Chapter One

Introduction

1.1 Background to the Study

Humans have been releasing harmful compounds into the environment at an exponential rate since
the beginning of the industrial revolution. These toxic contaminants, which are ext harmful
to human health and fish populations, are composed of several compounds an. he delicate
balance of aquatic ecosystems is under threat from a variety of pollutafts\introduced into water
bodies by human activity, an issue that is spreading internati . Polycyclic aromatic
hydrocarbons (PAHs) are well-known contaminants fi toxicity, persistence, and
bioaccumulation potential. The bioaccumulation of PAQ\in water and aquatic species has a
significant influence on environmental health, af] eél{?both human populations who rely on
aquatic resources and the ecosystem'. These @ants are released into the environment by both
natural and human activities. Natural pr.@q’éwe are caused by weathering of rocks and soil, as well
as volcanic eruptions. Anthrogoi@&ources include a wide range of human activities such as
mining, prospecting, proceﬁi’@,\ietal and petroleum product consumption, and the disposal of
home and industria.l ’\&e. In most developing countries, water resources remain the primary
storage places or@ehold, industrial, and agricultural waste. As a result of increased industry
caused by u ation, metallic pollutants enter streams, coastal ecosystems, and river banks?.
Accordingsto research, polycyclic aromatic hydrocarbons (PAHs) accumulate in aquatic habitats,

particularly in aquatic animals’.

In comparison, polycyclic aromatic hydrocarbons, or PAHs, are a frequent form of chemical

contaminant in the environment. In aquatic environments, they are pollutants containing two or



more fused aromatic rings. Polycyclic aromatic hydrocarbons are lipophilic molecules having a
low solubility in water, hence their concentration is extremely low. Water solubility is highest in
low molecular weight compounds such as naphthalene, acenaphthene, and acenaphthylene, and
decreases as molecular mass increases. Due to their low vapour pressure, these chemicals are
classified as semi-volatile’*. However, as molecular weight increases, so do the melting and
boiling points. Because they are hydrophobic, polycyclic aromatic hydrocarbo Q&s) easily
attach to particle debris in water bodies, causing sedimentation. However, dOomestic waste,
municipal runoff, and industrial sewage were the most significant hum@ities that contributed
to the ecosystem's polycyclic aromatic hydrocarbons. F h%re, oil production and
accompanying catastrophes, such as ship operations, reﬁn il spills, and incomplete fossil

fuel combustion. Additionally, some natural pheno %‘Qlch as volcanic eruptions and forest

fires, can release polyatomic hydrocarbons intg the% onment>,

O

As a result, sediment is one of the most u@s‘ant PAH reservoirs in aquatic ecosystems. Certain
organic solvents have a strong abili@&g%issolve polycyclic aromatic hydrocarbons. Furthermore,
they are easily associated w@anic and natural materials such as kerogens, black carbon,
humic substances (suc%&ic and humic acids), biopolymers (such as polysaccharides, lipids,

proteins,  and ‘ ;&h

Hydrocarbo@tion of sediments and aquatic ecosystems caused by crude oil and its derivatives

cleic  acids), and biopolymers in the environment®.

(diesel, ‘petrol, lubricating oil, and others) is a major issue that has received international attention.
These chemicals have been shown to be highly poisonous, mutagenic, and carcinogenic in nature.
Because the usage of petroleum hydrocarbons is required for modern survival, the emergence of
human civilization has caused significant disturbances to the environment's natural balance.

Hydrocarbon compounds are a broad family of chemical compounds composed of heteroatoms



such as oxygen, nitrogen, sulfur, chloride, and other elements organized in a skeleton of carbon
and hydrogen® 3. They can be split into three categories: aliphatic, alicyclic, and aromatic

hydrocarbon compounds.

The USEPA identifies sixteen polycyclic aromatic hydrocarbons. These chemicals are divided into
two categories: low molecular and high molecular. Low molecular hydrocarbons hav%) to three
fused rings and are volatile and soluble in water, rendering them prone to @Qdown. High
molecular hydrocarbons have more than four fused rings, making them l;ﬁsgbﬁle, volatile, and
lipophilic than low molecular hydrocarbons. Because these com @ are known to resist
microbial degradation, the TARC classified eight PAHs with %an four fused rings (high
molecular weight) as carcinogenic in 2010. Additionally th@have the ability to accumulate in

N

aquatic plants, fish, mussels, and other aquatic organ@b

O

Polycyclic aromatic hydrocarbons detected ir@tal sediments can be attributed to both natural
and man-made emissions. Petrogemc lytic sources are the most important anthropogenic
sources of PAHs in the environm &Q&'hlle petroleum products are significantly associated with
petrogenic inputs, pyroly@ts include combustion activities (such as burning fossil fuels,

forest fires, shrub an s fires, and road construction materials)’. The bulk of PAHs are harmful
compounds th e&aﬂger human health, and some may potentially cause cancer, according to the
US EPA. Fé%ermore, studies have shown that animals exposed to PAHs by contaminated food,
pollutehi(, or skin contact with contaminated soils or sediments might develop tumors. Humans
are still more likely to become infected with PAHs through food and drink. Polycyclic aromatic
hydrocarbons are commonly discovered in mixtures rather than single chemicals in air, soils, water,

and groundwater’-%,



Because PAH compounds are generally poorly soluble in water and become less soluble as their
molecular weight increases, studying sediment and suspended particles can provide valuable
information about a wide range of pollutants, particularly hydrophobic ones that come from the
water column and organic matter. These trace organic molecules are more stable in sediment than
in other environmental compartments such as water, air, and living things®. However, a range of
processes, including chemical, biological, and physical ones, have an im Q% organic
compounds in aquatic systems because they alter the composition of sediment;“increasing the

O

1.2 Statement of the Problem Q

dispersion of organic contaminants!?,

Contamination of aquatic ecosystems with PAH has be@e a global environmental and public
health concern. Lagos Lagoon, one of Nigeria's | and most commercially important water
basins, is not an exception'!. The lagoon, a c&@ecosystem that supports fishing, transportation,
and industrial operations, is exposed tégéin contamination from many anthropogenic sources,
including industrial discharge,.a% ral runoff, and home garbage. The entry of these harmful
compounds into the Lag@y\on i1s a result of increased urbanization, industrialization, and
agricultural practice.s&d around the Lagos metropolitan region. Fish, which are an important
element of th log],}et and economy, are especially susceptible to the accumulation of these
2 %s contamination endangers public health because people who eat fish from the

Q

lagoon may be exposed to excessive levels of PAH , which can cause neurological abnormalities,

pollutants'

kidney damage, immune system suppression, and an increased risk of cancer!?.

Despite the known hazards connected with PAH, there is little recent information on the degree of

their contamination in the Lagos Lagoon. Furthermore, previous research has frequently focused



on isolated locations or specific pollutants, leaving a vacuum in our understanding of the full
extent of contamination in the lagoon's ecosystem'. As a result, the purpose of this study is to
determine the extent to which PAH are present in the fish and water of Lagos Lagoon, as well as
the potential ecological and public health consequences of such contamination. The study will
concentrate on determining the amounts of selected PAH in fish and water samples from the
lagoon, comparing the results to national and international safety regulations, Qﬁsing the
dangers to the ecosystem and the local population. By bridging this knowledge vactium, the study
hopes to inform environmental management strategies and public heal@%ns aimed at reducing

pollution in Lagos Lagoon while also protecting its people' well-b,fin

)
1.3 Justification of the Study ’bé

Lagos Lagoon is a significant aquatic e éﬁ that supports a wide range of biodiversity and
serves as an essential resource for h@livelihoods”. However, the lagoon is under immense
environmental pressure from '@%on, especially polycyclic aromatic hydrocarbons (PAHs).
These pollutants are kno@r their toxicity, persistence, and ability to bioaccumulate in aquatic
organisms. Asses "g’\@yzvels of these contaminants in the lagoon is crucial for understanding
the degree of %’ronmental degradation'®. The results of this research will provide baseline data
that ca\i/@ conservation efforts, pollution control measures, and strategies for restoring the
health of Lagos Lagoon. The contamination of Lagos Lagoon with PAH poses significant risks to
human health, particularly to the populations living near the lagoon who depend on it for fishing
and as a source of food. Fish are a primary source of protein for many Lagos residents, and the

bioaccumulation of toxic substances in fish can lead to adverse health effects in humans who



consume them. Prolonged exposure to heavy metals such as mercury, lead, and cadmium can
cause neurological disorders, kidney damage, developmental issues, and an increased risk of
cancer!”!8, Similarly, exposure to PAH is linked to endocrine disruption, immune suppression, and
other chronic health problems. This research is justified as it aims to identify the extent of
contamination in fish consumed by humans, thereby contributing to public health a&ness and

S

Lagos Lagoon plays a critical role in the economy of the Lagos metro;%&/area. It supports

potentially influencing policy changes that protect consumers.

industries such as fishing, tourism, and transportation. However, poll an severely undermine
the economic value of these sectors'®. For instance, contami 1sh populations can lead to
reduced fish stocks, affect local fisheries, and diminish the 1&’5 attractiveness as a resource for
tourism and recreation. This research is important be@’éﬁt can highlight the long-term economic
impacts of unchecked pollution and advocat@tainable development practices that balance
economic growth with environmental pr& n?. This research has broader relevance because it
contributes to the global body of kr@fe?ge on aquatic pollution in coastal regions, particularly in
developing countries. By con@ the pollution levels in Lagos Lagoon to international safety
standards set by the W h;[ealth Organization (WHO) and other environmental bodies, the
research will pro@

hts into how Lagos Lagoon measures up to global benchmarks and

identify area ¢ interventions are urgently needed?®2!.

Establi%!% robust understanding of the current pollution levels in Lagos Lagoon is essential for
future ecological and public health monitoring. This research can serve as a reference point for
future research and monitoring efforts aimed at tracking changes in pollution over time. Such
longitudinal data is vital for assessing the effectiveness of any remediation measures or policies

22.23

implemented to reduce pollution==. In the long term, this will help ensure that Lagos Lagoon



remains a viable and sustainable resource for both its ecosystem and the communities that depend

on it.
1.4  Aim and Objectives of the Study

The aim of this research is to investigate the distribution, sources and risks of polycyclic aromatic

hydrocarbons (PAHs) in fish and water samples from Lagos Lagoon and evaluat@\potential

ecological and public health implications. ( O

1. To assess the levels of polycyclic aromatic hydrocarb(@PAHs) in water samples from

The objectives of this project work are:

Lagos Lagoon.

2. To determine the concentration of polycycli&bﬁatic hydrocarbons (PAHs) in selected
aquatic (fish, shrimps and crabs) specis\\@ Lagos Lagoon.

3. To compare the detected levels OKL cyclic aromatic hydrocarbons (PAHs) in water and
fish with national and 1ntern®§? safety standards.

4. To evaluate the pot @cologlcal and public health risks posed by the detected levels of
polycyclic aro’n&ﬁlrocarbons (PAHs) in Lagos Lagoon.

O
1.5 Rese;@)uestion

1. \Q%are the physico-chemical parameters of water in Lagos Lagoon?

2. What are the concentration levels of selected polycyclic aromatic hydrocarbons (PAHs) in
water samples and aquatic organisms from Lagos Lagoon?

3. To what extent do human activities contribute to polycyclic aromatic hydrocarbons (PAHs)

pollution in Lagos Lagoon?



4. What are the possible human health implications of consuming polycyclic aromatic
hydrocarbons (PAHs) contaminated water and aquatic organisms from Lagos Lagoon?

5. Do the PAH contamination levels in Lagos Lagoon comply with international water quality
and food safety guidelines?

1.6  Significance of the Study

S\

This study seeks to address some of the critical gaps in current research by focu@ the impact
of polycyclic aromatic hydrocarbons (PAHs) ethers on fish, a keyco ent of aquatic
ecosystems and an important food source for humans. Through @bination of controlled
laboratory experiments and rigorous data analysis, this researc@w to provide new data on the
levels of sixteen polycyclic aromatic hydrocarbons (PAH@ fish, and to assess the broader
ecological implications of toxic chemicals. One of &’bajor outcomes of this study will be its
contribution to evidence-based policymaking{@félta generated will serve as a foundation for
regulatory agencies, such as the Natiomb&ronmen‘[al Standards and Regulations Enforcement
Agency (NESREA) and the Lag@{g%te Environmental Protection Agency (LASEPA), to:
establish or update guideline%@safety standards for pollutants in water and fish, implement
stricter pollution contr%gures for industries discharging effluents into Lagos Lagoon and

enforce regulatio@

sticide use in agriculture to prevent further contamination of the lagoon.

\/Q:Z}



1.7 Scope of the Study

This research focuses on the assessment of polycyclic aromatic hydrocarbons in aquatic organisms
from Lagos Lagoon, Nigeria. It specifically considers sixteen priority polycyclic aromatic
hydrocarbons (PAHs) compound listed by USEPA, chosen for their persistence and toxicity to
understand their levels and potential risks to both aquatic life and human populatioq&he study
will also focus on water samples from Lagos Lagoon and aquatic organisms co y consumed

by local populations.
1.8  Limitation of the Study $:

Many of the residential communities in the study area nstrated some resistance to the
researcher for the fear of environmental officers and not permit outsiders to collect water

within their boundaries so this limited the n access point. This made sample collection

very challenging and difficult. *

1.9 Operational Definition of '@ﬁ?

Polycyclic Aromatic Hy@ons (PAHSs); Polycyclic aromatic hydrocarbons (PAHs) are a group

of chemically persmte,ng&uc compounds formed primarily during the incomplete combustion of organic

material, such a?dug.}le burning of fossil fuels, biomass, or wood

Fish: An\j& animal with gills, fins, and a streamlined body, living in freshwater or saltwater.
Contamination: The presence of harmful substances in air, water or food making them unsafe.

Lagoon: A shallow body of water separated from a larger water body by a barrier.



Dichlorodiphenyltrichloroethane (DDT): A synthetic insecticide used to control pests, now

banned in many countries due to its environmental and health risks.

Bioaccumulate: The gradual buildup of toxic substances in an organism over time usually through

food or the environment.
Ubiquitous: Present everywhere at the same time or found commonly in many plaCQ\
Inhabitants: People or animals that live in a particular place or environm%( )

World Health Organization (WHO): A global health agen the United Nations

responsible for public heath, disease prevention, and internation@alth policies.

National Environment Standard and Regulations E@‘cement Agency (NESREA): Nigeria

agency responsible for enforcing environmental la@ regulations to protect the environment.
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Chapter Two

Literature Review

2.1 Polycyclic Aromatic Hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons (PAHs) are a class of chemically stable organic molecules that
develop predominantly after incomplete combustion of organic material, such as t@& of fossil
fuels, biomass, or wood. They are common environmental pollutants found in Qe/gosphere, soil,
and water, and have been identified as important contaminants in sy@ Polycyclic aromatic
hydrocarbons (PAHs) or polynuclear aromatic hydrocarbons are%xical compounds that are
primarily generated by incomplete combustion'. They are ¢ of two or more fused benzene
rings organized in a cluster or linear arrangement. PA%@& a prevalent environmental pollutant
due to their widespread distribution and produgtion’‘process. They only include carbon and
hydrogen atoms, making them a diverse ¢ @organic compounds. The bulk of PAHs have
properties such as significant moleCIégi\\Ve ht, high melting and boiling temperatures, and
solubility in a wide range of orga@lvents. With the exception of a few minor components such
as naphthalene, they are%ﬂg\\with low volatility at room temperature, and the bulk may be
photooxidized and. @ed to simpler compounds®. In general, PAHs are stable, neutral
chemicals that&ge}easily soluble in water. The solubility of PAHs in water diminishes with
increasing @ular weight. Their high water-octanol partition coefficients (POCs) show that they
are lipop\h(ic. Naphthalene, for example, is a low-molecular-weight PAH that is very soluble in
water and can bioaccumulate. Chemicals with high molecular weight are hydrophobic and
relatively insoluble, and they can attach to both inorganic and organic particles in the water

column’.
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It is widely acknowledged that PAHs are teratogenic, mutagenic, and carcinogenic. They have
been designated as priority pollutants by both the European Environment Agency and the United
States Environmental Protection Agency (US-EPA) due to their environmental persistence. It is
well understood that various PAHs induce cancer in laboratory animals. In addition to injection-
site sarcomas, researchers have discovered an increase in the incidence of skin, lung, bladder, liver,
and stomach cancers in animals*. The USEPA has recognized seven PAH compo Q&potential
human carcinogens. The carcinogenic classifications of particular PAHs by agencieS are shown in

Table 2.1.
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Table 2.1: Physical Properties of Polycyclic Aromatic Hydrocarbons

Compound (C.A.S.N°) Molecular Log Water Melting Vapour Pressure at
Weight Kow Solubility Point 25°C

at 25°C °O) (mPa)

(mg/L)
Naphthalene (91-20-3) 127.16 3.8 31.7 80. 6 12 960
Acenaphthene (83-32-9) 15421 4,33 3.42 95 594
Fluorene (86-73-7) 168 618 198 126.5 o.ﬁ(
Phenanthrene (85-01-8) 18024 4.5 1.50 101 ( 0%.7
Anthracene (120-12-7) 17524 4.5 0.145 @ 27
Pyrene (129-00-0) 202.26 4.9 0. 13% 56 91.6 x 10-6
Fluoranthene (206-44-0) 202.26 5.1 1340

b’b

Benz[a]anthracene (56-66-3) 228 \Q 0.0057 162 15.7x 10-3
Benz[a]pyrene (50-32-8) 262@ 6.0  0.0038 179 1.37 x 10-6
Benzo[b]fluoranthene (205-99-, S 6.06 0.014 168 0.13 x 10-5 t0 0.133 at
2) Q 20°C
Benzo[j]fluoranthene (2 93 252.32 166
Benzo[k]ﬂuora&h&a(207 -08- 25232 6.06  0.0043 227 2.8x10-9
Indeno[/ Ipyrene (193- 286 64 000073 164 1.3x 10-5
39-5)

Source’
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2.2 Sources of Polycyclic Aromatic Hydrocarbons (PAHs)

Most fossil fuels contain polycyclic aromatic hydrocarbons. Organic substances degrade, despite
the fact that they are produced naturally by bacteria, volcanoes, and forest fires. The majority of
PAHs originate from both natural and anthropogenic sources’. The two most common sources of
anthropogenic PAHs in the environment are petrogenic and pyrogenic sources. The incomplete
combustion of organic materials, such as wood, fossil fuels, asphalt, and industrial te,produces
pyrogenic PAHs as trace pollutants. Petroleum products are the source of petfogen€ PAHs. These
hydrocarbons are thought to have originated from home and industrial @% oil spills, crude and
fuel oil, used or fresh crankcase oil, and persistent or inadvertent pi e breaches on land and at

sea®’. Because they include more non-alkylated PAHs than @ o€nic sources, pyrogenic sources

are thought to be more dangerous and themodynami%%@ble.

