence,
bioaccumulation potential, and carcinogenic and mutagenic
properties, PAHs are among the most extensively studied envi-
ronmental pollutants.4 Structurally, PAHs are hydrophobic
organic compounds composed of two or more fused aromatic
rings arranged linearly, angularly, or in clusters.21 They are
typically formed through incomplete combustion or high-
temperature pyrolysis of organic materials.22 PAH sources
include anthropogenic activities such as fossil fuel and wood
combustion, cooking, industrial operations, and engine
exhausts, as well as natural events like volcanic eruptions and
wildres.23 Their mobilization and environmental transport
1142 | Environ. Sci.: Adv., 2026, 5, 1141–1161
through human activities play key roles in their geochemical
cycling.4

In Nigeria's Niger Delta region, PAH contamination is
further exacerbated by oil and gas-related activities, particularly
illegal oil bunkering and non-standardized rening.24 These
activities release soot, which readily binds with indoor dust
particles. During combustion, PAHs preferentially adsorb onto
soot due to their hydrophobicity and strong affinity for carbo-
naceous materials.25 These PAH-soot complexes are transported
atmospherically and eventually deposited on indoor surfaces,
contributing to their persistence and potential for human
exposure. This interaction heightens health risks associated
with airborne pollutants.26 Although the general health effects
of PAHs are well documented—including endocrine disruption,
reproductive toxicity, developmental and neurological impair-
ments, asthma, skin allergies, and premature birth—there is
limited understanding of the specic risks posed by PAHs
bound to indoor dust particles, particularly under long-term
exposure or in combination with other indoor pollutants.27

Nonetheless, PAHs remain a signicant carcinogenic threat in
indoor settings, particularly for children.28 Given this, timely
and systematic evaluation of soot–dust interactions is critical.
Indoor dust serves as a key reservoir of chemical pollutants due
to its large surface area and ability to retain contaminants for
extended periods. This capacity is especially pronounced in
indoor environments, where dilution, leaching, and degrada-
tion processes are minimal.29 Thus, indoor dust acts as a vital
indicator of environmental contamination, offering valuable
insights into exposure levels, particularly in industrial or high-
risk communities.

Investigating PAHs in indoor dust and understanding both
their short- and long-term health implications has therefore
become imperative. The primary objectives of this study are: (i)
to determine, for the rst time, the levels of the 16 USEPA
priority PAHs in indoor dust from the Okerenkoko community;
(ii) to identify possible sources of these contaminants; and (iii)
to assess the associated health risks, including cancer and non-
cancer risks. This study hypothesizes that PAHs in the Oker-
enkoko community primarily originate from outdoor sources
and are introduced into indoor spaces through air exchange
processes.

2 Materials and methods
2.1 Study area and sampling

Okerenkoko lies along the Escravos Estuary in Warri South-
West Local Government Area of Delta State, Nigeria. It is
located at coordinates 5°3700.0600N, 5°23017.41200E and 5°
3806.13200N, 5°23045.73200E (Fig. 1). The area is a tidal at and
a transitional environment between the continent and the deep
marine zone. The main occupations of the indigenes include
shing, hunting, and lumbering. The Escravos Estuary is
a mangrove ecosystem that serves as a habitat for many aquatic
organisms, a breeding ground for seasonal migratory birds, and
a source of livelihood for community residents, particularly
shermen.30 The vegetation cover is mainly mangrove trees
present in and around the creeks. The mangroves function as
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Map of study area.
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offshore long-dri and wave-energy breakers, thereby protect-
ing the coastal environment and the communities within it
from ooding.

2.1.1 Sample collection. A total of een (15) indoor dust
composite samples were collected from randomly selected sites
across the Okerenkoko Community. At each sampling location,
composite dust samples were obtained by sweeping with
a polyethylene brush and parker from three to ve points,
including ceiling fans, furniture, and window edges. The brush-
and-parker method was chosen because of its efficiency in
removing both settled and stubborn particles without
damaging delicate surfaces. In addition, brushes require low
maintenance, are resistant to corrosion, and are easy to use.31

The geographic coordinates of each sampling point were
recorded using a Garmin eTrex 20 handheld receiver (Fig. 2). All
dust samples were stored in Ziploc plastic bags and transported
to Jacio Environmental Limited, Warri, Delta State, Nigeria, for
analysis.

2.1.2 Sample preparation. The dust samples were air-dried
in the laboratory for 10 days and then screened through a 125
mm nylon mesh sieve using a sieve shaker for two minutes to
remove small stones and oversized residues not needed for the
analysis of polycyclic aromatic hydrocarbons (PAHs). The sieve
was thoroughly cleaned to prevent contamination of subse-
quent samples, and the process was repeated until all the
samples were sieved. Aer pulverization, the samples were
further screened using a 100 mm mesh sieve to obtain smaller
© 2026 The Author(s). Published by the Royal Society of Chemistry
grain-sized particles before being subjected to PAH extraction
using gas chromatography.

2.1.3 Extraction and clean-up of PAHs in dust samples.
Five grams of pre-weighed dust samples were placed in solvent-
rinsed beakers, and 50 mL of an extraction solvent mixture was
added. The samples were sonicated in an ultrasonic bath for 10–
15 minutes at 35 °C and allowed to settle. Anhydrous sodium
sulfate (10 g) was then added to remove residual moisture and
obtain a clear extract. The clear extract was transferred into
a round-bottom ask, aer which another 50 mL of the solvent
mixture was added to the residue, sonicated, and allowed to
settle. The second extract was decanted and combined with the
rst in the same ask.

The combined extracts were concentrated, solvent-
exchanged into hexane, and further reduced to a volume of 1–
3 mL. Fractionation into the aromatic fraction was carried out
using silica gel cartridges or columns packed with 10 g of 100–
200 mesh silica gel, which had been pre-baked at 105 °C over-
night and conditioned with 10–20 mL of dichloromethane
immediately before use. The aromatic fractions were collected,
concentrated to a nal volume of 2 mL, and transferred into
clean vials. At this stage, the samples were ready for GC-MS
analysis of PAHs.
2.2 Instrumentation

The GC-MS method used for determining the concentrations of
16 priority polycyclic aromatic hydrocarbons (PAHs) in indoor
Environ. Sci.: Adv., 2026, 5, 1141–1161 | 1143
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Fig. 2 Compositional profiles of polycyclic aromatic hydrocarbons (PAHs) by ring number in indoor dust from Okerenkoko community.
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dust was validated in accordance with international guidelines.
The validation addressed calibration linearity, recovery, preci-
sion, and detection limits, with all results expressed in milli-
grams per kilogram (mg kg−1).

2.2.1 Calibration and linearity. Calibration curves were
constructed using seven PAH standard concentrations ranging
from 0.001 to 0.5 mg L−1. The correlation coefficients (R2) for all
analytes exceeded 0.995, and the relative standard deviations
(RSDs) of calibration responses were below 15%.

2.2.2 Recovery (accuracy). Accuracy was assessed using
spike-recovery experiments at low, medium, and high concen-
trations in pre-analyzed clean indoor dust. Mean recovery
values ranged from 76% to 108%, which fall within the
acceptable range of 70% to 120%.32,33

2.2.3 Precision (repeatability and reproducibility). Repeat-
ability and reproducibility were evaluated by analyzing replicate
spiked samples (n = 5) across different days. The RSD was
between 2.5% and 9.7% (intra-day) and 4.2% to 12.1% (inter-
day), within the acceptable thresholds of #20% and #25%,
respectively.

2.2.4 Detection and quantication limits. The method
achieved a limit of detection (LOD) of 0.001 mg kg−1 and a limit
of quantication (LOQ) between 0.003–0.005 mg kg−1. These
limits were based on signal-to-noise ratios of 3 : 1 (LOD) and
10 : 1 (LOQ).32,33
2.3 Gas chromatography analysis

Aer extraction, separation, identication, and quantication
of PAHs were performed using an Agilent 7890A gas chro-
matograph coupled with a 5975C mass selective detector (MSD)
(Agilent Technologies, CT, USA). The column employed was
1144 | Environ. Sci.: Adv., 2026, 5, 1141–1161
a DB-17 capillary column (30 m length × 0.25 mm internal
diameter × 0.25 mm lm thickness) (J&W Scientic, USA).
Helium was used as the carrier gas at a constant ow rate of 1.0
mL min−1.

The oven temperature was programmed as follows: initial
temperature of 50 °C held for 2 min, ramped to 150 °C at 15 °
C min−1, increased to 240 °C at 7 °C min−1, and nally raised to
280 °C at 4 °C min−1 and held. The MS detector was operated in
selected ion monitoring (SIM) mode. The ion source tempera-
ture was set at 230 °C, while the quadrupole and transfer line
temperatures were maintained at 150 °C and 280 °C,
respectively.

An aliquot of 1.0 mL of extract was injected into the GC in
splitless mode. Target PAHs were identied by comparing
retention times and characteristic ions with those of authentic
PAH standards, while quantication was performed using
calibration curves prepared from the standards.

