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Overview of Ubiquitous
Contaminants Polycyclic Aromatic
Hydrocarbons in Different
Environmental Matrices

Himanshu Gupta, Sughosh Madhav, and Soniya Dhiman

Abstract

In view of their widespread occurrence in the environmental segments, these are
considered as ubiquitous. The incomplete burning of different substances cause
their generation and distribution in environment, particularly air. Smaller PAHs
such as naphthalene are relatively less toxic compared to higher members such
as benzo[a]pyrene, which is carcinogenic in nature. At places, it is reported that
PAHs contamination is also present in the drinking water, causing direct harm
to the humans. The most toxic effect is their involvement with the DNA and
formation of DNA adducts, which results is mutations and sometimes can cause
cancer. The dominant PAH pollution mechanism can be differentiated by the
application of diagnostic ratios like phenanthrene/anthracene or fluoranthene/
pyrene ratios. These ratios suggest the nature of PAH pollution is major from
petrogenic or pyrogenic sources. The PAHs from the soil can be transported
to roots of the plants and slowly reaches to other parts of the plants including
fruits and vegetables. Without any metabolic activation, oxygenated PAHs and
nitrogenated PAHs can bind with DNA directly and cause mutations, posing
severe threat to living organisms. Various detection and remediation techniques
have been applied for the detection of PAHs in various environmental matrices.
This chapter gives a basic overview of the ubiquity, sources, distribution, fate,
derivatives, transport, detection and remediation of PAHs.
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Introduction

Various environmental matrices are contaminated with persistent organic pollu-
tants on the global level. Among them, polycyclic aromatic hydrocarbons (PAHs)
are reported to be ubiquitous and hazardous to all segments of environment. PAHs
comprises of 02 or higher number of benzene rings which are fused to form bigger
molecules. Such molecules can be unsubstituted or can be of substituted nature. In
view of their widespread occurrence in the environmental segments, these are con-
sidered as ubiquitous (Gupta et al. 2017; Gupta and Kumar 2020). PAHs generally
have hydrophobic nature and high stability towards temperature, which makes it
persistent in the environment and accumulate in different segments such as soil
and sediments (Berrios-Rolén et al. 2025). The incomplete burning of different
substances cause their generation and distribution in environment, particularly air.
The airborne PAHs has a tendency to travel to short as well as long distances.
The deposition of airborne PAHs is one of the major cause of PAH pollution in
soil and water. The environmental PAHs may undergo degradation through photo-
chemical or microbiological methods. However, accumulation of PAHs is reported
to be dominated over the degradation phenomena (Gupta et al. 2017).

Ubiquitous and Toxicological Nature of PAHs

PAHs are produced by incomplete combustion of fuels, wood, paper etc. as well
as also released to the environment as a result of forest fires, oil spills, volcanic
eruptions etc. (Kumar et al. 2016). As the process of burning is inevitable and
present across the globe, the PAHs pollution has became ubiquitous. At longer
distances, where the burning process is not in function, the tendency of PAHs to
travel longer distances cause pollution. Among a large number of PAHs, 16 PAHs
are regarded as priority pollutants by USEPA. The smaller PAHs such as naphtha-
lene are relatively less toxic compared to higher members such as benzo[a]pyrene,
which is carcinogenic in nature (Gupta and Gupta 2015). The molecular structure
of PAHs is planar and m-electrons are delocalised in the rings, making their higher
stability as well as higher boiling or melting points and lower solubility in water
(Sahoo et al. 2020). The solubility of smaller PAHs is greater than the higher PAHs
(Gupta and Gupta 2016). Due to their accumulative nature, PAHs persists in the
environment and reaches to the living organisms through contaminated soil, water
or air (Fig. 1.1). PAHs are toxic to different living organisms including human
beings (Rusénescu et al. 2025). These get accumulated in the body and interfere
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Fig. 1.1 PAHs in various environmental matrices

in the metabolism causing serious damages. The most toxic effect is their involve-
ment with the DNA and formation of DNA adducts, which results is mutations and
sometimes can cause cancer (Gupta and Gupta 2015). Their persistence, mutagenic
to carcinogenic nature and ubiquitous occurrence necessitates a detailed study on
the sources, accumulation, transport mechanism, associated risks and remediation
in different environmental matrices.

Origin of PAHs in the Environment

PAH origin in the environment is usually classified by two major methods, namely
pyrogenic and petrogenic. It is based on their mechanism of production and initial
sources. The study of these origin of PAHs is essential in order to understand the
source apportionment, risk assessment, availability and toxicity of PAHs to the
living beings and the environment (Gupta and Kumar 2020).

Origin of Pyrogenic and Petrogenic PAHs

The major part of the global PAHs comes in the form of pyrogenic PAHs. These
are more common in the areas of heavy traffic and industries. These kind of PAHs
originates by incomplete combustion of different materials such as fuels, cow dung
cake, wood, plastic, paper, food etc. (Pradhi et al. 2023; Rogers et al. 2024). During
the generation of pyrogenic PAHs, generally the larger compounds break down to
small fragments and radicals, which recombine, aromatize to form PAHs. The
major component of these pyrogenic PAHs is associated with the anthropogenic
activities by the humans e.g. energy driven activities and industrial processes. The
combustion of coal and wood to generate power produces pyrogenic PAHs. The
coking and smelting like industrial processes releases pyrogenic PAHs mainly to
the air (Li et al. 2023). The burning/incineration of different wastes including
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municipal wastes, plastics and other wastes also release pyrogenic PAHs (Cheng
et al. 2022). The vehicular traffic emissions are also the pyrogenic sources as
these involves combustion of petrol, diesel and gasoline (Gupta et al. 2025). The
volcanic eruptions, oil spills and forest fires are considered as natural sources for
the pyrogenic PAHs. Petrogenic PAHs are generally present naturally in the fuels
such as coal, petroleum, crude oil and natural gas. These. Such PAHs are released
to the environment by accidental spills of crude oils, leaching from fossil fuels
and release during storage and transportation of fuels or oils. The dominant PAH
pollution mechanism can be differentiated by the application of diagnostic ratios
like phenanthrene/anthracene or fluoranthene/pyrene ratios. These ratios suggest
the nature of PAH pollution is major from petrogenic or pyrogenic sources (Gupta
and Kumar 2020).

PAH Distribution and Fate in Environmental Matrices

Once PAHs are released in the environment, these got distributed to different envi-
ronmental matrices like water, soil, air and sediments. The accumulated PAHs in
these matrices transmits to the food chain and reaches to living organisms includ-
ing humans (Wang and Wang 2006; Ezugwu et al. 2024). The released PAHs to
the atmosphere transport to short and long distances, then settles down on the soil
and water. The low molecular weight PAHs are reported to be transported to longer
distances than high molecular weight PAHs (Gupta and Kumar 2020). The depo-
sition of PAHs occurs by different mechanisms, namely dry deposition, involving
gravitation settlement of PAHs and wet deposition, where the PAH molecules are
mixed to fog, snow or get settle by rain (Wang et al. 2016). The air pollution due
to PAHs, results in secondary pollution to other matrices, water and soil. Other
than atmospheric transport, soil get contaminated by spillage of crude oils, coal
tar etc. It is also contaminated by landfilling of PAH contaminated wastes and other
industrial processes (Liu and Wang 2022). The dermal contact with contaminated
soil is harmful to living organisms. The PAHs from the soil can be transported to
roots of the plants and slowly reaches to other parts of the plants including fruits
and vegetables (Jia et al. 2021). PAHs from the soil can also leach to the ground-
water and contaminated it. The availability of PAHs in surface and groundwater
is hazardous to the organisms. Water bodies also receives PAHs from agricultural
runoffs from PAH contaminated sites, direct discharge of wastewaters by the dif-
ferent industries and other wastewater treatment plants. At places, it is reported
that PAHs contamination is also present in the drinking water, causing direct harm
to the humans (Ambade et al. 2021). Various studies also reported the presence of
PAHs in fishes and other organism in water (Filatova et al. 2023; Uzomabh et al.
2021; Damir et al. 2021). The consumption of contaminated fish also result in the
PAH toxicity. The PAHs in the water settles down to the sediments and bind with
it. The levels of PAHs in sediments may be higher than the water (Xia et al. 2015).
Therefore, all environmental matrices comprises of ubiquitous pollutants, PAHs,
causing harm to the environment and living beings.
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PAH Derivatives in the Environment

Other than simpler PAHs, the different variants of PAHs are also reported to
be toxic and referred to as PAH derivatives. These include compounds such as
oxygenated PAHs, halogenated PAHs, nitrogenated PAHs and hydroxy PAHs etc.
The PAH derivatives are also found to be highly toxic and are responsible for
immunotoxicity, genotoxicity, oxidative stress, carcinogenicity as well as neuro-
toxicity (Peng et al. 2023). The toxicity of hydroxy PAHs was reported higher
compared to PAHs in case of sea urchins and fishes (Honda and Suzuki 2020).
Biological processes and combustion are primary sources of PAH derivatives. The
oxidant and radical mediated photochemical reactions are secondary PAH deriva-
tives sources (Krzyszczak and Czech 2021). Without any metabolic activation,
oxygenated PAHs and nitrogenated PAHs can bind with DNA directly and cause
mutations, posing severe threat to living organisms (Jeong et al. 2024). Indian
ocean has higher levels of halogenated PAHs than the Pacific ocean. Sri Lankan
adults are also reported to have potential health risks due to contaminated aquatic
species (Wickrama-Arachchige et al. 2021).

PAHSs in Industrial Wastewater

The wastewaters of different industries are also reported to be contaminated with
PAHs. A few of industries released PAH in the environment includes petrochemi-
cal industry, coking (Chen et al. 2020) and smelting industries (Booth and Gribben
2005), paper/pulp industries (Gupta 2018) and municipal wastewater treatment
plants (Liu et al. 2021). The discharge of coking plant wastewater in the river
increased the levels of PAHs in water (Chen et al. 2020). The co-existence of
PAHs and their derivatives was reported in the effluents of wastewater treatment
plants (Liu et al. 2021). Greater than 100 PAHs were detected due to smelting pro-
cesses (Booth and Gribben 2005). Various industries employs different treatment
methods for their effluents such as advanced oxidation processes, adsorption, pho-
todegradation and biodegradation, but the removal of PAHs from the wastewaters
is usually insufficient causing hazards to the environment.

PAHSs in the Foods and Food Chain

The PAHs present in different segments of environment can be transported to the
food materials and food chain. Atmospheric PAHs were found to be deposited on
food and contaminating them (Bansal et al. 2017). PAHs from soil transport to the
roots, stem and finally to the fruits of the plants (Paris et al. 2018). Aquatic PAHs
accumulate in the aquatic organisms and transfer to the higher member of the food
chain (Honda and Suzuki 2020). Other than the environmental transport of PAHs
to foods, various anthropogenic processes also found to be influencing towards the
production of PAHs. These include roasting, frying grilling and smoking of the
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food before eating (Adeyeye and Ashaolu 2022). These processes also produce
PAHs, which reaches to the humans directly by ingestion and respiration. PAH
contamination due to processed meat can be avoided applying low temperature for
long duration, prevent direct contact with flames during barbecue etc. (Adeyeye
and Ashaolu 2022). It is also reported that deep frying in different oils releases
greater amounts of PAHs in comparison to frying. Among olive, peanut, rapeseed
and soyabean oils, the rapeseed oil produces highest levels of PAH and the order
of PAH generation in oils is rapeseed > olive > peanut > soyabean (Yao et al.
2015).

Detection and Remediation of PAHs

A number of detection techniques have been applied for the detection of PAHs
in various environmental matrices. A few of the techniques involved are sol-
vent extraction, Soxhlet extraction, mechanical agitation, solid phase extraction,
solid phase microextraction, microwave-assisted extraction, ultrasonic extraction,
supercritical fluid extraction, capillary electrophoresis, gas chromatography, high
performance liquid chromatography, UV—Visible spectroscopy, fluorescence spec-
troscopy, sensors and biosensors etc. (Bansal et al. 2017; Zhang et al. 2020).
Different remediation techniques are also being applied in order to treat differ-
ent PAH-contaminated segments of the environment. The remediation techniques
involves the photodegradation and biodegradation of PAHs in soil as well as in
water. The degradation of PAHs involve different photochemical as well as biolog-
ical mechanisms, causing breakdown of PAHs to smaller fragments and sometimes
mineralization (Gupta and Dhiman 2023, 2024; Gupta et al. 2025). The study of
mechanism of degradation pathways is important as sometimes more toxic com-
pounds may form during the process (Gupta and Gupta 2015). Another major
technique applied for the removal of PAHs from water and wastewaters is adsorp-
tion (Gupta and Gupta 2016, 2018; Mogashane et al. 2024; Wang et al. 2023).
In literature, a variety of adsorbents have been employed to treat contaminated
water from PAHs as well as other contaminants. Other remediation methods such
as oxidation, advanced oxidation, ozonolysis etc. are also employed to treat PAH
contaminated segments.

Conclusion

Polycyclic aromatic hydrocarbons (PAHs) are reported to be ubiquitous and haz-
ardous to all segments of environment. At longer distances, where the burning
process is not in function, the tendency of PAHs to travel longer distances cause
pollution. Their persistence, mutagenic to carcinogenic nature and ubiquitous
occurrence necessitates a detailed study on the sources, accumulation, transport
mechanism, associated risks and remediation in different environmental matrices.
The study of these origin of PAHs is essential in order to understand the source



1 Overview of Ubiquitous Contaminants Polycyclic Aromatic ... 7

apportionment, risk assessment, availability and toxicity of PAHs. Biological pro-
cesses and combustion are primary sources of PAH derivatives. The oxidant and
radical mediated photochemical reactions are secondary PAH derivatives sources.
The co-existence of PAHs and their derivatives was reported in the effluents of
wastewater treatment plants. The order of PAH generation in oils is rapeseed >
olive > peanut > soyabean. A number of detection techniques have been applied
for the detection of PAHs in various environmental matrices. The remediation tech-
niques involves the photodegradation and biodegradation of PAHs in soil as well
as in water. The degradation of PAHs involve different photochemical as well as
biological mechanisms. Another major technique applied for the removal of PAHs
from water and wastewaters is adsorption. In spite of application of different reme-
diation techniques including advanced and green methods, the abundance of PAHs
in the environment is high. Therefore more attention is required to tackle the issue
of contamination by PAH and their derivatives.
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Abstract

Polycyclic aromatic hydrocarbons (PAHs) constitute a significant group of per-
sistent organic pollutants to environmental and human health. PAHs are a family
of chemicals with a wide range of natural and anthropogenic origins (i.e., fos-
sil fuel combustion, industrial emissions, and wildfires) that are defined by
their hydrophobicity, poor water solubility, and highly binding organic mat-
ter. The characteristics enhance their extensive dispersion in air, water and
soil and cause their persistence in the environment. Atmospheric transport,
deposition and adsorption to particulate matter and sediments operate to reg-
ulate the environmental fate of PAHs. Although the degradation of PAHs is
enhanced with the involvement of photochemistry, chemicals, and microbes,
the high-molecular-weight PAHs are highly resistant to any breakdown leading
to persistent contamination. PAHs remain of primary concern to both ecolog-
ical and human health because of their toxicity, potential to cause cancer and
bio accumulative nature. This chapter focuses on the physical, chemical, and
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biological character of PAHs and their significance to the environment with the
emphasis on the necessity of sophisticated remediation and monitoring solutions
that could control the effects of PAHs.