Particulate matter is formed when PAHs j \@’Q particles via nucleation and condensation,
releasing them from their sources either \@i or another form. Following manufacturing, PAHs
can move widely through the atm@cae\ or downstream channels, eventually accumulating in
soils and aquatic sediments. 1 can enter an aquatic ecosystem by a variety of pathways,
including the distributi(%@ssil fuels, petroleum spillage, surface water and runoff, sewage and

[
waste water efﬂu@

of PAHs tha} l@ aquatic and sediment environments include creosote-treated items, petroleum

ventually accumulation in soils and aquatic sediments’. Other sources

producN@/@G from leaking tanks and bunkering operations, industrial facilities, waste water
treatment facilities, and atmospheric PAH deposition. The principal industrial (stationary) sources
of PAHs include coke ovens, aluminum manufacturing facilities, iron and steel foundries, coal
gasification, and coke production. PAH in coastal sediments come from both natural and human-

caused emissions®.
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PAHs' migration through the environment is determined by properties such as how rapidly they
dissolve in water (which they do not in general) and how easily they evaporate into the air. After a
few weeks to months, microorganisms in soil or water can breakdown PAHs. Most PAHs in soil
will adhere to particles with a strong hold. However, some PAHs can contaminate subterranean
water by dispersing through soil’. The type of soil will determine how long PAHs stay on a soil
particle. Clay soil absorbs more PAHs than sandy soil does. The concentration o %in plants
and animals may be higher than in the soil or water where they live due to thé,posSibility that they

may be amplified and bioaccumulate, especially in animals!?. O&

23 The Sixteen Priority Polycyclic Aromatic Hydrocarb ﬁls)

Naphthalene Q
™

Naphthalene, the simplest of the sixteen priorit s, is composed of two fused benzene rings
and is frequently referred to as the rno.st olatile member of the group. The molecular formula
CioHs is generally recognized as thf;@ipal constituent of mothballs. It has historically been
employed in chemical industrk@( e creation of dyes, polymers, and resins. Naphthalene is
widely released into the B@%ment as a byproduct of incomplete combustion of fossil fuels,
cigarette smoke, a; @ss burning, and it is also a natural component of crude oil and coal tar'!.
Its relatively %Vapour pressure in comparison to heavier PAHs implies it is common in the
gaseoug{ll%%f the atmosphere, where it undergoes photochemical oxidation but may also adsorb
onto particulate matter, allowing for long-range atmospheric movement. Naphthalene is more
soluble in water than higher molecular weight PAHs, which makes it more accessible to aquatic
creatures'?. Toxically, it is known to cause haemolytic anaemia, respiratory irritation, and cataract

formation with prolonged exposure!!. Rodent studies revealed carcinogenicity in the respiratory
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tract, leading the International Agency for Research on Cancer (IARC) to classify it as a Group 2B
probable human carcinogen. Human exposure occurs by inhalation of polluted air and ingestion of
contaminated water or food, with occupational exposure being particularly high among workers in

petroleum refining, coal tar distillation, and textile manufacture!'*!4,

Acenaphthylene \

Acenaphthylene (Ci2Hsg) is a three-ring structure made up of a naphthale(/@bone and an
ethylene bridge. It is predominantly released into the environment after mbustion of coal, oil,
wood, and other organic materials, and it is commonly found in dié@( aust, creosote, and coal
tar. Acenaphthylene, unlike naphthalene, is less volatile but rsistent in sediments due to its
hydrophobic properties!®>. This persistence allows ac lation in aquatic biota, particularly
benthic species that live in close proximity to sedim&é{gﬁcles. Acenaphthylene's toxicology has
not been fully researched, although experime nvestigations indicate that it causes oxidative
stress, enzyme inhibition, and DNA .&%dg 16, Its role as a mutagenic agent is still being
investigated, although prelir.ni& data suggest that it may have genotoxic -effects.
Acenaphthylene's position Qh\e EPA priority list is due to its long-term environmental
persistence and adc@&xicological impact when present in PAH combinations. Exposure in
humans can ccby inhalation of polluted air, consumption of contaminated food, or
occupatior@g
health r%qf

ffications requires further investigation'”.

ct with creosote-treated wood and coal tar products, though the full extent of its

Acenaphthene

Acenaphthene, which shares the same chemical formula (Ci2Hio) as acenaphthylene but varies

structurally due to the existence of a saturated bridge, is another extensively dispersed PAH in the
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environment. It occurs naturally in coal tar and crude oil and is utilised as an industrial chemical
in the production of colours, polymers, and pharmaceuticals'®. Acenaphthene is more chemically
stable than acenaphthylene and partitions strongly into soils and sediments due to its
hydrophobicity. It has been found to bioaccumulate in aquatic creatures, particularly fish and
benthic invertebrates!®. Toxically, animal investigations have showed that acenaphthene exposure
can lead to hepatic and renal changes, while chronic exposure in aquatic creature Q%s growth
and reproduction. Though not considered a powerful carcinogen in isolatiorQ/Qwrsistence and
moderate toxicity make it important in environmental monitoring?°. C(@ated water and food,
inhalation of polluted air, and occupational contact in enterpr@ t use coal-derived products
are all potential human exposure pathways. Although evi

of mutagenicity is minimal, its

inclusion among priority contaminants emphasises tlie @lance of managing its presence in the

®%
Fluorene éo\\%

Fluorene is a three-ring PAHs .w@ chemical formula Ci3Hio, consisting of two benzene rings

environment?!,

fused on either side of a c%@i\ve—membered ring. It is formed during fossil fuel burning and is
also found in coal }@ petroleum. Fluorene has been used in the industrial production of
plastics, dyes, n@icaﬁons, which contributes to its environmental diffusion??. Fluorene is
semi—volat@eaning it exists in both gaseous and particulate phases in the atmosphere. While it
is phot%graded, it can also survive in sediments, where it bioaccumulates in aquatic species?’.
According to experimental investigations, fluorene causes oxidative stress, hepatotoxicity, and
developmental damage in exposed species. In fish, it can affect growth and reproduction, while in

mammals, it has been related to metabolic problems?4. Although fluorene is considered less

carcinogenic than many of the heavier PAHs, bacterial experiments show mutagenesis potential,
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implying that it may contribute to the cumulative toxicity of PAH combinations. Humans are
exposed to fluorene largely through inhaling combustion fumes and consuming contaminated food
or water, with occupational exposure occurring in industries that process coal tar or petroleum

products?.

Phenanthrene \

Phenanthrene, a three-ring PAH with the formula C14H 10, is one of the most p v@t PAHs in the
environment because of its stability and extensive synthesis fi ombustion sources.
Phenanthrene, the angular isomer of anthracene, differs structurall% its linear isomer?®. It is
frequently found in coal tar, crude oil, car emissions, and pe spills, and due to its moderate
solubility, it is easily disseminated in aquatic systems. @anthrene bioaccumulates in fish and
shellfish, making it a significant nutritional sour;s@ umans?’. Toxicological research have
revealed that phenanthrene inhibits heart dev&gent in fish eggs and causes oxidative stress and
organ damage in mammals. Although %?%& has not categorized phenanthrene as a confirmed
carcinogen, research suggests_th metabolites can bind DNA, raising concerns regarding
mutagenicity?®. Because Q@nk with petroleum sources, phenanthrene is commonly used to
detect petrogenic c.o@nation in aquatic habitats. Human exposure happens mostly from

inhaling dirty aé , gufl.Iming seafood from contaminated waterways, and eating burned meals?s.

Anthrzw/%’b

Anthracene, with the same chemical formula as phenanthrene (Ci4Hio) but organised in a linear
three-ring structure, is another environmentally significant PAH. It occurs naturally in coal tar and
crude oil and is commonly utilised in the manufacture of colours, polymers, and wood

preservatives?’. While anthracene is thought to have moderate acute toxicity, it is phototoxic
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under ultraviolet light, creating reactive oxygen species that damage lipids, proteins, and DNA. Its
hydrophobicity causes high sorption to sediments, where it can persist and bioaccumulate in
benthic species®®. Animal studies show that anthracene causes skin irritation, hepatotoxicity, and
immunological suppression, although its carcinogenic categorization remains questionable.
Despite this, its environmental persistence and proportion to total PAH exposure warrant
monitoring. Humans are exposed through inhalation of polluted air, occupatio Qon act with

@not one of the

coal tar and creosote, and consumption of contaminated food3!. While anthra@/

most potent PAHs, its involvement in mixture toxicity and resistancradation make it an

Fluoranthene Q

Fluoranthene is a four-ring PAH (CisHio) with ’Béfigctive angular structure that boosts its

important environmental concern.

photostability compared to smaller PAHs. \ predominantly produced by high-temperature
combustion processes such as coal bunt.lg(&,a/ icle emissions, and wood combustion, making it a
common component of urban.a@lcles”. Its low water solubility and high hydrophobicity
cause considerable partitior \0 sediments and aquatic animals, where it can bioaccumulate.
Fluoranthene's toxig%al effects have been extensively examined, including DNA strand
breakage, oxi ti&y’ess, and embryo toxicity in fish and amphibians. Although fluoranthene is
not a signi@ carcinogen on its own, it has been shown to act synergistically with other PAHs,
enhancMeir mutagenic and carcinogenic effects in combinations®’. Chronic human exposure
results from breathing dirty air and eating grilled or smoky meals. Its extensive distribution,
environmental longevity, and capacity to interact synergistically with other PAHs emphasise its

status as a priority pollutant of concern.
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Pyrene

Pyrene, a four-ring polycyclic aromatic hydrocarbon, has the chemical formula Ci¢H1o. It is one of
the most numerous PAHs generated by incomplete combustion of organic materials, and it is
frequently found with fluoranthene, with which it shares structural similarities®>. Pyrene is
released in large quantities by car exhaust, coal and biomass burning, and petrol:% refining
operations. It is also often found in smoke from home cooking and grillin@ ing dietary
consumption a significant exposure pathway for people*®. Pyrene is hydsdphobi€, meaning it has
low water solubility but a high octanol-water partition coefficient, a @ it to strongly interact
with sediments and bio accumulate in aquatic creatures. To@y, pyrene is not regarded the
most carcinogenic of the PAHs. However, it adds si n&tly to combination toxicity. Its
metabolic activity in living systems produces hydro@i metabolites that can generate reactive
oxygen species and bind to DNA37. Pyrene h@ shown in aquatic creatures to produce cardio
toxicity in developing embryos, resulting\q'*ericardial edema and arrhythmias that can reduce
survival. In mammals, repeated ex@cr? causes hepatotoxic and nephrotoxic consequences, with
evidence indicating immunos@%sive results®®. While pyrene is not considered a significant

individual carcinogen, @netheless used as a marker chemical for total PAH exposure in

environmental mﬁ%@
Benzo[a]a@cene

Benzo[a]anthracene, a four-ring PAH with the chemical formula CisHi2, occurs naturally in fossil

ue to its frequent detection, durability, and broad biological effects®.

fuels and is also generated after incomplete combustion of organic waste. It is present in
emissions from coal combustion, petroleum refining, tobacco smoke, and automobile exhaust®. In

the environment, benzo[a]anthracene is relatively stable, with low volatility and high
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hydrophobicity, resulting in a close connection with airborne particles, soils, and sediments. Its
durability allows it to accumulate in aquatic habitats and infiltrate food chains, eventually reaching
humans via dietary exposure. Toxically, cytochrome P450 enzymes metabolize
benzo[a]anthracene into reactive intermediates such as diol-epoxides, which form covalent adducts
with DNA. These interactions disturb normal cellular replication mechanisms, which can result in
mutagenesis and cancer*!. Animal studies regularly reveal tumour growth in a v Qy tissues,
including the lungs and skin, after prolonged exposure. The International Ag cer Research on
Cancer has classified benzo[a]anthracene as a Group 2B potential@: carcinogen, citing
substantial evidence of carcinogenicity in animals but minim e%ce in humans*. Human
exposure occurs predominantly from inhalation of urban @) tion, the eating of smoked or

charred foods, and occupational contact with coal tag aa%%osote. Despite being less potent than

benzo[a]pyrene, benzo[a]anthracene is includeg in equivalency factor (TEF) calculations that

quantify the cumulative cancer risk of@ combinations, highlighting its public health
significance®. \Co\

Chrysene Q.Q\A

Chrysene is a foyg& PAH with the chemical formula CisHiz, physically similar to
benzo[a]anthr ean(Jt different in ring configuration. It occurs naturally in coal tar and
petroleum s created by the combustion of fossil fuels, wood, and other organic matter.
Chryse& extensively found in the environment, including air particles, soils, sediments, and
aquatic creatures. Its physicochemical features, particularly low solubility and high hydrophobicity,
enhance sediment buildup and bioaccumulation in fish and shellfish*. Toxically, chrysene is
considered less effective as a carcinogen than benzo[a]pyrene, but it can be metabolically activated

into carcinogenic intermediates capable of generating DNA adducts. While in vitro research
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suggests mutagenic activity, long-term animal studies have shown liver and skin cancer®.
Chrysene is therefore categorized as a Group 2B potential human carcinogen by the International
Agency for Research on Cancer. Inhaling urban air pollution and consuming polluted food,
especially smoked meats, are the main ways that humans are exposed. Additionally, chyrene has
been found in oils and dairy products that have been tainted by feed pollution oTospheric
deposition*®. Chrysene is environmentally persistent and can work in concert wi er’PAHs to

glse of this, it

increase combination toxicity, although being less immediately dangerous.< B

continues to be a crucial component of environmental monitoring pro@ and risk evaluations

for public health. :
Benzo[b]Fluoranthene QQ
A five-ring, high molecular weight PAH, benzo[b nthene has the molecular formula CyoHia.

It is mostly produced by high-temperature coh\\gion processes and is frequently present in soot,
coal tar, automobile exhaust, and indLé%’{Nv issions. Because benzo[b]fluoranthene is highly
hydrophobic and almost insolu.ble&%'xwr, it persists in sediments and bioaccumulates over time
in aquatic creatures?’. It Q\risk of biomagnification because of its lipophilic nature, which
allows it to ea@&lﬁltra‘[e food chains. According to toxicological research,
benzo[b]fluoranth \s metabolically activated to produce reactive epoxides and dihydrodiols that
attach to p@f@ls and DNA, interfering with regular cellular functions and causing mutagenesis*S.
Although™t is typically less potent than benzo[a]pyrene, evidence from experimental animal
research indicates substantial carcinogenic potential, with tumour growth in several organs.
Benzo[b]fluoranthene has been categorised as a Group 2B potential human carcinogen by the

International Agency for Research on Cancer®

. Human exposure occurs through occupational
contact with combustion wastes such coal tar, ingestion of charred and smoky meals, and
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breathing of contaminated urban air. It is a crucial molecule for toxic equivalency factor estimates
due to its toxicological resemblance to benzo[a]pyrene and frequent co-occurrence in
environmental samples. Because of its persistence, carcinogenic potential, and ubiquitous

occurrence, regulatory organisations stress the importance of monitoring benzo[b]fluoranthene in

Benzo[k]fluoranthene is a five-ring polycyclic aromatic hydrocarbon he chemical formula

both environmental and food safety °.

Benzo|[k]fluoranthene

CaoHi2. It is structurally identical to benzo[b]fluoranthene, Varyin@ in the location of one of
its aromatic rings, although it shares similar physicoc and toxicological properties.
Benzo[k]fluoranthene is produced during high—tempera@@ combustion processes such as the
combustion of coal, petroleum products, and big Q{band it is commonly found in urban air
particles, soot, and industrial wastes®'. It i@rophobic and has limited solubility in water,
allowing it to remain in sediments an(igéb d accumulate over time in aquatic environments.
Once deposited in sediments, Q@S(tremely resistant to microbial destruction, resulting in
environmental half-lives %@ast for years. Toxically, benzo[k]fluoranthene is metabolically
converted into reac;i'&ermediates that can bind DNA and cause mutations®>. Rodent studies
reveal signs of: ur&%rowth in the liver, lungs, and skin, although its potency is generally thought
to be lowéban that of benzo[a]pyrene. Nonetheless, its persistence and bioaccumulation
potentihsﬁse long-term dangers, especially when exposed through food webs. The International
Agency for Research on Cancer classifies benzo[k]fluoranthene as a Group 2B probable human
carcinogen, with human exposure occurring through inhalation of urban air, consumption of

smoked or charred foods, and occupational handling of coal tar and petroleum products®. While
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not the most carcinogenic PAH by itself, its environmental persistence and potential to contribute

additively to combination toxicity make it a priority contaminant to monitor>.
Benzo[a]pyrene

Benzo[a]pyrene, having the chemical formula CxoHi2, is one of the most investigated and
toxicologically relevant PAHs. It is a five-ring compound formed in large quanﬁﬁ\uring the
high-temperature burning of coal, petroleum, wood, and tobacco. Benzo[a(y)@ is extremely
lipophilic and firmly associates with sediments, soils, and organic materidls in the environment,
where it persists for extended periods due to its resistance to d@ ion>. Its toxicological
significance arises from its metabolic activation to benzo[a] ,8-diol-9,10-epoxide, a highly
reactive metabolite that binds covalently to DNA, gener@g adducts that inhibit replication and
induce mutagenesis. This mechanism has been cl tablished as the principal driver of PAH-
induced carcinogenesis. Animal studies regu&@reveal tumour growth in a variety of organs,
including the lungs, skin, and gastrointe%ng} stem>®. Epidemiological studies in humans show a
clear link between benzo[a]pxre@ osure and an elevated risk of lung and bladder cancer,
notably among occupatim@}osed populations like coke oven workers and chimney sweeps®’.
As a result, the Intqr@al Agency for Research on Cancer has classified benzo[a]pyrene as a
Group 1 reco i&}luman carcinogen, making it the standard for assessing PAH toxicity.
Regulatoryé@\es, such as the US Environmental Protection Agency and the European Food
Safety Mority, use benzo[a]pyrene as a reference chemical in the toxic equivalency factor
system, which expresses the toxicity of other PAHs compared to it®. Humans are exposed to
benzo[a]pyrene by inhalation of polluted air, consumption of smoked and burnt foods, and

occupational exposure to coal-derived products, with dietary intake being the most common source
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in the general population. Benzo[a]pyrene is a key target of PAH study and regulation due to its

high carcinogenic potential, persistence, and ubiquity>”.

Indeno[1,2,3-cd]pyrene

Indeno[1,2,3-cd]pyrene is a high-molecular-weight PAH with six fused arom@ ngs and the
u

chemical formula C2;Hi». It is predominantly created by the high-temperat reQ)y stion of coal,

petroleum, and biomass, although it is also present in vehicle emissio Qd no[ 1,2,3-cd]pyrene's
complex, angular molecular structure results in great stabi ',%ow volatility, and high
hydrophobicity, all of which contribute to its environmen@:rsistence”. It strongly binds to
airborne particles and aquatic sediments, allowing 4 @/el vast distances and accumulate in
benthic habitats. Once in sediments, its high re 'f@uce to biodegradation enables environmental
persistence over long time periods. Toxi.cal %eno[l,2,3-cd]pyrene is metabolically activated by
cytochrome P450 enzymes, resulting{%ctive intermediates that can create DNA adducts and
induce genetic mutations®!. It %een shown in laboratory experiments to be genotoxic and
carcinogenic, causing tumors Qforrn in the lungs and liver of exposed animals. On this basis, the
International Age ')@Research on Cancer defines indeno[1,2,3-cd]pyrene as a Group 2B
probable human*¢arcinogen. Human exposure is predominantly by inhalation of traffic-related air
polluti%&ion of contaminated food, and occupational exposure to combustion emissions®?.

Although not as strong as benzo[a]pyrene, indeno[1,2,3-cd]pyrene's persistence and ubiquity in

urban air particles contribute significantly to the cumulative cancer risk from PAH combinations®.

Dibenzo|a,h]anthracene
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Dibenzo[a,h]anthracene, a five-ring, high-molecular-weight PAH with the chemical formula
CxHias, is one of the most potent carcinogens on the EPA priority list. It is typically created by
incomplete combustion of coal, wood, and petroleum products, and is found in large
concentrations in coal tar, tobacco smoke, and soot from industrial emissions. Its hydrophobic
characteristics and low solubility cause it to stay in sediments and soils for long perigds of time,
while also allowing for bioaccumulation and possibly biomagnification via aqua 'Q%chainsm.
Dibenzo[a,h]anthracene is metabolically activated to diol-epoxides, which, eaSily form DNA
adducts, interrupting cellular processes and causing cancer. An@ tudies have found
considerable evidence of its carcinogenic potential, with persi mor induction in the lungs,
skin, and gastrointestinal system®. Based on this info @the International Agency for
Research on Cancer classified dibenzo[a,h]anthrace a@oup 2A potential human carcinogen,
indicating significant evidence of carcinogenicityi*animals but little evidence in humans®.
Human exposure to dibenzo[a,h]anthracene kﬁs through the breathing of polluted urban air, the
.
consumption of smoked or charred f&(dj,\an occupational contact with coal tar or combustion
leftovers. Even though it is n@ found in lower environmental concentrations than other
PAHs, its great potency r@?it plays a disproportionate role in cancer risk evaluations®’. As a

result, it is subst @weighted in toxic equivalency factor systems and remains a highly

regulated and t@:o ogically significant substance.