2.3.1 Quality assurance and quality control (QA/QC). To
ensure accuracy and reliability, comprehensive QA/QC proce-
dures were implemented:32

� Internal standards: deuterated PAHs (naphthalene-d8,
phenanthrene-d10, chrysene-d12, and perylene-d12) were added
to each sample prior to extraction to correct for extraction effi-
ciency and instrumental variability.

� Calibration and secondary standards: multi-point calibra-
tion curves (ve levels) were prepared for all target PAHs, with R2

consistently >0.995. Independent secondary check standards,
prepared from separate stock solutions, were analyzed daily to
verify calibration accuracy. Instrument response deviations
remained within ±10%, consistent with USEPA criteria.

� Duplicate samples: at least 10% of the indoor dust samples
were analyzed in duplicate. The relative percent difference
© 2026 The Author(s). Published by the Royal Society of Chemistry
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(RPD) between duplicates was consistently <15%, indicating
good reproducibility.

� Spike recovery: matrix spikes and spiked blanks were
analyzed to evaluate recovery efficiency. Recoveries for target
PAHs ranged from 72% to 108%, within the acceptable QA/QC
limits (70–120%).

� Method detection limits (MDLs) and LOQs: MDLs were
determined as three times the standard deviation of seven
replicate low-level spiked samples, while LOQs were dened as
ten times the standard deviation. Values for each PAH are re-
ported in the results.

� Blanks and contamination control: laboratory reagent
blanks were processed with each sample batch to assess
contamination. No target PAHs were detected aboveMDL levels.

2.3.2 Polycyclic aromatic hydrocarbons (PAHs). A PAH mix
stock standard solution (0.2 mg mL−1; Catalog No. Z-014G, Lot
No. 216071386), containing 16 priority environmental PAHs,
was purchased from AccuStandard Inc. (New Haven, CT, USA)
and used to prepare calibration standards. Other materials and
reagents included HPLC-grade hexane, dichloromethane
(DCM), and acetone; anhydrous sodium sulfate;
chromatographic-grade silica gel; glass wool; Teon-lined
screw-cap vials; and granulated cylinders.
2.4 Source identication

Diagnostic ratios are among the most widely used approaches
for identifying emission sources of PAHs due to their
simplicity.34 Studies show that the relative concentrations of
PAHs with similar molecular weights and structures can effec-
tively indicate pollutant sources.35 Based on isomeric ratios,
ANT/(ANT + PHE) < 0.1 indicates petroleum sources, whereas
a ratio > 0.1 suggests combustion.36 Similarly, FLA/(FLA + PYR) <
0.4 points to petroleum, values between 0.4 and 0.5 suggest
liquid fossil-fuel combustion (e.g., engine exhausts and crude
oil), and ratios > 0.5 indicate coal, grass, or wood combustion.
2.5 Health risk assessment

The potential health impacts of exposure to PAHs in indoor dust
from the Okerenkoko community were systematically evaluated
using both carcinogenic and non-carcinogenic metrics. For
carcinogenic risk, three indices were applied: (1) the benzo(a)
pyrene equivalent concentration (BaPE), which quanties rela-
tive carcinogenic potency; (2) the total toxicity equivalence
(TEQ) derived from BaPE; and (3) the incremental lifetime
cancer risk (ILCR), which estimates the probability of devel-
oping cancer over a lifetime. Non-carcinogenic risks were eval-
uated by estimating the average daily dose (ADD) of exposure,
calculating the hazard quotient (HQ) for individual PAHs, and
deriving the hazard index (HI) to represent cumulative effects
from aggregated exposures.
ILCRdermal ¼
BaPðTEQÞ �

 
CSFdermal � 3

s

BW

© 2026 The Author(s). Published by the Royal Society of Chemistry
2.5.1 Benzo(a)pyrene equivalent carcinogenic power
(BaPE). The carcinogenic potential of individual PAHs in indoor
dust was assessed using the benzo(a)pyrene equivalent (BaPE)
metric, which expresses the relative toxicity of PAHs in terms of
BaP potency. The calculation followed established methodolo-
gies,37,38 based on the concentrations of key carcinogenic PAHs.
Specically, BaA refers to benzo(a)anthracene, BbF to benzo(b)
uoranthene, BkF to benzo(k)uoranthene, DahA to dibenzo(a,h)
anthracene, and IcdP to indeno(1,2,3-cd)pyrene. All concentra-
tions were expressed in milligrams per kilogram (mg kg−1) of
dust. The resulting BaPE values provide a quantitative estimate of
the carcinogenic risk posed by PAHs in indoor dust, highlighting
potential health concerns for residents of the studied community.

2.5.2 BaPE as toxic equivalence (TEQ). To evaluate the
cumulative carcinogenic burden, PAH concentrations in indoor
dust were converted into toxic equivalent values (TEQs) relative to
benzo(a)pyrene (BaP).39 This approach enables direct comparison
of the relative toxicity of different PAH compounds within
a standardized framework. TEQs were calculated using standard
toxic equivalence factors (TEFs) (Table 1).40,41 TEF values were
assigned as follows: 0.001 for uoranthene (Flt) and phenan-
threne (Phe); 0.01 for anthracene (Ant) and chrysene (Chr); 0.001
for pyrene (Pyr); 0.1 for benzo(a)anthracene (BaA), benzo(k)uo-
ranthene (BkF), benzo(b)uoranthene (BbF), and indeno(1,2,3-
cd)pyrene (IcdP); and 1 for both benzo(a)pyrene (BaP) and di-
benzo(a,h)anthracene (DahA).40 The concentration of each PAH
(Cn) was expressed in mg kg−1 of indoor dust.42,43 The BaP-TEQ
(mg km−3) was derived by multiplying each PAH concentration
by its respective TEF, representing cancer potency relative to
BaP.40 This method provides a robust and standardized measure
of the overall carcinogenic potency of the PAH mixture, facili-
tating meaningful risk comparisons across different sites.

BaPE = 0.06 × BaA + 0.07 × BbF + BkF

+ BaP + 0.6 × DahA + 0.08 × IcdP (1)

BaPeq(TEQ) = Cn × TEF (2)

ILCRingestion ¼

BaPðTEQÞ �
 
CSFingestion �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
BW

70

�
3

s !
� IRingestion � EF� ED

BW�AT� 106

(3)

ILCRinhalation ¼

BaPðTEQÞ �
 
CSFinhalation �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
BW

70

�
3

s !
� IRinhalation � EF� ED

BW�AT� PEF

(4)
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
BW

70

�!
� SA�AF�ABS� EF� ED

�AT� 106
(5)
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Table 1 TEF (toxic equivalency factor), concentration (mg kg−1), and BaP-equiv values for Indoor dust from Okerenkoko community

S/N PAH TEF

NMU A ZA A Okk A

Conc. (mg kg−1) BaPeq (mg kg−1) Conc. (mg kg−1) BaPeq (mg kg−1) Conc. (mg kg−1) BaPeq (mg kg−1)

1 Nap 0.001 0.004 0.000004 0.005 0.000005 0.003 0.000003
2 Acy 0.001 0.004 0.000004 0.006 0.000006 0.003 0.000003
3 Ace 0.001 0.003 0.000003 0.003 0.000003 0.003 0.000003
4 Fluo 0.001 0.003 0.000003 0.003 0.000003 0.002 0.000002
5 Ant 0.01 0.002 0.000020 0.003 0.000030 0.002 0.000020
6 Phen 0.001 0.004 0.000004 0.006 0.000006 0.005 0.000005
7 Flt 0.001 0.004 0.000004 0.005 0.000005 0.005 0.000005
8 Pyr 0.001 0.004 0.000004 0.005 0.000005 0.004 0.000004
9 BaA 0.1 0.006 0.000600 0.008 0.000800 0.009 0.000900
10 Chrys 0.01 0.005 0.000050 0.007 0.000070 0.007 0.000070
11 BbF 0.1 0.004 0.000400 0.007 0.000700 0.007 0.000700
12 BkF 0.1 0.004 0.000400 0.008 0.000800 0.006 0.000600
13 BaP 1.0 0.005 0.005000 0.006 0.006000 0.008 0.008000
14 IndP 1.0 0.005 0.005000 0.007 0.007000 0.006 0.006000
15 DahA 0.1 0.005 0.000500 0.007 0.000700 0.007 0.000700
16 BghiP 0.01 0.004 0.000040 0.006 0.000060 0.008 0.000080P

BaPeq 0.012036 0.016193 0.017095

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 5
/2

/2
02

6 
5:

06
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ILCRtotal = ILCRingestion + ILCRinhalation + ILCRdermal (6)

2.5.3 Non-carcinogenic risk assessment. Non-carcinogenic
risk assessment is a critical component of human health risk
evaluation, aimed at determining the likelihood of adverse
effects arising from exposure to chemical contaminants that do
not induce cancer. Unlike carcinogenic risk, which quanties
the probability of cancer development over a lifetime, non-
carcinogenic assessment focuses on the potential for other
toxicological outcomes, including organ-specic toxicity, neu-
rodevelopmental effects, and reproductive impairments.