Keywords

Polycyclic aromatic hydrocarbons (PAHs) « Toxicity « Biodegradation ¢
Environmental pollution « Remediation strategies « Persistent organic
pollutants

Introduction

One of the major classes of organic compounds which is made up of carbon and
hydrogen is polycyclic aromatic hydrocarbons (PAHs) in which these atoms are
arranged two or more fused aromatic rings (Gupta and Gupta 2016). They possess
distinct ring structure and do not have any heteroatom or functional group due
to which these are usually hydrophobic, chemically stable and persistent in envi-
ronment (Krzyszczak and Czech 2021). On the basis of number of rings, PAHs
are classified into two classes: (a) Light PAHs (having two to four rings) and
(b) Heavy PAHs (having more than four rings) (Abdel-Shafy and Mansour 2016).
Heavy PAHs are more hazardous, less volatile and more stable in comparison to
light PAHs (Kuppusamy et al. 2016; Li et al. 2016).

These chemicals are widely present in the environment and the major cause
is the incomplete burning of organic resources (such as coal, oil, gas, wood and
trash). Natural processes such as volcanic eruptions and forest fires also produce
PAHs thereby making them common pollutant that is widely found in air, water
and soil (Gupta 2018; Gupta and Gupta 2018; Sakshi et al. 2019; Mallah et al.
2022; Gupta et al. 2025). Various natural and anthropogenic sources of PAHs are
depicted in Fig. 2.1. On account of their low water solubility, PAHs tends to bond
with sediment and organic matter in the aquatic and the terrestrial environment
but these may also exist in vapor phase or be adsorbed onto the particulate matter
present in the atmosphere (Kumar et al. 2016). Rather than existing as individ-
ual compounds, PAHs are frequently found as complex mixtures that are usually
found in soot, tar, crude oil and industrial waste. From the toxicological point of
view, PAHs are considered to be carcinogenic, mutagenic and immunosuppressive
in nature (Guo et al. 2025; Montano et al. 2025). They may cause major health
problems by interfering with enzyme activity and cellular membrane processes.
Immunological system negative consequences, such as compromised immunolog-
ical development and decreased host tolerance, have been linked to exposure to
PAHs.

The United State Environmental Protection Agency (USEPA) has designated
sixteen PAHs as priority pollutants because of their negative effects on the envi-
ronment as well as human health (Mojiri et al. 2019). Furthermore, 7 of these PAHs
namely, benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene,
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Fig.2.1 Various sources of PAHs

benzo[a]pyrene, indenol[1,2,2-cd]pyrene, and dibenzo[a,h]anthracene have been
designated as carcinogenic by the International Agency for Research on Cancer
(Zheng et al. 2016). Benzo[a]pyrene has been designated as human carcinogen
due to its genotoxic activity (Sombiri et al. 2024). Various physical and chemi-
cal characteristics of PAHs like high melting and boiling point is known to affect
their toxicity. The sixteen priority pollutants as per USEPA and their physical and
chemical characteristics are summarized in Table 2.1.

Major source of PAHs is the pyrolysis or incomplete combustion of organic
materials like coal, petroleum and wood (at temperature ranging from 350 °C to
1200 °C) (Masih et al. 2010; Montano et al. 2025). Repolymerization of hydrocar-
bon fragments produced during cracking is thought to be a complex step in their
production. Natural as well as anthropogenic activities result in their production.
Usually, concentration of PAHs in urban areas is high when compared to rural
ones (Cabuk et al. 2014; Paris et al. 2018). PAHs can be eliminated from the envi-
ronment via dry as well as wet depositional mechanisms. Precipitation is involved
in wet deposition mechanism for the removal of PAHs whereas gravity settling
takes place in dry removal process (Esen et al. 2010; Montano et al. 2025).

PAHs enter and progress via food chain once ingested by the plants and animals.
The PAHs are usually transferred from lower to higher trophic levels through the
food chain (Sombiri et al. 2024; Wang et al. 2025). PAHs are persistent in nature
but they can be decomposed by microbial detraction and photodegradation (Prem-
nath et al. 2021; Liu et al. 2023). Microorganisms can metabolize these compounds
in soil (K and Manian 2023).

This chapter gives a detailed insight about PAHs mainly focussing on their
environmental impact. Various physical and chemical properties that are impor-
tant for understanding the nature, environmental behaviour and their interaction
with other medias in the environment are discussed in the chapter. This chapter
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further explores the environmental fate and transport of PAHs thereby highlight-
ing the mechanism by which these chemicals persist and move in air, water and
soil environment. In addition to this, this chapter also addresses various degrada-
tion pathways by which PAHs can be broken down in the environment. Biological
impact and toxicity of PAHs is discussed in detail thereby highlighting their car-
cinogenic, mutagenic and teratogenic effects on living organism. Furthermore,
various remediation strategies such as physical, chemical and biological are dis-
cussed in detail to mitigate adverse effect of these chemicals on the environment
as well as on the human health. The key findings and future perspectives are
discussed in the conclusion section thereby emphasizing on the need for the sus-
tainable development and effective methodologies for remediation of the PAHs
contaminated environment.

Physical and Chemical Properties

PAHs that are composed of two or more than two fused rings are organic com-
pounds which are usually produced by incomplete combustion of organic resources
(like coal, biomass, petroleum products and fossil fuels). In addition to this, they
are also found in landfill leachates, exhaust of automobiles, pollutants released
from industries and from the kitchen fumes. PAHs are generally produced via both
anthropogenic as well as natural processes therefore they are frequently detected in
environment (such as soil, water, and air). Generally pure PAHs are white, colour-
less or pale-yellow solids. They are lipophilic that means they are readily soluble
in non-polar solvents such as fats and oils rather than in polar solvents such as
water (Sahoo et al. 2020).

Molecular weight and structure of PAHs are known to exhibit substantial impact
on the physical and chemical characteristics (Kumar et al. 2016). Low molecular
weight PAHs like fluorene and naphthalene consisting of two or three aromatic
rings are more volatile and possess high water solubility in comparison to high
molecular weight PAHs like benzo[a]pyrene and fluoranthene that possess four or
more rings in their structure (Gupta and Gupta 2015). PAHs having low molecu-
lar weight are known to exhibit higher vapour pressure in comparison to the ones
having high molecular weight. Also, the former ones are less persistent and car-
cinogenic in comparison to the later ones. PAHs having high molecular weight
exhibit less water solubility as well as less vapour pressure (Vikas et al. 2015;
Kumar et al. 2016). On account of these characteristics high molecular weight
PAHs have high correlation with organic-rich soils, particulate matter, and sedi-
ments. It is usually found that with the increase in number of aromatic rings, the
vapour pressure sharply decreases.

PAHs usually have high octanol-water partition coefficient (Kow) because they
are lipophilic and they exhibit tendency to accumulate in the biological systems
(Balint 2021). High soil/sediment partition coefficient (Koc) values indicates that
PAH have a great affinity for organic materials found in soils and sediments (Balint
2021). Based on Henry’s law constant, these compounds can easily volatize from
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moist soils and on the basis of vapor pressure, these compounds can easily volatize
from dry soils. PAHs present in the soil may undergo microbial breakdown in
aerobic conditions but due to their toxicity to microorganisms and slower rate
of biological degradation, they usually persist in anaerobic environments (Balint
2021).

The behaviour of PAHs in aquatic media is usually influenced by their density
and water solubility. High molecular weight PAHs settle in sediments or mat com-
bine with dissolved organic matter whereas the low molecular weight PAHs are
customarily remains dissolved in water (Rabodonirina et al. 2015; Maleti¢ et al.
2019). Some PAHs may sink to the aquifers or may float on the water surface
whereas others may volatize into the atmosphere or may remain dissolve based
on the density. The air is known to contain huge amount of PAHs which may
exist either in gaseous form (lighter PAHs) or may remain suspended to particu-
late matter (usually heavier PAHs) (Rabodonirina et al. 2015; Maleti¢ et al. 2019).
All these substances have the ability to travel both short and long distances in the
atmosphere before depositing themselves on the surfaces of soil and water through
dry deposition or precipitation (Bozlaker et al. 2008).

Because of their chemical stability, PAHs are categorized as persistent organic
pollutants (POPs) (Boethling et al. 2009; Akhtar et al. 2021). Various physical and
chemical processes like oxidation, microbial breakdown, and photodegradation are
responsible for redistribution and transformation of PAHs in the environment. They
pose serious threat to environment and human health on account of their terato-
genic, mutagenic, and carcinogenic properties (Drwal et al. 2019; Mallah et al.
2022). Human exposure to PAHs may occur due to ingestion of contaminated
food or water, inhalation of contaminated air, dermal contact with contaminated
soil or dust particles (Montano et al. 2025). It is evident that the exposure is usu-
ally higher in the urban as well as industrial areas due to following activities: (a)
hazardous emissions from the traffic, (b) discharge of harmful contaminants from
industries and (c) burning of fossil fuels. All these activities result in enhanced
concentration of PAHs in the environment. Table 2.2 presents a detailed summary
of various physical and chemical characteristics of PAHs.

Due to complex behaviour and diverse physical properties of PAHs, their sam-
pling, extraction and measurement from the environmental samples require careful
consideration. (Manousi and Zachariadis 2020; Sajid et al. 2021). Various prop-
erties such as vapour pressure, solubility in water and affinity towards particulate
matter are known to affect the hazards of exposure, transportation and environmen-
tal fate of PAHs. Rapid industrialization, urbanization, population expansion and
increased use of fossil fuels have contributed to the increased levels of PAHs in
the environment in the developing countries of Asia (Bidleman et al. 2015; Kumar
et al. 2016). Thus, it is imperative to know about the physical and chemical char-
acteristics of PAH for determining their effects on the environment, for devising
cleanup activities and also for formulating legal requirements for protection of
environment as well as public health.
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Table 2.2 Physical and chemical properties of PAHs

Property Description Reference

Physical state Pure PAHs are generally white, colourless, or pale (Sahoo et al.
yellow-green solids 2020)

Solubility Lipophilic in nature; soluble in non-polar solvents (fats, | (Sahoo et al.
oils); poorly soluble in water 2020)

Volatility Low molecular weight PAHs have high vapor pressure | (Kumar et al.
and are more volatile; high molecular weight PAHs 2016)
have low volatility

Water solubility Decreases with increasing molecular weight; 2-3 ring | (Vikas et al.
PAHs are more water-soluble than those with >4 rings | 2015)

Octanol-water High Kow indicates strong tendency to bioaccumulate | (Balint 2021)

partition Coefficient |in organisms

(Kow)

Soil/sediment High Koc values reflect strong adsorption to soil and (Balint 2021)

partition coefficient | sediment organic matter

(Koc)

Vapor pressure Decreases significantly with increase in number of (Kumar et al.
aromatic rings 2016)

Environmental phase | LMW PAHs occur in gaseous phase; HMW PAHs (Maleti¢ et al.

distribution associate with particulate matter (solid phase) 2019)

Chemical stability Chemically stable and resistant to degradation, leading | (Akhtar et al.
to environmental persistence 2021)

Photodegradability | Undergo transformation via photodegradation, (Drwal et al.

and biodegradability | oxidation, and microbial action, though slower in 2019)
anaerobic conditions

Environmental Fate and Transport

PAHsS in the environment follow three main factors consisting of their physical and
chemical properties combined with source methods and their reactions with eco-
logical living and non-living substances. The distribution and transformation along
with degradation pathways which a compound goes through upon environmental
release affects both its survival time and total environmental impact (Eldos et al.
2022). The process of burning produces PAHs in atmospheric form as gases along
with adsorption to particulate matter. This phenomenon manifests primarily from
vehicle exhausts and emissions from industry and biomass fires as well as chemical
combustion products of cigarettes. The gaseous part of lighter PAHs predominates
in the atmosphere where they either react with sunlight or they evaporate toward
remote locations. The heavy PAH compounds react to airborne particulates before
they settle by dry and wet deposition which leads to soil and water contamina-
tion (Zhang et al. 2022). PAHs stay in soil sediments because they bond tightly
to organic matter due to their oil-loving character. The substance adheres firmly
to the environment although it restricts animal movement. Aquatic systems main-
tain PAHs as dissolved chemicals at low concentrations while these contaminants
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also stick to floating particles and settle down to the sediments. Soil or sediment
organic carbon content and grain size determine how much of PAHs will be taken
up (Patel et al. 2020).

PAHs experience their environmental fate through two vital degradation path-
ways consisting of living organisms and non-living environmental factors (depicted
in Fig. 2.2). The degradation of biogenic substances by bacteria together with fungi
establishes as a fundamental natural process for reduction. Many microorganisms
take PAHs as their food source to generate energy under both aerobic and anaero-
bic environmental conditions (Tesfaye et al. 2025). Microbial breakdown of PAHs
faces various barriers including insufficient nutrients and low oxygen concentra-
tions together with the chemical makeup of these compounds. Low molecular
weight PAHs break down faster than high molecular weight analogs because they
possess simpler arrangements and better aqueous dissolution properties (Ghosal
et al. 2016). Leaps in environmental science under abiotic degradation show that
photo oxidation joins hydrolysis as well as atmospheric oxidant reactions including
ozone, hydroxyl radicals and nitrogen oxides. The atmospheric degradation pro-
cess of PAHs through photo oxidation leads to the formation of toxic oxygenated
derivatives including quinones (Wang et al. 2023).

Pollutants known as PAHs spread beyond surface water into groundwater by
means of leaching and runoff. PAHs survive in aquatic ecosystems where they
pose extended risks to aquatic life and cause contaminants to build up in food chain
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networks. The oil-and-water-loving characteristic of PAHs enables their accumu-
lation in fatty matter of aquatic organisms that builds up toxin levels progressively
through successive ecological steps (Singh et al. 2023).

PAHs undergo destiny transformations based on human-initiated processes such
as land development changes and waste management operations and soil clean-up
procedures. Three main avenues that lead to PAHs entering water bodies are land-
fill leachates together with wastewater discharges and urban runoff. The precise
comprehension of how PAHs interact with the environment and travel through it
provides the framework for effective measurement methods and risk evaluation
programs together with clean-up solutions (Smol et al. 2017). The environmental
distribution and behavioural pattern of PAHs can be predicted using both fugac-
ity models and multimedia environmental fate models including Level III models.
These models integrate data on PAH properties, emission sources, environmental
parameters, and degradation rates to estimate concentrations and assess exposure
risks (Balmer et al. 2019).

In conclusion, the environmental fate and transport of PAHs are determined by
a complex interplay of their physical and chemical properties, environmental con-
ditions, and biological interactions. Their persistence and potential for long-range
transport necessitate comprehensive management strategies to mitigate ecological
and health impacts.

Degradation and Persistence

PAHs exist with different environmental persistence levels due to their unique
molecular structures along with the conditions around them. Environmental degra-
dation and ecological risk assessment depend fundamentally on how fast PAHs
can degrade in their environmental setting. The environmental behaviour of PAHs
depends on three main degradation mechanisms together with sorption and per-
sistence through half-life as well as influential environmental conditions. The
Table 2.3.3 summarises the outlines of these essential degradation mechanisms
and persistence factors.

Persistence in the Environment: The environmental persistence of PAHs with
large molecular weight (HMW) occurs through their stable aromatic bonding
structure. These compounds demonstrate high resistance to decay and they pref-
erentially absorb into soil materials as well as underwater sediments and organic
substances. Because of their very low water dissolubility and hydrophobic nature
these substances stay tightly bound to solid matter yet they cannot move effectively
through water. This ability leads to their extended presence in the environment
since they continue as long-term contaminants (Yemele et al. 2024). To illustrate
an example, a well-known HMW PAH, benzo[a]pyrene, demonstrates half-lives of
0.3-58 years (or more) in anaerobic sediments, depending on the environmental
conditions (Abdel-Shafy and Mansour 2016). On the same-way, phenanthrene, a
medium molecular weight PAH has soil half-lives of 2.5 days to 5.7 years based
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on the condition of microbial activity and geocomposition of soil (Haritash and
Kaushik 2009). The results of field studies indicated that total PAH concentrations
reduced at an average of 2—-6% in some contaminated soils per year after the rapid
decay period (Chi et al. 2024). Such statistics highlight the long-term nature of
HMW PAHs and their potential ecological danger, which makes them a major
health risk of soil and sediment remediation.