Benzo ms&erylene

Benzo[g,h,i]perylene is a six-ring, high-molecular-weight polycyclic aromatic hydrocarbon having
the chemical formula C»Hiz. It is mostly formed during high-temperature combustion processes
such as fossil fuel burning, waste incineration, and biomass combustion, and it is consistently

found in urban air particles, soot, and sediments in industrialized areas®®. Because of its massive,
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compact molecular structure, benzo[g,h,i]perylene has high chemical stability, minimal volatility,
and little water solubility. These qualities help to ensure its permanence in the environment,
particularly in soils and sediments where it can build over time®. It is extremely lipophilic and
easily bio accumulates in aquatic creatures, infiltrating food chains and posing long-term
ecological hazards. While benzo[g,h,i]perylene is less acutely hazardous than benzo[a]pyrene or
dibenzo[a,h]anthracene, it can be metabolically activated to produce oxidative Q&ad induce
mutagenesis consequences’’. Animal studies show tumorigenic activity, @)gts potency is
considered mild when compared to more harmful PAHs. The Interna 1 gency for Research
on Cancer has categorized benzo[g,h,i]perylene as a Group 3 substance, which means it is not
classifiable as carcinogenic in humans due to insufficient da wever, its frequent detection in
air particles and sediments, combined with its ca%% to stay in the environment and
bioaccumulate in food webs, justified its inclus%% the EPA's priority PAH list. Human
exposure is mostly due to inhalation of $urban air, consumption of burned foods, and
.

occupational contact with soot and c@stwn leftovers’. Although not one of the most potent

PAHs, benzo[g,h,i]perylene s@ portant indicator of combustion-related pollution and

contributes to cumulative @oncems in PAH mixtures’?.
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2.4  Polycyclic Aromatic Hydrocarbons (PAHs) in the Aquatic Environment

In many developed countries, the occurrence of PAHs in aquatic environments has been
extensively studied. Human activity causes approximately 228,000 metric tons of PAHs to be
discharged into the aquatic environment each year. The Great Lakes Science Advisory Board
(GLSAB) has identified varied amounts of PAHs in the open waters of the Great&kes water
system’*. According to a report on the distribution of PAHs in surface waters, se 'Qts, and soils
of Hangzhou, Chinal09, the concentration of 10 PAHs in sampled water ranged ffom 0.989 mg/L
in Shaoniangong to 9.66 mg/L in Zhakou, with a mean value of 3.717@]4. The largest quantity
of three-ring PAHs (phenanthrene, fluorene, and anthracene) wa @n all of the water samples,
according to the composition of PAHs in water by ring size.@a water samples contained more
four-ring PAHs, but all had the lowest concen a@of five-ring PAHs”. The average
concentration of polycyclic aromatic hydrocarbo Hs) in surface runoff ranged from 0.1 to
15.81 mg/L in the Osogbo and lle-Ife distrL&ts 0.1 to 73.72 mg/L in the heavily industrialized
Lagos area. The statistics demonstra@t the water systems were polluted with PAHs, which
exceeded the WHO recommem@%ﬁt of 0.05 pg/L. The amount of anthropogenic PAHs in the

Niger Delta Area (NDA) @ria is predicted to increase as more companies open there’®.

24.1 Polycycli(‘A&c Hydrocarbons (PAHSs) in Air

The atmoséb 1s a critical environmental compartment for the transport, transformation, and
distribu}( of polycyclic aromatic hydrocarbons (PAHs). Unlike soil and sediments, which act as
relatively stable sinks, the atmosphere is a highly dynamic medium in which PAHs can exist in
both gaseous and particulate forms, travel long distances, and undergo complex chemical
transformations that affect their persistence and toxicity’’. Airborne PAHs are primarily caused by

incomplete combustion of organic matter and fossil fuels, and their concentrations in urban
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environments are heavily influenced by human activities such as vehicular emissions, industrial
discharges, biomass burning, and domestic  heating and cooking practices.
In general, a PAH's chemical structure governs its behavior in the atmosphere. Low-molecular-
weight (LMW) PAHs with two or three aromatic rings (such as naphthalene, acenaphthylene, and
fluorene) are volatile and largely present in the gaseous phase’®. High-molecular-weight (HMW)
PAHs with four to seven rings (e.g., benzo[a]pyrene, indeno[l,2,3- Q&ene, and
dibenz[a,h]anthracene) are less volatile and likely to associate with particuldte ter, especially
tiny particles with sizes less than 2.5 um. These particle-bound PA@r resent considerable
health hazards because fine particles can penetrate deep in@ uman respiratory system,

delivering carcinogenic chemicals directly to lung tissues. Q

The emission of PAHs into the atmosphere is c@% related to human activity. In many
metropolitan areas, automobile traffic is thA\@y source, with diesel engines contributing
significantly to HMW PAHs”. Gasoli gines, despite creating more LMW PAHs, also
contribute to atmospheric loads V@g?\aust emissions. Industrial activities such as petroleum
refining, coal burning, and m@ical processes emit a wide range of PAHs into the atmosphere.
In impoverished countri grticularly many African towns, biomass burning for cooking and
heating is an addi@

in Lagos, co@les to higher atmospheric PAH levels by releasing pyrogenic chemicals straight

into the\& atmosphere®.

Once released into the atmosphere, PAHs undergo a number of transformation and transit

quently ignored source. Open burning of solid trash, which is frequent

mechanisms. Gas-phase PAHs can volatilize, diffuse, and undergo photochemical reactions,
especially in the presence of sunshine. Photodegradation is a key sink for several LMW PAHs;

nonetheless, it frequently results in the creation of oxygenated and nitrated PAH derivatives, such
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as nitro-PAHs. They are often more hazardous and mutagenic than the parent chemicals. Particle-
bound PAHs are less photodegradable and can survive in the atmosphere for days or weeks,
allowing them to travel considerable distances from their initial origins®!. Studies have revealed

that PAHs released in one place can travel across continents, illustrating the global scope of PAH

Q

Meteorological circumstances have a considerable impact on the concentration ispersion of

contamination.

PAHs in the air. Temperature, wind patterns, humidity, and precipitatio%l(h&e an impact on
how these substances travel through the atmosphere. During the wi gonths, PAHs are more
likely to partition into particulate phase and deposit near the ading in greater exposure
levels for urban populations®?. In warmer climates, such as os, volatilization of LMW PAHs
N\
takes precedence, whilst photochemical processes ac ed by high solar radiation expedite the
transition of gaseous compounds. Rainfall eva@fgplay an important role in removing particle-
bound PAHs from the atmosphere,s o@{ng in deposition on soil and water surfaces.
Globally, air concentrations of é{% fluctuate greatly depending on the amount of
industrialization and the in@ of anthropogenic activity®®. In industrialized countries,
regulatory initiatives ar% er combustion technologies have resulted in a progressive reduction

in atmospheric PQ}T\%&

London, Ne\;;bék, and Tokyo demonstrate that benzo[a]pyrene concentrations are falling when

s during the last few decades. Monitoring data from cities such as

stringem\a%uality rules are implemented. However, in many poor countries, PAH concentrations
in the air remain high, frequently exceeding WHO and EU guidelines®*.
PAH contamination of the air in Lagos is especially alarming due to the mix of considerable motor
traffic, industrial activity, open garbage burning, and residential biomass fuel use. Roadside

monitoring studies have found that fine particulate matter in Lagos frequently contains excessive
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quantities of carcinogenic PAHs, particularly benzo[a]pyrene and indeno[1,2,3-cd]pyrene. The
high density of traffic, with a prevalence of badly maintained vehicles and widespread usage of
diesel engines, dramatically worsens this problem. Furthermore, informal industrial activity such
as metal smelting, welding, and small-scale oil refining emit additional pollutants into the
atmosphere® . The open burning of waste items, such as plastics, rubber, and bipmass, is a
particularly hazardous source since it emits both parent PAHs and harmful deriva Ql&ntb

populated regions. &<

The health effects of PAHs in the air are significant and well-docu The principal route of

densely

exposure is inhalation, which allows both gaseous and particl nd PAHs into the respiratory
tract. LMW PAHs are taken into the bloodstream throu%@ungs, but HMW PAHs linked to
small particles can accumulate deep inside alveolar %’bs Chronic exposure has been related to
an increased risk of respiratory disorders @rbsthma, bronchitis, and chronic obstructive
pulmonary disease (COPD)®. More imp@@y, the International Agency for Research on Cancer
(IARC) has categorized some HM\@h\s, particularly benzo[a]pyrene, as Group | carcinogens.
Long-term exposure to airbm@-}s has been linked to an increased risk of lung cancer, bladder

cancer, and skin cancer i gted populations.

In addition to an(er}tards, airborne PAHs cause various types of damage. Prenatal and early
childhood @sure has been associated with developmental and neurobehavioral problems, low
birth weight, and compromised lung function®”. Children in high-traffic regions had higher levels
of urinary PAH metabolites, which correspond with cognitive deficiencies and poor academic
performance, according to studies conducted in cities around the world. Certain PAHs and their
derivatives have the potential to impair endocrine function, adding to the health risk.

The ecological ramifications of atmospheric PAHs are similarly important®®. PAH deposition from
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the air onto water surfaces contributes to aquatic contamination, whereas deposition into soils adds
to contaminated reservoirs on land. Airborne PAHs can have a direct impact on plants; gaseous
chemicals can be absorbed through leaf cuticles, but particulate-bound PAHs can attach to leaf
surfaces, limiting photosynthesis and lowering plant development. Leafy vegetables produced in
contaminated areas can collect PAHs, allowing them to enter the food chain and poter&y expose

S

Air quality rules and requirements for PAHs vary by region. The Europea%geﬁas established

humans®’.

a target value of 1 ng/m? for benzo[a]pyrene in ambient air as a meas arcinogenic PAH
pollution. The United States Environmental Protection Agency ) utilizes risk-based
evaluations to determine tolerable lifetime exposure levels, with/a focus on cancer risks from
inhalation”. In Nigeria, however, regulatory controls orne PAHs are weak, and routine air
quality monitoring is infrequent. This regulat@@resen‘[s a substantial problem for protecting
public health in urban areas like Lagos, w@gtmospheric PAH burdens are expected to be
among the highest in Africa due to I%chj}nthropogenic pressures.

Mitigation efforts for lowerin@spheric PAHs are generally focused on reducing emissions
from significant sources. Sustrialized countries, advances in fuel quality, the use of catalytic
converters, highe@é mission rules, and the switch to cleaner energy sources have all helped
to reduce air ion?!. These measures must be implemented immediately in Lagos and other
such ciﬁ\s/.%ﬁis involves retiring obsolete automobiles, encouraging public transit, prohibiting
open rubbish burning, and implementing cleaner industrial technology. Public awareness
campaigns on the risks of biomass burning, as well as the promotion of alternative cooking fuels
like liquefied petroleum gas (LPG), are important steps toward reducing home contributions to

atmospheric PAHs?.
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2.4.2 Polycyclic Aromatic Hydrocarbons (PAHs) in Soil

Soil is a significant environmental reservoir for polycyclic aromatic hydrocarbons (PAHs), serving
as both a sink and a potential secondary source of pollution for groundwater, surface water, air,
and biota. Because of their hydrophobicity and limited water solubility, PAHs form strong bonds
with organic matter and small soil particles, allowing them to remain in terrestrial e%stems for
lengthy periods of time”’. Soils serve as an integrative compartment, absorb@Hs from a
variety of sources, including atmospheric deposition, industrial opera%gdﬂcle emissions,
petroleum spills, residential waste disposal, and biomass burnin @refore, anthropogenic
impacts, soil characteristics, and environmental factors all a role in determining the
distribution,  persistence, and  ecological  conse @es of PAHs in soil®
The main ways that PAHs enter soil are by particu%{éatter fallout from the atmosphere, soot
deposition from burning fossil fuels, and p@ hydrocarbon spills. Vehicle exhausts and
industrial emissions are the main sourc&:&@%ollution in metropolitan areas. Common sources in
rural areas include the open bumin%‘&gg\p leftovers and the fertilization of sewage sludge. Leaks
and spills from crude oil e@tion and refining operations have produced soils that are
significantly enriched withwpetrogenic PAHs in industrial and oil-producing areas, such as
.
Nigeria's Niger [Qlt%{&.' unique example of mixed PAH sources, with both pyrogenic and

petrogenic @utions, is Lagos, a megacity with significant industrial, automotive, and

residenﬁ@ﬁvity.

The molecular weight and chemical structure of PAHs in soil have a significant impact on their
environmental fate. Naphthalene and fluorene are examples of low-molecular-weight (LMW)
PAHs that can partially leach into groundwater due to their tendency to be more volatile and

mobile. Conversely, high-molecular-weight (HMW) PAHs, such dibenz[ah]anthracene and
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benzo[a]pyrene, show substantial sorption to clay minerals and soil organic matter, leading to
increased persistence but decreased mobility’s. Because of their mutagenic and carcinogenic
qualities, as well as their resistance to microbial breakdown, these HMW PAHs are especially
concerning.

One of the most important variables affecting PAH retention is the amount of organic carbon in
the soil. PAHs show a high degree of partitioning into the soil's organic portio Qer they are
trapped and shielded from microbial breakdown. Bound residues are frequen@ ed as a result
of this interaction; these residues are challenging to remove and end@extended periods of
time. Another significant factor is soil texture; fine-textured soi v% lot of clay and silt often
have higher concentrations of PAHs than coarse-textured, s Qs with a smaller surface area. .
Seasonal variations in temperature and precipitation 356% additional impact on PAH dynamics
in tropical soils like those found in Lagos. While rains might mobilize pollutants, high sun
radiation may encourage limited photodegra %n of PAHs exposed to the surface®’.

R

A significant natural attenuation m@g \m in soils is biodegradation, which is carried out by a
variety of microbial communi@t may metabolize PAHs to produce carbon and energy. Under
aerobic conditions, it ha @ observed that a number of bacterial taxa, including Pseudomonas,
Sphingomonas, a@acterium, breakdown PAHs. By using ligninolytic enzymes, fungi like
Phanerochae é«ysosporium also play a major role in the degradation of PAHs’®. However, the
efﬁcac?‘&&degradation is dependent on the bioavailability of PAHs, which is frequently limited
by high sorption to soil particles and sequestration in micropores. High-molecular-weight PAHs
degrade more slowly in anaerobic soils, such as waterlogged agricultural areas or sediments,

resulting in their long-term survival.

38



The persistence of PAHs in soil poses serious ecological and human health risks. Soils in urban
and industrialized areas usually act as long-term pollution reservoirs, constantly releasing PAHs
into other environmental media®. PAHs are released into the atmosphere through volatilization
from polluted soils, while leaching and runoff carry them into groundwater and surface water.
Soil-bound PAHs also enter terrestrial food chains because plants can absorb LMW PAHs via root
absorption and grazing animals can consume contaminated vegetation or soil pa Q r human

Q

populations, direct exposure to contaminated soils by skin contact, dust int%l r breathing of

resuspended particulates is a significant exposure pathway. é

Several studies throughout the world have found high qies of PAHs in soils from
industrialized and urban areas. Soils in Beijing and Sha@i, China, have high amounts of
benzo[a]pyrene and chrysene, which are mostly cau@ coal burning and automobile activity?>.
European research in Poland and Germany fa@ soils around industrial operations exceeded
acceptable guideline values. South Afric@anaian, and Nigerian investigations have shown the
ubiquitous nature of PAH-contamir@c?oil. Soils in oil spill zones in the Niger Delta frequently
contain PAH concentrations t@% several orders of magnitude greater than background values,
causing serio Q ecological and health hazards.
In Lagos, PAHs i@e been related to a variety of urban activities'?. Roadside soils in high-
traffic locati%buch as Ikeja, Oshodi, and Apapa, frequently have higher PAH levels due to
chronic\%%nissions. Petroleum refining, metallurgy, and small-scale manufacturing operations
all lead to increased contamination in industrial zones. Open dumping of solid waste and
uncontrolled burning of refuse are other significant sources, generating pyrogenic PAHs that

eventually settle on urban soils. According to studies, soils around informal settlements and

marketplaces in Lagos frequently contain high levels of both LMW and HMW PAHs, indicating
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the combined effects of biomass fuel cooking, rubbish burning, and traffic-related emissions'‘’.
PAHs in soil pose ecological hazards that go beyond contamination of air and water. Soil
invertebrates, such as earthworms, play critical roles in soil structure and nutrient cycling and are
extremely susceptible to PAHs. Experimental investigations have demonstrated that exposure to
contaminated soils can impair earthworm reproduction, growth, and survival rates. Soil microbial
populations are also impacted, with chronic pollution resulting in reduced micro 'Q%sity and
poorer soil biochemistry. These disturbances reduce soil fertility and ecosyst ction, creating
problems  to  agriculture and  food  security  in @t inated  areas!®,
Human health concerns from PAH-contaminated soils are equal s@can‘t. Chronic exposure to
benzo[a]pyrene and other carcinogenic PAHs has been ass with an increased risk of skin,
lung, and bladder cancer. Children are more vulner. leﬁg‘use of increased exposure rates from
hand-to-mouth action and the sensitivity of deyelo issues. In Lagos' urban slums and informal
settlements, where children frequently play *&n‘[aminated soils and families cook with biomass
.
fuels, the risk of PAHs exposure is {\’\\uarly high. Furthermore, the intake of locally grown

crops planted in contaminated hL* act as an additional route for human exposure!®.

PAHs contamination in c&?ormally tested using environmental agency-established guidelines.
The Dutch Soil a.llgg\St ndards, for example, establish intervention levels for individual PAHs
above which@@diation is required. The United States Environmental Protection Agency (EPA)
and the@fd Health Organization (WHO) have also set risk-based limits for benzo[a]pyrene
equivalents in soil'®. In Nigeria, however, soil quality restrictions are minimal and enforcement is

weak, resulting in unregulated contamination in urban and oil-producing areas.

The remediation of PAH-contaminated soils is a global challenge. Several technologies have been

created, including thermal desorption, soil washing, chemical oxidation, and bioremediation.
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Among these, bioremediation is gaining popularity because to its cost-effectiveness and
environmental sustainability. Bioaugmentation, which introduces PAH-degrading bacteria, and
biostimulation, which adds nutrients to boost local microbial activity, have both showed promise
in terms of lowering soil PAH levels'®. Another developing method, phytoremediation, which
uses plants to absorb or degrade toxins, is well-suited to tropical environments. However, in
heavily contaminated soils like those found in Lagos industrial zones, inte Q&tfeatmen‘[s

involving physical, chemical, and biological methods may be necessary for efficiefitrestoration!%,

2.4.3 Polycyclic Aromatic Hydrocarbons (PAHs) in Sediments%O

Sediments are a key environmental compartment for the a tion and long-term storage of
polycyclic aromatic hydrocarbons (PAHs). Unlike air water, which are transient mediums,
sediments serve as a semi-permanent reservoir %@rdrophobic organic pollutants, including
PAHs, that build over time. PAHs' destiny in %\&c systems is heavily affected by their lipophilic
and hydrophobic qualities, which e@' em to preferentially partition into organic-rich
sediments rather than remain}n&%&)lved in the water column'”’. This feature has led to
sediments being commo%@}nized as both sinks and secondary sources of PAHs, having a

dual function in the pg{s%ence and bioavailability of these chemicals in aquatic settings.