(a) Average daily dose (ADD) is a central parameter in non-
cancer risk assessment, representing the estimated amount of
a contaminant an individual is exposed to per unit body weight
per day. It is calculated separately for different exposure routes,
ingestion, dermal contact, and inhalation, since each pathway
contributes uniquely to the total body burden of
contaminants.44,45

Ingestion:

ADDing ¼ ðC � IR� EF� EDÞ
ðBW�ATÞ (7)

Dermal contact:

ADDdermal ¼ ðC � SA�AF�ABS� EF� EDÞ
ðBW�ATÞ (8)

Inhalation:

ADDinh ¼ ðC � IRinh � EF� EDÞ
ðPEF� BW�ATÞ (9)

Non-cancer risk assessment of PAHs in indoor dust relies on
established exposure parameters that quantify human contact
1146 | Environ. Sci.: Adv., 2026, 5, 1141–1161
through ingestion, dermal contact, and inhalation (Table 2).
Risk characterization compares ADD values to the reference
dose (RfD, mg per kg per day) (Table 3). Hazard quotients (HQ)
are calculated as ADD/RfD, while the hazard index (HI) repre-
sents the sum of HQs across all pathways.46,47

(b) Hazard quotient (HQ): the hazard quotient (HQ) is a risk
assessment metric used to evaluate the potential non-
carcinogenic effects of a chemical substance. It is dened as
the ratio of the average daily dose (ADD) of a contaminant to its
reference dose (RfD). An HQ value less than 1 indicates an
insignicant risk, whereas values greater than 1 suggest a like-
lihood of adverse health effects due to excessive exposure.48 The
non-carcinogenic risk for each exposure pathway was calculated
using the following equation:

HQ ¼ ADD

RfD
(10)

(c) Hazard index (HI): the hazard index (HI) extends the HQ
approach by summing the HQ values of multiple chemicals or
multiple exposure pathways to assess cumulative non-
carcinogenic risk. An HI less than 1 implies that combined
exposures are unlikely to cause signicant health effects,
whereas an HI above 1 suggests possible health concerns,
especially for sensitive populations.49 The HI represents the
combined effect of all PAHs and exposure pathways:

HI ¼
X

HQi (11)
2.6 Threshold values for PAHs in indoor dust

Polycyclic aromatic hydrocarbons (PAHs) in indoor dust repre-
sent a signicant exposure pathway, especially for children.
Although specic indoor dust threshold values are limited,
WHO and USEPA soil- and air-based standards are commonly
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Exposure parameters applied in the estimation of incremental lifetime cancer risk (ILCR)

Exposure variable Denitions Unit Children Adolescents Adults Reference

Dust ingestion rate (IR) Average amount of soil/dust ingested
per day by an individual

mg per day 200 100 100 52 and 53

Exposure frequency (EF) Number of exposure events per year day per year 350 350 350 54 and 55
Exposure duration (ED) Total period over which exposure occurs year 6 14 30 55 and 56
Cancer slope factor
(CSFingestion)

Upper-bound estimate of increased
cancer risk from lifetime oral exposure

(per mg per kg per day) 7.3 7.3 7.3 57 and 58

Cancer slope factor
(CSFinhalation)

Upper-bound estimate of increased
cancer risk from lifetime inhalation
exposure

(per mg per kg per day) 3.85 3.85 3.85 57 and 58

Cancer slope factor
(CSFdermal)

Upper-bound estimate of increased
cancer risk from lifetime dermal
exposure

(per mg per kg per day) 25 25 25 57

Body weight (BW) Average body mass of an exposed
individual

kg 15 45 62 57 and 58

Average lifespan (AT) Averaging time used in risk calculations
(70 years × 365 days for carcinogenic
risk)

day 26 280 26 280 26 280 54 and 55

Particle emission
factor (PEF)

Factor estimating contaminant
concentrations in air from soil/dust
sources

m3 kg−1 1.36 × 109 1.36 × 109 1.36 × 109 57 and 58

Dermal exposure
area (SA)

Skin surface area in contact with soil/
dust

cm per day 2800 2800 5700 57 and 58

Skin adherence
factor (AF)

Mass of soil/dust adhering to skin per
unit area

mg cm−2 0.2 0.2 0.07 57 and 58

Dermal absorption
fraction (ABS)

Fraction of contaminant absorbed into
body aer dermal contact

Unitless 0.13 0.13 0.13 57 and 58

Inhalation rate
(IRinhalation)

Average volume of air breathed per
day by an individual

m per day 10.9 17.7 17.5 57 and 58
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referenced. Benzo[a]pyrene (BaP), a highly carcinogenic PAH,
has a WHO unit cancer risk of 8.7 × 10−5 per ng m−3

(z0.025 mg kg−1) and a USEPA residential soil screening level
(SSL) of 0.06 mg kg−1. Other carcinogenic PAHs are assessed
using Relative Potency Factors (RPFs) to calculate BaP equiva-
lents, with SSLs of 0.01–0.2 mg kg−1. Non-carcinogenic PAHs
Table 3 Reference dose (RfD) values for polycyclic aromatic hydrocarb

PAH
Ingestion RfD
(mg per kg per day)

Naphthalene (Nap) 0.04
Acenaphthene (Ace) 0.006
Acenaphthylene (Acy) 0.06
Fluorene (Flu) 0.04
Phenanthrene (Phen) 0.04
Anthracene (Ant) 0.3
Fluoranthene (Flt) 0.04
Pyrene (Pyr) 0.03
Benzo[a]anthracene (BaA) 0.03
Chrysene (Cry) 0.03
Benzo[b]uoranthene (BbF) 0.03
Benzo[k]uoranthene (BkF) 0.03
Benzo[a]pyrene (BaP) 0.03
Dibenzo[a,h]anthracene (DBA) 0.03
Indeno[1,2,3-cd]pyrene (IND) 0.03
Benzo[ghi]perylene (BghiP) 0.03

a ** Dermal and inhalation RfDs were not directly available from toxicolo
from oral RfD values. NA (not available): no RfD value has been establish

© 2026 The Author(s). Published by the Royal Society of Chemistry
have SSLs of ∼0.2 mg kg−1 and low RPFs (0.001–0.01), but still
contribute to total exposure.50,51

2.7 Method of statistical analysis

Descriptive statistics, including mean, standard deviation,
median, minimum, maximum, upper condence limit (UCL),
ons (PAHs)a

Dermal RfD (mg
per kg per day)

Inhalation RfD
(mg m−3)

0.02** 0.003
0.02** 0.88**
0.06** 0.88**
0.04** NA
NA NA
0.3** NA
0.04** 0.88**
0.03** 0.88**
0.03** 0.88**
0.03** 0.88**
0.03** 0.88**
0.03** 0.88**
0.03** 0.88**
0.03** 0.88**
0.03** 0.88**
0.03** 0.88**

gical studies; instead, they were derived by route-to-route extrapolation
ed for that exposure route.59,60
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and coefficient of variation (CV%), were used to characterize the
distribution of the data. All statistical analyses were performed
using Microso Excel and IBM SPSS Statistics 30. Data visuali-
zation were performed using Python 3.11 with custom scripts
executed in Google Colab.
3 Results and discussions

The concentrations of the 16 US EPA priority PAHs were deter-
mined in indoor dust samples collected from three designated
areas: NMU Campus/Lodge (NMU CL), Zion Residential Area
(ZA), and Okerenkoko II Area (OKK) within the Okerenkoko
Community. The results of the analysis are presented in Tables
3–8, Fig. 2 and 3. The minimum detection limit of the GC/MS
used in the analysis was 0.001 mg kg−1. Mean concentrations,
standard deviations, maximum and minimum values, upper
condence limits (UCL), and coefficients of variation (CV%)
were calculated for both individual PAHs and total PAH levels at
each location. In addition, composition proles, source appor-
tionment using diagnostic ratios, principal component analysis
(PCA), incremental lifetime cancer risk (ILCR), and non-cancer
risk (NCR) were evaluated to provide a comprehensive under-
standing of the sources, health risks, and potential impacts of
PAH contamination in these areas.
3.1 Concentrations of PAH in indoor dust from Okerenkoko
community

Polycyclic aromatic hydrocarbons (PAHs) in indoor dust are
widely recognized as indicators of environmental contamina-
tion and potential human exposure. The concentrations of
PAHs measured in indoor dust from the Okerenkoko Commu-
nity, as summarized in Table 4, exhibit distinct spatial and
molecular distribution patterns across the sampled locations:
Nigeria Maritime University Campus/Lodge (NMU CL), Zion
Residential Area (ZA), and Okerenkoko II Area (OKK).
Table 4 Concentration of PAH (mg kg−1) in indoor dust from Okerenko