Biodegradation: PAHs undergo natural decomposition thanks to bacteria and
fungi microorganisms that perform biodegradation. Mineralization of naphtha-
lene along with phenanthrene occurs more easily than HMW compounds due
to their LMW composition. Aerobic biodegradation works better than anaero-
bic biodegradation because microorganisms use enzymes to add oxygen which
produces ring cleavage resulting in mineralization. Microbes under anaerobic envi-
ronments degrade only simple PAH compounds at a slower pace. The speed of
microbial PAH metabolism depends heavily on oxygen availability combined with
pH levels and temperatures together with accessible nutrients and specialized PAH-
breaking microorganisms existing in the environment (Haritash and Kaushik 2009;
Tesfaye et al. 2025). As an example of such variations, naphthalene has half-lives
of 2-110 days and phenanthrene can take days to years in soil depending on the
nature of the soil (Chi et al. 2024). Aerobic biodegradation occurs much faster than
anaerobic, with specialized organisms such as Pseudomonas aeruginosa degrading
more than 80-90% of naphthalene and phenanthrene in 10 days (Adebusoye et al.
2007; Karimi et al. 2015). Rates are also dependent on temperature and nutrients,
with one study finding an increase in the degradation of naphthalene to 26% at
25 °C, and 98% at 37 °C. The anaerobic degradation is slower and is confined to
simpler PAHs, with rates of ~ 0.23 to 0.65 jumol kg™! day™! under sulfate-reducing
conditions. Altogether, biodegradation mainly depends on oxygen, temperature,
and microbial specialisation requirements (Lawal 2017).

Photo degradation: The absorption of ultraviolet (UV) or visible light by PAHs
causes their chemical transformation through the process called photodegradation.
Light intensity conditions in atmospheric and surface water environments make
this reaction process important. The photochemical reactions of PAHs either on
aerosols or water particles generate oxy-PAHs which demonstrate higher tox-
icity in addition to greater reactivity than their parent constituent compounds.
Photodegradation breaks down PAHs in open environments however its rate
depends on how much light penetrates and what photosensitizing agents exist
(Abdel-Shafy and Mansour 2016). Photosensitizers such as dissolved organic mat-
ter and nitrate ions may catalyze degradation of PAHs in aquatic environments
by forming reactive forms such as singlet oxygen or hydroxyl radicals (Yang
et al. 2024). Experiments revealed that the half-life of benzo[a]pyrene varies
between 1.5 and 3.5 h in sunlit surface waters and that the maintains much
longer in low-light or turbid waters. Notably, the photochemical chemical reac-
tion of PAHs commonly yields oxygenated PAH (oxy-PAH) which are more
water-soluble than their corresponding parent compounds and have potentiated tox-
icological properties (Marques et al. 2017). Thus, on one hand, photodegradation
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as a process contributes to lowering the concentration of PAH in open environ-
ments; on the other hand, it presents the potential to emit more reactive and less
safe by-products, which determines the importance of sophisticated environmental
monitoring (Tesfaye et al. 2025).

Chemical Degradation: PAHs can experience abiotic chemical breakdown fol-
lowing their reaction with strong oxidants such as ozone and hydroxyl radicals
(-OH) and reactive oxygen species. Engineered processes that include Fenton oxi-
dation or ozonation and atmospheric environments show regular occurrence of
these reactions. The PAH concentration reduction by chemical degradation causes
the formation of toxic reaction products that need monitoring in remediation sys-
tems (Kumari and Kumar 2023). As an example, research indicates that up to 90%
of phenanthrene and 80% of benzo[a]pyrene can be removed through ozonation
in 60 min, depending on the pH and the amount of oxidant (Kumari and Kumar
2023). Similarly, Fentons reagent has been shown to extract 85-95% anthracene
and Pyrene under optimal conditions (pH ~ 3.5 and Fe’*: H ,0, ratio of 1:10)
(Das et al. 2025). During the process of such chemical reactions though, inter-
mediate or by-product compounds, such as quinones and epoxides are frequently
created and are sometimes more toxic than the parent PAHs. Therefore, the PAH
remediation systems require close monitoring and secondary treatment to guaran-
tee that the toxic transformation products have been handled safely and depleted
(Idowu et al. 2019).

Hydrolysis: The inadequate number of functional groups in PAH molecules makes
hydrolytic degradation an unimportant pathway for their breakdown. The resis-
tance to aqueous solution breakdown through hydrolysis exists because most
PAHs contain only stable carbon-carbon bonds which lack hydrolysable functional
groups. Hydrolysis operates at virtually none of the levels involved in the environ-
mental transformation processes (Winquist et al. 2014). The resistance to PAH
such as naphthalene, anthracene, and benzo[a]pyrene to hydrolysis demonstrated
that the half-lives of the latter are greater than 200 years in the neutral pH aquatic
system (Lawal 2017). In addition, it is reported that the hydrolysis rate constants of
most of the PAHs is < 1072 s~! and is taken as insignificant in the determination of
environmental fate. Therefore, hydrolysis is not accounted as an important mech-
anism of PAH degradation under the usual environmental influence and the role
of this process inducing the PAH transformations in the soil and water matrices is
insignificant in practice (Gundlapalli et al. 2024).

Sorption and Aging Effects: The properties of PAHs regarding their environ-
mental appearance and bioavailability are largely affected by sorption and aging.
With time, PAHs become more tightly bound to the particles of soil and sedi-
ment, particularly in organic rich matrices, decreasing extractability and access to
microbial degradation. (Srogi 2007; Ukalska-Jaruga and Smreczak 2020) describe
the persistence of PAHs in aged soils: up to 70-90% of total PAHs can become
non-extractable because of assembly to soil organic matter and micropores. As a
result of this process, the bioavailability and apparent toxicity of the compounds
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are lowered, but similar compounds may still present threats in the long term to
the environment (Ukalska-Jaruga and Smreczak 2020). Investigation has demon-
strated that ageing may decrease the biodegradation rate of PAHs by up to 80%
after a year, depending on the soil type and abiotic conditions. Microbial/chemical
access is limited by the process of physical trapping in soil micropores, as well
as by sorption to humic substances. Although it causes an immediate decrease in
ecological threat, ageing PAHs can be washed out of the soil by changes in the
environment (e.g. flooding, soil erosions, pH- alterations) refreshing their toxic
effect and making post-treatment challenging (Kong et al. 2021).

Environmental Half-Lives: PAH residence times in the environment span widely
across compounds and environmental factors affect them differently. LMW (PAHs
typically break down within weeks to days when environmental conditions are
optimal yet HMW PAHSs persist in the environment for hundreds of days and
longer durations. Naphthalene decomposes within ten days but benzopyrene exists
in soil past one year. Assessing and remediating PAH contamination requires site-
specific evaluations because of these differentiating features (Ukalska-Jaruga and
Smreczak 2020). As an example, benzo[a]pyrene has a lifespan in the soil of over
a year, particularly in anaerobic or under-nutrified environments. This major differ-
ence requires location-specific risk characterization in an assessment of the level of
contamination and the choice of remediation technologies since degradation rates
are grossly dependent (Sushkova et al. 2016).

For a better understanding about the degradation and persistence behaviours
of various PAHs under various environmental conditions, the statistical data from
previously reported studies have been compiled and is summarised in Table 2.4.

Table 2.4 Comparative analysis of degradation rates, half-lives, and removal efficiencies of
selected polycyclic aromatic hydrocarbons (PAHs)

PAH Compound Degradation method | Reported half-life/removal | Reference
efficiency
Naphthalene Biodegradation 2-110 days Haritash and
(aerobic) Kaushik (2009)
Phenanthrene Biodegradation Few days—years Chi et al. (2024)
(aerobic)
Benzo[a]pyrene Photodegradation 1.5-3.5 h (surface water) Marques et al.
(2017)
Benzo[a]pyrene Anaerobic 0.3-58 years (sediment) Abdel-Shafy and
degradation Mansour (2016)
Anthracene Chemical (Fenton) 85-95% removal (pH~3.5, | Das et al. (2025)
Fe?*:H,0, = 1:10)
Phenanthrene Chemical 90% in 60 min Kumari and Kumar
(Ozonation) (pH-dependent) (2023)
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Biological Impact and Toxicity

Rapid industrialization has led to significant contamination of the environment
with PAHs emerging as major pollutants on account of their toxicity, mutagenic-
ity and carcinogenicity (Patel et al. 2020; Vijayanand et al. 2023; Suresh et al.
2025). Among all the PAHs, benzo[a]pyrene (BaP) is known to exhibit the highest
carcinogenicity and is also classified as a probable human carcinogen (Soares and
Botelho 2025). The USEPA has classified seven PAH as probable human carcino-
gen including benz(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)
fluoranthene, chrysene, dibenz(ah)anthracene, and indeno(1,2,3-cd) pyrene (Lawal
2017). Through sewage sludge and industrial waste, PAHs infiltrate ecosystems,
endangering crops, soil organisms, and human health (Mohanty et al. 2025). Expo-
sure can happen through skin contact, ingestion of tainted food (such grilled
meats), or inhalation. Cytochrome P450 enzymes (CYP1A1/1B1) metabolically
activate PAHs in the human body, producing reactive intermediates such as
o-quinones and diol epoxides that bind DNA, produce adducts, and start the car-
cinogenesis process (Moorthy et al. 2015). Particularly in urban children, PAHs are
linked to respiratory disorders like asthma, liver damage, developmental abnormal-
ities, and lung and oesophageal malignancies (Lag et al. 2020). Despite not being
DNA -reactive by nature, PAHs and their metabolites can cause genotoxicity (Mon-
tano et al. 2025). PAHs are hence important environmental carcinogens that have a
broad biological impact. The mutagenic, carcinogenic, and teratogenic properties
of PAHs make them priority toxicants and common environmental contaminants.
Exposure to humans is almost inevitable and is associated with bronchitis, lung
impairment, and respiratory problems (Utembe and Kamng’ona 2024).

In addition to the particular PAH molecule and individual susceptibility, the
method, duration, and degree of exposure all affect how harmful PAHs are.
Skin inflammation, nausea, and irritated eyes have all been linked to short-term
exposure to PAH combinations (Mallah et al. 2022). Certain PAHs, such as
benzo[a]pyrene and anthracene, cause skin irritation and sensitization (Ifegwu and
Anyakora 2015). Serious health problems include immunosuppression, respiratory
illnesses, liver and kidney damage, and carcinogenesis can arise from prolonged
exposure (Vandana et al. 2022). Long-term environmental and occupational expo-
sure has been associated with bladder, gastrointestinal, lung, and skin malignancies
(Yari et al. 2018).

Although reactive metabolites of PAHs, such as diol epoxides, bind to DNA and
cause mutations including G > T transversions, frameshifts, deletions, and chromo-
somal abnormalities, PAHs themselves are not genotoxic (Ewa and Danuta 2017).
The development of cancer is significantly influenced by these genetic damages.
Additionally, smokers and the cord blood of foetuses exposed during pregnancy
have been shown to create DNA adducts (Fucic et al. 2017). Another major worry
is immunotoxicity, as PAHs impair immunological responses and make people
more susceptible to infections and malignancies (Yu et al. 2022). Both immune
suppression and potentiation, frequently due to the action of reactive metabolites,
might happen depending on the exposure conditions (Cho and Uetrecht 2017).
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Low birth weight, early delivery, heart problems, cognitive impairments, and child-
hood asthma are examples of developmental and embryotoxic consequences. Both
human epidemiological data and animal studies have validated these results (Celik
Atalay et al. 2025).

Remediation Strategies

The implementation strategy selection for remediating environments contaminated
with PAHs depends strongly on properties including physical, chemical, and bio-
logical characteristics of the compounds. The remediation of PAHs demands
specialized procedures because the compounds are hydrophobic along with their
toxic and persistent nature. Various remediation strategies are depicted in Fig. 2.3.

Physical Remediation Strategies

Physical remediation methods leverage the physical properties of PAHs such as
low water solubility, volatility (especially for LMW PAHs), and strong sorption
to soil and sediments. Soil washing integrates surfactants or solvents into the pro-
cess to extract PAHs from solid materials thus allowing their removal (Patel et al.
2020). Thermal desorption uses heat to evaporate PAHs from polluted soils which
successfully captures both LMW and HMW PAHs. The method of soil vapor
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extraction shows great results when extracting volatile and semi-volatile PAHs that
exist in the vadose zone. Soil and sediment remediation by these methods does not
work effectively for deeply bound compounds and non-volatile substances because
their removal warrants chemical and biological treatment approaches (Liu et al.
2022).

Chemical Remediation Strategies

The chemical remediation process uses chemical reactivity’s to convert PAHs into
either less dangerous substances or compounds which microorganisms can break
down. The chemical treatment methods of Fenton’s reagent, ozonation and per-
sulfate oxidation generate powerful oxidizing species (hyroxyl radicals) suitable
for destroying PAHs by breaking their aromatic rings (Kumari and Kumar 2023).
The treatment methods are effective against high molecular weight PAHs when
those compounds show resistance to natural degradation processes. UV light photo
degradation in combination with titanium dioxide (TiO,) catalysts proves effective
for breaking down contaminants in aquatic settings. Termed efficient but such pro-
cedures generate additional by-products that require special attention together with
cost considerations (Eldos et al. 2022).

Biological Remediation Strategies

The process of biological remediation produces metabolic changes for PAHs using
microorganisms and plants to break down the compounds by biodegradation. The
bacteria Pseudomonas and Mycobacterium and similar microorganisms allow the
biodegradation of PAHs primarily using LMW PAHs as carbon sources under
oxygenated conditions. Bio-augmentation adds PAH-breaking microorganisms to
contaminated sites but bio-stimulation enhances local microbes by adding nutri-
ents (Gundlapalli et al. 2024). Overwhelmingly persistent HMW PAHs receive
effective treatment from white-rot fungi through their lignin lytic enzymes that
work outside the cell. Plants used in phytoremediation provide a low-cost green
practice for absorbing or degrading PAHs. Biological treatment approaches work
effectively within the environment but need ideal conditions and medium-length
treatment periods alongside sufficient oxygen and nourishment supplies (Goswami
et al. 2018).

Conclusion

Polycyclic aromatic hydrocarbons (PAHs) due to their physical, chemical, and
biological property are intrinsically related to their environmental behavior, persis-
tence and toxicological effect. The tendency to be very stable, low water soluble
and attach to organic matter relatively well explains their long term persistence in
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soils and sediments as persistent environmental pollutants. PAHs are capable of
chemical transformation via oxidation, nitration, photo degradation, which tends
to produce secondary products that are more toxic or bioavailable than their parent
compounds. Biologically, most PAHs are biologically activated into carcinogens,
mutagens, or endocrine-disrupting chemicals thereby threatening human health
and ecological systems. These basic properties are required to be understood well
not only in order to have an accurate environmental risk assessment data not to
mention the health impact evaluation but also to arrive at the best remediation
strategies. Future study on the behavior and degradation of individual PAHs will
therefore play a key role in informing sustainable and science-based strategies
aimed at controlling and ameliorating PAH contamination.
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Abstract

Aquatic habitats are frequently found to contain polycyclic aromatic hydro-
carbons (PAHs), a class of persistent and hydrophobic organic contaminants
that pose major ecological and public health risks. Both petrogenic and pyro-
genic sources contribute to their presence in surface and groundwater. Once
released, PAHs can adsorb onto suspended particles, settle in sediments, and
gradually infiltrate groundwater systems, making them challenging to remedi-
ate. With special attention to the concentration ranges of polycyclic aromatic
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hydrocarbons (PAHs), their main congeners, and the degree of pollution seen in
various aquatic ecosystems, this chapter offers a thorough overview of global
trends in PAH occurrence. Rapid urbanisation, growing industry, and intensive
agricultural practices are major factors influencing PAH profiles in surface and
groundwater systems, according to source apportionment studies. The long-term
persistence of PAHs presents a significant ecological and public health concern
because of their well-established carcinogenic, mutagenic, and teratogenic char-
acteristics. In order to stop more contamination and guarantee the preservation
of essential water resources, these worries emphasise the urgent need for com-
prehensive monitoring frameworks, the implementation of cutting-edge water
treatment technology, and the enforcement of strict regulatory procedures.