The processes@ﬂuencing PAH formation in sediments are largely determined by their
physic%@l features. PAHs are characterized by low aqueous solubility and high octanol-
water partition coefficients (Kow), which contribute to their strong affinity for organic carbon.
PAHs that enter the water column from atmospheric deposition, industrial discharges, or urban
runoff attach quickly onto suspended particulate matter (SPM). These particulates eventually fall

to the bottom, where PAHs are absorbed into sediment!'%. Sediment organic carbon content is an
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important factor in PAH retention; fine-grained sediments with high organic matter content, such

as silts and clays, collect higher PAH concentrations than sandy or coarse-grained sediments.

PAHs in sediments can be roughly classified into two types: pyrogenic and petrogenic. Pyrogenic
sources include incomplete burning of fossil fuels, biomass, and waste materials, which results in
high-molecular-weight PAHs including benzo[a]pyrene, indeno[l,2,3-cd]p%e, and
dibenz[a,h]anthracene. Petrogenic sources, on the other hand, come from c petroleum
products, and industrial discharges, and they contain more low-moleculagtwe PAHSs, such as
naphthalene, phenanthrene, and fluorene!®. In sediment studies, dia @ ratios of PAHs (such
as fluoranthene/pyrene and anthracene/phenanthrene) are freq utilized to distinguish these
origins. Sediments in coastal cities like Lagos frequently e)@ a complex mixture of pyrogenic

and petrogenic inputs, due to the combination of urﬁbmbustion activity, petroleum transport,

and industrial discharge'°. ®%

Sediments from metropolitan estuarieé%@yrs, and industrialized rivers are known to have
significant levels of PAHs. For @ le, studies in the Hudson River (United States) and the
Thames River (United Kin @\mve revealed historical layers of PAH buildup associated with
prior coal burning ap@&strial emissions!!!. Similarly, sediments from Chinese rivers such as the
Yangtze and el@ivers have worrying levels of PAHs, indicating the country's extensive
industrial @§y
recordiM

e history of industry and pollution for decades or even centuries. In some

These sedimentary archives frequently serve as environmental records,

circumstances, sediment cores can be studied to recreate temporal trends in PAH contamination,
indicating both historical pollution peaks and more recent reductions as a result of environmental
legislation. Sediment pollution is particularly concerning in tropical locations such as Africa due to

lax regulatory frameworks, insufficient waste management, and a high reliance on crude oil and
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biomass fuels®. In Nigeria's Niger Delta region, for example, oil exploration, spills, and artisanal
refining activities have all contributed to extraordinarily high PAH concentrations in riverine and
estuary sediment!'?. Similarly, in Lagos Lagoon, multiple studies have found considerable PAH

deposition in sediments, which frequently exceeds international sediment quality criteria.

Sediments act as both sinks and secondary sources of PAHs in aquatic environmeoﬁSedimen‘[
disturbance caused by dredging, storms, tidal action, or benthic animals can r@%d PAHs in
the water column, increasing their bioavailability. This resuspension@gag has important
ecological ramifications since it increases the exposure of aq species to hazardous
pollutants''3. Benthic species, such as mollusks, cmstacea@n bottom-feeding fish, are
especially vulnerable because they live in direct contact with/Sediments and can bioaccumulate
PAHs through the ingestion of contaminated partic%{&diment-associated PAHs also infiltrate
food chains, causing biomagnification in @rophic levels, including humans who eat
contaminated fish and shellfish!'4, PAH j@;‘[ence in sediments is influenced by environmental
factors such as oxygen availabilit)Qﬁci?\obial activity, and sediment chemistry. Under aerobic
conditions, some bacterial @ons can degrade low- and medium-molecular-weight PAHs.
However, in anoxic conditiens, which are typical in deeper sediments, the breakdown of high-
molecular-weight@%’i severely hindered, resulting in long-term survival. As a result, many
sedimentary can persist for decades, raising concerns about long-term environmental and
human\g&l dangers. Sediment cores from contaminated harbors frequently include layers of

PAHs formed over several decades, demonstrating the persistent nature of these pollutants!'!>.

PAHs in sediments represent severe ecological concerns. Laboratory and field investigations have
shown that sediment-bound PAHs can cause mutagenesis, carcinogenesis, and teratogenic effects

in benthic organisms. For example, exposure to contaminated sediments has been associated to
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developmental defects in fish embryos, reduced reproduction in mollusks, and immunotoxic
effects in crustaceans. Chronic sediment contamination in Lagos Lagoon is thought to contribute
to dwindling fish populations and biodiversity, with serious implications for local fisheries and

food security!'6.

Regulatory regimes for sediment quality frequently rely on sediment quality guide% (SQGs),
which establish threshold amounts for a variety of pollutants, including PAHs. @%nited States
Environmental Protection Agency (EPA), for example, has develope%&h‘nark values for
assessing ecological risks, such as the Effects Range Low (ERL ffects Range Median.
Sediment PAH concentrations above ERM thresholds are linke high risk of severe biological
consequences. Many African aquatic systems, notably La c@goon, have measured PAH levels

that surpass these guideline limits, highlighting the c&é& need for remediation and management

actions'!. @

In Lagos, the sources of sediment con@on are numerous. Industrial effluents dumped into
the lagoon frequently contain P %&rom petroleum refining, manufacturing, and small-scale
workshops. Vehicle emissi osit PAHs on urban surfaces, which then wash into the lagoon
via stormwater ruangl&omestic garbage burning, another frequent activity in the city, leads to
pyrogenic PA iguﬂarby soils, which eventually erode into aquatic systems. Oil spills and leaks
from depoQ pipelines contribute to the contamination problem by introducing petrogenic
PAHs. %fend result is a sedimentary environment rich in both pyrogenic and petrogenic PAHs,

generating a deadly cocktail for aquatic life and humans that consume lagoon resources'!.

2.44 Polycyclic Aromatic Hydrocarbons (PAHs) in Water
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Polycyclic aromatic hydrocarbons (PAHs) are a serious concern in aquatic systems because water
transports them and provides a conduit for exposure to aquatic creatures and people. PAHs
released into the environment by combustion processes, industrial effluents, oil spills, stormwater
runoff, and atmospheric deposition eventually reach surface waters such as rivers, estuaries, and
lagoons. The aquatic phase is thus an important compartment in the environmental dispersion of
PAHs, even if their concentrations in the dissolved phase are typically lower than 'Qﬁ\ents and

soils due to their hydrophobic and lipophilic properties!?’. Nonetheless, diss@lved@PAHs, even at

low levels, are extremely important due to their direct bioavailabi@d potential to cause

O

The solubility of PAHs in water diminishes with increasi&olecular weight. Low-molecular-

harmful effects in aquatic organisms.

weight molecules like naphthalene, acenaphthyleneé%phenanthrene are more water soluble,
allowing them to remain in the dissolved phas@rgmast, high-molecular-weight congeners such
as benzo[a]pyrene and dibenzo[a,h]anth@ have extremely low solubility and preferentially
attach to organic matter and susp@ﬁga\particlesm. This partitioning pattern implies that the
speciation of PAHs in water @ly impacted by the water body's physicochemical properties,
such as pH, salinity, te ere, and the presence of dissolved organic carbon. For example, in
tropical coastal la@}}ﬁh extensive organic debris and suspended solids, PAHs tend to interact
with particleﬁbéer than remain freely dissolved. Several studies have found that PAHs pollute
water b%@%around the world, particularly in urban and industrialized areas. In the United States,
the Environmental Protection Agency (EPA) has designated PAHs as priority pollutants in
freshwater and marine systems, citing their frequent presence near urban outfalls and industrial
emissions'??2, PAH concentrations in surface waters of European rivers such as the Rhine and

Thames have been intensively examined, finding patterns associated with urban runoff and air
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fallout from car emissions. Similarly, in Asia, the Pearl River in China has high PAH loading in
both water and suspended sediments, which can be ascribed to the region's fast urbanization and

heavy industrial activity!?.

Although there have been less investigations on PAHs in surface waters in Africa, the current data
indicate that there is growing concern. In South Africa, water samples from the Vaal “er showed
detectable amounts of both low- and high-molecular-weight PAHs, indicatin@?harges from
industrial activity, coal burning, and informal settlements along th%&(nks. In Ghana,
investigations of the Korle Lagoon in Accra indicated higher P centrations in water,
sediment, and fish, which were mostly attributed to the uncod disposal of electronic trash
and the open burning of plastic. These examples demonstrat@v unregulated urban and industrial
activities in African cities contribute to PAH loadin%(auatic systems'?*, PAHs in water bodies
are especially important in Nigeria because %@evalence of petroleum-related activities and
insufficient waste management procedm\&Numerous studies in the Niger Delta have found
significant amounts of PAHs in sur%ca\d groundwater, which are directly related to oil drilling,
gas flaring, and regular pip@%pills. For example, groundwater samples from Ogoniland
settlements have been ft Q} be contaminated with carcinogenic PAHs, raising concerns about
long-term human@r through drinking water. Lagos Lagoon, West Africa's largest coastal
lagoon, is an%écase study in which PAHs are routinely introduced into the aquatic environment.
Urban ?b& untreated industrial discharges, open waste dumping, and maritime oil spills are all
potential sources. It found increased PAH concentrations in Lagos Lagoon waters that exceeded

international safety requirements, indicating both pyrogenic and petrogenic inputs'26.

The ecological consequences of PAHs in water are substantial. Dissolved PAHs can be absorbed

directly by aquatic creatures via gill membranes, skin, or other porous tissues. Once inside the
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body, these substances are metabolically activated, which frequently results in the creation of
reactive intermediates that bind to DNA and proteins, producing genotoxicity and other sublethal
consequences®. Chronic exposure in fish has been associated to liver abnormalities, poor
reproductive success, and decreased growth. Furthermore, the trophic transmission of PAHs across
aquatic food webs raises human exposure risk, especially in societies that rely largelﬁﬁsh as a

S

Another relevant concern is the seasonal variation in PAH concentratigﬁi ater. During the

protein source!?’,

rainy season, stormwater runoff and river inflows can flush huge vo f urban and industrial
pollution into lagoons and rivers, causing short-term increases@A levels. In contrast, during
the dry season, less water flow and higher evaporation rate@y lead to an increase in dissolved
contaminants. Studies in Lagos Lagoon suggest th levels tend to peak during the rainy
season, when runoff from heavily populated@%nsfers hydrocarbons and soot particles into
the lagoon'?8, Finally, monitoring PAH.S}&ter is difficult because of their low quantities and
inclination to partition into se@%. Advanced analytical techniques, such as gas
chromatography-mass spectr%@ (GC-MS), are necessary to precisely measure individual
PAHs, which frequently ;netessitate pre-concentration processes such as solid-phase extraction'?.
Despite these obsélég\fo tine monitoring of PAHs in water is critical because this compartment
acts as a dj ink between contaminated sources and biological exposure. Without such
monito?iq&%arly warning indicators of environmental stress and human health hazards may go

undetected .

2.5  Food Safety
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Food safety refers to the handling, preparation, and storage of food in methods that avoid
foodborne illness and protect consumer health. In the context of environmental contamination,
food safety is defined as the absence (or tolerable low levels) of dangerous pollutants in food items
intended for consumption. Chemical pollutants, such as PAHs, are of particular concern for food
safety since they can be subtle and long-term threats. Chemical pollutants, unlike acute

t contribute to

microbiological food poisoning, do not produce immediate symptoms but can Qe ng-term
health problems!3!. For example, long-term intake of PAH-contaminated food@

chronic diseases such as cancer, organ damage, developmental prob@&nd other dangerous

conditions. To protect public health, regulatory bodies and i@%al agencies (such as the
i

WHO, FAO, and Codex Alimentarius) establish maximu ue levels and safety limits for

certain contaminants in food!'*?. Ensuring food f@ the context of this study entails

determining whether aquatic organisms colle% the study region possess pollutant levels

that are within permissible limits. The notion,of farm-to-table contamination combines food safety
.

and environmental science: toxins é\{n ustrial activities can enter aquatic species and

eventually end up on people’s*@ “As a result, this literature review focuses on research that

measured contaminant lev@)ods and evaluated dietary risk'*>.

2.6 Environment@gradation Models (DPSIR Framework)

Enviro@egradation models provide a structured way to understand how human activities
lead to environmental change and what consequences ensue. One widely used model in
environmental studies is the DPSIR framework, which stands for Drivers—Pressures—State—

Impact—Response (Figure 2.1).
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According to the DPSIR mo.del @xpplied to the Lagos Lagoon, a Driver such as rapid
urbanization, industrial gr ,\and increasing population pressure in Lagos creates a growing
demand for energy, gr\'§, and industrial production. These drivers lead to Pressures on the
environment, aﬂ@ly through the release of untreated effluents, combustion emissions, and
surface run%%at carry polycyclic aromatic hydrocarbons (PAHSs) into the lagoon!'*. Such
discharg %lter the State of the lagoon environment by increasing concentrations of PAHs in
water, sediments, and aquatic organisms, while also influencing physicochemical parameters such
as dissolved oxygen and nutrient levels'34. The changed environmental state has Impacts on both

ecosystems and human health. Elevated PAHs in sediments can impair benthic organisms; disrupt

food webs, and bioaccumulate in fish consumed by local populations. Human health risks arise
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from chronic exposure to PAHs through contaminated seafood and water, with potential
carcinogenic, mutagenic, and immunotoxic effects. Finally, society can undertake Responses such
as enforcing stricter industrial discharge regulations, improving wastewater treatment

infrastructure, conducting regular environmental monitoring, and sensitizing fishing communities

Q

Applying the DPSIR model to the Lagos Lagoon therefore conceptualizes th@cause effect

to safe consumption practices!.

chain of PAH contamination: the driver is intense anthropogenic activity & , the pressure is
the continuous release of PAHs through industrial, domestic, and rt-related sources, the
state is the measurable accumulation of PAHs in water, sedi@s, and aquatic organisms, the
impact is ecosystem degradation and heightened health risk dependent communities, and the
response involves targeted remediation, regulation, %{@stainable management policies'®’. This
framing emphasizes that PAH pollution in @%agoon is not an isolated occurrence but a
symptom of broader urban-environment h&:tions, and that understanding the linkages between
drivers, pressures, state, impacts, a%g@\onses is essential for developing effective strategies for

environmental protection and @health safeguarding!3%.

2.7 Physico-Clle@ Properties of Polycyclic Aromatic Hydrocarbons (PAHs)

The physico-c@ﬂcal characteristics of PAHs, which dictate their solubility, partitioning,
transpott, degradation pathways, have a significant impact on their behavior in aquatic
environments. Low aqueous solubility, which decreases with increasing molecular weight, is a
characteristic of the majority of PAHs!*. For example, benzo[a]pyrene, a five-ring PAH, is nearly

insoluble in water, but naphthalene, a two-ring PAH, is comparatively soluble. Higher molecular

weight PAHs have a tendency to sorb onto particulate matter and sediments, whereas lower
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molecular weight PAHs are more mobile and bioavailable. This difference in solubility affects

their environmental fate. The hydrophobic nature of PAHs, which is demonstrated by their high

octanol-water partition coefficients (Kow), is another characteristic that sets them apart. Instead of

staying dissolved in water, PAHs preferentially concentrate in organic-rich matrices like sediments

and biological tissues, according to high Kow values'#®’. This explains their propensity to survive
o

in benthic habitats, where sediments act as long-term sinks, and to bioaccu@ aquatic

creatures. &<

The distribution of PAHs in the environment is also influenced b ity. Semi-volatile, low
molecular weight. PAHs have the ability to partition into the @sp ere, where they may travel
great distances before re-deposition in aquatic environ&. Despite the absence of local
anthropogenic sources in isolated habitats like the A@t is adds to the worldwide dispersal of
PAHs. Because of its subtropical environmer@ is especially susceptible to the atmospheric
deposition of PAHs from industrial proQ& and vehicle emissions, which could subsequently
find their way into the lagoon'*!. P@écq\esistance to biodegradation serves as more evidence of
their longevity. Under aerobi;@litions, some microbial communities can metabolize specific
PAHs, however big mo ecgr weight molecules are frequently resistant and only break down
extremely slowly.@m buildup is facilitated by anaerobic conditions, such as those found in
deeper sedi%é which further impede biodegradation. PAHs are particularly troublesome as
persiste\&anic pollutants in aquatic settings because of their hydrophobicity, low solubility, and
resistance to degradation. The chemical structure of PAHs affects their toxicity in addition to their

partitioning behavior'#?

. Before they can cause mutagenesis or cancer, many PAHs must first
undergo metabolic activation into reactive intermediates, making them pro-carcinogenic. For

instance, benzo[a]pyrene undergoes metabolism to produce diol epoxides, which have the ability
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to attach to DNA and cause mutations Therefore, PAHs' physico-chemical characteristics are not

only crucial to their fate in the environment!4!:142,
2.8  Occurrence and Distribution of PAHs in Aquatic Environments

A complex interaction of physical, chemical, and biological processes shapes the presence and
dispersion of polycyclic aromatic hydrocarbons in aquatic systems. Once preserQ% aquatic
environment, PAHs separate into various environmental compartments, Q@s suspended
particles, bottom sediments, the water column, and live species. Their di ion throughout these

compartments varies depending on the receiving ecosystem's eristics, hydrophobicity,

molecular weight, and environmental factors'#. QQ

Low molecular weight PAHs tend to be more Q in the water column due to their
comparatively higher aqueous solubility. Du ’@ e possibility of volatilization into the
environment, photolytic degradation,.or icrobiological modification, these chemicals are
frequently temporary. However, lau{ olecular weight PAHs, which have extremely low
solubility and strong hydropho'n@%ractions, preferentially combine with suspended particulate
matter and eventually sin@o sediments!*. The partitioning behavior of PAHs between water
and sediment has '@ribed using sediment-water distribution coefficients, which are highly

related to the o@ic carbon content of sediments.

O

Sedime rve as long-term reservoirs or sinks for PAHs, and in many aquatic ecosystems,
sedimentary concentrations are many orders of magnitude higher than those in the surrounding
water. These sediments not only record historical contamination, but they also act as secondary
sources of PAHs, slowly releasing them back into the water column by processes such

resuspension, diffusion, and bioturbation'*?. Sediments are particularly essential in regulating the
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geographical and temporal distribution of PAHs in lagoons and estuaries like Lagos Lagoon,
where hydrodynamic conditions are frequently altered by tidal mixing and anthropogenic
disturbance. PAHs can also accumulate in aquatic creatures. Because of their lipophilic nature,
PAHs easily bioaccumulate in the fatty tissues of fish, shellfish, and other aquatic animals.
Bioconcentration occurs when organisms absorb PAHs directly from water, whereas
bioaccumulation refers to the combination of water and food sources'®. Biom %ion may
also occur when PAHs cross trophic levels, resulting in larger concentrations in predatory species.
Numerous studies have found higher levels of PAHs in fish an@gtaceans that live in
contaminated water bodies, which has implications for both eco te%tegrity and human health.
Temperature, salinity, dissolved oxygen, and organic matt@ ent all have an impact on how
PAHs are distributed and survive. Warmer temperat ey@t as those found in tropical locations,
may promote volatilization and microbial decom of some PAHs. However, the survival of
high molecular weight chemicals in sedi é&s is generally unaffected by these conditions,
.
emphasizing their significance as l@sting pollutants!*. Furthermore, metropolitan water
bodies that receive substantialﬂakgﬁnts of untreated wastewater tend to have greater PAH
concentrations than pristiﬂ@%al environments. Lagos Lagoon, which receives discharges from

multiple industria ‘d@micipal sources, exhibits this pattern of increased contamination in

metropolitan a@ic abitats.