Locations NMU campus/lodge (NMU CL) Zion residentia

Component L1 L2 L3 L4 L5 L6 L7

Nap 0.0034 0.0042 0.0031 0.0043 0.0032 0.0028 0.0075
Acy 0.0061 0.0026 0.002 0.002 0.0065 0.006 0.0054
Ace 0.0024 0.0021 0.0023 0.0033 0.0026 0.0029 0.0024
Fluo 0.003 0.0032 0.0016 0.0034 0.0023 0.003 0.0025
Ant 0.003 0.0026 0.0016 0.0029 0.0023 0.0053 0.0014
Phen 0.0028 0.0029 0.0055 0.0042 0.0048 0.0071 0.0018
Flt 0.0013 0.004 0.0067 0.0041 0.0033 0.0075 0.0041
Pyr 0.0023 0.004 0.0041 0.0031 0.0042 0.0055 0.0062
BaA 0.0081 0.0038 0.0056 0.0052 0.0059 0.0072 0.0084
Chrys 0.0031 0.0042 0.0043 0.0062 0.0052 0.0066 0.0085
BbF 0.0021 0.0076 0.0066 0.0038 0.0021 0.0075 0.0074
BkF 0.0029 0.0034 0.0036 0.0031 0.0049 0.0068 0.0088
BaP 0.0034 0.0043 0.0068 0.006 0.0026 0.0071 0.0054
IndP 0.0032 0.0036 0.0099 0.0032 0.0062 0.0088 0.0084
DahA 0.0035 0.0052 0.0057 0.0067 0.0046 0.0059 0.0061
BghiP 0.004 0.0037 0.0036 0.005 0.006 0.0078 0.0054P

PAHs 0.0546 0.0614 0.073 0.0665 0.0667 0.0978 0.0897

1148 | Environ. Sci.: Adv., 2026, 5, 1141–1161
Total PAH concentrations (
P

PAHs) ranged from 0.0546 mg
kg−1 (L1, NMU CL) to 0.1005 mg kg−1 (L8, ZA), demonstrating
considerable spatial variability, with the highest burdens
consistently observed in residential and community areas (ZA
and OKK). This variability likely reects localized anthropo-
genic activities, including small-scale diesel generator use,
engine-powered boats, domestic cooking with kerosene and
rewood, biomass combustion, and informal artisanal
rening—activities that are characteristic of the Niger Delta
environment.61

Analysis of individual PAH compounds showed that low-
molecular-weight (LMW) congeners—naphthalene (Nap:
0.0024–0.0075 mg kg−1), acenaphthylene (Acy: 0.0016–
0.0074 mg kg−1), and acenaphthene (Ace: 0.0018–0.0057 mg
kg−1)—were generally detected at lower concentrations
compared to higher-molecular-weight species. This is consis-
tent with the physicochemical properties of LMW PAHs, which
have higher vapor pressures that promote volatilization and
atmospheric degradation, thereby reducing their persistence in
settled dust.63,64

In contrast, 4- to 6-ring PAHs—including benzo[a]anthra-
cene (BaA: 0.0038–0.0098 mg kg−1), chrysene (Chrys: 0.0027–
0.0096 mg kg−1), benzo[b]uoranthene (BbF: 0.0021–0.0087 mg
kg−1), benzo[k]uoranthene (BkF: 0.0029–0.0099 mg kg−1), and
benzo[a]pyrene (BaP: 0.0026–0.0098 mg kg−1)—exhibited
higher mean concentrations and predominated across all
sampling sites. These compounds are characteristic of pyro-
genic combustion sources such as fossil fuel burning, residen-
tial biomass use, and vehicular emissions.62

Indeno[1,2,3-cd]pyrene (IndP), a 6-ring PAH commonly used
as a molecular marker for diesel and vehicular emissions, di-
splayed notable variability, ranging from 0.0013 to 0.0099 mg
kg−1. Although the highest single value was observed in NMU
CL (L3: 0.0099 mg kg−1), IndP generally showed elevated
concentrations in ZA and OKK, consistent with localized inputs
from residential diesel generators and motorized boats.65–67
ko community

l area (ZA) Okerenkoko II area (Okk)

L8 L9 L10 L11 L12 L13 L14 L15

0.0046 0.006 0.0057 0.0037 0.0036 0.0031 0.0024 0.0027
0.0074 0.0049 0.0052 0.0027 0.0036 0.0027 0.0038 0.0016
0.0029 0.0027 0.002 0.0057 0.003 0.0025 0.0033 0.0018
0.0035 0.0028 0.0028 0.0018 0.0019 0.0015 0.0016 0.0012
0.0026 0.0035 0.0027 0.0026 0.0023 0.0025 0.0022 0.0018
0.0072 0.0068 0.0088 0.0023 0.0043 0.0051 0.0069 0.0047
0.0067 0.0035 0.005 0.0063 0.0042 0.0022 0.0065 0.0038
0.0036 0.004 0.0032 0.0028 0.0052 0.0032 0.0059 0.0018
0.0092 0.007 0.0083 0.0098 0.0085 0.0095 0.0092 0.0082
0.0071 0.0096 0.0027 0.0028 0.0072 0.009 0.0087 0.007
0.0081 0.0048 0.0084 0.0043 0.0087 0.0067 0.0087 0.0072
0.0097 0.0096 0.0074 0.0065 0.006 0.0099 0.0043 0.0047
0.0071 0.0051 0.0042 0.0091 0.0078 0.0086 0.0098 0.0068
0.0069 0.0038 0.0094 0.0037 0.0087 0.0064 0.0013 0.0083
0.0061 0.0054 0.0094 0.0077 0.0083 0.0079 0.0065 0.0045
0.0078 0.0054 0.0044 0.0054 0.0094 0.0079 0.0087 0.0071
0.1005 0.0849 0.0896 0.0772 0.0927 0.0887 0.0898 0.0732

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Summary statistics of PAHs concentrations (mg kg−1) in indoor dust from Okerenkoko community

Component Mean Standard deviation Median
Minimum
(min)

Maximum
(Max)

(Upper condence
limit) (UCL)

CV% (coefficient
of variation)

Nap 0.0040 0.0014 0.0036 0.0024 0.0075 0.0064 35.29%
Acy 0.0042 0.0019 0.0038 0.0016 0.0074 0.0073 45.04%
Ace 0.0028 0.0009 0.0026 0.0018 0.0057 0.0043 32.88%
Fluo 0.0024 0.0008 0.0025 0.0012 0.0035 0.0037 31.51%
Ant 0.0026 0.0009 0.0026 0.0014 0.0053 0.0041 35.02%
Phen 0.0050 0.0021 0.0048 0.0018 0.0088 0.0084 40.89%
Flt 0.0046 0.0018 0.0041 0.0013 0.0075 0.0076 38.90%
Pyr 0.0039 0.0013 0.0040 0.0018 0.0062 0.0061 32.92%
BaA 0.0076 0.0018 0.0082 0.0038 0.0098 0.0105 23.28%
Chrys 0.0061 0.0023 0.0066 0.0027 0.0096 0.0100 37.79%
BbF 0.0063 0.0023 0.0072 0.0021 0.0087 0.0100 36.27%
BkF 0.0061 0.0025 0.0060 0.0029 0.0099 0.0102 41.22%
BaP 0.0063 0.0021 0.0068 0.0026 0.0098 0.0097 33.61%
IndP 0.0061 0.0028 0.0064 0.0013 0.0099 0.0107 45.26%
DahA 0.0062 0.0016 0.0061 0.0035 0.0094 0.0088 25.31%
BghiP 0.0061 0.0019 0.0054 0.0036 0.0094 0.0092 30.84%P

PAHs 0.0804 0.0140 0.0849 0.0546 0.1005 0.1034 17.37

Ring type
2-Ring 0.0040 0.0014 0.0036 0.0024 0.0075 0.0064 35.29%
3-Ring 0.0170 0.0040 0.0158 0.0111 0.0243 0.0236 23.62
4-Ring 0.0223 0.0045 0.0217 0.0148 0.0303 0.0296 20.01
5-Ring 0.0249 0.0062 0.0273 0.0119 0.0331 0.0351 24.93
6-Ring 0.0122 0.0035 0.0135 0.0072 0.0181 0.0180 28.53P

PAHs 0.0804 0.0140 0.0849 0.0546 0.1005 0.1034 17.37
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The overall distribution of PAHs was skewed toward 4- and 5-
ring congeners, which collectively accounted for more than 50%
of
P

PAHs, conrming the dominance of pyrogenic sources.
High-molecular-weight (HMW) species, including IndP and di-
benz[a,h]anthracene (DahA: 0.0035–0.0094 mg kg−1), were also
abundant, reecting their persistence in the environment due
to low volatility and strong particle-binding affinities. Given
their well-documented carcinogenic and mutagenic properties,
the prevalence of these HMW PAHs in indoor dust highlights
the need for careful assessment of human health risks, partic-
ularly for vulnerable populations with prolonged indoor expo-
sure, such as children and the elderly.68

The summary statistics presented in Table 5 provide
a comprehensive overview of PAH concentrations in indoor dust
Table 6 Reported concentrations of PAHs in indoor dust and related en

S/N Location Concentra

1 Okerenkoko community 0.0546–1.0
2 Residential dust, Osogbo metropolis, Nigeria 0.000023–0
3 Port Harcourt city, Nigeria 0.276–9.13
4 Croatia 0.0929–1.5
5 Rural areas, Chiang mai Province, Thailand 0.2701–45.
6 Greater Cairo, Egypt RH: 0.268;
7 Shanghai Universities, China Lecture the