Keywords

Sediments « Polycyclic aromatic hydrocarbons « Groundwater  Sources
Discharges « Oil spills

Introduction

A family of organic pollutants known as polycyclic aromatic hydrocarbons (PAHs)
is made up of two or more fused aromatic benzene rings. They are often divided
into two groups according to their molecular size: low molecular weight PAHs
(LMW-PAHSs), which have two to three rings, and high molecular weight PAHs
(HMW-PAHs), which have four or more rings. The hydrophobic and lipophilic
properties of the latter group boost their genotoxic, mutagenic, and carcinogenic
effects and increase their persistence in the environment, making them more dan-
gerous. As hazardous substances that can cause mutations, cancer, developmental
abnormalities, and immune system deficiencies in a variety of organisms, PAHs
are generally acknowledged to be harmful. Rapid industrialisation as well as
urbanisation have accelerated human activities that emit a variety of pollutants,
including PAHS, into the environment (Gupta 2018). Due to their constancy and
confrontation to degradation, PAHs persevere for lengthy periods, posing signifi-
cant biological toxicity and making their remediation a pressing global concern.
These pollutants are ubiquitous, occurring in aquatic, terrestrial, and atmospheric
environments (Patel et al. 2020; Kumar and Gupta 2020; Gupta et al. 2025; Mon-
tano et al. 2025). In soils and sediments, PAH deposition rates are accelerated by
their strong hydrophobicity and low aqueous solubility, leading to firm adsorption
onto soil particles. As a result, soils act as a significant sink for PAHs. Based
on concentration levels, soil PAH contamination can be classified as unpolluted
(3_PAH < 200 ng g~ 1), slightly polluted (200-600 ng g~'), or heavily polluted
(> 1000 ng g_l) (Patel et al. 2020).

The causes of PAH effluence are generally anthropogenetic discharge and natu-
ral discharge. anthropogenetic discharge, can be further subdivided into four main
types: manufacturing, transportable, domestic, and agronomic emissions. Natural
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discharge, such as volcanic outbreaks, timberland fires, and lightning-triggered
upland fires, are often regarded as inconsequential or of lesser significance com-
pared to human-derived emissions (Zhang et al. 2025a, b; Gupta and Kumar
2020).

Three main processes pyrogenic, petrogenic, and biogenic occur in both nat-
ural and artificial sources, contributing to the occurrence of PAHs pollutents in
the environment. pyrolysis of carbon-based substrates in anoxic environments as
during the burning of coal, volcanic eruptions, and other human-caused activi-
ties—produces pyrogenic PAHs. Petrogenic PAHs, on the other hand, are mostly
linked to crude oil, petroleum derivatives, and related hydrocarbon compounds
and are created by the diagenetic alteration of organic matter over geological time
(Zhao et al. 2024). PAH Seasonal variation is also evident in concentrations, with
winter usually recording the most significant levels, followed by spring, autumn
and summer. Increased incomplete combustion of fossil fuels, a higher need for
heating in homes, decreased photodegradation, and restricted air dispersion due to
weather factors such as low temperatures and calm winds are all associated with
sophisticated considerations in the wintertime and spring (Patel et al. 2020). The
different kinds of polycyclic aromatic hydrocarbon production causes are depicted
in Fig. 3.1

Biogenic PAHs, although comparatively less prevalent, are synthesised by cer-
tain plants, microorganisms (including bacteria and fungi), and phytoplankton,
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Fig.3.1 Various types of PAH generation from both natural and man-made sources
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typically within specialised ecological niches, without the involvement of diage-
netic processes. The identification of PAH sources in environmental matrices is
often achieved through the application of diagnostic ratios and molecular marker
analyses, which serve as reliable indicators for tracing contamination pathways
(Berrios-Rolon et al. 2025).

Surface Water Systems’ PAH Sources

Geographical factors, hydrological regimes, land-use patterns, and human-induced
activities interact in a complex manner to determine the release and geographical
distribution of PAHs in surface waters. Furthermore, by influencing the transit,
transformation, and accumulation of PAHs, the physicochemical characteristics
of surface water bodies and climatic variability impact the environmental fate of
PAHs. Different hydrodynamic and ecological features of surface water systems,
including rivers, streams, lakes, wetlands, reservoirs, and glacier-fed waters, influ-
ence the relative contributions of various PAH sources and produce contamination
profiles unique to a given location.

Rivers

According to Schwanen et al. (2024) and Berrios-Rolon et al. (2025), rivers are
important routes for the movement of pollutants, particularly polycyclic aromatic
hydrocarbons (PAHs), from upstream catchments into downstream habitats such
lakes, marshes, and estuaries. There have been reports of sediment-associated PAH
concentrations in the Buffalo River Estuary, South Africa, reaching 22,310 pg/kg,
and water samples containing up to 206 pg/L. According to molecular diagnos-
tic ratio tests, the main pyrogenic inputs include urban runoff, industrial effluents,
and vehicle emissions (Adeniji et al. 2019). Along with PAHs, sediments also con-
tained phenolic compounds () PC11), with an average of 7.95 pg/g and a range
from below detection limits to 272.48 pg/g. Of these, 4-nitrophenol had the great-
est concentration at 33.32 pg/g. Chlorophenols (CP5) were regularly outnumbered
by non-chlorophenols (NCP6), indicating different sources of contamination. Total
PAH levels in sediments were reported to range from 12,198 to 26,551 ng/g (aver-
age of 22,009 ng/g), with estuary areas exhibiting higher levels because of the
Nile River’s substantial contributions. MW) over high molecular weight (HMW)
congeners (LMW/HMW ratio 0.7-1.18), while combined pyrolytic and petrogenic
sources were characterised by a ratio of 0.23-0.39. Significantly, the range of
potentially carcinogenic PAHs (3 _PAH7) was 5049 to 15,144 ng/g. Compounds
like dibenz[a,h]anthracene (DahA), benz[a]pyrene (BaP), phenanthrene (Phe), flu-
oranthene (Flu), acenaphthylene (Acy), acenaphthene (Ace), phenanthrene (Phe),
acenaphthylene (Acy), acenaphthylene (Acy), and acenaphthylene (Ace) were
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found at concentrations above the effects range median (ERM), indicating a high
likelihood of negative biological effects (Abdallah 2025).

TPHs were mostly pyrogenic (anthropogenic) in origin, as indicated by the
LMW/HMW ratio. The oil refinery site is considered a high-risk area, and
urgent measures are needed to mitigate hydrocarbon pollution and protect the
river ecosystem in Iraq (Hassan et al. 2025). The study found notable varia-
tions in PAH concentrations across sediment samples. Benzo[a]anthracene was
present in high amounts but only in two samples, while fluoranthene showed rela-
tively uniform levels. Benzo[k]fluoranthene had the highest overall concentration,
and benzo[a]pyrene the lowest. Atammele sediments were the most carcinogenic
(84.23 ng/nL), followed by Isiachala (51.92 ng/pL), whereas the Ube stream had
the lowest PAH concentration (11.74 ng/pL). Ecological risk assessments revealed
location-specific variations, while human health risk analysis yielded hazard index
values ranging from 2.3E-07 to 2.57E-05 and total cancer risks from 4.85E-07 to
5.43E-05 for both adults and children (Woznicki et al. 2025).

Naphthalene showed the highest concentrations in water (1.0564—1.0109 mg/L)
and sediments (1.9067-1.8111 mg/L) across all seasons. Health risk assessments
revealed hazard indices above safe limits for children and significant carcinogenic
risks. PCA identified two primary anthropogenic PAH sources, highlighting con-
tamination control to protect health and the environment (Ezekwe et al. 2025).
While post-monsoon concentrations of PAHs ranged from 60.352 to 5663.058 ng/
L in water and 2976.770 to 15,238.335 ng/g in sediments, pre-monsoon values
ranged from 22.256 to 836.455 ng/L in water and 1,459.941-43,179.243 ng/g in
sediments. Sources were identified by PCA and diagnostic ratios as petroleum
residues, vehicle emissions, biomass combustion, wastewater, and solid waste
burning. High carcinogenic hazards were found by TEF analysis, primarily from
benzo[a]pyrene and benzo[a]anthracene (Siddiqui et al. 2024).

Four- to six-ring PAHs were the most common in the Bohai Sea, with val-
ues ranging from 26.9 to 50.1 ng/L in surface water, 18.8—44.1 ng/L in bottom
water, and 7.4-143.9 ng/g in sediments. Concentrations decreased southeastward,
reflecting coastal currents and Yellow River contributions. Correlations with parti-
tion coefficients and Henry’s constants showed that whereas atmospheric—seawater
exchange increased surface concentrations, dilution from riverine silts and waters
decreased PAH levels in the south (Cao et al. 2024). According to the Grmasha
et al. 2024, pyrolytic and pyrogenic processes accounted for the majority of the
possible human-caused sources of PAHs, with pyrogenic sources predominating.

In southern Italy, the Sele River, the region’s second-largest by water volume,
was studied for PAH distribution and sources, 10 sites across four seasons revealed
PAH concentrations ranging from 10.1 to 567.23 ng/L in surface water, 121.23—
654.36 ng/L in suspended particulate matter, and 331.75-871.96 ng/g in sediment.
About 1808 kg/year of PAHs are discharged into the sea. Analysis indicated that
industrial and vehicle emissions influenced PAH levels. Fugacity fraction results
showed that PAHs primarily moved from water to sediment (Montuori et al. 2022).
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In Nigeria’s Ekulu River, surface water PAH levels reached 3.17 mg/L, dom-
inated by high molecular weight (HMW) compounds mainly from combustion-
related sources (Umeh et al. 2023). Similarly, HMW PAHs from burning petroleum
dominated the water and sediment in Iraq’s Euphrates River, with carcinogenic
species accounting for up to 55% of the total load (Grmasha et al. 2023). Sewage
inputs constitute a significant source of PAHs in the Haihe River, significantly
influencing the distribution among sediments and pore water (Liu et al. 2023a, b).

Streams

Streams flowing through urban and woodland catchments often receive significant
polycyclic aromatic hydrocarbon (PAH) inputs, primarily from pyrogenic sources
associated with combustion activities. Sediments in Suzhou Industrial Park, China,
exposed entire PAH values from 180 to 81,000 ng/g. Four-ring PAHs were the
maximum prevalent class (424 12%), and source analysis attributed 18% to vehi-
cle emissions and 61% to the burning of coal (Yuan et al. 2021). Road debris
and suspended sediment (SS) from two drainage catchments in Dunedin, New
Zealand, were analysed for the occurrence of PAHs. Lead (119-527 pg/g), cop-
per (50464 pg/g), zinc (241-1325 pg/g), and X16PAHs (1.20-11.6 pg/g) were all
found in road debris. Similar quantities of contaminants were found in suspended
sediments from a primarily rural catchment (20%), but also contained some urban
material, suggesting that the primary source was urban traffic litter. Both materials
exhibited comparable PAH fingerprints and isomer ratios, indicating a dominant
pyrogenic (combustion) origin (Brown and Peake 2006). Streamwater PAHs and
quinones (PAQs) were monitored in two creeks with different urbanisation lev-
els in southern Ontario during rainfall events. Seasonal comparisons revealed that
PAHs and PAQs had similar sources and were primarily transported by suspended
solids. The more urbanised creek had higher concentrations, with PAH loads up to
twice as high in cold weather compared to summer. PAH delivery increased with
runoff and longer dry periods, highlighting surface flushing as a key process. In
the less urbanised creek, PAH levels and behaviour remained relatively consistent
across events (Awonaike et al. 2021).

During four sampling occasions, the levels of dissolved organic carbon (DOC)
and total and freely dissolved PAHs were assessed in river water from five loca-
tions along the River Wyre in the United Kingdom. The flocculation method was
used to separate the PAHs that were freely dissolved. In general, dissolved PAHs
increased downstream, ranging 2.71-18.9 ng/L and 2.61-16.8 ng/L. In contrast to
PAHs with four rings, those with five or more rings exhibited a strong positive cor-
relation with DOC, signifying a communal global source. higher-molecular-weight
PAHSs mirrored the seasonal trends of DOC, peaking in late summer. A regression
model including molecular weight and DOC was used to estimate annual PAH
fluxes over two years. Understanding the PAH-DOC relationship can improve the
interpretation of monitoring data and support risk assessments for aquatic life and
water supplies (Moeckel et al. 2014).
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Similarly, sediments in Poland from maintenance reservoirs along the Oliwski
and Strzyza streams contained PAHs at concentrations of up to 20.4 mg/kg, dom-
inated by four- and five-ring compounds. The pollution was mainly linked to
traffic emissions, domestic heating, and vehicle wear, with some sites posing high
ecological risks to benthonic creatures. Broader reviews suggest that wildfires,
although diffuse in nature, can be a substantial cause of PAHs to surface waters,
with impacts influenced by fire intensity, vegetation composition, and watershed
hydrology (Nawrot et al. 2023).

Lakes

Lakes are subject to PAH inputs from a variety of sources, with urban envi-
ronments being particularly impacted by emissions from coal products, oils etc.
combustion. Although regulatory measures in several countries have successfully
reduced point-source discharges, diffuse causes, as external runoff and atmospheric
deposition, continue to be major pathways for PAHs entering lake ecosystems (Xia
et al. 2020).

The geographical and temporal patterns of PAHs and n-alkanes were impacted
by changes in land use and basin development. In contrast to urban regions, which
had higher levels due to industrial emissions, petroleum inputs, and the burning
of fossil fuels, rural areas had lower levels of PAHs and long-chain plant wax n-
alkanes. n-Alkane ratios, such as the Terrigenous—Aquatic Ratio and the Carbon
Preference Index, revealed changes in the sources of organic matter that were
consistent with increased human activity. Three periods were distinguished in the
sediment records: natural inputs prior to the 1960s, an increase in anthropogenic
influence from the 1960s to the 1990s, and a amalgamation of pyrogenic sources
after the 1990s (Enalbes et al. 2025).

HMW PAHs are further likely to adsorb to particles and build up in bottom
sediments, LMW PAHs typically stay dissolved in the water column (Berrios-
Rolon et al. 2025). Studies of lakes in Ontario, Canada, have shown that pyrogenic
activities can contribute more to local-scale atmospheric deposition in urban lake
environments than regional sources (Du and Jing 2018). Likewise, PAHs in Lake
Baikal have been primarily linked to the burning of fossil fuels, with heavier con-
geners localised in sediments and lighter PAHs predominantly found in the water
column (Semenov et al. 2023). Endosulfans (21.96%), chlordanes (24.6%), and
HCHs (24.65%) were the dominant OCPs. DDTs primarily originated from resid-
ual technical DDT, dicofol, and antifouling paints used on ships, while HCHs
were associated with long-range transport, agricultural use, and industrial products
containing lindane (Zhi et al. 2015).