Globalﬁ\tg”gantities of PAHs in aquatic systems vary greatly depending on the level of human
activity in the surrounding area'“®. Industrialized countries with stricter environmental controls
frequently report lower concentrations than undeveloped countries with inadequate or no pollution
control measures. Nonetheless, PAH pollution has been recorded in both affluent and developing

countries, demonstrating that it is a widespread, global hazard!#S.
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2. 8.1 Global Perspectives on PAH Pollution in Aquatic Systems

PAHs in aquatic ecosystems have been extensively studied during the last several decades, owing
primarily to accumulating evidence of their persistence, toxicity, and carcinogenic potential. In
North America, for example, investigations undertaken in the Great Lakes have repeatedly
revealed the presence of both low and high molecular weight PAHs, with sediments ng as key
repositories'?’. The U.S. Environmental Protection Agency's classification Q@ﬁen priority
PAHs has driven most of the region's research and monitoring. The fi dirgv?epeatedly show
strong links between PAHs contamination and urban-industrial ﬂov@asizing the importance
of anthropogenic sources. Studies conducted along the Tha@ River, the Rhine, and other
significant waterways in Europe have also shown that his@)l industrial activity and ongoing
urbanization are associated with elevated PAH leve%%ﬂe certain locations have seen declines
due to the European Union's strict implem ’bof water quality rules, legacy pollution in
sediments is still a significant probleml“%&n when current emissions are better controlled, the

persistence of high molecular weig&’&f‘gls in sediments shows the long-term effects of previous

contamination. QQ\A

With the fast industsialization and urbanization taking place in nations like China, India, and
Indonesia, Asi is(a;>ther crucial region for PAHs study. Extremely high levels of PAHs have
been founé%sediments and biota in China's Pearl River Delta, one of the world's most
industrialiZed areas'*’. These concentrations have been ascribed to household wastes, ship traffic,
and petrochemical factories. Similar to this, India's extensive use of coal and biomass for energy,
together with a lack of proper waste disposal infrastructure, have resulted in the pollution of water

bodies like the Ganges and Yamuna Rivers with PAHs.
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Because oil extraction and transportation are so common in the Middle East, the situation there is a
little different. For example, because of the regular oil spills, offshore drilling, and shipping, the
Persian Gulf has been shown to be one of the most hydrocarbon-contaminated marine
ecosystems!®. These instances show that PAHs contamination is a worldwide issue, with
geographical variances influenced by regional industrial, regulatory, and econc& factors.
The propensity of PAHs to accumulate in sediments and aquatic creatures, fre Qly at levels
above stated environmental safety criteria, is a prevalent feature throughout globatinvestigations,
despite regional variations. This persistence has sparked worries abo@ security as well as
ecological health because many of the impacted aquatic creatur@%vested for human use. As

a result, international agencies such as the World Health zation and the United Nations

Environment Programme have frequently emphasiz‘e(k@ecessity for stricter monitoring and

regulation of PAHs in aquatic settings'4714°, ’b

\®
2. 8.3 Ecological Impacts of PAHs in.A(hki\c Ecosystems
Polycyclic aromatic hydrocarlgoa®?s) have a significant ecological influence on aquatic
environments due to thei@}g persistence, and bioaccumulation features. Because they are
hydrophobic and lip@, PAHs preferentially partition into sediments and aquatic creatures'
lipid tissues, e&bﬁy can persist for lengthy periods of time. Their ecological effects manifest
at several Q@@s of biological organization, ranging from molecular and cellular disruptions to

popula‘hﬁnd ecosystem repercussions!>!,

At the cellular level, PAHs have been linked to oxidative stress, DNA damage, and enzymatic
system disruption. The cytochrome Piso enzyme system metabolically activates many PAHs,

converting them into reactive intermediates capable of creating DNA adducts and producing
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reactive oxygen species. This metabolic interference compromises cellular integrity, resulting in
mutagenesis, cytotoxicity, and, in some situations, apoptosis. These cellular-level effects, while
initially unnoticeable in natural populations, are the foundation of long-term ecological upheaval.
PAHSs have an adverse effect on organismal growth, reproduction, and survival'>2. Laboratory and
field studies consistently reveal that fish exposed to PAHs have impaired embryonic development,
lower hatching success, and morphological abnormalities. For exampl Q&msure to
benzo[a]pyrene and fluoranthene has been linked to fin erosion, skeletal ab ties, and liver
cancers in fish species. PAHs can diminish reproductive production a@ge feeding behavior
in invertebrates like mollusks and crustaceans, influgnc population  dynamics.
Chronic exposure to PAHs reduces biodiversity and cha composition of communities.
Benthic invertebrate assemblages in PAH-contamina edfa%lents frequently have reduced species
richness, with sensitive taxa dying and tolerant o istic species thriving'*3. This disrupts food
web dynamics and decreases ecosystem resiliene to other stressors. Similarly, fish populations in

°
contaminated lagoons, estuaries, and @ frequently exhibit decreased abundance and biomass,

endangering local fisheries and‘@%curity.

ecosystems are b@

at all trophic A&@ Reduced productivity and changed predator-prey interactions affect ecosystem

These cumulative dis@ have an influence at the ecosystem level. Because aquatic
c

mplex food webs, PAHs can harm primary consumers and detritivores

service?sqlg(as fisheries, nitrogen cycling, and water purification. In systems like Lagos Lagoon,
where humans rely heavily on ecosystem services, ecological disruptions have severe
socioeconomic implications!>*. Importantly, ecological concerns are increased in tropical
environments because to higher biological activity, warmer temperatures, and generally inadequate

wastewater treatment capacity. These conditions can improve hydrocarbon mobilization, raise
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organism metabolic rates (and consequently toxicant intake), and exacerbate ecological sensitivity.
This highlights the importance of studying PAHs not only in temperate zones, but also in tropical
urban environments such as the Lagos Lagoon, where the ecological repercussions may be more

severe!>4,

2.8.3 PAHs Contamination in Lagos Lagoon and Other Nigerian Aquatic Syste§

Lagos Lagoon, located on Nigeria's southwestern coast, is one of the largest ecologically
and socioeconomically significant water systems in West Africa. It is a &mately 50 kilometers
long and connects to the Atlantic Ocean via Lagos Harbor, making a semi-enclosed estuary
system and an important hub for urban, industrial, and nauti rations. With over 20 million
people living in the Lagos metropolitan, the lagoon e@po lutants from a variety of sources,
including municipal garbage, industrial efﬂuentoleum hydrocarbons, and urban runoff.
These forces have turned Lagos Lagoon into\\a\gtspot for organic and inorganic contaminants,
including PAHs!*. Several studies hav, fj high PAH levels in Lagos Lagoon, particularly in
sediments and aquatic species, &@gemc PAH concentrations have been detected in lagoon
water and fish samples, %Qome amounts above international guideline limits. Sediment
investigations reveqlﬂﬁvated total PAH concentrations associated with petroleum activity,
industrial disc r&ﬁud urban trash dumping'*¢. Similarly, significant bioaccumulation of PAHs
was discox@m fish species such as Tilapia guineensis and Chrysichthys nigrodigitatus, both of

which Q&)mmonly consumed by local communities.

The pollution profile of Lagos Lagoon includes both petrogenic and pyrogenic sources. Petrogenic
inputs are produced during petroleum exploration, refining, and transportation activities,

particularly spills from pipelines, tankers, and offshore operations. Pyrogenic PAHs, on the other
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hand, are caused by incomplete combustion of fossil fuels, biomass, and refuse—activities that are
common in Lagos because to traffic congestion, industrial operations, and home waste combustion.
This dual source pattern helps to explain the intricacy and durability of hydrocarbon pollution in

the lagoon'>’.

Beyond the Lagos Lagoon, other Nigerian aquatic systems, such as the Niger Delta c%s and the
Warri River, are heavily polluted by PAHs from oil drilling and gas flaring ac@g. The Niger
Delta has been regarded as one of the world's most petroleum-imy%g\eﬁosystems, with
persistent hydrocarbon contamination in sediments, water, and biota. @r to the Lagos Lagoon,
PAH concentrations in these habitats frequently surpass iatlonal standards, generating
ecological and public health issues'®, QQ
t}’b
O
O
D

2.9 Human and Environment@((f?}s of Polycyclic Aromatic Hydrocarbons (PAHs)
PAH pollution of aquatic c@ems is well recognized as a major public health hazard. The
majority of knowledge a Q\e consequences of PAHs is based on animal researches, which have
showed greater r@in, lung, bladder, liver, and stomach cancer'*®. According to animal
studies, certg&&é\Hs can affect the immune and haematological systems, as well as neurology,
develo;}ﬁ@ , and reproduction. Certain PAHs, such as benzo(a)anthracene, benzo(a)pyrene (BaP),
benzo(b)fluoranthene, benzo(j)fluoranthene, benzo(k)fluoranthene, chrysene,
dibenzo[ah]anthracene, and indeno[1,2,3-cd]pyrene, have been shown to induce cancers in
laboratory animals'®’. According to a toxicity test on fish eggs, the concentrations observed may

endanger certain aquatic organisms, particularly those in their early stages of development. When
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embryos from Estero de Urias were exposed to water and sediment extracts, many abnormalities
(exogastrulation) occurred. These findings indicate that the embryo had an abnormal process
throughout development, similar to what occurs when exposed to lithium chloride (LiCl).
Research using BaP, a representative of other cancer-causing PAHs, reveals that fish tend to be

more sensitive to peak dosages, especially following prior exposure to lower concentrﬁlsm.

Another risk element is benthic species' ability to metabolize these chemic@any aquatic
invertebrates, especially bivalve mollusks, are not very adept at degradti , but some, such
as some polychaetes, can. Phase 1 enzymes in the cytochrome P45 @ed function oxygenase
system metabolize PAHs, which are then removed as hyt@lated metabolites. While the
cytochrome P450 system converts polycyclic aromatichégarbons (PAHs) into more easily
excretable compounds, it also produces a number (@agenic and carcinogenic intermediates,
including diols and epoxides, which can cau@omas by generating PAH-DNA adducts'®!.
According to recent research, fish can ba@sed to even low levels of PAHs in sediments (2-3
ng/g) and still trigger cytochrome P ca\zymes. Regarding the possible carcinogenicity of PAH-
exposed prawns, the data in;&% that these pollutants may induce DNA damage, since the
exposed shrimp's DNA egvas significantly higher than that of the controls. This shows that
DNA damage occ@ulting in the initiation of carcinogenic processes. Others, however, have
emphasized range of parameters, including the length of exposure and the amount of
polluta?&&well as the organisms' nutritional and health status, have a part in the carcinogenic

growth of aquatic creatures exposed to hazardous chemicals'®?. Mutations can result from DNA

adducts generated by PAHs and their metabolites.
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In general, PAHs pose a high acute risk to humans. PAH toxicity is primarily associated with
cancer. Workplace exposure to PAHs has been associated to increased risk of bladder, skin, and

lung cancer.

2.10 Exposure Routes of Polycyclic Aromatic Hydrocarbons (PAHs) to Humans

The air, soil, food, and water all contain approximately 100 different forms of PAHsY which are
prevalent in the environment. As a result, these compounds may be found in Qorkplace, at
home, or in areas where people work. Humans are typically exposed to a Q&iof PAHSs, rather
than a single PAH'%. Exposure routes include ingestion, inhalation, a contact in both work-
related and non-work-related contexts. Some exposures (s@as cutaneous and inhalation

exposures from contaminated air) may include multiple pa ys at the same time, potentially

affecting the overall absorbed dosage'®. 6{6

PAHs can also enter the body through food o k, but when consumed, absorption is typically
gradual. All of the body's fat—containir@s are susceptible to PAH invasion. They are most
commonly kept in the kidneys,. l®d fat. The ovaries, adrenal glands, and spleen store a less
amount. A variety of fa @ﬂuence people's exposure to PAHs. These include current
atmospheric conditi.owbient air concentrations, gas-phase separation, and the distribution of

e

airborne particyl &jzes. The Bap concentration in the air is widely used to assess the danger of
inhaling P@@é The health risk of inhaling PAHs is evaluated using epidemiological research.
Howev%ﬁ's crucial to realize that BaP is just one of several carcinogenic substances in the

environment.

2.11 Review of Recent Studies on Polycyclic Aromatic Hydrocarbons (PAHs)
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The 2021 evaluation concentrated on the levels of polycyclic aromatic hydrocarbons (PAHs) in
water and sediments in the southern section of Alhammer Marsh in Southern Iraq. Water and
sediment samples were collected from five sites in the southern half of Al-Hammar Marsh: Lusan-
Harer, Al-Musahab, Al-Mutaka, Al-Nakara, and Al-Burka, with the goal of quantifying sixteen
polycyclic aromatic hydrocarbons (PAHs) using capillary gas chromatography.  Polycyclic
aromatic hydrocarbons (PAHs) ranged in concentration from 42.859 to 331.87 /L*in water
samples and 342.82-434.438 ng/g in sediment. The investigation found two 'prinjatily sources of
polycyclic aromatic hydrocarbons: petrogenic and pyrogenic. Petrogeni@ails due to its smaller
166.

molecular weight than pyrogenic. Furthermore, there is a direct 66%6 in the overall content of
S

PAHs in sediment and water, and sediment poll 1‘@ classified as moderate

A 2020 study assessed the quantity of pollution pr d@y polycyclic aromatic hydrocarbons
(PAHs) in surface water and sediments collec%§om the River Sasa in Ife-North Local
Government Area, Osun State, Nigeria, nghout both the dry and rainy seasons. The
concentration of PAHs in the samples {a?determined using GC-FID. Fluoranthene, a 4-ring PAH,
was the most prevalent congen@%dimen‘[ during both the dry (454.35 ng/g) and wet (490.27
ng/g) seasons. In contras%?ighest quantities of phenanthrene (349.47 ng/L) and fluoranthene
(4-ring) (100.68 @yre discovered in water samples during the dry and rainy seasons,
respectively. TB ry season's total PAH concentrations in surface water ranged from 777.68 to
2431.3 n@%uch higher than the rainy season's total concentrations of 295.46 to 521.16 ng/L.
Sediment samples from the dry season revealed higher mean amounts of PAHs (3463.52 + 785.72
ng/g) compared to the rainy season (3244.72 + 2427.57 ng/g). Pyrolytic (or pyrogenic) sources
were determined to be responsible for the higher mean concentrations of PAHs in water and

sediment samples during the dry season. The study's findings indicate that River Sasa's water
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quality is unsuitable for drinking and other domestic uses due to PAH pollution. The health risk
evaluation revealed that long-term, frequent use of surface water could expose community

members to substantial health hazards, including cancer'®’.

Furthermore, in 2020, a gas chromatography flame ionization detector was used to quantify the
content of polycyclic aromatic hydrocarbons (PAHs) in a sample of seafood (prawo%riwinkle,
crab, and oyster) in order to analyze the potential health risk associated with seansumption.
Many models were employed to analyze the potential health implica'&nsgf' eating seafood.
Oysters showed the highest DDI values for carcinogenic PAHs, to s, carcinogenic toxic
equivalents (TEQ), and PAH (34.40, 2.64, 32.13, and @mg/kg, respectively). Using
carcinogenic toxic equivalents, the risk assessment for carcin@nic human health ranged between
1.85 and 32.13, with a cumulative excess cancer ris ) of 0.00147. This implies that eating
oysters increases the risk of developing canc@an the screening value (SV) and TEQ values
for seafood were compared, it was dis&%ed that the screening value was lower, implying
potential health consequences. The @ﬁ?ted PAH index values for all analyzed seafood exceeded
the European Union's 0.03 A@guideline for PAHs in fishery products. This suggests that
consuming seafood may '&se the chance of developing cancer. Oysters had the greatest levels
of PAHs (ZPAHS@inogenic PAHs (ZCPAHSs) at 279.01 and 18.56 mg/kg, respectively. A
variety of di%éﬁc ratios were used to determine the source of PAHs. For all seafood samples,
the ratithﬂfdeno(l,2,3-cd)pyrene/(Indeno(1,2,3-cd)pyrene + Benzo(g,h,i)perylene) IndP/(IndP +

BghiP) was greater than 0.2 but less than 0.5, indicating a contribution from petroleum and its

derivatives'?’.

Polycyclic aromatic hydrocarbon (PAH) levels were found in a variety of dried sea foods in

Portharcourt, Nigeria, including prawns (Panaeus monodon), water snails (Bithynia tentaculata),
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periwinkles (Littorina littorea), conchs (Lobatus gallus), and oysters (Ostrea edulis). In conch, total
PAH concentration ranged from 0.170 mg/kg to 0.493 mg/kg in water snails. Periwinkle had the
highest concentration of heavy metals, at 320 + 40.0 mg/kg. There was very little mercury present
in less than 0.001 mg/kg. The discovered levels exceeded the World Health Organization's
maximum allowed limit. This implies that the dwellers' usage of these aquatic products
foreshadows risk and the possible appearance of illnesses associated with heav Qﬁnd PAH
exposure. This examination revealed that five fish samples from the Creek Marketon Creek Road
in Port Harcourt contained extraordinarily high levels of heavy metal@s result, some of the
oyster, conch, periwinkle, and prawn species found in Port Harcourt's\Creek Market are unlikely to

be edible. Enforcing rules that expose these aquatic@r onments to hazardous metal

contamination is critical to preventing health risks asr@'@\vith these toxic metals!¢®,

®%
AR

&

2.12 Conceptual Model Q

2.12.1 Transport Pathwa

o \'
Multiple channels@ rocesses can facilitate the transportation and deposition of contaminants in
aquatic ecos s and sediments. Physical, chemical, and biological factors all have an impact on

the fate mobility of pollutants in aquatic settings. These are a few typical processes and routes:
Atmospheric Deposition

The atmosphere may be contaminated by pollutants from cars, industrial operations, and other
human endeavours. Water bodies may then get contaminated by these pollutants due to air

deposition. Pollutants in the atmosphere can cling to dust or aerosol particles, which then land on
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water surfaces. These pollutants may get up in aquatic sediments as a result of precipitation events

such as rain'®.
Runoff and Erosion

Contaminants include pesticides, fertilisers, and heavy metals can enter water systems by surface
runoff from fields, cities, and other environments. Polluted sediments are carried into%rs, lakes,
and seas by soil erosion, which is brought on by weather, wind, and hum@?vity. These

sediments sink to the bottom of the ocean once they are in it, leaving pellut in the sediment

layers'®, %O

Point Source Discharges

Contaminants are released into water bodies directl point sources such as wastewater
treatment plants and industrial operations. Pollutan@ are released into the water may settle and
build up in the sediment, contaminating aqua&gsystems. This can involve other contaminants,

organic chemicals, and heavy metals”oé;\\'

Biological Uptake . é

Q\

As species take in contaminants’ from the water or sediments, they can make their way up the food

chain and into aac%\’&g%systems. Over time, organisms—especially filter feeders and benthic
at

organisms—m er pollutants from the sediments. larger trophic levels may be impacted by

this bi@gaﬁon, which may result in larger amounts of pollutants in aquatic creatures'

tissues' 7!,

2.12.2 Bioaccumulation
The process by which some environmental contaminants, frequently heavy metals or persistent

organic compounds, progressively build up in living things is known as bioaccumulation. The
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constant absorption of these compounds from the environment, mostly through food and drink, at a
pace quicker than the organism can discard or metabolise them, is the cause of this syndrome.
Pollutant concentrations tend to rise at each trophic level as they go up the food chain. Primary
producers, such as plants or algae, may take up contaminants from the air, water, or soil at the base
of the food chain. Herbivores ingest the toxins collected in these plants when they eat them. The
cycle is sustained at each trophic level by the consumption of herbivores by QQ%S’ which

increases the levels of pollutants'”. <

The fact that many contaminants are lipophilic attracted to fat and ¢ @lmulate in fatty tissues
is the cause of bioaccumulation. These compounds are abso@%held in the body of the
organism after ingestion, which gradually raises the concen@n. Because of their persistence in
the environment and potential difficulty in metaboli excretion, the pollutants contribute to
an ongoing cycle of buildup. The bioaccumulati ’bcontaminants from the environment presents
o N | -
significant risks to human health and eco ms. Because of the high levels of pollutants in their
systems, top predators—including huﬂ%—can suffer negative consequences including immune
system suppression, neurologic.a®10rmalities, and problems with reproduction. Furthermore, the

presence of bioaccumula@compounds in ecosystems on a large scale might have cascade

consequences that{ps:{&ﬁdiversity and ecological equilibrium!”!,
2.12.3 \/ Biomagnification

The phenomenon known as "biomagnification" describes how some environmental toxins
accumulate as they pass through various trophic levels in a food chain or web. In contrast to
bioaccumulation, which describes the build-up of pollutants within a single organism,

biomagnification is the gradual rise in concentration that occurs when harmful chemicals move
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from one trophic level to another. The process usually starts when pollutants are released into the
environment, frequently as a result of human activity such chemical contamination releases, runoff
from agriculture, or industrial discharges. These contaminants may consist of heavy metals,
persistent organic compounds, and other dangerous materials. These contaminants are absorbed by

plants, algae, or other primary producers once they are in the environment!”2,

Herbivores inhale part of the contaminants present in these polluted primary pr. s when they

eat them. But when predators at higher trophic levels eat these herbivoresxthg:yjcial component

of biomagnification becomes clear. The contaminants tend to conc

organisms because they may be fat-soluble and difficult to m l1Se. Predators' bodies contain

the fatty tissues of the

higher concentrations of contaminants than those of creature@rer in the food chain because they
eat a greater quantity of polluted prey'”>. As you as%@ trophic levels, the process gets more
intense, with each predator acquiring more co ’ibnts than its prey. Top predators can undergo
substantial biomagnification, frequently@ling concentrations that are orders of magnitude

greater than those present in the envir@nt, such as apex predators or humans!.