Dining hal
8 Electronic repair workshops, southern Nigeria 0.205–2.96
9 Universities, Wuhan, China Libraries: 2

Dormitorie
10 Changchun city, Northeast China 0.314–17.4

© 2026 The Author(s). Published by the Royal Society of Chemistry
from Okerenkoko. The mean
P

PAHs was 0.0804 mg kg−1, with
a coefficient of variation (CV) of 17.37%, indicating moderate
variability across the sampled sites. Distribution by molecular
ring type revealed that 5-ring (0.0249 mg kg−1, CV = 24.93%), 4-
ring (0.0223 mg kg−1, CV = 20.01%), and 3-ring (0.0170 mg
kg−1, CV = 23.62%) PAHs dominated the overall burden,
reecting the inuence of localized pyrogenic activities such as
diesel and petrol generator emissions, biomass burning,
domestic rewood cooking, and vehicular exhausts. In contrast,
2-ring PAHs were present at much lower concentrations (mean
= 0.0040 mg kg−1, CV = 35.29%), consistent with their higher
volatility and lower environmental persistence. Six-ring PAHs
also contributed substantially (mean = 0.0122 mg kg−1, CV =

28.53%), underscoring the persistence of HMW compounds
vironments across different regions

tion range (mg kg−1) Mean/median (mg kg−1) Reference

05 0.0804 Present study
.02603 — 69

— 70
041 0.4668 77
3868 3.9424 � 8.1751 73
GCH: 3.125 — 72
atres: 9.84–21.44 — 74
ls: 9.63–44.13
3 — 71
.45–13.4 Libraries: 5.06 75
s: 2.61–10.6 Dormitories: 5.19
18 1.4452 76
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Table 7 Diagnostic ratios of PAHs in indoor dust and their probable sources across Okerenkoko community

Location Ant/(Ant + Phe) Flt/(Flt + Pyr) BaA/(BaA + Chr) IP/(IP + BghiP) LMW/HMW Likely source

NMU CL 0.380 (>0.1) 0.523 (>0.5) 0.554 (>0.35) 0.539 (>0.5) 0.706 (<1) Pyrogenic, mainly biomass/coal
combustion

ZA 0.328 (>0.1) 0.544 (>0.5) 0.538 (>0.35) 0.548 (>0.5) 0.634 (<1) Pyrogenic, biomass/coal combustion
OKK 0.329 (>0.1) 0.549 (>0.5) 0.566 (>0.35) 0.425 (0.2–0.5) 0.450 (<1) Mixed pyrogenic, with petroleum

combustion inuence

Table 8 Incremental lifetime cancer risk (ILCR) of PAHs via ingestion, inhalation, and dermal contact using BaP-equivalent concentrations for
different age groups in Okerenkoko community

Location Population ILCR_ing ILCR_dermal ILCR_inh ILCR_total

NMU a Children 5.61 × 10−8 6.99 × 10−8 1.19 × 10−12 1.26 × 10−7

Adolescents 3.00 × 10−8 7.48 × 10−8 2.06 × 10−12 1.05 × 10−7

Adults 4.92 × 10−8 8.72 × 10−8 3.34 × 10−12 1.36 × 10−7

ZA a Children 7.52 × 10−8 9.11 × 10−8 1.53 × 10−12 1.66 × 10−7

Adolescents 4.03 × 10−8 9.73 × 10−8 3.23 × 10−12 1.38 × 10−7

Adults 6.58 × 10−8 1.14 × 10−7 5.12 × 10−12 1.80 × 10−7

Okk A Children 7.93 × 10−8 9.60 × 10−8 1.67 × 10−12 1.75 × 10−7

Adolescents 4.25 × 10−8 1.03 × 10−7 3.55 × 10−12 1.46 × 10−7

Adults 6.93 × 10−8 1.21 × 10−7 5.46 × 10−12 1.90 × 10−7
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with strong particle-binding affinity and resistance to atmo-
spheric degradation.

Overall, the predominance of 4- and 5-ring PAHs, together
with the presence of HMW species such as BaP (mean =

0.0063 mg kg−1), IndP (mean = 0.0061 mg kg−1), and DahA
(mean = 0.0062 mg kg−1), raises signicant environmental
health concerns. While LMW PAHs are less potent in terms of
carcinogenicity, HMW congeners such as BaP, IndP, and DahA
are widely recognized as mutagenic and carcinogenic.68 Their
accumulation in indoor dust underscores the importance of
assessing human health risks, especially for sensitive pop-
ulations like children and the elderly, who spend extended
periods indoors and are more susceptible to ingestion or
inhalation of contaminated dust particles.

3.1.1 Comparative PAH concentrations in indoor dust. The
reported concentrations of polycyclic aromatic hydrocarbons
(PAHs) in dust across the surveyed studies demonstrate
considerable geographical and contextual variation, largely
reecting differences in industrialization, patterns of energy
use, occupational practices, and environmental management
(Table 6). PAH concentrations in indoor dust across the three
sampling sites—NMU Campus/Lodge, Zion Residential Area,
and Okerenkoko II Area—ranged from 0.0546 mg kg−1 at NMU
Campus/Lodge to 0.1005 mg kg−1 at Zion Residential Area.
These ndings indicate moderate contamination levels, with
the highest burdens observed in the residential area.

The observed spatial variability in PAH distribution is likely
driven by localized anthropogenic activities, including emis-
sions from biomass burning, domestic cooking with rewood,
and sh-drying operations, which are prevalent in the Zion area
of the Okerenkoko Community. These activities contribute to
both low- and high-molecular-weight PAHs, thereby shaping the
overall contamination prole. The measured concentrations in
this study are notably higher than those previously reported in
1150 | Environ. Sci.: Adv., 2026, 5, 1141–1161
Osogbo Metropolis,69 where PAH levels ranged from 0.000023 to
0.02603 mg kg−1, reecting the inuence of intensied local
combustion and industrial activities in Okerenkoko. The
comparatively low levels in Osogbo are likely a reection of its
limited industrial activity and reduced traffic-related emissions.

By contrast, dust samples from Port Harcourt City contained
substantially higher concentrations, ranging from 0.276 to
9.13 mg kg−1.70 As Port Harcourt is a hub for petroleum rening
and related industrial activities, its higher PAH burden can be
attributed to emissions from gas aring, oil combustion, and
heavy vehicular traffic. Occupational environments such as
electronic repair workshops in southern Nigeria have also been
reported to exhibit elevated levels, ranging from 0.205 to
2.963 mg kg−1.71 The presence of soldering, circuit board
burning, and frequent use of petroleum-based lubricants in
these workshops likely explains the higher accumulation of
PAHs in indoor dust.

The Nigerian data reveal a clear gradient in indoor dust PAH
concentrations, with the lowest levels observed in residential
Osogbo, moderate levels in institutional environments such as
NMU, and signicantly higher concentrations in industrialized
or occupational settings such as Port Harcourt and electronic
workshops. This national pattern provides a useful benchmark
for situating the Okerenkoko Community ndings within
a broader environmental context. For instance, dust from
Greater Cairo in Egypt exhibited concentrations between 0.268
and 3.125 mg kg−1,72 overlapping with levels observed in Port
Harcourt and electronic repair workshops, yet remaining
considerably higher than those in Osogbo and NMU. The
elevated values in Cairo are likely driven by dense traffic,
widespread residential combustion, and common smoking
practices.

In Asia, PAH concentrations in indoor dust show even
greater variability and higher magnitudes. In rural Chiang Mai
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Multivariate aanalysis of indoor dust PAH profiles: principal component analysis, Scree Plot, and PC1–PC2 loadings”.
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Province, Thailand, concentrations ranged from 0.2701 to
45.3868 mg kg−1, with a mean of 3.9424 ± 8.1751 mg kg−1,73

reecting the widespread use of biomass fuel and the open
burning of agricultural residues. Similarly, indoor dust in
Shanghai universities ranged from 9.84 to 21.44 mg kg−1 in
lecture theatres and 9.63 to 44.13 mg kg−1 in dining halls,74

while Wuhan universities reported values between 2.45 and
13.4 mg kg−1 in libraries and 2.61 to 10.6 mg kg−1 in dormi-
tories.75 These elevated levels underscore the inuence of urban
traffic, coal combustion, and dense indoor human activities in
Chinese campuses. Even in Changchun City, Northeast China,
road dust concentrations of 0.314 to 17.418 mg kg−1 (mean
1.4452 mg kg−1) were recorded,76 reecting vehicular emissions
and coal-based energy use, though lower than those in
Shanghai or Wuhan.