At several locations near Lake Balaton, 16 PAHs were observed. Winter had
the largest concentrations of sediment (448.35 ng/g), while summer had the low-
est (257.21-465.49 ng/g). LMW PAHs were outnumbered by HMW PAHs. For
both adults and children, the incremental lifetime cancer risk (ILCR) through the
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cutaneous and absorption ways remained increased throughout the year, reach-
ing its highest in winter and then in the spring, summer and autumn (Grmasha
et al. 2024). While PAH concentrations in ML increased from 46.8 to 198.25 ng/
L, they decreased in LL water from 36.5 to 26.59 ng/L over 43 days. Sediment
concentrations declined more gradually, falling from 4812 to 1.04 ng/g in ML
over 16.96 years and from 932 to 0.95 ng/g in LL over 13.33 years. For the unre-
lated case, stabilised concentrations were below both modelled levels and observed
values (2170 ng/L in water).

Runoff was identified as the primary mechanism for PAH export by MMBM
data. Since ML’s output was significantly higher, upstream LL did not increase
PAH levels in ML. Sediment characteristics had a significant impact on model
results (Zhang et al. 2025a, b). Thirteen out of sixteen target PAHs, primarily
pyrene, chrysene, naphthalene, and benzo[b]fluoranthene, were found in 18 fish
species from four lakes in China using GC-MS analysis. Site-specific PAH values
varied from 26.60 to 47.27 ng/g, with DahA predominating in Yuncheng and BaP
in Taihu, Danjiangkou, and Nansi. The lethal equivalents of high-cyclic PAHs were
higher than those of low- or mid-cyclic ones (P < 0.05). Non-carcinogenic hazards
were minimal, although Pleuronichthys cornutus and Lateolabrax japonicus from
Yuncheng showed carcinogenic risks (> 10™%), primarily from BbF. The primary
source of PAHs was found to be combustion, and BaP, DahA, and BbF were
designated as priority pollutants (Shi et al. 2024).

Wetlands

Freshwater wetlands are highly productive ecosystems that provide critical ecolog-
ical functions but are increasingly threatened by polycyclic aromatic hydrocarbon
(PAH) contamination from multiple sources. These habitats are susceptible to
degradation resulting from petroleum exploitation and other anthropogenic dis-
turbances (Zheng et al. 2022; Amini-Birami et al. 2023). In contrast, wetlands in
Northeastern China are primarily impacted by coal combustion and vehicular emis-
sions. Seasonal hydrological dynamics can also alter source profiles, as observed
in Wang Lake Wetland, China, where petrogenic PAHs dominate during the wet
season.

Constructed and urban wetlands, which play a crucial role in water treatment,
are also vulnerable to PAH accumulation. In these systems, contamination often
arises from effluent discharges and petroleum combustion, with PAH dispersal pat-
terns influenced by molecular weight. Typically, PAHs present in the water column
are of petrogenic origin, while those sequestered in sediments are predominantly
pyrogenic, reflecting the complex partitioning behaviour of these compounds in
wetland environments (Cheshmvahm et al. 2023). Both pyrogenic and petrogenic
sources commonly contaminate wetlands close to oil removal facilities, as the
Shadegan Wetland in Iran and the Hoor-Al-Azim Wetland in Lower Mesopotamia.
The main contributions are emissions from burning and oil spills (Rokhbar et al.



3 Polycyclic Aromatic Hydrocarbons in the Surface and Groundwater 45

2023). In Northeast China and Iraq’s Al-Hammar marshes—document past con-
tamination from both man-made and natural sources, including industrial processes
and wildfires (Salman et al. 2021). Because freshwater wetlands are essential
to their ecological processes, they must contend with intricate patterns of PAH
pollution from various overlapping sources.

Sediment PAH concentrations demonstrate spatial variability in pollution inten-
sity across global wetlands. Low to moderate contamination levels have been
reported in the Anzali Wetland, Iran; Miankaleh International Wetland, Iran; Can
Gio Wetland (CGW), Vietnam; Hoor Al-Azim Wetland, Iran, and Shadegan Wet-
land, Iran (Dhara and Dutta 2025). In contrast, the Ashtamudi Wetland in India
predominantly exhibits moderate contamination (Sreedevi and Harikumar 2023)
(Table 3.1). These observations highlight the variability in pollution sources among
wetlands and emphasise the need for site-specific management strategies to main-
tain or restore their ecological health. In the Anzali Wetland, sampling sites located
near commercial port facilities and areas of intense yacht traffic are particularly
vulnerable to contamination from by-products of fossil fuel combustion.

The distribution and transport of polycyclic aromatic hydrocarbons in surface
freshwater systems are governed by multiple mechanisms (Fig. 3.2). Physical
transport involves advection, where PAHs move downstream with flowing water,
diffusion, which is the passive spread from high to low concentration zones,
and sediment dynamics, in which PAHs bind to or are released from suspended
particles and sediments. Chemical interactions include sorption, the attachment
of PAHs to organic-rich particles and sediments, and desorption, their release
back into the water column. Biological transport occurs through bioaccumulation
and food web transfer, where aquatic organisms incorporate PAHs into tissues,
and through microbial activity or sediment bioturbation, which can redistribute
these compounds vertically. Environmental modulators play a significant role:
hydrology, including rainfall, runoff, and flooding, increases PAH wash-off and
sediment transport, while seasonal variations influence dilution and mobilisation
patterns. Physicochemical parameters, such as ionic strength, oxidation and reduc-
tion potential, etc., affect PAH behaviour by altering sorption and degradation
rates (Berrios-Rolon et al. 2025). Additionally, source distribution and land cover
determine PAH inputs, with urban and industrial areas contributing higher loads,
whereas vegetation and soil surfaces can mitigate transport.

Groundwater-Soil Polycyclic Aromatic Hydrocarbons (PAHs)

Although groundwater is an essential supply of freshwater for household, agricul-
tural, and industrial purposes, contamination by polycyclic aromatic hydrocarbons
(PAHs) delivered through surface runoff, leaching, and other transport processes
is becoming a greater concern. Hydrological connectivity between surface and
groundwater systems facilitates the movement of PAHs, particularly in closely
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interconnected environments. LMW PAHs are more mobile and often exhibit rel-
atively constant concentrations across interconnected water bodies (Berrios-Rolon
et al. 2025).

An study evaluated the sources, accumulation, and groundwater—surface water
interactions of PAH pollution in the middle Yangtze River. There was no dis-
cernible seasonal variation in accumulation; tributary inputs predominated. The
principal PAHs were naphthalene and phenanthrene. biomass burning (BB) and
coal combustion (CC), with CC concentration increasing by 6.18 ng L! from
the wet to the dry season, indicating an increase in coal consumption during
the dry season. Mantel tests and SEM revealed that primary emissions were
strongly linked to eutrophication levels, while redox variations influenced nitro-
gen and phosphorus transformations. Hydrochemical and isotope data (8'30, 5°H)
indicated interaction between ground and surface water during the dry season,
as supported by PAH fractionation patterns. PAHs act as effective geochemical
tracers, with toxic effects enhanced by such interactions (Liu et al. 2025).

Groundwater PAHs were 3 x (pyrene) to 50 x (indeno [1,2,3-cd]pyrene) above
dissolved levels at a coal tar site. While pH-dependent ultrafiltration revealed a
humic acid—colloid interaction, similar air—water surface tension values ruled out
the presence of cosolvents or surfactants. A pyrene-humic partition coefficient of
103 L/kgC explained the enrichment, supporting colloid-facilitated PAH transport.
Humic-bound PAHs can significantly enhance groundwater mobility and increase
fluxes from tar sources by up to 20 x compared to tar—water partitioning predic-
tions (MacKay et al. 2001). In Chennai, Tamil Nadu, an industrialised coastal
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region with petrochemical storage tanks, the levels of PAHs measured in the
groundwater.

The majority of the 2001 samples were alkaline, and according to pH and EC,
62.5% of them were unfit for human consumption. The confirmation was made
through sampling in 2011 and 2012. The prevalence of Na—Cl suggested the influ-
ence of seawater. TPH and PAH analyses revealed increased contamination in the
eastern part, linked to groundwater flow direction and proximity to coastal stor-
age tanks. Although an underground tank leaking PAHs was closed ~50 years ago,
pollution has persisted for decades. While the contamination zone has decreased,
likely due to natural flushing, the persistence of PAHs highlights the long-term
risk from historical petroleum sources (Brindha et al. 2014). Chemical oxidation,
biodegradation, and adsorption/desorption are some of the processes that PAHs
undergo in soil and groundwater.

Soil Organic Matter (SOM) regulate the sorption behaviour of PAHs when the
soil organic carbon (SOC) content exceeds 0.32% (Cheng et al. 2021). Further-
more, different organisms—such as bacteria, fungi, and algae—respond differently
in their capacity to degrade PAHs, and the structure and enzymatic activity of
microbial communities are critical for this process (Zhang et al. 2020).

Chemical oxidation, including free radical-mediated and photochemical oxi-
dation processes, also plays a vital role in transforming PAHs within these
environments (Ghosh and Mukherji 2023). Yet, the soil-groundwater system is
inherently complex and highly heterogeneous. Interactions among physical, chem-
ical, and biological factors can be synergistic or antagonistic, impacting key
functions as carbon sequestration, nutrient cycling and agricultural productivity.

These changes also affect the behaviour of contaminants, including the trans-
port, alteration, and deprivation of PAHs, heavy metals, and microplastics, thereby
influencing environmental quality and human health (Zhang et al. 2023).

Factors Affecting PAH Mobility and Change in Groundwater

Numerous environmental conditions, including dissolved organic matter (DOM),
dissolved oxygen (DO), microbial populations, and interactions with surface water,
influence the behaviour of PAHs in ground water systems. Among these, DOM,
microbial communities, and surface water inputs are particularly influential. Sur-
face water can alter the characteristics of groundwater by contributing to changes
in parameters such as oxygen levels, carbon content, and microbial composi-
tion through recharge processes. Additionally, fluctuations in water flow and
groundwater levels can impact the spatial distribution of PAHs (Hu et al. 2025).
Microorganisms play a critical part in reducing the toxicity of PAHs by metabolis-
ing them into less harmful or more biodegradable compounds (Zou et al. 2025).
DOM, containing reactive groups like hydroxyl and carboxyl, can bind with
PAHs through adsorption and complexation, thereby modifying their mobility and
degradation rates in the subsurface environment (Salehi 2025).
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Role of DOM in Modulating the Mobility and Bioavailability
of PAHs in Groundwater

As a natural surfactant in the environment, dissolved organic matter makes poly-
cyclic aromatic hydrocarbons (PAHs) more soluble and, thus, more bioavailable
to microbes. Additionally, DOM can help microbial processes that break down
and alter PAHs by serving as a source of energy and carbon (Sha et al. 2023).
DOM contains diversity including carboxyl, phenolic hydroxyl, aromatic rings,
and sulthydryl groups that facilitate interactions with organic contaminants. For
instance, phenolic components in DOM have been shown to stimulate the forma-
tion of complexes that enhance the solid-phase adsorption of compounds such as
steroid estrogens. the hydroxyl and carboxyl groups in DOM can bind to pollu-
tants through mechanisms such as static interactions and ion exchange, thereby
contributing to contaminant removal (Zheng et al. 2021).

In addition to its chemical reactivity, the molecular size and structural com-
plexity of DOM further support its capacity to adsorb pollutants. Interestingly, the
impact of DOM on contaminant mobility depends on its concentration. At lower
concentrations (below 6 mg/L), DOM can enhance the retention of compounds
like naphthalene (Nap) through co-adsorption and cumulative effects, limiting their
movement. However, at higher concentrations (above 10 mg/L), DOM begins to
behave more like a surfactant, encapsulating Nap within micelles and facilitating
its transport via colloidal movement (Hu et al., 2025). DOM doesn’t always pro-
mote PAH removal. For example, Huang et al. identified competitive adsorption
between humic acids (a component of DOM) and pollutants on mineral surfaces,
as well as the potential for DOM to interfere with photolytic and microbial degra-
dation pathways. Additionally, a DOM concentration of 10 mg/L decreased ability
to adsorb phenanthrene (Phe) by 8.26%, as reported by Meng et al. (2021).

Role of Dissolved Oxygen in Governing PAH Degradation
Pathways in Groundwater

The concentration of dissolved oxygen (DO) in groundwater plays a critical role
in determining whether PAH degradation occurs under aerobic or anaerobic con-
ditions. Anaerobic biodegradation tends to proceed more slowly and typically
follows a three-stage pathway. Initially, under nitrate- and sulfate-reducing condi-
tions, aromatic hydrocarbons are partially broken down into smaller organic acids.
These acids can then form complexes with insoluble Fe(Ill) oxides, thereby mobil-
ising the iron. In the final step, iron-reducing bacteria utilise the activated Fe(III),
further promoting the breakdown of aromatic compounds (Hu et al. 2025).
Despite the significance of anaerobic pathways, most research has emphasised
aerobic degradation processes, where oxygen is not only a vital reactant but also a
limiting factor. Enzymes like monooxygenases and dioxygenases require oxygen
to initiate the oxidation. The accessibility of DO in ground water affects the effi-
ciency of PAH biodegradation through oxidative pathways. For example, Gholami
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et al. demonstrated that increasing DO concentrations significantly enhanced naph-
thalene (Nap) removal rates—from 52.5% at 100 mg/L of O, to about 75.8% at
200 mg/L (Gholami et al. 2018). This improvement is primarily due to the role of
DO in supporting microbial activity, which is crucial for PAH degradation. Higher
DO levels create more favourable conditions for microbial growth and enzymatic
function. For instance, laccase—an enzyme involved in PAH breakdown—showed
peak activity at 30% DO, while its activity dropped markedly when DO levels fell
below 15% (Beltran-Flores et al. 2023).

Oxygen also enhances the degradation efficiency of PAHs by serving as a
terminal electron acceptor, a process that is more effective than anaerobic alter-
natives. Beyond its direct influence, DO also affects the chemical environment.
At concentrations above 1-2 mg/L, iron tends to exist as Fe3*, which promotes
PAH adsorption, stimulates microbial populations, and enhances the availability
of electron acceptors (Lu et al. 2022). Moreover, elevated DO levels can lead
to the creation of reactive species such as singlet oxygen and hydroxyl radicals.
These oxidants can alter DOM by breaking down its functional groups, reducing
its adsorption capacity, and thereby facilitating increased PAH mobility.

Impact of Surface Water Interactions on Groundwater
Microbial Ecology and PAH Fate

Research comparing microbial diversity in these environments has revealed distinct
differences: surface waters are typically dominated by phytoplankton, dinoflagel-
lates, ciliates, and algae, whereas groundwater ecosystems are more commonly
inhabited by fungi, amoebae, tail algae, and certain ciliates (Capo et al. 2021).
The higher biodiversity in surface water is attributed largely to elevated con-
centrations of carbon-based matter and oxygen, which support the growth of
photosynthetic microorganisms. In contrast, microbial life in groundwater is pre-
dominantly chemotrophic, relying on chemical energy sources rather than light.
Due to the absence of light in subsurface environments, photosynthesis is not a sig-
nificant driver of microbial diversity in groundwater systems. Through the vadose
zone, polycyclic aromatic hydrocarbons migrate surface water to groundwater.
This process is influenced by several variables, including soil pore water flow and
soil particle detachment. For example, total PAH concentrations in groundwater in
Rio de Janeiro, Brazil, have been observed to range from 0.05 to 84.9 pg/L (Do
Rego et al. 2007). The migration of PAHs is governed largely by seasonal vari-
ations in river water levels, human activities, and geological dynamics associated
with river systems (Das et al. 2021).