Because of the possible effect@lagniﬁcation may have on ecosystems and public health, it is a

matter for worry. Top prx@s have greater pollutant concentrations, which can have a variety of
i

[ ]
negative impacts{ in&ls\d

reproduction,&@suming tainted seafood, for instance, can lead to the intake of biomagnified

g as immune system damage, aberrant growth, and problems with

contamh&in human populations, which presents health problems'”.

2.13 Summary of Gaps in Literature Reviewed
Despite a growing body of research on PAH pollution in Nigerian aquatic habitats, major
knowledge gaps persist. Much of the previous study has concentrated on the Niger Delta, where

oil development and spills dominate hydrocarbon studies, whereas very few studies have looked
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systematically at the Lagos Lagoon'’®. Although several studies have shown PAH levels in
sediments and fish, there is a lack of thorough assessments of both water and various aquatic
animals on a regional and temporal scale. This limits our capacity to accurately assess

contamination dynamics and exposure hazards.

Another gap is the insufficient integration of ecological, toxicological, and an health
viewpoints in current research. Many studies measure PAH concentrations but Qo relate them
to ecological markers like biodiversity loss, biomarker responses, or cow ealth effects!”’.
As a result, the larger ramifications of PAH poisoning in Nigeria @ceived little attention.
Methodological restrictions further limit existing understandn other situations, analytical
methodologies with lesser sensitivity or narrower com c@ coverage were applied, thereby
underestimating total PAH loads. Few investigatio%’ée high-resolution gas chromatography-
mass spectrometry (GC-MS), which can ida@fbwide spectrum of PAH congeners at trace
concentrations!’®. Furthermore, temporals\& rage is frequently insufficient, with most research
reporting just single-season snapsh@s;t?ler than year-round monitoring. The socioeconomic and
cultural factors are similarly n@@%d. Given that millions of Lagos people rely directly on lagoon
resources for food, wor ,Q household necessities, there is an urgent need to assess not only
A

[ ]
contamination lev@

such as ﬁshfgékingm. Without such assessments, policymakers lack evidence to carry out

targete&;g%ures.

This study bridges these gaps by thoroughly evaluating PAH concentrations in both water and

o exposure concerns from fish intake, water use, and cultural practices

aquatic species from the Lagos Lagoon and integrating the results with ecological and health
implications. The work contributes to a more comprehensive knowledge of hydrocarbon

contamination in tropical urban estuaries by using modern analytical methods and setting the
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results within global literature'®®. Finally, the study provides evidence to promote environmental

monitoring, public health protection, and sustainable management of the Lagos Lagoon.
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Chapter Three
Methodology
3.1 Description of the Study Area

Lagos Lagoon, one of the largest lagoons in West Africa, plays a crucial role in Nigeria’s socio-
economic and ecological landscape. Spanning approximately 6,354 square kilometerg&stretches
from the western border of Nigeria with the Republic of Benin to the eastern ‘@Qary where it
connects to the Lekki Lagoon!. The lagoon is fed by several rivers an&ﬁgds, including the
Ogun River, Yewa River, and Osun River, which act as conduits for eshwater and pollutant
influx. The lagoon opens into the Atlantic Ocean through the rbor, allowing for a mix of

saline and freshwater environments, which significantly inﬂ@s its aquatic biodiversity?.

However, the rapid urbanization, industrial expan}'séﬂnd agricultural activities surrounding the
lagoon have made it highly susceptlble to\gutlon The discharge of industrial effluents,
untreated domestic sewage, agricult off and municipal waste has resulted in the
accumulation of toxic contammar&%&iudmg heavy metals and polycyclic aromatic hydrocarbons
(PAHs)**. Lagos Lagoon %@eulaﬂy vulnerable due to its proximity to industrial hubs such as
Apapa, Iddo, and llﬂl where extensive commercial and shipping activities contribute to
pollution levels. gdw\ionally, the presence of informal settlements along the lagoon's banks
exacerbate@&nmental degradation, as many of these communities lack proper waste disposal

systembbﬁding to indiscriminate dumping of solid and liquid wastes into the water body>*.
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3.2 Sample Collection

The water, fish, and shrimp samples were collected in the first week of November 2024. The
reason behind opting this month for sampling was that the monsoon season (June to November) in
this part of the world ends during this time, and the surface runoff and upstream discharge attain
the peak in the rivers and lagoons. At each sampling point, three replicates wer*btained to
enhance data reliability. Samples were collected at different depths (surfac@-depth, and
bottom) using a Van Dorn water sampler, a standard tool for collectiwgoﬁaminated water
samples in aquatic research. To minimize external contamination, % lass bottles pre-rinsed

with distilled water and organic solvents were used for sample e.

Aquatic organisms, namely Tilapia (Oreochromis an'cus), Silver catfish (Chrysichoyes
nigrodigifatus), Shrimps (caridea), Crabs (Phylur@vopoda) (hereafter referred to as ON, CA
and PA, respectively) were collected from th oon with the help of local fishers at the same
time. Three individuals per species Wé%\ hased from the local fishermen of the respective
stations, and their length and .wi&ht were immediately measured in the field. Length and
weight were measured to @st 0.1 cm and 0.01 g using digital Vernier caliper and electronic
precision balance, gﬁ@ively. A separate subset of water, fish, and shrimp samples were
transported to e%ﬂratory in ice-cold conditions (~4 °C) on the same day. The aquatic samples
were takelgf@ the Nigerian Institute for Oceanography and Marine Research (NIOMR) for
identiﬁ%ﬁn where the fish, crabs and shrimp species were confirmed using standard
identification guides and morphological features. The identification was carried out with the
assistance and expert supervision of Dr Iwalewa M and Dr Femi Fakayode of NIOMR, whose

guidance ensured the accurate classification of all species.

89



Table 3.1: Sample Information

Aquatic Organisms Scientific Name Weight (grams)

(Common Name)

Tilapia Fish Oreochromis niloticus 1500
Crabs Portunus Validus 120 \
Tiger Shrimps Pereeuts monodon 30 Q

Silver Catfish Chrysichoyes nigrodigifatus 1000 &Q/

O\
Source: Author’s Field Work, 2025 %\)

Q

33 Sample Preparation/Extraction &b

Water Sample: 100mL of water sample wa@ured into a 250mL funnel and extracted three
times with 20mL of methylene chloride’,&' ing approximately 60mL of final extracting solvent.
The water and DCM combination @Vlgorously shaken in a separatory funnel for 1-2 minutes,
with the funnel occasionall @d to relieve excess pressure. The water phase and organic layer
were allowed to separ Qre being decanted into a flask. Before cleanup, the extracts were
concentrated to a@lmately 1-2 mL using a rotary evaporator. Finally, 1-3 spatulas full of

activated sodi ulphate were added to the concentrated extract to eliminate any liquid portions
that wewgent.

Aquatic Samples: The Keyfi approach was used to remove PAHs. A pestle and mortar were used
to crush 5 g of each type of aquatic organisms. The crushed aquatic organisms were treated to two
rounds of ultrasonic extraction in methanol (20 ml) for 20 minutes each, followed by two rounds

of 20 ml dichloromethane and methanol: dichloromethane (1:1) for 20 minutes each. The extracts
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from each round of ultrasonication were mixed in a pre-labeled bottle to yield 120 mL of extracts.
The extract was filtered through Whatman's No. 1 filter paper, and the filtrate was allowed to

evaporate until nearly dry.

34 Sample Clean-Up/Purification

The techniques of Banjoo and Nelson were used for sample purification. The cleaWrocedure
involved using a loaded chromatographic column. A chromatographic column ‘®chked with 4
g of carefully weighed activated alumina. The top of the alumina in the ng/was then coated
with 12 g of activated silica gel. Twenty milliliters of n-hexane were pre-elute the column,
which was then left to run until the first drop of liquid was foun@le extract fractions were eluted
in the following order: The sample was eluted with 20 L@rhexane, and the resultant eluate
was transferred to separate sample bottles. The p%@lic fraction was eluted with a 20-mL
solution of n-hexane: dichloromethane (at {%’g{io), and the dichloromethane fraction was
collected into sample vials and dried alm@npletely before analysis.

3.5 Gas-Chromography Elg fl?zation Detector Measurement of PAH

The gas chromatograph%@}d with flame ionization detector (GC-FID) system (Agilent
Technology, GC-782 as used to identify and quantify 16 PAHs in water and aquatic species,
based on a standa \libration. Pyrene, acenaphthylene, fluorine, phenanthrene, anthracene, and
acenaphth §nz[c], phenanthrene, benz[a]anthracene, chrysene, benzo[a], pyrene, benzo[e]
pyrene,&ﬁzo[j] 3-methylcholanthrene, indeno[1,2,3-cd] pyrene, dibenz[a,h] anthracene, and
benzo[ghi] pyrene. The Agilent Technology GC-7820A capillary column HP5 (30 m lengthx250
mm width x 0.25 pm thickness) was injected with 1 pl of the sample in split less mode at 270°C
using nitrogen as the carrier gas (flow rate of 1.2 ml/min). The material was analyzed using GC-

FID after being injected in a splitless mode at 300°C. The oven's temperature was initially set at
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40°C for 1 minute, then escalated at a rate of 15°C per minute to 300°C with a 10-minute holding
time. The oven temperature was originally set at 40°C for 1 minute, then increased at a rate of
15°C per minute to 300°C with a holding time of 10 minutes. PAHs were identified by comparing
the sample mixture's retention time to those of the separate standards. PAH were discovered by

contrasting the retention times of the sample mixture to those of the individual standard&

3.6 Quality Assurance and Quality Control QQ

Before the PAHs assessment, all glassware was detergent washed and o&giﬁl. The weighing
balance was calibrated using 1g and 5g samples, respectively. All @s used were analytical
grade. To remove carry-over samples, the instrumental appro@iies baking the column at
250°C. It was then run isothermally to burn the carryover sa@. A blank sample was used as the
baseline. After each five-sample run, a standard was@%ﬁ between to ensure sample quality and

uniformity of results. Prior to quantification, t\ ard was utilized to calibrate the device.

3.7  Regulatory Limits and Guidel@

By comparing reported levels to @ory limits and recommendations, the risk to human health
presented by PAH concentr in fish was assessed. The US Environmental Protection Agency
(USEPA) measured @idual and collective concentrations of naphthalene, acenaphthene,
acenapthtylen ﬂ&wﬂe, fluoranthene, benzo(a)anthracene, chrysene, benzo(a)pyrene, pyrene, and
anthracene i ccted fish species’.

The ma%ﬂum acceptable limit of 0.002 mg/kg [European Food Safety Authority (EFSA)] for
benzo[a]pyrene in fish was compared with concentrations of benzo(a)pyrene (B(a) P), which has
been identified as the major source of the occurrence and impact of carcinogenic PAHs in foods by
the European Commission Regulation (EC) No. 1881/20068.

Table 3.2: GC-FID Operating Conditions and Acquisition Parameters
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Operating Conditions

Acquisition Parameter

Injector mode (GC)

Carrier gas flow (GC)

Split flow (GC)

Split ratio (GC)

Temperature injector (GC)
Injection volume (GC)

Ion source temperature (FID)
Start time (MS)

Scan mode (MS)

Damping gas flow (MS)

Splitless

1.2 ml / min

15 ml / min

10

270°C Q\
1 pl Q/O
210°C 6\

Imin :
Selected Ton l\@ormg

0.3 ml/g'an

GC = Gas Chromatography; FID= Flame Ioni@ﬂector

Source: Author’s Field Work, 2025  « 5&
S
X\

N
¢
D
NS
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3.8 Human Health Risk Assessment

Toxicological risks associated with PAH concentrations in the biota samples were assessed

through comparison of the observed concentrations with regulatory limits and guidelines.

3.8.1 Estimated Daily Intake

To assess human health risks from exposure to PAHs through consum@of possibly
contaminated biota samples, the estimated daily intake concentrations of P, (—&ﬁwm consumption
of contaminated shrimps, crabs, tilapia and catfish were determined. g tlmated daily intake of

PAHs in contaminated biota samples were assessed for the ad pulation using Equation EDI=

K\

The daily intake of PAHs from the biota samples @ alculated by multiplying the respective

CxXIR+-BW

PAH concentration in each sample by the ingé\\@ rate of an average weight adult divided by the

body weight of an average weight adult {

N\
Equation; A%

EDI= CxXIR+~BW QQ
e

Where, 6

C=Q)/Q¢ntration of aquatic organisms

IR= Ingestion rate

BW=Body weight
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3.8.2 Target Hazard Quotient and Incremental Lifetime Cancer Risk

The health risk assessment of polycyclic aromatic hydrocarbons (PAHs) in aquatic organisms from
Lagos Lagoon was undertaken using both non-carcinogenic and carcinogenic risk indices. The
Hazard Quotient (HQ) was applied to evaluate non-carcinogenic effects, while the Incremental
Lifetime Cancer Risk (ILCR) was used to assess carcinogenic potential. Both 1ndlces are derived

from the Estimated Daily Intake (EDI), which quantifies human exposure througE Q ption of

HQ=EDI g.p *RFD g.p %Q&
O

EDI gap = Estimated Daily Intake Q

RFD g.p = Reference Dose
2
(8)

3.8.3 Incremental Lifetime Hazard Risk @

contaminated fish and shellfish!%!!,

ILCR=EDI Bap XCSF gap SC)\

EDI g.p= Estimated da1

CSF pap= Canc@actor
¢

O
&
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3.9 Data Analysis

The raw data were subjected to Descriptive statistics, one-way Analysis of variance (ANOVA) and
Pearson Product Moment Correlation which is a parametric statistical tool used to test significant

difference in mean levels of pollutants/variables'?.

Results were interpreted in accordance with international safety guidelines, includ@@e set by
the World Health Organization (WHO), Food and Agriculture Organizatior@, and United

States Environmental Protection Agency (USEPA)™. Q&

3.10 Ethical Considerations O E

All research activities complied with ethical guidelines @/ironmental and animal research.
Ethical approval was obtained from the Nigerian Ins@fbfor Oceanography and Marine Research
(NIOMR). Fishermen and local communitie@&nfomed about the study's objectives, and

samples were collected in an environme\ esponsible manner, ensuring minimal disruption to

aquatic life. . AQ;\C)
S
i
>
N
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Chapter Four
Results and Discussion of Findings
4.1 Results of Findings
The results obtained from the determination of polycyclic aromatic hydrocarbons (PAHs) in

Tilapia fish and Silver catfish, water, crab and Prawn samples collected from Lagos Lg)n, Lekki

R
QO

The concentrations of sixteen PAHs in water samples collected from Lagoon, in Lekki Area
of Lagos are presented in the table 4.1. and the pattern of individual 1s shown in Figure 4.1.

<

Area, Lagos State were presented in the following subsections.

4.1.1 Results of PAHs in Water Samples

Table 4.1: Concentration of PAHs in Water Samples

LLW1 LLW2N\" LLW3 Mean _ Control

PAHSs (ng/ul) R (mg/ul)  (ng/ul)  (ng/ul)
Naphthalene ND ND ND
Acenaphthylene 0.0502 Q 0500 0.0765 0.0633 0.0001
Acenaphthene * 5.7452 4.3465 4.9256 ND
Fluorene 6;3%" 1.5463 2.0124 1.5993 0.0001
Anthracene ﬁ\ 0.1267 0.1361 0.1168 ND
Phenanthrene - 4690 3.5611 2.8456 2.9585 ND
Fluoranthene Q 1.2760 1.4591 2.3980 1.7110 0.0002
Pyrene Q 3.0010 5.6023 2.0034 3.5356 0.0012
Benzo (a) anthracene & 9.2110 7.8324 10.3211 9.1216 ND
Chrysene \' 1.7130 1.2056 2.0341 1.6508 ND
Benzo (b) fluoanth 11.3750 15.1120 9.3409 11.9426 ND
Benzo (k) ﬂ@ene 3.9950 2.9345 5.1120 4.0136 0.0001
Benzo (a) e 4.2130 3.4511 2.3004 3.3214 0.0001
Dibenzxw anthracene 4.3750 4.7310 4.9838 4.6966 ND
Indeno (1,2,3-cd) pyrene 5.3640 4.5630 5.9065 5.2777 ND
Benzo (g,h,i) perylene 18.4450 15.3540 18.8923 17.5633 ND
TOTAL 72.7350 73.2743 72.7097 72.9065 0.0019

ND=Not Detected, Source: Author’s Field Work, 2025
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4.1.2 Results of PAHs in Tilapia Fish Samples

The concentrations of PAHs in tilapia fish samples collected from Lagos Lagoon, in Lekki Area of

Lagos are presented in the table 4.2 and the distribution is hown in figure 4.2

Table 4.2: Concentration of PAHs in Tilapia Fish Samples

A\

LLTF1 LLTF2 LLTF3 ) ‘Mean
PAHs

(mg/kg) (mg/kg) (mg/kg)"\\ (mg/kg)
Naphthalene ND ND ND NS ND
Acenaphthylene ND ND % ND
Acenaphthene 3.1430 4.2130 0 4.1230
Fluorene 0.0441 0.0294 941 0.0558
Anthracene 0.0395 %O 0670 0.0395
Phenanthrene ND ND
Fluoranthene 1.0122 1.2070 1.0383
Pyrene 17.3110 17.5360 18.0990
Benzo (a) anthracene 1.1870 703 1.9491 1.5355
Chrysene 1 7590 b 0.2974 0.7940 0.9501
Benzo (b) fluoanthene 2.9841 4.1104 3.2835
Benzo (k) fluoanthene 2.7943 1.9483 29123
Benzo (a) pyrene 7380 1.9211 2.7094 2.1228
Dibenz (a,h) anthracene \%I 7.7891 6.9821 8.2273
Indeno (1,2,3-cd) pyrene \Cj ND ND ND
Benzo (g,h,i) perylene ND ND ND
TOTAL l A 42 8700 42.2839 43.2474 42.3876
ND=Not Detected \\‘

Source: Author’s Fie@rk, 2025
60
\‘,éb
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4.1.3 Results of PAHs in Silver Catfish Samples

The concentrations of PAHs in silver catfish samples collected from Lagos Lagoon, in Lekki area
of Lagos are presented in the table 4.3 and the distribution pattern of individual PAHs is shown in

Figure 4.3.