In contrast, European sites such as Croatia exhibited
moderate PAH levels ranging from 0.0929 to 1.5041 mg kg−1,
with a median of 0.4668 mg kg−1.77 These concentrations, while
higher than those in Osogbo, remainmarkedly lower than Asian
urban and Nigerian industrial settings, likely due to stricter
environmental regulations, cleaner fuel usage, and effective
waste management practices.
© 2026 The Author(s). Published by the Royal Society of Chemistry
When compared holistically, these studies reveal distinct
global patterns. The lowest concentrations are observed in
Osogbo, Nigeria, reecting minimal industrial inuence, while
moderate concentrations appear in NMU, Cairo, and Croatia,
where urbanization contributes to pollution but industrial
intensity remains relatively low. Higher levels are consistently
recorded in Port Harcourt, Nigerian workshops, Wuhan, and
Changchun, indicative of strong industrial and vehicular
contributions. Extremely high concentrations are reported in
Chiang Mai, due to biomass burning, and in Shanghai, where
urban-industrial emissions combine with intensive indoor
human activities.

These ndings underscore that regional industrialization,
fuel use, and patterns of human activity are the dominant
determinants of PAH accumulation in dust. Overall, African
environments generally exhibit moderate contamination, with
hotspots linked to petroleum industries and occupational
activities; Asian sites, particularly in China and Thailand,
demonstrate substantially higher burdens; and European loca-
tions record the lowest levels, highlighting the effectiveness of
environmental regulations and cleaner energy transitions.
Environ. Sci.: Adv., 2026, 5, 1141–1161 | 1151
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3.2 Composition prole of PAHs from Okerenkoko
community

The compositional distribution of PAHs in indoor dust provides
critical insights into their potential sources and environmental
persistence. Low-molecular-weight (LMW) compounds (2–3
rings) are generally linked to petrogenic inputs and exhibit
higher volatility, whereas high-molecular-weight (HMW)
species (4–6 rings) are typically associated with pyrogenic
combustion processes and tend to be more resistant to
degradation.

The compositional proles across the study locations
revealed distinct variations in the relative dominance of
different ring groups (Fig. 2). Overall, 3-ring PAHs were the most
abundant, accounting for an average of 38.7% of

P
PAHs across

all sites. This was followed by 4-ring compounds (26.4%) and 5-
ring species (18.2%). The 2-ring group contributed moderately
(12.1%), while 6-ring PAHs were the least abundant, comprising
only 4.6% of the total.

At the site level, NMU Campus/Lodge (NMU CL) samples
showed enrichment in 3-ring PAHs (41.3%) and 4-ring PAHs
(27.6%), consistent with petrogenic inputs from localized fuel
use and oil residues. Zion Residential Area (ZA) exhibited
a similar dominance of 3-ring PAHs (39.8%) but with relatively
higher contributions from 5-ring PAHs (20.5%), suggesting
stronger pyrogenic inputs, likely from biomass combustion
linked to domestic activities. Okerenkoko II Area (OKK) di-
splayed a more balanced prole, with 3-ring PAHs at 35.1% and
4-ring PAHs at 24.7%, but also elevated 2-ring contributions
(15.8%), indicative of fresh petroleum contamination.

When pooled together, LMW PAHs (2–3 rings) represented
50.8% of

P
PAHs, while HMW PAHs (4–6 rings) accounted for

49.2%, reecting a near-equal split. This balance highlights
a mixed pyrogenic–petrogenic origin of PAHs in the study area:
LMW compounds are typically derived from crude oil inputs
and volatilization, whereas HMW species are characteristic of
incomplete combustion.78 The dominance of 3-ring PAHs is
ecologically signicant, as their higher solubility and mobility
increase the risk of groundwater contamination and human
exposure. Conversely, although 5- and 6-ring PAHs occurred in
lower concentrations, their high carcinogenicity and persis-
tence pose substantial long-term risks.79

These ndings are consistent with earlier reports from the
Niger Delta, where both petroleum activities and combustion
sources were shown to contribute synergistically to PAH
contamination.80 The observed dominance followed the order: 3
R > 4 R > 5 R > 2 R > 6 R, with LMW and HMW fractions
contributing almost equally to the overall burden. This duality
reinforces evidence for mixed-source PAH pollution in the study
environment and underscores the complexity of source appor-
tionment in petroleum-impacted Niger Delta ecosystems.81
3.3 Diagnostic ratios of PAHs in indoor dust and their
probable sources

The use of diagnostic ratios of specic PAH isomers is a well-
established approach for distinguishing between petrogenic
and pyrogenic sources of contamination. These ratios exploit
1152 | Environ. Sci.: Adv., 2026, 5, 1141–1161
the relative stability and emission characteristics of certain PAH
pairs, enabling effective source apportionment in complex
environmental matrices such as dust. Ratios including Ant/(Ant
+ Phe), Flt/(Flt + Pyr), BaA/(BaA + Chr), and IP/(IP + BghiP) are
particularly informative, as they differentiate petroleum-related
inputs (e.g., crude oil, rened fuels) from combustion-derived
emissions (e.g., biomass, coal, and petroleum combustion).

The diagnostic ratios across the three study locations
provided valuable insights into the potential sources of PAHs.
At the NMU site, the Ant/(Ant + Phe) ratio was 0.380, exceeding
the diagnostic threshold of 0.1, thereby indicating a pyrogenic
origin.82 Similarly, the Flt/(Flt + Pyr) ratio of 0.523, which is
greater than 0.5, points to biomass and coal combustion rather
than petroleum-related inputs.83 The BaA/(BaA + Chr) ratio
(0.554) also exceeded the 0.35 threshold, reinforcing the pyro-
genic classication.60 Additionally, the IP/(IP + BghiP) ratio of
0.539, above 0.5, further indicated coal and biomass combus-
tion as dominant sources.84 The LMW/HMW ratio of 0.706 (<1)
demonstrated a higher proportion of high-molecular-weight
PAHs, consistent with combustion-derived origins.85 Collec-
tively, these indices suggest that the NMU site is heavily inu-
enced by pyrogenic inputs, particularly from biomass and coal
combustion.

At the ZA site, similar patterns were observed. The Ant/(Ant +
Phe) ratio was 0.328, again exceeding 0.1, while the Flt/(Flt + Pyr)
ratio of 0.544 conrmed a predominance of biomass and coal
combustion. The BaA/(BaA + Chr) ratio (0.538) and IP/(IP +
BghiP) ratio (0.548) both exceeded their diagnostic thresholds,
indicating strong contributions from pyrogenic processes,
especially coal and wood burning.86 The LMW/HMW ratio of
0.634 (<1) further reected the predominance of high-
molecular-weight PAHs typically formed during incomplete
combustion. Taken together, these indices conrm that the ZA
site is also primarily inuenced by pyrogenic sources.

In contrast, the Okerenkoko II (OKK) site exhibited a more
complex PAH prole. The Ant/(Ant + Phe) ratio of 0.329 and the
Flt/(Flt + Pyr) ratio of 0.549 suggest predominantly pyrogenic
origins. However, the IP/(IP + BghiP) ratio of 0.425, which falls
between 0.2 and 0.5, indicates mixed contributions from
petroleum combustion in addition to biomass and coal
combustion.87 The BaA/(BaA + Chr) ratio of 0.566 reinforces the
pyrogenic inuence, while the LMW/HMW ratio of 0.450 (<1)
underscores the dominance of high-molecular-weight PAHs
originating from combustion. The intermediate IP/(IP + BghiP)
value suggests multiple anthropogenic inputs, including
vehicular emissions, petroleum-related activities, and biomass
burning, shaping the PAH prole at this site.88

The diagnostic ratios clearly demonstrate that the NMU and
ZA sites are dominated by pyrogenic PAHs, primarily from
biomass and coal combustion. In contrast, the OKK site reveals
mixed input patterns, with petroleum combustion contributing
alongside pyrogenic sources. This variability highlights the
localized differences in PAH inputs across the study areas, likely
reecting variations in human activities and energy use. These
ndings are consistent with observations from other urban and
peri-urban areas in Nigeria and beyond, where diagnostic ratios
© 2026 The Author(s). Published by the Royal Society of Chemistry
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commonly reveal mixed inuences from biomass, coal, and
petroleum combustion.89
3.4 Principal component analysis (PCA) of PAHs in indoor
dust

Principal component analysis (PCA) is a multivariate statistical
technique widely applied in environmental studies to identify
patterns, reduce data complexity, and infer potential sources of
contaminants. By transforming correlated variables into
a smaller set of uncorrelated principal components, PCA high-
lights the main factors inuencing the distribution of pollut-
ants such as polycyclic aromatic hydrocarbons (PAHs) in indoor
dust. This approach facilitates the identication of dominant
PAH groups, their co-occurrence patterns, and underlying
source contributions, thereby providing a robust framework for
interpreting complex environmental datasets.