The most common PAH in the main river channel, tributaries, and groundwa-
ter during the wet season was phenanthrene (Phe), which accounted for 30.78%,
29.34%, and 24.06% of all PAHs found, respectively. The main river (22.29 ng/
L), groundwater (20.18 ng/L), and tributaries had the most significant average
Phe values (24.32+12.50 ng/L) (Liu et al. 2025). Naphthalene (Nap), on the
other hand, emerged as the predominant PAH in the dry season, accountancy for
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29.19% of the mainstream, 36.48% of tributaries, and 25.26% of groundwater. The
corresponding average concentrations in the mainstream were 18.62+7.82 ng/L,
19.48 £4.51 ng/L, and 33.14+23.41 ng/L in the tributaries. Augmented runoff
and rainfall throughout the wet season, which promotes the deposition and move-
ment of low-molecular-weight PAHs, particularly 3-ring compounds, are likely the
cause of this seasonal change (Lu et al. 2023). Conversely, the dry season’s higher
levels of HMW PAHs may be attributed to warmer temperatures and more intense
sunlight, which stimulate microbial activity and abiotic breakdown. The volatility
and alteration of HMW-PAHs are further enhanced by climatic features as heat,
humidity, and UV light (Zhang and Chen 2017).

Storey et al. revealed additional evidence of this connection when they found
by mixing of surface and groundwater might activate inorganic trophic bacteria.
These bacteria provide energy by oxidising substances like sulphur, iron, nitrite,
and ammonia. Hydrocarbons such as PAHs are then broken down oxidatively
with the help of this mechanism (Storey et al. 1999). Krause et al. claim that
when oxygenated surface water enters low-oxygen groundwater zones, it initiates
a sequence of redox reactions in the soil profile that ultimately lead to the produc-
tion of methane. The reduction of oxygen, nitrates, iron, manganese, and sulphates
is among these processes.

Microbial populations are also significantly shaped by salinity. Hui and Tan
claim that areas irrigated with surface water and those irrigated with groundwa-
ter have quite different bacterial population compositions. In groundwater-irrigated
areas, salt-tolerant taxa, such as Halomonadaceae and Balneolaceae, predominated,
and soil salinity had a significant impact on community structure (RV = 0.66, p
< 0.001) (Hui and Tan 2024). Furthermore, in both surface water and groundwa-
ter, significant seasonal relationships between PAHs and essential water chemistry
parameters such as bicarbonate (HCO3"), calcium (Ca2+), and sodium (Na‘). Addi-
tionally, they observed a statistically significant positive correlation (p < 0.05, r >
0.4) between total phosphorus and PAHs in groundwater during both wet and dry
seasons, consistent with findings from surface water samples (Liu et al. 2025).

Microbial Degradation and Adsorption of PAHs
by Groundwater Bacterial Communities

Groundwater hosts diverse bacterial communities, several of which exhibit strong
capabilities in degrading polycyclic aromatic hydrocarbons (PAHs). Key gen-
era, such as Mycobacterium, Pseudomonas, Sphingomonas, and Sphingobium, are
exceptionally proficient in degrading PAHs. Shen et al. observed that strains such
as Polaromonas, Pseudomonas, Janthinobacterium, and Methylophilus achieved
degradation rates ranging from 6.21% to 16.73% for naphthalene (Nap) and from
13.95% to 24.45% for phenanthrene (Phe) (Zhang et al. 2022). However, the
efficiency of degradation tends to decline with increasing groundwater depth. Bac-
teria play a critical role in metabolising PAHs by using them as carbon sources,
thus driving the breakdown process, particularly in subsurface environments. For
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instance, Stenotrophomonas maltophilia was reported to mineralise up to 40% of
Phe (Bahr et al. 2015). The susceptibility of PAHs to microbial breakdown is
influenced by their chemical structure. Only the low-molecular-weight PAHs (Flu
and Phe) shown significant breakdown among the compounds studied, with 65—
95% degradation being attained in 72 days. The other chemicals were fluorene
(Flu), phenanthrene (Phe), fluoranthene (Flt), and pyrene (Pyr) (Rabodonirina et al.
2019).

Differences in bacterial tolerance to PAHs have also been noted. While most
bacterial strains are sensitive to pyrene exposure, some groups, such as Gemmati-
monadota, Gaiellales, and Planococcaceae, show notable resistance. the presence
of pyrene enhanced cooperation among bacterial strains within the same species,
possibly promoting more efficient degradation (Zhang et al. 2022). Even low con-
centrations of PAHs can disrupt specific groups, such as Azotobacter, although the
broader microbial community often remains relatively stable (Zhang et al. 2014).
In addition to direct biodegradation, bacteria contribute to PAH removal through
adsorption mechanisms. Their movement, guided by chemotaxis, helps optimise
contact with contaminants, thus improving degradation rates. Moreover, bacterial
biofilms can trap PAHs on their surfaces, concentrating them around microbial
colonies and influencing the distribution and transport of these compounds within
the aquatic system.

Environmental conditions such as pH, temperature, and dissolved oxygen (DO)
strongly influence bacterial metabolism and, in turn, the efficiency of PAH degra-
dation in groundwater. Under ideal pH conditions (7.0-9.0) and temperatures
(25 °C-40 °C), for example, the YM-6 bacterial strain has been demonstrated
to utilise phenanthrene (Phe) concentrations between 100 and 400 mg/L as the
carbon source (Liu et al. 2023a, b). Through biodegradation and adsorption, bac-
terial populations in groundwater primarily affect the mobility and behaviour of
PAHs.

Fungal-Mediated Degradation of PAHs in Groundwater

Particularly in aerobic conditions, fungi are very efficient at breaking down PAHs
in groundwater. Fungi can mineralise PAHs into carbon dioxide and water through
enzymatic activity. To initiate the PAH transformation process, they utilise essen-
tial enzymes, such as cytochrome P450 and lignin-degrading enzymes. According
to Mao and Guan (2016), for instance, during a 30 day period, fungal strains could
break down 82% of benzo[a]pyrene (BaP), 64% of pyrene (Pyr), 62% of fluoran-
thene (FIt), and 60% of phenanthrene (Phe). Similarly, Mucor fungus broke down
74% of Phe, 81% of BaP, and 63% of Pyr in 14 days, as reported by Zafra et al.
(2015).

Extracellular enzymes released by fungi play a important role in this degra-
dation process by dissolving the aromatic rings of PAHs into smaller, easier-to-
manage compounds, which are subsequently further broken down inside fungal
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cells. Necessary enzymes that are especially effective in oxidising high-molecular-
weight PAHs are laccases, ligninases, and peroxidases. Some studies have reported
degradation rates of up to 99.65% for Phe and 99.58% for Pyr. Cytochrome P450
enzymes can hydroxylate low-molecular-weight PAHs, making them more water-
soluble and easier to degrade (Wu et al. 2021). White rot fungi, for instance,
produce laccase and peroxidase enzymes that convert PAHs into quinones and
facilitate their further oxidation and mineralisation.In addition to their direct degra-
dation capabilities, some fungi and non-ligninolytic molds can modify PAHs
through hydroxylation, which improves solubility and enhances subsequent degra-
dation efficiency. Fungi preform supportive role in microbial ecosystems by
facilitating the movement of bacteria through saturated or unsaturated environ-
ments. Their mycelial networks create physical pathways that enable bacteria to
disperse more effectively. Furthermore, fungi can transform PAHs into less toxic,
more bioavailable compounds, which bacteria can then further metabolise, demon-
strating the benefits of fungal-bacterial cooperation. For instance, while a fungal
culture alone achieved a 65% degradation rate of BaP, this increased to 75% in a
co-culture with bacteria (Espinosa-Ortiz et al. 2022).

PAH Migration and Transformation in Soil-Groundwater
Systems.

Figure 3.3 illustrates the interconnected biological, abiotic, and chemical processes
that govern the migration, transformation, and fate of PAHs in soil-groundwater
systems. Biological migration occurs through the activity of soil fauna, such as
earthworms, which redistribute PAHs via burrowing and selective accumulation—
low molecular weight (LMW) PAHs showing greater bioaccumulation potential
than high molecular weight (HMW) PAHs. Plants also play a role, with root uptake
accounting for approximately 71% of total plant PAH absorption, thereby reduc-
ing mobility but enabling transfer into the food chain. Microorganisms, including
microalgae, bacteria, and fungi, interact with PAHs via functional groups (e.g.,
hydroxyl, carboxyl) that facilitate adsorption and biodegradation, although algal
contributions are generally smaller than those of macrofauna. Abiotic migration is
driven by physical forces, including rainfall infiltration, leaching, and erosion, and
is influenced by the molecular weight of PAHs, soil organic matter (SOM), and
mineral composition. Minerals like kaolinite and montmorillonite adsorb PAHs
through hydrophobic and n—r interactions, while humic acids enhance adsorption
at low concentrations but may increase solubility and mobility at higher concentra-
tions. Groundwater migration is influenced by pH, salinity, and dissolved organic
matter (DOM), with low pH strengthening DOM-PAH binding and high pH pro-
moting desorption. Competitive ion adsorption (e.g., Cl-, SO427) can also modify
PAH-mineral interactions. DOM acts dually, enhancing retention at low concen-
trations and facilitating colloidal transport at high concentrations (Meng et al.
2021). Biodegradation processes, mediated by bacterial genera such as Mycobac-
terium, Pseudomonas, and Sphingomonas, as well as fungal ligninolytic enzymes
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Fig.3.3 Mechanisms and mechanisms regulating the movement and change of PAHs in soil-
groundwater systems

and certain microalgae, further contribute to PAH transformation through enzy-
matic oxidation, ring cleavage, and mineralisation. Ultimately, the fate of PAHs in
soil-groundwater environments depends on the dynamic balance between adsorp-
tion, dissolution, transport, and microbial degradation, all of which are modulated
by site-specific environmental conditions.

Plants also contribute significantly to the control of PAH migration, primar-
ily through root uptake and accumulation. This phytoaccumulation mechanism
reduces the potential mobility of PAHs in the soil. For instance, research by Cao
et al. demonstrated that alfalfa could remove 34.7% of LMW-PAHs and 37.3%
of HMW-PAHs from polluted soils (Cao et al. 2022). Additionally, Collins et al.
(2006) found that while PAH absorption can occur through both roots and leaves,
the root system accounted for the majority, approximately 71% of the total uptake.

Both soil parameters, such as pH, SOM, and mineral content, as well as the
physicochemical qualities of the PAHs themselves, such as their molecular weight
and hydrophobicity, affect how much they migrate through soil. Because they are
more hydrophobic, PAHs (HMW-PAHs) tend to be adsorbed onto soil particles
more easily than low-molecular-weight PAHs (LMW-PAHs) (Kim et al. 2017).

The interaction of PAHs with soil minerals strongly influences their environ-
mental behavior. Cai et al. (2023) reported that minerals at 0.5 g/L achieved 36.7%
adsorption of anthracene (Ant). Groundwater salts also modify adsorption by alter-
ing surface charges and competing for binding sites. Yue et al. (2023) observed
phenanthrene (Phe) desorption increasing to 34.6 mg/kg at low salinity (< 0.3 wt%)
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but decreasing to 20.1 mg/kg at higher salinity. Similarly, Meng et al. (2021) found
that mineral adsorption of Phe dropped by 1.38% with 300 mg/L CI" and by 14.6%
with 300 mg/L SO42", highlighting competitive effects of salt ions.

Among microbial degraders, bacteria are the most widely studied and effective.
Species like Mycobacterium, Pseudomonas, Sphingomonas, Klebsiella, and Strep-
tomyces are commonly associated with PAH degradation by Sphingomonas sp. PJ1
shown to degrade 74.32% of phenanthrene (Phe) within 15 days, and 58.18% of
fluoranthene (Fla) over 30 days (Xu et al. 2019).

Global Significance of PAH Contamination in Surface
and Groundwater

Globally prevalent pollutants known as PAHs have significant adversative prop-
erties on human health and the environment’s integrity. According to a recent
multi-country systematic review, both natural and man-made PAH inputs have
a significant impact on freshwater systems, including rivers, lakes, groundwater,
and even remote glaciers. This emphasises the chemicals’ pervasive environmental
presence and risk profile (Berrios-Rolon et al. 2025). Analysing riverine data from
around the world reveals remarkable regional variations in PAH contamination,
primarily caused by variations in land-use, urbanisation, and industrialisation. The
Nile River in Egypt has X16 PAH concentrations ranging from 1113 to 4364 ng/
L, with an average of 1877.5 ng/L.

In contrast, the Seine estuary in France has comparatively low values, rang-
ing from 4 to 36 ng/L (mean~20 ng/L). The concentrations in the Mississippi
River in the United States range from 62.9 to 144.7 ng/L (mean~114.9 ng/L),
while the Ganges River in South Asia shows a wide range of 0.05-65.9 ng/
L (mean~32.5 ng/L). Similarly, seven major river basins in China exhibit con-
siderably higher readings, ranging from 300 to 7,552 ng/L. (mean~ 1,868 ng/
L), while the Danube River in Hungary fluctuates between 25 and 1208 ng/L
(mean~122.6 ng/L). These trends indicate that rivers affected by strong industri-
alisation and intense urban activity, such as the Nile and Chinese basins, can have
PAH loads of several thousand ng/L, whereas less affected river systems, like the
Seine, often have low PAH loads (<50 ng/L). In addition to directly endanger-
ing human populations who depend on these water bodies for agriculture, fishery,
and drinking, such high concentrations raise serious ecological issues that impact
aquatic biodiversity, bioaccumulation, and sediment quality. All of these data point
to PAH contamination as a serious worldwide water quality issue that needs to
be addressed through integrated management, pollution control regulations, and
international cooperation to reduce the effects on the human health.

PAH pollution is a significant issue in ports and coastal ecosystems due to
heavy maritime traffic, industrial emissions, and oil-related activities. The average
YPAH concentration in port waters is estimated to be 176 £ 178 ng/L, according to
global studies, whereas sediments have far greater accumulation levels, averaging
1593 £1837 pg/kg (dry weight). With mean XPAHs of 268 £236 ng/kg, aquatic
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biota—including economically significant fish species—display notable bioaccu-
mulation, highlighting the risks of trophic transfer and human exposure through
seafood consumption (Tulcan et al. 2024).

Regional trends also show sharp disparities: African ports report the highest lev-
els of sediment contamination, which may be related to poor waste management
and oil handling procedures, while Asian ports show the highest PAHs concen-
tration in both water and aquatic organisms, reflecting rapid industrialisation and
heavy shipping activity (Tulcan et al. 2024). These results demonstrate how vul-
nerable coastal ecosystems, which are already being strained by habitat loss and
climate change, are to long-term PAH deposition, which could have an impact on
fisheries output, ecological health, and the livelihoods of coastal communities.

Agricultural areas are dynamic interfaces where irrigation return flows, agro-
chemical runoff, and infiltration processes frequently cause surface water and
groundwater contamination by PAHs to overlap. The North China Plain’s Yel-
low River estuary region has surface waters with PAH concentrations from 11.8
to 393.1 ng/L and groundwater with values ranging from 8.5 to 402.8 ng/L. With
surface—groundwater connection promoting pollutant transfer, such similar ranges
demonstrate that both compartments are exposed to mild but significant pollution
pressures. Seasonal variations, including monsoon-driven recharge and agricultural
irrigation practices, further influence the relative distribution and intensity of PAH
contamination.

Such results have enormous consequences for human and the environment
health. With fish and shellfish from contaminated areas frequently surpassing
allowable consumption levels, PAHs bioaccumulate in aquatic creatures, inflow-
ing the food chain and posing long-term health hazards (Mardani 2021). On a
global scale, PAHs also act as indicators of human pressure. Petrogenic PAHs
(from crude oil and petroleum products) predominate in shipping corridors and
oil-producing regions like the Middle East and West Africa. In contrast, pyrogenic
PAHs (from coal, biomass, and traffic combustion) are found to be more prevalent
in urban-industrial catchments, according to diagnostic ratio studies. Their persis-
tence and transportation highlight their transboundary nature through groundwater
recharge, riverine export, and atmospheric deposition, which renders them global
pollutants rather than localised ones (Rodrigue 2004).