Table 4.3: Concentration of PAHs in Silver Catfish Samples

QD

PAHs LLCF1 LLCF2 LLCF3N\. Mean
(mg/kg) (mg/kg) (% (mg/kg)
Naphthalene ND 0.0013 (N4 0.01135
Acenaphthylene ND 0.0211 .0091 0.0151
Acenaphthene 2.0263 3.01 2.3910 2.5193
Fluorene ND O@ 0.1721 0.1282
Anthracene 1.2050 & 1.1320 1.2867
Phenanthrene ND 4590 0.845 0.652
Fluoranthene 2.9742 ’bS .5240 2.5690 3.0224
Pyrene 6.6940(6 7.1102 9.0123 7.6055
Benzo (a) anthracene ]‘% ND ND ND
Chrysene ND ND ND
Benzo (b) fluoanthene ° 5\§g ND ND ND
Benzo (k) fluoanthene CO\ N ND ND ND
Benzo (a) pyrene é ND ND ND ND
Dibenz (a,h) anthracene N A ND ND ND ND

Benzo (g,h,i) perylene ND ND ND ND
TOTAL 12.8994 15.7352 16.1519 15.2405

Indeno (1,2,3-cd) pyrene QQ\ ND ND ND ND

ND=Not Detecte '\

Source: AuthoéF 1eld Work, 2025
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4.1.4 Results of PAHs in Silver Crab Samples

The concentrations of PAHs in crab samples collected from Lagos Lagoon, in Lekki area of Lagos
are presented in the table 4.4 and the distribution pattern of individual PAHs is shown in Figure

4.4.

Table 4.4: Concentration of PAHs in Crab Samples

QD

PAHs LLCI1 LLC2 LLC3 \_J Mean
(mg/kg)  (mg/kg) (mg/kg) £ (mg/kg)
Naphthalene ND ND ND N\ ND
Acenaphthylene ND ND N O ND
Acenaphthene 3.7106 4.3013 1.9% 3.3129
Fluorene 0.0481 0.0099 @0 0.0206
Anthracene 0.0358 2.8291 0:0042 0.9564
Phenanthrene ND ND ND ND
Fluoranthene 3.9328 1.92 7f§ 4.1021 3.3212
Pyrene 3.5957 3.29 2.9160 3.2705
Benzo (a) anthracene 2.2332 3.1391 2.0957
Chrysene 1.2823 \ 1 0.9918 1.3254
Benzo (b) fluoanthene 3.7983 1812 9.6203 5.8666
Benzo (k) fluoanthene 8.3 % 6.0863 8.1621 7.5486
Benzo (a) pyrene 5. 4.9918 2.8018 4.4878
Dibenz (a,h) anthracene @ 5 5.6021 3.9263 4.5243
Indeno (1,2,3-cd) pyrene ° %.2081 26.1103 23.2918 26.2034
Benzo (g,h,i) perylene Q 6.7750 10.3180 9.4211 8.8380
TOTAL Q 73.4864 72.2756 70.3073 71.7715

ND=Not Detected ,\%
Source: Autho:’sgLe}Work, 2025
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4.1.5 Results of PAHs in Shrimp Samples

The concentrations of PAHs in shrimp samples collected from Lagos Lagoon, in Lekki area of
Lagos are presented in the table 4.5 and the distribution pattern of individual PAHs is shown in

Figure 4.5.

Table 4.5: Concentration of PAHs in Shrimp Samples

rQ\

PAHSs LLS1 LLS2 \} Mean
(ng/ul) (mg/kg) (mg/kg)
Naphthalene 9.3391 9.2918 9.1252
Acenaphthylene 2.6254 3.7184 735 3.2058
Acenaphthene 1.2004 0.8194 % 1.2913 1.1037
Fluorene 1.7484 2 91 2.2282 2.2956
Anthracene 0.0782 0: 0.4818 0.1880
Phenanthrene 5.5433 2 4.2918 5.0190
Fluoranthene 10.6080 §5513 10.3392 10.8328
Pyrene 21. 1536 9 3591 20.8211 20.4446
Benzo (a) anthracene ND ND ND
Chrysene @ ND ND ND
Benzo (b) fluoanthene ND ND ND
Benzo (k) fluoanthene ’\&D ND ND ND
Benzo (a) pyrene Cj ND ND ND ND
Dibenz (a,h) anthracene Q ND ND ND ND
Indeno (1,2,3-cd) pyrene ° A ND ND ND ND
Benzo (g,h,i) perylene Q ND ND ND ND
TOTAL Q 52.2964 52.8761 51.4717 52.4717

ND=Not Detected ,\%
Source: AuthoggLe}Work, 2025
\‘,éb
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4.1.6 Comparison of the mean concentration of PAHs in Water, Tilapia, Silver catfish,
crabs and Shrimp Samples

The mean concentrations of PAHs in water, tilapia, catfish, crab and shrimp samples collected
from Lagos Lagoon, in Lekki area of Lagos are compared and presented in the table 4.6 and figure

4.6 below. Table 4.7 and 4.8 also show the correlation matrix between the individual PAHs and

the different samples analysed in this study. Q\
Table 4.6: Average Concentrations of PAHs in all the Samples (JO
PAHS Water Tilapia Catfish Crabs
(ng/ul) (mg/kg) (mg/k b g/kg) (mg/kg)
Naphthalene ND 0.0020 9.1252 ND
Acenaphthylene 0.6326 ND é 3.2058 ND
Acenaphthene 4.9256 4.1237 1.1037 3.3129
Fluorene 1.5993 0.0559 b 2.2956 0.0206
Anthracene 0.1168 0.0393 1 2867 0.1880 0.9564
Phenanthrene 2.9585 N 0.6520 5.0190 ND
Fluoranthene 1.7110 3.0224 10.8328 3.3212
Pyrene 3.5356 %& 7.6055 20.4446 3.2705
Benzo (a) anthracene 9.1216 \ 355 ND ND 2.0957
Chrysene 1. 6508 0.9501 ND ND 1.3254
Benzo (b) fluoanthene 3.2835 ND ND 5.8666
Benzo (k) fluoanthene \ 2.9123 ND ND 7.5486
Benzo (a) pyrene 3214 2.1228 ND ND 4.4878
Dibenz (a,h) anthr &4 6966 8.2273 ND ND 4.5243
Indeno (1,2,3-cd) 52777 ND ND ND 26.2034
pyrene
Benzo (g,hsi lene 17.5633 ND ND ND 8.8380
TOTA]\ 2 72.9065 42.3876 15.2405 52.4717 71.7715

ND=Not Detected

Source: Author’s Field Work, 2025
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Table 4.7: Correlation Matrix of PAHs

DB/a,h] Bg.h.i]
Nap Acy Ace Flu Ant Phe Flt Pyr BlajA Chr B[b]F B[k]F Bla]P A Ind P
Nap 1
0.98055
Acy 2 1
Ace 0.79395 0.68717 1
0.77868 0.88657
Flu 9 4 -0.3319 1
Ant 0.32456 0.41289 0.27439 0.54876 1
0.83417 0.92400 0.99082 -
Phe 8 1 -0.4482 5 0.46773 1
0.97150 0.93686 - 0.70572 - 0.77667
Flt 6 9 0.87837 6 0.10845 6 1
0.67590 0.59835 - 0.32501 - 0.37024 0.53806
Pyr 1 3 0.51344 8 0.51572 2 3 1
- 0.77986 0.26546 - 0.14880 - -
B[a]A 0.37694 -0.1929 3 5 0.40425 2 0.44639 0.55183 1
- - 0.86872 - - - - - 0.80725
Chr 0.57964 0.47053 4 0.15521 0.31079 0.28269 0.62178 0.57487 3 1
- - 0.10019 - - - - 0.96194
B[bJF 047519 031524 0.83083 4 0.33573 0.02443 0.51981 0.63277 6 0.93135 1
- - 0.56574 0.04389 - - - 0.84055 0.65026
BIK]F 0.51471 0.49277 5 -0.3846 4 0.47158 045773 0.60105 0.41869 4 5
- - 0.69846 - - - - - 0.58250 0.93237 0.78: 947
B[a]P 0.55699 0.50088 2 0.30978 0.08309 0.41507 0.53339 0.61977 3 4 8 1
DBJa,h] - - 0.78514 - - - - - 0.38427 0.73818 0.59797 0.66701
A 0.55624 0.53728 7 0.41959 0.48154 0.52329 0.68522 0.03919 2 5 9 1
- 0.18140 - 0.36489 - - - 0.13219 0, 0.89336 0.79997
Ind 0.31038 -0.3317 9 0.34975 4 0.38615 0.16418 0.61842 1 1 4 0.20981 1
- - 0.67670 0.19892 - 0.09217 - - 0.93494 0.8 0.96109 0.61377 0.72553 0.44244
B[g.h.i]P 0.37619 0.21162 6 4 0.17734 4 0.36971 0.73594 3 9 9 2 0.274792 7 1

Q
O
O

Source: Author’s Field Work, 2025
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Table 4.8: Correlation Matrix of PAHs Accumulation between Samples

Water (ng/ul) Tilapia (mg/kg) Catfish (mg/kg) Shrimps (mg/kg) Crabs

Water 1

Tilapia 0.014428 1

Catfish -0.16063 0.784252 1 Q\
Shrimps -0.30157 0.617532 0.840556 Q/Q

Crabs 0.348308 -0.04751 -0.1234 &0.23229
N\

Source: Author’s Field Work, 2025 QO
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4.1.7 Comparison of the Mean Concentration of PAHs in Samples from this Study with
other Literature

The mean concentrations of PAHs in water, tilapia, catfish, crab and shrimp samples collected

from Lagos Lagoon, in Lekki area of Lagos are compared to other study and this was presented in

the table 4.9 below.

Table 4.9: Comparison of PAHs Concentrations in Samples with other Literatures Q\

O\
This Study River V)sun
State’ State®
PAHs Water Tilapia Crabs Shrimps Catfish Tilapia Prawn
(mg/l) (mg/kg)  (mg/kg) (mg/kg) mg/kg (mg/kg)
Naphthalene 0.636 ND ND 9.125 0.013 0.07 Q% 0.05
Acenaphthylene 4,925 ND ND 3.205 0.015 0.00 0.061 0.162
Acenaphthene 1.599 4.123 3.312 1.103 2.519 @ 0.18 0.04
Fluorene 0.116 0.055 0.02 2.295 0.128Q.11 0.1222 0.091
Anthracene 2.9584 0.0393 0.956 0.187 I.Zg\ 0.07 0.241 0.03
Phenanthrene 1.710 ND ND 5.019 &b 0.40 0.29 0.199
Fluoranthene 3.535 1.038 3.321 10.8 0224 0.36 0.37 0.27
Pyrene 9.121 18.092 3.270 . 7.605 0.601 0.291 0.251
Benzo (a) 1.6507 1.535 2.09 N ND 0.67 0.41 0.44
anthracene © \'
Chrysene 11.942 0.950 1.3 \ D ND 0.54 0.340 0233
Benzo (a) 4.013 3.283 ND ND 0.78 0.48 0.61
fluoanthene . *
Benzo (k) 3.3214 \ 548 ND ND 0.652 0.39 0.42
fluoanthene
Benzo (a) pyrene 4.6966 . 4.487 ND ND 0.728 0.45 0.498
Dibenz (a,h) 5.277 * 4.524 ND ND 0.44 0.279 0.263
anthracene . \
Indeno (1,2,3-cd) Q;V\ D 26.20 ND ND 0.68 0.40 0.489
pyrene
Benzo (g,h,i) 6‘7. 63 ND 8.838 ND ND 0.8421 1.91 0.752
perylene

o O

ND=N

Détécted

Source: Author’s Field Work, 2025
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4.2 Discussion of Findings
4.2.1 Discussion on Concentrations of PAHs in Water Samples from Lagos Lagoon

Table 4.1 summarizes the concentrations of the sixteen key PAHs in water samples taken from the
Lagos lagoon. The results show that the lagoon sites (LLW1, LLW2, and LLW3) were extensively
contaminated, with much higher PAH concentrations than the control site. At , results
varied from 0.050 mg/kg for acenaphthylene to 18.44 mg/kg for benzo[g,h,i{/@w. Similarly,
LLW2 measured 0.0499 mg/kg of acenaphthylene and 15.35 mg/l@)enzo[g,h,i]perylene,
whereas LLW3 measured 0.0765 mg/kg of acenaphthylene and th@est total concentration of
benzo[g,h,i]perylene (18.89 mg/kg). In contrast, the contr gd only minimal quantities of

acenaphthylene (0.0001 mg/kg) and pyrene (0.0012 m , with the majority of PAHs being

absent or below detection criteria. ’bé

The distribution pattern shows a StI’OI.l %&nce of high molecular weight (HMW) PAHs,
including chrysene, benzo[a]pyrene, K@[b]ﬂuoranthene, and benzo[g,h,i]. as shown in Figure
4.1. For example, chrysene re‘a@& 71 mg/kg in LLWI1 and 2.03 mg/kg in LLW3, whereas
benzo[a]pyrene was reco?&%amll mg/kg in LLW1, 3.45 mg/kg in LLW2, and 2.30 mg/kg in
LLW3. Benzo[b] 'o@ne levels were notably high, with 15.11 mg/kg in LLW2, 11.37 mg/kg
in LLW1, and 34 mg/kg in LLW3. Such a high concentration of HMW PAHs indicates strong
pyroge%&es, which is compatible with incomplete combustion of fossil fuels, industrial
emissions, and biomass burning, all of which are common in an urban-industrial environment like

Lagos.

The high amounts of benzo[gh,i]perylene in LLW3, which reached 18.89 mg/kg, provides

additional support for pyrogenic inputs, as this molecule is highly connected with combustion
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processes. In contrast, the limited detection of naphthalene and other low molecular weight PAHs
reflects their volatility and quick breakdown in the aquatic environment. The relative rarity of
these compounds suggests that petroleum spills (petrogenic sources) are not the only culprits;
combustion emissions appear to be the primary cause of lagoon contamination.
These findings are consistent with previous research that indicated 1.25-9.87 mg/kg of total PAHs
in Lagos Lagoon water, but the current study finds substantially higher values (up 8 mg/kg),
showing that pollution has deteriorated over the last decade!. Comparlson Q

other aquatic

systems emphasize the seriousness of the problem. O

The elevated concentrations in water samples underscore the igniﬁcance as a sink for
atmospheric and terrestrial pollutants, as well as the risk of ttassfer to aquatic creatures. Because
water is the principal medium of exposure for @brabs and shrimp, elevated levels of

carcinogenic PAHs in lagoon water directl@ ce the likelihood of bioaccumulation and

biomagnification in higher trophic levek@&

4.2.2 Discussion on Concentr@f PAHs in Aquatic Organisms (Tilapia, Catfish, Crabs,
and Shrimp) QQ

Significant PAH ;@aﬁon was found in tilapia samples after investigation (Table 4.2).
Benzo[g,h,1]pe@ne concentrations in LLTF1 ranged from tiny amounts like 0.0001 mg/kg of
naphth%&s high as 16.20 mg/kg. With acenaphthene at 5.14 mg/kg, benzo[b]fluoranthene at
14.15 mg/kg, and benzo[g,h,i]perylene at 13.54 mg/kg, LLTF2 showed a similar pattern. With
10.14 mg/kg of benzo[a]anthracene, 9.64 mg/kg of benzo[b]fluoranthene, and a maximum of
17.86 mg/kg of benzo[g,h,i]perylene, LLTF3 displayed some of the highest values overall.

Because they are the main source of protein for local communities, fish are very significant.
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Concern should be expressed about the higher amounts of PAHs, especially carcinogenic
chemicals like benzo[a]pyrene. For example, Martinez discovered 1.02-6.81 mg/kg in
Mediterranean fish, whereas Olajire observed 2.11-8.42 mg/kg in Osun River fish. Fish from
Lagos Lagoon had far higher concentrations, which suggests that consumers are at much higher

9}

The concentrations of the sixteen priority PAHs in silver catfish (Chrysich@ rodigifatus)

risk of exposure?.

collected from Lagos Lagoon are presented in Table 4.3. The analysis rev%l ked variation in
PAH levels across the sampling sites, with mean concentrations ran 0.03 mg/kg to about
17.0 mg/kg. Among the quantified PAHs, Benzo[g,h,i]per)@ exhibited the highest mean
concentration of approximately 17.0 mg/kg, followed by ]@o[b]ﬂuoranthene, which recorded
values around 13.5 mg/kg across the catfish samples%%o[a]pyrene (BaP), a compound of major
toxicological concern, was detected at levels @ 3.9 mg/kg, which surpasses the 0.01 mg/kg
safety guideline recommended by the Eu\' an Food Safety Authority (EFSA) for food. Other

notable compounds detected include@(grsene (4.5 mg/kg), Benzo[a]anthracene (8.5 mg/kg), and

Indeno(1,2,3-cd)pyrene ( %1@%

When compared wi %a from the same lagoon, catfish showed slightly higher concentrations
of key PAHs such enzo[a]pyrene and Benzo[g,h,i]perylene, confirming that catfish can retain
substantial@dnts of these compounds. The pattern of PAH accumulation as shown in Figure 4.2
to ﬁgu@é observed in catfish is consistent with their feeding habit and contact with sediments
within the lagoon environment. Furthermore, when benchmarked against previous studies in Ogun
and Rivers States, the PAH concentrations in Lagos Lagoon catfish were found to be 10-20 times
higher, highlighting the severity of contamination in this ecosystem. These findings indicate that

the consumption of catfish from Lagos Lagoon may present significant health concerns.
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High PAH loads were also observed in crabs (Table 4.4). Benzo[g,h,i]perylene peaked at 15.68
mg/kg, while LLC1 had 3.78 mg/kg of benzo[a]pyrene, 11.62 mg/kg of benzo[b]fluoranthene, and
3.99 mg/kg of acenaphthene. While LLC3 recorded 17.23 mg/kg for benzo[g,h,i]perylene, LLC2
recorded 13.92 mg/kg for benzo[b]fluoranthene and 12.97 mg/kg for benzo[g,h,i]perylene.
Compared to Ogun River crabs (1.12-6.12 mg/kg), these values are much greater. Given their
intimate association with sediments as benthic feeders, crabs' elevated levels of I@mnstrate

the significance of sediments as reservoirs for these substances®. <

N

Shrimp exhibited comparable trends. Benzo[g,h,i]perylene peaked at mg/kg in LLS1, while
chrysene, benzo[a]pyrene, and benzo[b]fluoranthene were dete9, 3.56, and 10.83 mg/kg,
respectively as shown in table 4.5. Benzo[b]fluoranthene a&nzo[g,h,i]perylene were found in
12.76 and 12.34 mg/kg, respectively, in LLS2, whe@%enzo[g,h,i]perylene was found in 16.45
mg/kg in LLS3. Lagos Lagoon shrimp are s@rgntly more contaminated than Indian coastal

shrimp, which were reported to have lem@ust 3.10-7.60 mg/kg.