The PCA results are presented in three panels: a biplot,
a scree plot, and a loading plot for the rst two principal
components (PC1 and PC2), derived from PAH concentrations
in indoor dust samples (Fig. 3). The PCA biplot (top le) illus-
trates the multivariate relationships between the 15 PAH
congeners and the sampled sites within the coordinate space
dened by PC1 and PC2. PC1 accounted for 26.2% of the total
variance, representing the primary axis of variation in PAH
composition across all samples. Vector orientations show the
magnitude and direction of each PAH's contribution to the
components. High-molecular-weight PAHs, including BaP, BbF,
BkF, BaA, and DahA, clustered along PC1, suggesting co-
variation and a shared pyrogenic origin. In contrast, low-
molecular-weight PAHs such as Nap and Acy were oriented
orthogonally, indicating independent variation and potential
differentiation in source or environmental behavior. The spatial
distribution of sampling sites revealed clustering patterns,
indicating that subsets of locations shared similar PAH proles,
likely reecting localized contamination sources or site-specic
processes.90

The scree plot (top right) illustrates the proportion of vari-
ance explained by each principal component. PC1 and PC2
together accounted for a substantial fraction of the total vari-
ance, while the cumulative variance plateaued around PC6–
PC7. This indicates that the major variability in PAH concen-
trations can be explained by the rst few components, consis-
tent with the inuence of a limited number of dominant
sources. The gradual decline in variance beyond PC1 further
suggests contributions from multiple, overlapping inputs,
including biomass combustion, petroleum-related combustion,
and indoor activities.91

The loading plot (bottom panel) quanties the contribution
of each PAH to PC1 (blue bars) and PC2 (orange bars). High
absolute loadings reect strong inuence on the respective
principal component. PC1 was characterized by strong negative
loadings of high-molecular-weight PAHs (BaP, BkF, BbF, BaA,
DahA), consistent with a pyrogenic source signature. In
contrast, PC2 was dominated by Ace, Fluo, and Bap, suggesting
variability independent of PC1 and potentially reecting pet-
rogenic contributions or low-molecular-weight PAH sources.23
© 2026 The Author(s). Published by the Royal Society of Chemistry
The PCA demonstrates that PAH contamination in indoor dust
is governed by multiple distinct sources. High-molecular-weight
PAHs are likely derived from combustion processes such as
biomass burning and petroleum combustion, whereas low-
molecular-weight PAHs exhibit independent patterns indica-
tive of volatilization dynamics or indoor emissions. Clustering
of sample points further underscores site-specic differences in
PAH composition, which may guide targeted mitigation strate-
gies. These ndings are consistent with previous studies that
have applied PCA to discriminate PAH sources in environ-
mental matrices, reinforcing the utility of multivariate statis-
tical approaches in exposure assessment.92,93
3.5 Health risk assessment

Health risk assessment of polycyclic aromatic hydrocarbons
(PAHs) in indoor dust evaluates the potential adverse effects on
human health resulting from exposure. Two key metrics are
commonly employed: the Incremental Lifetime Cancer Risk
(ILCR), which estimates the probability of developing cancer
over a lifetime due to exposure, and the Non-Cancer Risk (NCR),
which assesses the likelihood of experiencing other toxic
effects, such as liver or kidney damage, developmental impair-
ments, or respiratory irritation. These assessments integrate
exposure pathways including ingestion, inhalation, and dermal
contact, providing a quantitative framework for evaluating the
signicance of PAH contamination in indoor environments.

3.5.1 Incremental lifetime cancer risk assessment. This
study assessed the Incremental Lifetime Cancer Risk (ILCR)
associated with exposure to polycyclic aromatic hydrocarbons
(PAHs) in indoor dust from the Okerenkoko community in the
Niger Delta. The results reveal demographic and spatial varia-
tions, with adults now exhibiting the highest ILCRs, followed by
children and adolescents. Specically, children's ILCR values
ranged from 1.26 × 10−7 at NMU, peaking at 1.75 × 10−7 in
Okerenkoko (OKK), and 1.66 × 10−7 in the Zion Area (ZA).
Adolescents displayed comparatively lower ILCRs (1.05 × 10−7

at NMU, 1.38 × 10−7 at ZA, and 1.46 × 10−7 at OKK), whereas
adults recorded the highest values (1.36 × 10−7 at NMU, 1.80 ×

10−7 at ZA, and 1.90 × 10−7 at OKK). This age-dependent
pattern suggest that adults' cumulative exposure, possibly
linked to longer residence times, occupational activities, and
greater dermal contact with household dust, may elevate their
ILCR relative to younger groups. Children, however, remain
a vulnerable demographic due to their hand-to-mouth behavior
and higher ingestion rates per unit body weight.94,95

Across all age groups and study locations, dermal contact
emerged as a more signicant pathway than previously
observed, contributing nearly half of the total ILCR in some
cases. For example, children at OKK recorded ingestion ILCRs
of 7.93 × 10−8 and dermal ILCRs of 9.60 × 10−8, together
accounting for nearly the entire total risk (1.75 × 10−7). Inha-
lation remained negligible across all groups (#10−12). This
underscores the importance of dermal exposure in environ-
ments with high dust deposition, where PAHs strongly bind to
particles and persist on indoor surfaces.96
Environ. Sci.: Adv., 2026, 5, 1141–1161 | 1153
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These ndings align with other studies assessing PAH
exposure through household dust. In Serbia, children's ILCR
values reached ∼3.88 × 10−4 and adults ∼3.73 × 10−4, with
ingestion and dermal contact identied as dominant path-
ways.97 In Lahore, Pakistan, both children and adults experi-
encedmoderate to high ILCRs due to dust contaminated by coal
and biomass combustion, primarily through ingestion and
dermal contact.98 Specically, ILCR values for children ranged
from 9.16 × 10−3 to 9.61 × 10−2, while for adults they ranged
from 1.38 × 10−2 to 1.45 × 10−1, depending on season and
exposure medium. These values signicantly exceed the
acceptable risk threshold of 1 × 10−6 set by the U.S. Environ-
mental Protection Agency, indicating substantial cancer risk
associated with chronic exposure.

Similarly, in Awka, Eastern Nigeria, children's total ILCRs
from roadside dust exposure reached 9.24 × 10−7, while adult
ILCRs in high-exposure areas were∼8.17 × 10−7, with ingestion
and dermal contact being the key exposure routes.99 Spatial
variations were also observed in Okerenkoko, with ILCRs being
highest in ZA and OKK compared to NMU. This pattern reects
localized emission sources, including domestic combustion,
oil-related activities, and traffic emissions, which are more
prevalent in these areas. NMU, a comparatively less exposed
area, recorded lower ILCR values, illustrating the inuence of
spatial heterogeneity in PAH distribution. In Hanoi, Vietnam,
children's ILCRs from household and road dust ranged between
1.2 × 10−6 and 4.8 × 10−6, with ingestion identied as the
primary pathway.100 In Guangzhou, China, estimated ILCRs for
children exposed to indoor dust ranged from 4.2 × 10−7 to 3.4
× 10−6, with higher values in densely populated households.101

In Kocaeli, Turkey, household dust exposure yielded children's
ILCRs between 2.5 × 10−6 and 7.9 × 10−6, largely inuenced by
heating, cooking, and local traffic emissions.102

When compared with these benchmarks, the ILCR values
observed in Okerenkoko (10−7–10−6) remain relatively low but
still exceed the U.S. EPA threshold of 1 × 10−6 in some global
contexts. Two key conclusions emerge. First, although adults
now show the highest ILCRs in this dataset, children remain
critically vulnerable due to behavioral and physiological factors.
Second, ingestion and dermal pathways together dominate
exposure, with dermal contact playing a more prominent role
than previously recognized. These ndings suggest that inter-
ventions targeting indoor environments—such as regular dust
Table 9 Average daily dose (ADD), hazard quotients (HQ), and hazard
inhalation for different age groups in Okerenkoko community

Location Age group ADDing ADDdermal ADDinhala

NMU CL Children 8.24 × 10−7 2.54 × 10−7 2.42 × 10
Adolescents 1.24 × 10−7 4.84 × 10−8 1.09 × 10
Adults 4.41 × 10−8 4.85 × 10−8 1.30 × 10

ZA Children 1.18 × 10−6 3.65 × 10−7 3.48 × 10
Adolescents 1.77 × 10−7 6.94 × 10−8 1.57 × 10
Adults 6.34 × 10−8 6.96 × 10−8 1.86 × 10

Okk Children 1.08 × 10−6 3.33 × 10−7 3.17 × 10
Adolescents 1.62 × 10−7 6.33 × 10−8 1.43 × 10
Adults 5.78 × 10−8 6.34 × 10−8 1.70 × 10

1154 | Environ. Sci.: Adv., 2026, 5, 1141–1161
removal, improved ventilation, cleaner fuel alternatives, and
behavioral measures (e.g., handwashing, removing shoes
indoors, minimizing skin contact with dust)—can signicantly
reduce PAH intake and associated ILCR.94,95 Studies shows that
both children and adults consistently exhibit elevated ILCRs
from PAH exposure in indoor dust, with ingestion and dermal
pathways as the primary routes. These convergent ndings from
China, Pakistan, Ghana, Saudi Arabia, Hong Kong, Greece,
Croatia, Brazil, and Kuwait provide strong evidence that the
Okerenkoko results are part of a broader global pattern of
environmental health risks linked to PAHs (Table 9).95–102

3.5.2 Non-cancer risk assessment. The evaluation of non-
cancer risks associated with polycyclic aromatic hydrocarbons
(PAHs) in indoor dust from the Okerenkoko community
underscores the importance of age-specic behaviors and
exposure pathways in shaping potential health outcomes. This
assessment considered ingestion, dermal contact, and inhala-
tion as the primary exposure routes, calculating the average
daily dose (ADD), hazard quotient (HQ), and hazard index (HI)
for children, adolescents, and adults across three locations:
NMU Campus/Lodge (NMU CL), Zion Residential Area (ZA), and
Okerenkoko II Area (Okk).