International objectives for water safety and sustainability are directly threat-
ened by the presence of PAHs in vital water supplies, according to policymakers.
Their control is essential to the United Nations’ Sustainable Development Goals
(SDGs), particularly SDG 6 (Clean Water and Sanitation), SDG 3 (Good Health
and Well-being), and SDG 14 (Life Below Water). They are also regulated in
drinking water directives throughout the European Union, as well as in US EPA
and WHO standards (Tsaridou and Karabelas 2021). This study highlights the
critical need for international collaboration in monitoring, risk assessment, and
mitigation techniques by offering a comparative framework of PAH contamination
across continents.
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Studying PAHs in surface and groundwater is essential globally because it can
link local pollution trends to global water security issues. The widespread threats
posed by PAHs to ecosystems and human populations are highlighted by the per-
sistent findings of high concentrations in industrialised basins, their persistence in
sediments, and exceeding health-based limits in some hotspots. Therefore, address-
ing PAH contamination is a global health concern that necessitates integrated
monitoring, stricter emission restrictions, and advanced remediation techniques
worldwide. It is not only a localised environmental issue.

Conclusion

Seasonality, pollution sources, and watershed characteristics all have a influ-
ence on the amounts of polycyclic aromatic hydrocarbons (PAHs) in surface and
groundwater. While some Indian wetlands, such as Vembanad, record ~47 ng/g in
sediments, large river basins often have seasonal water averages of 225-366 ng/
L, which are dominated by high-molecular-weight congeners. X16PAH levels in
surface waters usually range from approximately 100 to 3800 ng/L. Groundwa-
ter typically remains significantly less contaminated (0-5 ng/L in uncontaminated
aquifers), despite localised industrial and petroleum-affected regions recording
tens to hundreds of ng/L, with occasionally high readings surpassing 1000 ng/
L in hotspot areas. Despite frequently being below detection limits, carcinogenic
benzo[a]pyrene (BaP) has been detected in impacted sources at concentrations
as high as 0.30 ng/L, exceeding the drinking water limitations set by the US
EPA, Health Canada and the WHO (0.7 pg/L). While petrogenic signals are dis-
cernible around maritime and petroleum zones, composition patterns in urbanised
catchments exhibit pyrogenic dominance from traffic and biomass/coal combus-
tion; diagnostic ratios consistently identify industrial and vehicle emissions as the
primary sources. Sediments often store more XPAHs than the surrounding waters
because they are long-term sinks, and fluxes indicate net deposition. Despite the
low background levels of groundwater, these data demonstrate that surface waters
in urban-industrial areas and contaminated aquifers present significant ecological
and health hazards. Therefore, it is essential to keep PAHs under safe regulatory
criteria by utilising effective treatment technologies, implementing more stringent
source-reduction strategies, and maintaining continuous monitoring.
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Abstract

Polycyclic aromatic hydrocarbons (PAHs) represent as a long-lasting and sta-
ble environmental organic pollutant composed of hydrocarbons that threaten
both ecology and individual well-being with long-term stability, mutagenic, car-
cinogenic, and teratogenic properties. Soil PAHs are dependent on industrial
processes, transportation, automobile exhaust, and physico-chemical character-
istics, including hydrophobicity and non-polar nature. Low solubility and strong
sorption will lead PAHs to remain intact in soil and threaten both ecosystems
and human health for a long time. PAHs ubiquitous occurrence in various
environmental components (air, water, soil, biological organisms) and associ-
ated effects are future need using recent advanced detection techniques and
improves the understanding of health risk assessment. The present chapter dis-
cusses the multiplicity of PAHs routes, associated risk assessment and reviews
the recent practices to evaluate the PAH related risks and advance sustainable
soil management practices and future perspectives.
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Introduction

PAHs are one of the contaminants that are continuously added to the environ-
ment with the rising scale of urbanization, industrialization and lifestyle changes
(Zhang and Chen 2017; Hussain et al. 2018). They are family of hydrocarbon-
based pollutants, having multiple (at least two or more) benzoic rings, either
arranged as a single chain, clustered or angular patterns composed solely of
hydrocarbons (carbon and hydrogen). It including unsubstituted parent PAHs and
their alkyl-substituted derivatives. However, the broader term ‘polycyclic aromatic
compounds also comprises of functional derivatives such as nitro-PAHs and het-
erocyclic analogs like aza-arenes (Abdel-Shafy and Mansour 2016; Hussain et al.
2018). PAHs are a serious global concern owing to their extensive distribution,
long-term environmental persistence, high lipid solubility and bioaccumulation,
human toxicity (carcinogenic, teratogenic, and mutagenic) etc. It is known for
their toxicity and exhibit long-term persistence in surroundings as a result of low
vapour pressure, weak volatility and persistence against degradation (Brimo et al.
2018; Patel et al. 2020; Montano et al. 2025). The rising occurrence of PAHs in
soil is widely emitted from natural and human interventions. The anthropogenic
sources include car exhaust fumes, cigarette smoke, gas and oil spills, indus-
trial and wastewater discharge, coal, and burning biomass and food while natural
sources encompass wildfire, volcanic outbursts, and biological processes (Venka-
traman et al. 2024; Wang et al. 2024b, c). To address the growing concern of
pollutants, PAH are categorised as priority contaminants by UNEPA, posing tox-
icological significance affecting individual health and the ecosystem (Wang et al.
2024b, c).

PAHs are distributed across different environmental settings however, soil is
intended as the dominant sink and reservoir (Hussain et al. 2018; Maletic et al.
2019; Kumar et al. 2021). In general, they are usually divided into two dis-
tinct groups depending on their molecular structure, different classes and sources
of emission: (a) Category-I includes Low Molecular Weight (LMW) with four
or less than four benzoic rings, they are emitted in gaseous phase due to their
Low Molecular Weight and (b) Category-1I High Molecular Weight (HMW) con-
taining five or more aromatic rings, considering their molecular mass they are
emitted as particulate PAHs. Based on sources of emission, it is classified as
petrogenic PAHs emitted from petroleum products, biogenic emitted from biolog-
ical activities, and pyrogenic emitted from combustion processes (Yebra-Pimentel
et al. 2015; Manaswini et al. 2024). Since 1983, sixteen PAHs are listed as
priority hazardous compounds by UNEPA and EU owing to their occurrence
in the environmental matrices in highest concentration, hazardous properties,
greater exposure, toxicity, and recalcitrant properties, listed as Naphthalene having
two rings, Acenaphthene, Acenaphthylene, Fluorene, Anthracene, Phenanthrene
contain three aromatic rings, these above comes under low molecular weight
PAHs. Fluoranthene, Pyrene, Benzo[a]anthracene, Chrysene, have four benzoic
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Table 4.1 The key physical properties of sixteen (16) prioritised PAHs listed by the USPEA

PAH Molecular Molecular Water solubility Phase
formula weight (mg/L) distribution
Acenaphthene Ci2Hyo 154.2 3.8 Particle
Acenaphthylene CiHg 152.1 16.1 Gas
Anthracene Ci4Hjo 178.2 0.045 Particle gas
Benz[a]anthracene CigHiz 228.3 0.011 Particle
Benzo[b]fluoranthene CooHy2 252.3 0.0008 Particle
Benzo[k]fluoranthene CooHj2 252.3 0.0015 Particle
Benzo[a]pyrene CyoHiz 252.3 0.0038 Particle
Benzo[ghi]perylene CyHyp 276.3 0.00026 Particle
Chrysene CigHio 228.2 0.0015 Particle
Dibenz[a,h]anthracene CyHjy 278.3 0.0005 Particle
Fluoranthene CigHio 202.2 0.26 Particle gas
Fluorene Ci3Hjo 166.2 1.9 Gas
Indeno[1,2,3 cd] pyrene CyHj» 276.3 0.062 Particle
Naphthalene CioHg 128.1 31 Particle
Phenanthrene CisHyo 174.2 1.1 Particle gas
Pyrene Ci6Hio 202-2 0.132 Particle gas

Source Yebra-Pimentel et al. (2015); Alegbeleye et al. (2017); Hussain et al. (2018); Vijayanand
et al. (2023)

rings, Benzo[b]fluoranthene, Benzo[k]fluoranthene, Dibenzo[ah]anthracene pos-
sess five rings, and Benzo[ghi]prylene, and Indene[1,2,3-cd] pyrene contain six
rings belongs to high molecular weight PAHs (Table 4.1) (Hussain et al. 2018;
Rabieimesbah et al. 2024).

Soil is known to be both a source as well as a major sink/reservoir for the
atmospheric PAHs, with atmospheric dry and wet deposition, particularly through
precipitation, is a key pathway of PAHs entry into the soil (Ali et al. 2024).
Human exposure to PAHs via soil is more noticeable than water and air (Hus-
sain et al. 2018). The occurrence of hydrophobicity and insolubility in water, they
have high tendency of absorption on the surface soil rich in organic matter. The
adsorbed PAHs on particles become mobile after deposition on the soil surface
over a prolonged duration, worsening the biological condition of the soil, affects
the biological communities, degrades the soil quality, and ultimately transfer to
food supply chain and affect human health, ecosystem (Saeedi et al. 2020; Kumar
et al. 2021; Aparicio et al. 2022).

The present chapter provides an outline of the multiplicity of PAHs sources
in soil systems, general physicochemical properties of various polyaromatics,
distribution patterns in environmental components, and recent advances for the
evaluation of risks to individual health and ecosystem.
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Multiplicity of Origin and Properties of PAHs

In soils, PAH originate from a range of natural and anthropogenically derived
sources, mainly derived from process of incomplete combustion of non-renewable
products containing hydrocarbons (Abdel-Shafy and Mansour 2016; Witkomirski
et al. 2018). Based on their origin, PAHs sources are classified into biogenic,
petrogenic, and pyrogenic. Among them, forest and grassland fires, oil spills,
chlorophyllous vegetation, volcanic eruptions, and microbial activities (e.g., fungi
and bacteria) are a few examples of PAH additions from natural sources (Maletic
et al. 2019; Patel et al. 2020).

In contrast, anthropogenic sources include industrial emissions, in the form of
incomplete combustion activities such as waste incineration, during the conversion
of coal tar into pitch, production of gas from coal, industrial production of cement,
asphalt production, dye manufacturing, tire-rubber production, insecticides and
fungicides, exhaust from refineries and power plants, diesel and gasoline engines,
aluminium manufacturing are key contributors of PAHs (Lawal 2017; Maletic et al.
2019). Besides the above-cited sources, vehicular exhaust, burning of agricultural
stubble, domestic emissions from garbage and wood burning, cooking on kerosene/
oil/coal stoves contribute a significant amount of PAHs across the surroundings
(Fig. 4.1) (Hussain et al. 2018; Swit et al. 2023). Moreover, in the recent times,
the open burning of electronic waste (e-waste) for the recovery of precious metals
has emerged to be a primary source of PAHs into soils due to a lack of a proper
disposal mechanism. For instance, in Vietnam, the PAHs concentrations in soil
were found to range between 25 and 37,000 ng/g dw (Hao et al. 2020; Barathi
et al. 2023). Entire world generates 510,000 t a~! PAHs from different sources
in which China alone emits 125,000 t a~—!. China emits 56,000 t a—! PAHs from
boiler installed in industries, production of coke and coal burning (Shen 2016;
Zhang et al. 2021). To identify PAHs source in the soil ecosystem various studies
relied on analysing the diagnostic ratio. In this method the ratios of different PAHs
like ANT to (ANT + PHE), FL-2 to (FL-2 + PYR), BEN-a to (BEN-a + CHR),
IDP/(IDP + BEN-g) and BEN-a/CHR suggest possible sources. If the ratio of FL-
2/(FL-2 + PYR) is less than 0.4 is shows petroleum or liquid fuel sources and if
FL-2 to (FL-2 4+ PYR) is greater than 0.5 shows the sources from petroleum and
biofuel burning. If the ratio of IDP/ (IDP + BEN-g) falls between 0.2 and 0.5 it
suggests sources like biomass, coal burning and petroleum combustion (Liu et al.
2019; Qu et al. 2020; Zhang et al. 2021; Shukla et al. 2022; Ambade et al. 2023).
Shukla et al. (2022) in their study found the ratio of IDP/ (IDP + BEN-g) between
0.2 and 0.35 suggesting incomplete burning of carbon based fuels in 60% of the
selected sites. Zhang et al. (2021) study shows the ratio of IDP/(IDP 4+ BEN-g)
between 0.2 and 0.6 indicating petroleum and other sources.
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Fig.4.1 Showing PAHs major sources in different environmental matrices

Effects of PAHs on Human Health

The health-related impact of PAHs is a function of exposure pathways and con-
centration in environmental components (air, water, and soil). PAHs contamination
within soil matrix is a serious problem to both environmental matrices and human
health as they are highly toxic, have high bioaccumulation potential, and are recal-
citrant to ecosystems and living organisms (Balcioglu 2016; Barbosa et al. 2023;
Wang et al. 2024b, c). In general, PAHs exhibit toxicity by binding to their reac-
tive metabolites (e.g., Dihydrodiols and Epoxides) to the nucleic acid and cellular
polypeptides, which leads to developmental malfunction, alteration in gene and
development of cancer due to cell damage and biochemical disruption (Mishra
et al. 2022; Sankar et al. 2023; Montano et al. 2025). The adsorption, dispersion
and toxic effects of PAH in humans is governed by multiple conditions such as
exposure pathway, physicochemical properties of chemical species, and concentra-
tion (Mallah et al. 2022; Shukla et al. 2022). In general, people come in contact
with PAHs, which include skin contact, the respiratory tract (inhalation of con-
taminated air), and the gastrointestinal tract (consuming food exposed to PAHs,
smoking tobacco) (Hussain et al. 2018; Mallah et al. 2022). The severity of health
risks depends upon the rate of exposure, exposure time, level of PAH, and the
innate toxicity of individual PAHs. In addition, other factors includes pre-existing
health conditions, age, a person’s habits, individual traits, presence of other pol-
lutants etc. (Kumar et al. 2014). For instance, approximately 70% of PAHs enter
their body through diet, including cereals, vegetables and oils, even in a non-
smoking person. Consuming fire-cooked (over an open flame) food is primary
contributor of PAH within human diet. Smoking of a single cigarette leads to



70 Madhupriya et al.

uptake of BaP ranges from 20 to 40 ng and also contains 40 suspected human car-
cinogens (Hussain et al. 2018; Berlinger et al. 2024). Tongo et al. (2017) worked
on fishes and other meat products in which concentration of » 16 PAH is found
3585 pg kg~! in S. scombrus fish species (Tongo et al. 2017), 154.5 ug kg~ ! in
roasted pork (Ofori et al. 2020), and 0.4 to 2290.32 g kg~! in meat (Kalteh et al.
2024). Gholami-Borujeni et al. (2025) observed that meat kebabs either barbecued,
grilled or smoked contains 359.32 g kg~! pyrene, 263.20 g kg~! naphtha-
lene. PAHs contaminate water through solubilizing chemical compounds present
in soil, through accidental spillage of oil during shipment, from industrial effluents
(Yebra-Pimentel et al. 2015). The key problem regarding PAH to human that it can
cause cancer (lung, skin, bladder), effects reproduction (developmental abnormal-
ities, low birth weight, decrease fertility), effects respiratory systems (can cause
asthma, bronchitis, hamper lung function), weakens immune system which make
person prone to infections, effects nervous system (leads to behavioural modifica-
tion, mental deterioration), also can cause dermatitis, skin irritation, rashes, patches
when PAHs comes in contact with skin (Sombiri et al. 2024; Montano et al. 2025).
The effects of PAHs on humans and others are provided in Table 4.2.