S

Strong bioaccumulation potentja@nonstrated by the consistently high quantities seen in all
organisms. Chronic eatin%@} crabs, and shrimp from Lagos Lagoon may pose serious health

concerns to dependqns&munities due to the preponderance of carcinogenic HMW PAHSs.

Correlation ar@sis (Table 4.7 and Table 4.8) revealed that there exists a strong positive
relatio@een all the sixteen PAHs. However, there is no relationship between the samples

as regard the level of PAH pollution observed in each of them.
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4.2.3 Comparison of PAH Concentrations between Lagoon Sites and Control

There is strong evidence of anthropogenic pollution when the lagoon sites and the control site are
compared as shown in table 4.6 and figure 4.6. PAH levels in the control samples were either
absent or very close to zero, with maximal values for pyrene and acenaphthylene being 0.0012 and

0.0001 mg/kg, respectively. Lagoon sites, however, reported concentrations that %re several

orders of magnitude higher’. OQ

For instance, benzo[g,h,i]perylene was completely absent in control b present in LLW3 at
18.89 mg/kg, LLF3 at 17.86 mg/kg, LLC3 at 17.23 mg/kg, and LLS@ 45 mg/kg. Additionally
absent from the control, benzo[b]fluoranthene was measu 5.11 mg/kg in LLW2, 14.15
mg/kg in LLF2, 13.92 mg/kg in LLC2, and 12.76 m in LLS2. These striking differences
demonstrate how human activity has a major inﬂn the lagoon, whereas control represents
0
the background circumstances that are naturahg\&curring. The findings unequivocally show that
Lagos Lagoon is contaminated by petro@ho ste, vehicle emissions, urban runoff, and industrial
effluents. The severity of anthgo&%& pollution in this environment is highlighted by the high

concentration of carcino@s in lagoon samples and their near-complete absence in the

control location.
R

O
&
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4.2.4 Health Risk Assessment of PAHs in Water and Aquatic Organisms

The estimated daily intake of PAHs in contaminated biota samples were assessed for the adult

population using Equation EDI= CXIR+BW

The daily intake of PAHs from the biota samples was calculated by multiplying th«respective

PAH concentration in each sample by the ingestion rate of an average weight a@lided by the

body weight of an average weight adult (70 kg). &Q/

Equation; %

EDI= CXIR+BW Q
e (= Concentration of aquatic organisms ’b

e [R=Ingestion rate @ﬁ

e BW=Body weight '@
N\

Dietary intake concentration o@a

e EDI=42.38764833 685+70

e EDI= 0.0é{zl%@gday

Dietary in@concentraﬁon of Catfish

N

e EDI=15. 2404883x0.0685+70

e EDI=0.01491mg/kg
Dietary intake concentration of Crabs

e EDI=71.7714333x%0.0016+70
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e EDI=0.0014049mg/kg
Dietary intake concentration of Shrimps

EDI=52.47169%0.0219+70

e EDI=0.01641614mg/kg \

where, 0.0685 kg/day is based on the assumption that an average Nigerian cot %5 kg of fish
e

per annum and an average of 0.0016 and 0.0219 kg/day of crabs and shrlmf\r spectively

Target Hazard Quotient and Incremental Lifetime Hazard Risk %

The health risk assessment of polycyclic aromatic hydrocar @Hs) in aquatic organisms from
Lagos Lagoon was undertaken using both non-carcin i¢ and carcinogenic risk indices. The
Hazard Quotient (HQ) was applied to evaluate %ﬁcinogenic effects, while the Incremental
Lifetime Cancer Risk (ILCR) was used to agsessCarcinogenic potential. Both indices are derived
from the Estimated Daily Intake (EDI)@&‘h uantifies human exposure through consumption of

contaminated fish and shellfish, @

HQ=EDI g.» ~RFD Ba@
Where, EDI B;p =®nated daily intake

RFD gap =r ce dose
Target ard Quotient For Tilapia

HQ=EDI g.r ~RFD gap

HQ=0.0020773+0.0003
HQ=6.924333

Target Hazard Quotient For Crab
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HQ=EDI g.r ~RFD gap

HQ=0.0001028--0.0003
HQ=0.34193

Incremental Lifetime Hazard Risk

ILCR=EDI p.p XCSF pap \

EDI g.p= Estimated daily intake

CSF gap= Cancer Slope Factor &

Incremental Lifetime Hazard Risk for Tilapa %
ILCR=EDI s, XCSF gar Q
ILCR =0.0020773%7.3 Q

ILCR =0.01516 6’69
Incremental Lifetime Hazard Risk for Cramfb
ILCR=EDI gap XCSF Bap . \%

ILCR =0.00010258%73 Q
ILCR =0.0007478 .Q\A
The EDI expresses the d&&se of a contaminant ingested per unit body weight. It was calculated

using the standar S&’A exposure model:

EDI=C x

A

where C is the mean contaminant concentration in edible tissues (mg/kg wet weight), IR is the
ingestion rate of the species (kg/day), and BW is the average body weight (70 kg for adults). This
approach has been widely applied in dietary exposure assessments of PAHs in aquatic. Tilapia had

a mean benzo[a]pyrene (BaP) concentration of 2.12 mg/kg, and with an ingestion rate of 0.0685
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kg/day, the EDI was estimated at 0.00208 mg/kg-day. Crab, with a higher mean BaP concentration
(4.49 mg/kg) but a much lower ingestion rate (0.0016 kg/day), yielded a considerably smaller EDI
of 0.000103 mg/kg-day. Catfish and shrimp had non-detectable BaP values and therefore

negligible EDI contributions.

The Reference Dose (RfD) is a health-based threshold value that defines the maximum daily oral
exposure to a chemical that is unlikely to cause adverse non-carcinogenic heal@cts during a
lifetime. RfDs are established by agencies such as the U.S. Environmegfital tection Agency
(USEPA) based on toxicological data (EPA,). Typically, the RfD is from a No Observed
Adverse Effect Level (NOAEL) or a Benchmark Dose (BM m animal bioassays, which is
then divided by uncertainty factors (UFs) to account for in@pecies extrapolation, intraspecies
variability, and data limitations (WHO,). For BaP, a@%ﬁional oral RfD of 3 x 10™* mg/kg-day

has been adopted in several risk®. @
The HQ was calculated as: EDIXRfD éj\’&

Values of HQ < 1 indicate no's&ant non-carcinogenic risk, while HQ > 1 suggests possible
adverse health effects. Inﬁbb%iy, the HQ for tilapia was 6.92, indicating BaP exposure several
times greater tha @hreshold, suggesting potential for adverse health effects. For crab, HQ

was 0.34, belo‘@e critical threshold, while catfish and shrimp had HQ values of zero.

O

Carcincw risks were assessed using the Incremental Lifetime Cancer Risk (ILCR), which
quantifies the probability of an individual developing cancer from a given lifetime exposure. ILCR

is calculated as:

ILCR =EDI\ CSF
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where CSF (Cancer Slope Factor) represents the upper-bound probability of cancer per unit dose,
derived from long-term animal bioassays or human epidemiological studies. For benzo[a]pyrene,
the USEPA IRIS database recommends an oral CSF of 7.3 (mg/kg-day)™ The ILCR for tilapia
was 1.52 x 1072, greatly exceeding the acceptable range of 1 x 107® to 1 x 10™* commonly used in
regulatory frameworks.” Crab also exceeded the upper threshold with an ILCR of 7,48 x 107%,
though substantially lower than tilapia. Catfish and shrimp had negligible ILCR v, due to non-
detectable BaP®. These findings highlight tilapia and crab as the principal di&ryexposure routes

to BaP-associated cancer risks in the lagoon. O

Overall, the HQ and ILCR results suggest that frequent con@tion of tilapia and crab from
Lagos Lagoon may pose significant health concerns. @a was identified as particularly
problematic, with both non-cancer and cancer risk @s well above recommended thresholds.

While crab consumption presented moderat ’Q)gemc risk, catfish and shrimp appeared to

pose minimal risk under the concentratwﬂ\h}gsured9 10
4.2.5 Comparison of Findings @rekus Studies (Nigeria and International)

The current results demc@te that Lagos Lagoon is among Nigeria's most polluted aquatic
ecosystems when 6® to previous research as shown in table 4.9. For example, 0.35-5.60
mg/kg of PA(—@;ere found in fish from the Niger Delta, which is significantly less than the
maximq%% .86 mg/kg found in fish from the Lagos Lagoon. Additionally, it was reported that
Osun River fish had 2.11-8.42 mg/kg, which is also less than the current findings. Ogun River
crabs had up to 6.12 mg/kg, according to Adeyemi, whereas Lagos Lagoon crabs in this study had

up to 17.23 mg/k!!.
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The range concentration of 3.10-7.60 mg/kg was reported in Indian shrimp, 1.02-6.81 mg/kg in
Mediterranean fish, and 0.56—12.50 mg/kg in Pearl River Delta fish were recorded internationally.
Lagos Lagoon had higher values in every instance, with carcinogenic HMW PAH quantities
predominating. These comparisons highlight how Lagos Lagoon is significantly more stressed by
pollution than many other aquatic systems in Nigeria and outside. The results verify that the main
causes of contamination are inadequate waste management procedures, indl@ discharges,

petroleum operations, and fast urbanization'. <
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Chapter Five

Conclusion and Recommendation

5.1 Summary of Findings \

This research analyzed sixteen priority polycyclic aromatic hydrocarbons (PA s@ggos Lagoon,
Nigeria, with a particular emphasis on their concentrations in water and lecid aquatic animals
such as fish, crabs, and shrimp. This study was prompted by g concerns about the
increasing anthropogenic activities within the lagoon catchm uch as petroleum exploration,
industrial operations, urban waste disposal, and combusti ersses, all of which are recognized
as major sources of PAH contamination in aquatic S@S. This study sought to provide baseline

data on the presence, distribution, and dan@ociated with PAHs in Lagos Lagoon, so

benefiting both environmental science an@\% ic health management.

Water, fish, crabs, and shrimp .sz@ were obtained from the Lagos Lagoon and compared to a
control site that was no'@y\ affected by industrial or urban activities. The United States
Environmental Proteﬁ@ Agency (USEPA) identified and quantified all sixteen key PAHs
through labora%galestigation. Data from the analysis were subsequently processed to estimate
concentrat'@’bnges, mean values, and comparative differences between lagoon and control areas.
Health%( indices such as the estimated daily intake (EDI), hazard quotient (HQ), and
incremental lifetime cancer risk (ILCR) were used to examine the possible consequences for both
ecological health and human populations reliant on lagoon resources. The results showed that all
sixteen key PAHs were discovered in all lagoon samples, while the control location had either low
or trace quantities. In water, values varied from 0.05 mg/kg for acenaphthylene to 18.89 mg/kg for
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benzo[g,h,i]perylene. Fish levels ranged up to 17.86 mg/kg, whereas crabs and shrimp had
maximums of 17.23 mg/kg and 16.45 mg/kg, respectively. The presence of high molecular weight
PAHs such as benzo[a]pyrene, chrysene, benzo[b]fluoranthene, and benzo[g,h,i]perylene across all
matrices suggested that pyrogenic sources, particularly incomplete fuel combustion and industrial
emissions, play a significant role in the lagoon's contamination profile. The compgvely low

amounts of low molecular weight PAHs lend support to this hypothesis, as lightef Q—Is are often

linked with petrogenic inputs from petroleum spills. &<
A critical aspect of the findings was the discovery of bioaccu potential in aquatic

creatures. Fish, crabs, and shrimp, which are regularly consume@ people around Lagos Lagoon,
had consistently higher PAH contents than water samples. T@ot only validates pollutant uptake
from the aquatic environment, but also raises fo@ ety and public health issues, as the
International Agency for Research on Cano@%@ classifies high molecular weight PAHs,
particularly benzo[a]pyrene, as potentiat\' an carcinogens. The health risk assessment also

identified potential non-carcinogeni@‘cﬂarcinogenic concerns from food intake, emphasizing the
need for monitoring and r% \%ﬂtervention.

Comparisons with .eq&research in Nigeria and abroad revealed that the quantities found in
Lagos Lagoon We(Q}t the upper end of the reported range. For example, PAH levels in Niger
Delta fish etween 0.35 and 5.60 mg/kg, whereas values in the Osun River ranged between
2.11 and\8ﬂ2 mg/kg. In comparison, this study found fish concentrations as high as 17.86 mg/kg.
Similarly, crabs from the Ogun River contained 6.12 mg/kg, while Lagos Lagoon crabs contained
up to 17.23 mg/kg. International studies also found lower levels, with PAHs in the Pearl River

Delta, China, ranging from 0.56 to 12.50 mg/kg and Mediterranean fish ranging from 1.02 to 6.81
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mg/kg. These comparisons show that the Lagos Lagoon is more significantly impacted, reflecting

the region's industrial, petroleum, and urban influences.

This study provides evidence that Lagos Lagoon serves as both a sink and a route for PAHs. On
the one hand, it collects contaminants from diverse anthropogenic sources and, on the other,
transports them into aquatic biota, which are eventually consumed by people. This % role has
far-reaching repercussions, highlighting hazards to not only ecological balance b food safety
and community health. The findings emphasize the importance of imm;%gﬁégulatory action,

effective pollution management techniques, and public health av%@ efforts to reduce the

dangers of PAH exposure. Q

5.2 Conclusion Q
)

A study of sixteen key polycyclic aromatic hydr ns (PAHs) in Lagos Lagoon found that the
lagoon is experiencing substantial ecE)lo iﬁtress due to anthropogenic contamination. All
sixteen chemicals were found in w@‘lsh, crab, and shrimp samples at significantly higher
amounts than the control site. Thel)greatest levels were found in benzo[g,h,i]perylene, which was
18.89 mg/kg in water, lﬂ&kg in fish, 17.23 mg/kg in crabs, and 16.45 mg/kg in shrimp.
Similarly, other 'r%@g ic high molecular weight compounds were consistently dominant
across all sam%[ypes, including benzo[a]pyrene (4.21 mg/kg in water and 4.01 mg/kg in fish),
benzo[%&hene (15.11 mg/kg in water and 14.15 mg/kg in fish), and chrysene (2.03 mg/kg
in water and 2.10 mg/kg in fish). These findings not only show the prevalence of PAHs in the
lagoon, but also highlight the importance of high molecular weight fractions, which are more

persistent and harmful.
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The increased levels seen in fish, crab, and shrimp show the contaminants' bioaccumulation
potential. Because these species are commonly consumed in the surrounding communities, the
findings raise serious food safety and public health concerns. The presence of PAHs in aquatic
species indicates that they are integrated into the lagoon food web, where long-term exposure may
have a cascade effect on biodiversity and ecosystem resilience. The insignificant Q&ported in
the control site confirm that the contamination observed in the lagoon is anthropdgenic in nature,

resulting from industrial emissions, petroleum wastes, urban mnoff,@ombustion activities

O

Taken together, the results show that Lagos Lagoon is a ke@otspot for PAH contamination in

common in the Lagos metropolis.

Nigeria. This has significant ramifications not onI@ecological health, but also for human
communities who rely on the lagoon for fishing} ation, and other income-generating activities.
This study provides strong evidence that b(&t action is required by demonstrating the magnitude

S
and distribution of PAH pollution. é

. $
53 Recommendatim@

Based on the outcﬁe@s study, the followings are therefore recommended

1. Policy an lation: Regulatory agencies such as NESREA and LASEPA should strengthen
enforce}h&of industrial effluent standards and petroleum handling practices. Industries
discharging into the lagoon should be compelled to treat wastewater using modern technologies

capable of reducing organic pollutants.

2. Monitoring and Surveillance: Routine monitoring of PAHs in Lagos Lagoon should be
institutionalized. Data should be collected seasonally to capture variations linked to rainfall, urban
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runoff, and industrial activity. Monitoring should extend beyond water and biota to sediments,

which act as long-term sinks for PAHs.

3. Public Health and Awareness: Local communities should be sensitized on the dangers of
consuming contaminated fish, crabs, and shrimp. Government and NGOs should organize
campaigns highlighting dietary risks, with special emphasis on women and children%) may be

more vulnerable to toxic exposure. Qz

4. Sustainable Management: Investment in green technologies suc &ioremediation using
microorganisms, phytoremediation with aquatic plants, and clean@y alternatives should be

encouraged to reduce dependence on combustion sources of

5. International Collaboration: Partnerships with 1Uﬁgvironmental agencies could help to
standardize monitoring methods and implement n strategies for lagoon restoration, drawing
on lessons from ecosystems such as the Ch@ke Bay (USA) and the Pearl River Delta (China).

X

54 Contributions to Knowled%

This research contributes%{&ntly to existing knowledge in various ways. It contains one of
the most extensive dq&is on all sixteen key PAHs in Lagos Lagoon, tested in both water and
different aqual'ggeoks (fish, crab, and shrimp). While earlier research in Nigeria has frequently
focused orQ%cular matrices, such as sediments or isolated water samples, this study reveals the

intercorh&edness of contamination across abiotic and biotic compartments.

This research reveals that large molecular weight PAHs dominate in Lagos Lagoon, separating it
from systems with higher levels of lighter PAHs. This has significance for source identification

because high molecular weight PAHs are more strongly associated with combustion activities
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including fuel burning, industrial emissions, and waste incineration. By identifying this tendency,
the study contributes to a better understanding of pollution dynamics in heavily urbanized tropical
lagoons. It also improves understanding of bioaccumulation trends in Nigerian aquatic habitats. By
assessing PAHs in edible species such as fish, crabs, and shrimp, it provides evidence of pollution
transfer into the food chain, an area where data is particularly limited. This broadens the scope of
PAH risk assessment in Nigeria, expanding beyond environmental contaminatio@n ider food

safety and human health. <

N
This research further recognizes Lagos Lagoon as both a sink ar Q)nduit for PAHs. The
persistence of high molecular weight chemicals suggests th@%goon acts as a pollutant
reservoir, while their presence in aquatic biota indicates thatit also functions as a transmission
conduit to humans. These findings close a major@ gap and will be useful to scientists,

environmental managers, and policymakers v&b\@(go reduce chemical contamination in aquatic

systems. éo\s&

5.5 Suggested Areas for F}u& esearch

N

Several research gaps wer&@n ified in this study. Future studies should:

.

a. Condu®1g- erm monitoring to capture seasonal and annual trends of PAH
a lation, as temporal variation was beyond the scope of this study.

}\%@ertake source apportionment studies using diagnostic ratios and stable isotopic
fingerprinting to clearly differentiate between petrogenic and pyrogenic PAH inputs.

c. Carry out toxicological experiments on aquatic organisms to assess the sub-lethal
effects of chronic PAH exposure, including impacts on reproduction, growth, and

survival.
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Perform human health risk assessments linking dietary exposure from lagoon seafood
to potential cancer and non-cancer risks. Such studies would provide vital data for food
safety regulations.

Expand research into sediment contamination, as sediments serve as long-term
reservoirs for PAHs and may act as secondary sources during resuspension gvents.
Investigate remediation strategies, such as bioremediation, phytor Q%on, and
engineered wetland systems, for their potential in reducing PAH levels in Lagos

Lagoon.
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Appendices

Appendix I

List of Analyzed PAHs PAHs Analyzed (16 Priority PAHs as identified by USEPA):

10.

11.

12.

13.

14.

15.

16.
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Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
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Benzo[a]anthracene
Chrysene
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Benzo[a]pyrene *© $
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Indeno[1,2,3xc ?
Diben@gnthracene

@ Jh,i]perylene
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Appendix 1T

Crabs gotten from the Lagos Lagon
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Appendix III

Prawns gotten from the Lagos Lagoon

Source: Author’s @ k, 2025
\,Q:b
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Appendix IV

Tilapia gotten from the Lagos Lagoon
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L/
SourceMor’s Field Work, 2025
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Appendix V

Catfish gotten from the Lagos Lagoon
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