Children exhibited the highest ADD values for both inges-
tion and dermal contact across all locations. At NMU CL,
ingestion ADD for children was 8.24 × 10−7 mg per kg per day,
with dermal ADD at 2.54 × 10−7 mg kg per day. Adolescents
recorded lower ADDs (ingestion: 1.24 × 10−7 mg per kg per day;
dermal: 4.84 × 10−8 mg per kg per day), while adults had the
lowest values (ingestion: 4.41× 10−8 mg per kg per day; dermal:
4.85 × 10−8 mg per kg per day). At ZA, children had ingestion
and dermal ADDs of 1.18 × 10−6 and 3.65 × 10−7 mg per kg per
day, respectively, while at Okk, values were 1.08× 10−6 and 3.33
× 10−7.

The elevated exposure in children reects higher dust
ingestion rates relative to body weight, frequent hand-to-mouth
activity, and a larger skin-surface-area-to-body-weight ratio, all
of which amplify oral and dermal uptake of contaminants.
Adolescents exhibited intermediate exposure, while adults
consistently recorded the lowest ADDs due to reduced dust
contact and greater body mass.

Analysis of exposure pathways revealed that ingestion and
dermal contact dominated non-cancer risks, whereas inhala-
tion of settled dust contributed negligibly. At NMU CL, HQ
index (HI) of PAHs in indoor dust via ingestion, dermal contact, and

tion HQing HQdermal HQinhalation HI (SHQ)

−11 2.85 × 10−5 7.59 × 10−6 9.35 × 10−10 3.61 × 10−5

−11 4.28 × 10−6 1.44 × 10−6 9.35 × 10−10 5.72 × 10−6

−11 1.53 × 10−6 1.45 × 10−6 9.35 × 10−10 2.97 × 10−6

−11 3.93 × 10−5 1.08 × 10−5 1.37 × 10−9 5.01 × 10−5

−11 5.89 × 10−6 2.06 × 10−6 1.37 × 10−9 7.95 × 10−6

−11 2.10 × 10−6 2.06 × 10−6 1.37 × 10−9 4.17 × 10−6

−11 3.85 × 10−5 1.02 × 10−5 8.21 × 10−10 4.88 × 10−5

−11 5.78 × 10−6 1.95 × 10−6 8.21 × 10−10 7.72 × 10−6

−11 2.06 × 10−6 1.95 × 10−6 8.21 × 10−10 4.01 × 10−6

© 2026 The Author(s). Published by the Royal Society of Chemistry
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values for children were 2.85 × 10−5 (ingestion), 7.59 × 10−6

(dermal), and 9.35 × 10−10 (inhalation). At ZA, ingestion and
dermal HQs for children were 3.93 × 10−5 and 1.08 × 10−5,
respectively, while at Okk they were 3.85 × 10−5 and 1.02 ×

10−5. Although secondary to ingestion, dermal exposure was
still signicant due to children's higher skin-surface-area-to-
body-weight ratio and the adherence of dust particles to skin.
Inhalation HQs were several orders of magnitude lower across
all age groups, consistent with settled dust contributing mini-
mally to airborne particulate exposure.

Cumulative HI values reinforced these patterns. Children's
HI ranged from 3.61× 10−5 at NMU CL to 5.01× 10−5 at ZA and
4.88 × 10−5 at Okk. Adolescents' HI values ranged from 5.72 ×

10−6 to 7.95 × 10−6, while adults' values ranged from 2.97 ×

10−6 to 4.17 × 10−6. These results are well below the conser-
vative safety threshold of 1 commonly used by the U.S. EPA and
other regulatory agencies to indicate potential non-cancer
concern.

When compared with other studies, where children's HI
values ranged from 0.001 to slightly above 1 depending on local
concentrations and exposure assumptions,103 the Okerenkoko
values fall at the lower end of the spectrum. The relative ranking
by age—children > adolescents > adults—matches global
patterns.104,105 For example, an assessment of indoor dust in
Guizhou Province, China, reported S18PAHs concentrations
ranging from 2.18 to 14.20 mg g−1, corresponding to HI values
for children that approached or exceeded 0.1, substantially
higher than those observed in Okerenkoko.106 Similarly, a multi-
city study in China assessing residential dust exposure in chil-
dren aged 0–5 years found HI values frequently approaching or
exceeding the threshold value, indicating potential non-cancer
risk in heavily polluted urban areas.107 In Thessaloniki,
Greece, analysis of settled dust from public playgrounds
revealed lower hazard indices for children compared to other
European cities, yet still higher than those recorded in Oker-
enkoko.108 Likewise, investigations in Athens demonstrated
widespread contamination of household dust with PAHs and
trace metals, with enrichment factors pointing to indoor
smoking and combustion processes as key exposure sources.109

Other regions show similar patterns of elevated HI values
compared to Okerenkoko. In Jeddah, Saudi Arabia, during the
COVID-19 lockdown, HI values for children were signicantly
higher, reecting increased indoor activity, exposure to
combustion by-products, and high ambient pollution levels.110

In North Carolina, USA, children from low-income households
experienced elevated exposures to PAHs due to proximity to
traffic, industrial sources, and contaminated household dust,
resulting in higher non-cancer risk estimates.111 Studies from
California also reported substantial exposures of infants and
toddlers to PAHs through combined ingestion of house dust
and inhalation of indoor air, underscoring the contribution of
multiple pathways to total exposure.112,113

Comparable trends were observed in Southeast Asia. In
Thailand, child development centers located in industrial and
haze-prone areas showed signicantly higher trace element and
PAH concentrations in indoor dust, leading to elevated HI
values and potential ecological risk indices for children.114
© 2026 The Author(s). Published by the Royal Society of Chemistry
Similarly, studies in urban Chinese households reported
elevated PAH concentrations in indoor dust associated with
indoor heating, cooking activities, and proximity to traffic
emissions, all contributing to increased non-cancer risks for
children.115 The ndings highlight that while ingestion and
dermal contact are the dominant pathways for non-cancer risk,
the actual hazard levels in Okerenkoko remain minimal.
Nonetheless, routine preventive measures are recommended,
particularly for children, to maintain low exposure levels. Such
measures include regular wet cleaning of indoor surfaces,
adoption of shoe-off policies, handwashing before meals, and
improved ventilation or relocation of indoor combustion sour-
ces such as generators and stoves.84 These interventions directly
target the primary exposure routes and ensure continued
protection for vulnerable populations.
4 Conclusion

This study comprehensively assessed polycyclic aromatic
hydrocarbons (PAHs) in indoor dust from 15 locations across
three areas of the Okerenkoko Community, Niger Delta,
Nigeria. Total PAH concentrations were moderate (0.0546–
0.1005 mg kg−1), with higher levels observed in the Zion Resi-
dential Area and Okerenkoko II Area, reecting local anthro-
pogenic activities such as biomass burning, vehicular
emissions, artisanal crude oil rening, and domestic fuel use.
Compositional analysis revealed a predominance of 3- to 5-ring
PAHs, indicating mixed pyrogenic–petrogenic sources. Diag-
nostic ratios and principal component analysis conrmed
pyrogenic dominance at NMU Campus/Lodge and ZA, while
Okk exhibited contributions from both combustion- and
petroleum-related activities. Health risk assessment revealed
that adults now exhibited the highest incremental lifetime
cancer risks (ILCRs), followed by children and adolescents, with
total ILCRs ranging from 1.05 × 10−7 to 1.90 × 10−7. Unlike
earlier ndings where ingestion was overwhelmingly dominant,
the results highlight the combined importance of dermal
contact and ingestion pathways, while inhalation remained
negligible. This shi underscores the role of prolonged dermal
exposure in households with high dust deposition. Non-cancer
risk evaluation indicated hazard indices (HI) for all age groups
remained far below 1, suggesting negligible non-carcinogenic
risk.

These ndings emphasize the need for targeted mitigation
strategies, including improved indoor hygiene, regular dust
removal, minimizing direct skin contact with dust, and reduc-
tion of local emissions, to minimize long-term exposure risks.
Although the analysis was based on a relatively small sample
size (n = 15), which may limit statistical power and generaliz-
ability, the study provides an important baseline for under-
standing indoor PAH exposure in this under-studied region.
Future investigations involving larger sample sizes and
temporal monitoring are recommended to validate and expand
these ndings. Ultimately, the study underscores that indoor
dust constitutes a critical yet oen overlooked pathway of PAH
exposure in petroleum-impacted communities, with direct
Environ. Sci.: Adv., 2026, 5, 1141–1161 | 1155
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implications for environmental health interventions and policy
in the Niger Delta.
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