Effects of PAHs on Soil Health

Soil contamination with PAHs exhibits significant cancer-causing potential, haz-
ard potential, and mutagenicity in fauna, flora, and humans, resulting in the loss
of biodiversity, heterogeneous distribution of soil microorganisms, and degraded
soil quality, and hampers soil physical and chemical properties. This in turn can
affect the enzymatic activities of soil microbiota, which severely affects organic
carbon and pH of soil and sediments, and binds with soil organic matter, and
acts as a depositional reservoir of PAH (Hussain et al. 2018; Li et al. 2024a,
b). Organic pollutants (PAHs) associated with soil percolate downward and pol-
lute the groundwater, putting human well-being and ecological system at risk.
They are easily transported from contaminated sites to the hierarchy of energy
levels through food chain, affects the organisms of the respective trophic level
and higher organisms (Eldos et al. 2022; Barathii et al. 2023). Further, accumu-
lation of contaminants in organisms loaded with Pyrene negatively impacts the
dehydrogenase enzymatic activities of soil and severely affects the microbes of
phyla such as Chlorflexi, Alphaproteobacteria, Actinobacteria, Deltapro teobacte-
ria and Crenarchaeota shows decreasing trends of population. In contrast, phyla
belonging to Acidobacteria, Betaproteobacteria and Gamaproteobacteria exhibit
growth in their population (Lipinska et al. 2014; Ren et al. 2015; Alegbeleye et al.
2017). In addition, exposure to Anthracene, Fluorene, Naphthalene, and Phenan-
threne results in reduction of phosphatase reaction in soil (Lipinska et al. 2019).
Phosphatase reaction in soil refers to the ability of enzymes to convert organically
bound phosphorus into inorganic phosphate, enhancing its availability to plants.
This mechanism is crucial for the phosphorus cycle in soils and is particularly
important in phosphorus-deficient soils. Similarly, the PAHs like Phenanthrene
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Table 4.2 The summary of the impact on humans, plants, other organisms, and mechanisms of

PAHs exposure

Catergory Effects of PAHs Mechanisms References
Humans Carcinogenic effects (e.g., lung, Rate of exposure, time, | Balcioglu (2016)
bladder and gastro-intestinalcancers | amount, and the Barbosa Jr et al.
inherent toxic (2023)
properties of each PAH
Eye inflammation, jaundice, Occurs via inhalation, Sankar et al.
nausea, muscle spasms, Respiratory | ingestion and dermal (2023)
problems (e.g., asthma, lung
dysfunction, abnormalities, chronic
bronchitis, kidney and liver
dysfunction
Developmental and Reproductive Montano et al.
toxicity (2025)
DNA damage, mutation
Abnormal development of foetus,
development of malignant tumours,
reduce weight of newborn
Plants Hampers growth, development and | Adsorb on leaf surface | Tarigholizadeh
reproduction blocks stomata pore et al. (2023)
supress chlorophyll
synthesis
Obstruct respiration, It can enter from Wei et al. (2024)
photosynthesis, and nutrient uptake | contaminated soil via
roots
Increases chlorophyll gas
exchange, induces oxidative stress
resulting in damage to plant cell
membrane, DNA, and proteins
Aquatic Carcinogenic, DNA mutagens and | Enters through Alegbeleye et al.
organisms endocrine disruptors ingestion, inhalation (2017)

and skin contact react
with other pollutants
lead to organ toxicity

Reduced abundance of benthic
invertebrates

Li et al. (2024)

Behavioural and physiological
changes

Alter egg production in fish,
hampers the development of
embryonic yolk sac

Accumulation of unwanted fluid
around the heart, haemorrhaging

Embryonic exposures
with PAHs

(continued)
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Table 4.2 (continued)

Catergory Effects of PAHs Mechanisms References

Hampers functioning of heart, loss
of nerve cells and reduce movement

Bioaccumulation, biomagnification

Reduced enzymatic activities in PAHs get easily absorb | Wang et al.
reptiles as they have low (2024b, ¢)
digestion rate
Other Results in loss of some species of | More toxic to sensitive | Alegbeleye et al.
Organisms | microbes species, accumulates in | (2017)

soil and sediments
impacting food chain

Abundance of hydrocarbon clastic
bacteria in soil

Reduce biodiversity and evenness
of many species

and Naphthalene obstruct oxidation—reduction activity and urea hydrolysis in soil
(Lipinska et al. 2013, 2014). In soils, the microbial function and enzymatic activ-
ities represent the health of the soil, any obstruction in their activity can render
soil unproductive for plant growth and in long term cause damage to ecosystems.
Humans and other organisms are directly or indirectly get exposed by the accumu-
lated PAHs in soil during the uptake of vegetables, plant-based product, and food
chain, as plants absorb PAHs from contaminated sites through roots and transport
them to other parts of the plant. From soils, the PAHs could be transported to
groundwater and atmosphere through resuspension, downward leaching, and evap-
oration (Alegbeleye et al. 2017; Hussain et al. 2018). Based on the abundance
of PAHs in soils, the degree of contamination has been classified into three cate-
gories, (a) unpolluted having PAHs concentration less than 200 ng/g, (b) weakly
polluted having PAHs concentration between 200-600 ng/g and (c) heavily pol-
luted having concentration of more than 600 ng/g (Bortey-Sam et al. 2014). For
effective implementation of on-field remediation of contaminated soils, a thorough
knowledge about the composition of PAHs with biochemical markers of soil is
required (Sui et al. 2021; Das et al. 2025). Strong perception of pollution dynam-
ics and their correlation with microbial profile of soil will be effective in choosing
remediation techniques (Davletgildeeva and Kuznetsov 2024). The effects of PAHs
on huma health and soil ecosystem are depicted in Fig. 4.2.

Effects of PAHs on Plants Health

Plant health in the terrestrial environment is directly influenced via the contamina-
tion status of soil and the surrounding environment. The level of toxicity depends
upon factors like concentration of PAHs, type of PAHs, exposure duration, type of
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Fig.4.2 Showing the Effects of PAHs on human health and soil ecosystem

plant species and state of the environment (Barathi et al. 2023; Tarigholizadeh et al.
2023). The rising concentration level of soil bound PAH, adversely alter growth,
development and reproduction in vegetation. PAHs directly hamper plants respira-
tion, photosynthesis, and nutrient uptake, increase chlorophyll gas exchange and
growth inhibition hormones, and promote oxidative imbalance, resulting in harm
to plant cell membranes, DNA, and proteins. PAHs directly transfer from root to
grain. Wang et al. (2020) in their investigation on wheat plant found the concentra-
tion of PAHs in soil (1081 pg kg — 1 DM) transferred to root (464 ng kg — 1 DM),
stems (365 ng kg — 1 DM), and leaves (323 ug kg — 1 DM) showing transportation
of PAH from root system to shoots. Zhao et al. (2022) detected PAH at a concen-
tration of 274.66 ng/g in plant tissue. Sushkova et al. (2021) measured the level
of Y"16PAH in roots of plant Phragmites australis Cav. was 327 pg kg~!. Alter-
ation in soil microbial species, reduced soil fertility, nutrient availability, increased
soil acidity, and affect soil’s water holding capacity, impacting plants by restrict-
ing their growth and efficiency (Schwab and Dermody 2021; Tarigholizadeh et al.
2023; Wei et al. 2024). Plants absorb PAHs via roots and move them to different
tissues, and accumulate them in the edible parts of the plant, thus directly threat-
ening living organisms in successive trophic levels in the food chain (Alagic et al.
2015; Hunt et al. 2019).

Ecological Risk Assessment

Risk assessment and risk indices of single and mixture of PAHs relies on total
concentration of observed PAHs estimated from different environmental media
including soil, air and water. Severity of threats are calculated in the form of either
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non-threshold or threshold effects based on the duration of exposure to the respec-
tive pollutants (PAHs). The calculation of potential ecological impacts resulting
from deposition of PAHs in soil, aquatic bodies and plant tissues are based on
the estimated mass concentration. For assessing ecological impacts of PAHs in
soil, using the risk quotient (RQ) will be calculated using the following equations
(Abdel-Shafy et al. 2016; Feng et al. 2025; Rigi et al. 2025)

_ CPAH @
covV
RONCs = ﬂ 4.2)
§ = CQV(NC)g '
RQMPC ﬂ (4 3)
S CQV(MPC); '
16
RQY PAHs =Y RQ; RQ;>1 (4.4)
i=1
16
RQ Y PAH§(NC)s = Y RQ{(NC)s RQ;(NCs) > 1 4.5)
i=1
16

RQY " PAHs(MPCs) = Y RQ:{(MPCs) RQ;(MPCs) = 1 (4.6)
i=1

Here CPAHs represent the concentration of individual PAH, while CQV refers
to equivalent grade estimate of specific PAH. NCs stands for the concentration
of PAHs where effects are very small and MPCs stands for the concentration at
which the effects are unbearable. The CQV(NCs) and CQV (MPCs) represents
these thresholds in soil ecosystem. RQ) PAHs (NCs) and RQ)Y PAHs (MPCs)
are individual-level calculated as RQNCs and RQMPCs (Younis et al. 2023;
Rabieimesbah et al. 2024). Categories linked to ecological risk are provided in
Table 4.3.

Human Health Risk Assessment

Health risk evaluation is an empirical approach to understand the effect of PAHs
on different age groups of humans to evaluate carcinogenic and non-carcinogenic
effects was formulated by the United States Environmental Protection Agency
(USEPA). In order to evaluate the risk Toxicity Equivalency Factor (TEF) method
is used for assessing the health effects of PAH as it can harm individual health
through respiratory, oral and skin exposure. The calculation of exposure is based
on the value provided for exposure time, exposure rate, body weight, and age to
examine possible health impacts. The carcinogenic toxicity of an individual PAHs
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Table 4.3 Classification of the Ecological risk of specific and total PAHs with different risk
categories

PAH type Risk level RQ (NCs) RQ (MPCs)
Individual PAHs Minimum <1 <1
Individual PAHs Moderate >land< 1 <1
Individual PAHs Severe >1 >1
Combined PAHs () _PAHs) Risk free <1 <1
Combined PAHs () _PAHs) Low >1,< 800 <1
Combined PAHs (>_PAHs) Moderate 1 > 800 <1
Combined PAHs (>_PAHs) Moderate 2 < 800 >1
Combined PAHs () _PAHs) High > 800 >1

Source Rabieimesbah et al. (2024); Younis et al. (2023)

to the toxicity of Benzo[a]Pyrene taken as reference while cancer risk is estimated
by aggregating individual PAH concentrations and multiplying with TEF values
(Samburova et al. 2017; Hussain et al. 2018; Qu et al. 2020; Chebykina et al.
2021; Rabieimesbah et al. 2024).

n
Total BaPeq/TEQ = »  C; x TEF; (4.7)

i=1

Here, C; represents specific level of PAH, Toxic equivalency factor denoted by
TEF; of the specific PAHs.

The method in which Benzo[a]Pyrene is used to determine the relative haz-
ardous properties of a single PAH is known as Toxicity Equivalency Quotient
(TEQ) (Samburova et al. 2017; Agapkina et al. 2018). Based on carcinogenic
risk from contaminated soil, the Canadian Soil Quality Guidelines set Maximum
Acceptable Concentration (MAC) for carcinogenic chemicals in soil. It was cal-
culated as ILCR 107 for MAC value of 5.3 ng/g of BaP or 10® for MAC value
of 0.6 ng/g of BaP (CCME 2010; Kumar et al. 2015; Hussain et al. 2018). ILCR
through ingestion, inhalation and dermal can be calculated using Egs. 4.8, 4.9,
4.10 and 4.11.

TEQ x (CSF (ingestion) x /BW = 70 x IRSoil x EF x ED
BW x AT x Cf

ILCRS (ingestion) =
4.8)

ILCRS (inhalation)

_ TEQ x (CSF (inhalation) x §/BW + 70 x IRair x EF x ED 4.9)
N BW x AT x PEF x Cf
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ILCRS (dermal)
_ TEQ x (CSF (dermal) x </BW =70 x SA x AF x ABS x EF x ED
- BW x AT x Cf
(4.10)
ILCRs = "(ILCR(ing) + ILCR iny + ILCR(ger)) (4.11)

where CSF refers to the Cancer Slope Factor, CSF (ingestion) = 7.30, CSF (inhala-
tion) = 3.85, CSF (dermal) = 25.0 mg kg~! day~!'. BW (Body Weight) = 70 kg
for adult and 15 kg for child; EF (Exposure frequency) = 365 days year—! for
adult and 180 days for child; ED (Exposure duration) = 30 years for adult and
6 years for child; AT (Average life span) = 70 years; Conversion factor (Cf) is
equals to 107%; PEF (Soil emission factor) = 1.32 x 10° m3 kg_l; SA denotes the
Skin surface area assigned as 0.5 m? for adult and 0.28 m? for child; AF, repre-
senting soil- skin adherence factor for adult and child equals 107> mg cm?>~! and
0.2 kg cm?~!; ABS (Dermal adsorption factor) = 0.1; IRSoil (Soil intake rate)
= 10 kg day~'; Inhalation rate (IRair) is taken as 20 m> day~' for adult and
10 m>® day~! (Agapkina et al. 2018; Shi et al. 2021). In the soil ecosystem, con-
centration of PAH, benzo(a)pyrene, and corresponding ILCR values are provided
in Table 4.4.

Table 4.4 A comparison of PAH concentrations, benzo(a)pyrene equivalent, and the associated
ingested incremental Lifetime Cancer Risk (ILCRs) in soil

Location > 16PAHs > 16PAHSs > 16PAHs | ) 16PAHs | References
concentration (BaPeq) toxicity | ILCRs ILCRs
(ngkg™h (Adult) (Children)
Shanghai, 807 ug kg~! 146 pg kg™! 4.17 x 10° | NA Wang et al.
China (2015)
Nanjing, 3330 ng g~! 445 ng g~! NA NA Wang et al.
China (2015)
Shanxi, China | 2780.42 ng g=! 4589 ugkg=! |NA NA Liu et al.
(2016)
Niger Delta, | 684 pg kg~! 166 pg kg~! 1.52x 1073 | 2.19 x 1073 | Iwegbue et al.
Nigeria (2016)
Himalayas, 458 ng g~! 1253 ng g~! NA NA Devi et al.
India (2016)
Gujarat, India | 345 pg kg~! NA NA NA Dudhagara
et al. (2016)

(continued)
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Table 4.4 (continued)
Location > 16PAHs > 16PAHs > 16PAHs | ) 16PAHs | References
concentration (BaPeq) toxicity | ILCRs ILCRs
(ugkg™H (Adult) (Children)

Yangtze River |471.3 ugkg™! | NA 9.17x 10 | 2.19 x 10™* | Wang et al.

Delta region, (2017)

China

Ningde, China | 489 ng g~! 932ng g~! 1.19x 103 | NA Zheng et al.
(2019)

Jilin, China | 740.21ngg™! |133ngg™! 1.61 x 1.36 x Chen et al.

107° 1076 (2018)

Hebei, China | 225 pg kg~! 4123 ugkg™' | 142E-07 |3.99E-07 |Liang et al.
(2019)

Stockholm, 4836 ng g~! NA 4.06 x 1.46 x Dreij et al.

Sweden 1075 1073 (2020)

Lagos, 2772 ugkg=! 523 pgkg™! 6.73 x 1073 | 8.77 x 1072 | Ehigbor et al.

Nigeria (2020)

Pljevlja, 271.49 pug kg™! 1.59E-05 | 1.16E-05 | Bigovic et al.

Montenegro (2022)

Hubei, China | 1678 pg kg™ NA NA NA Wang et al.
(2024b, ¢)

Hamedan, 1806 pg kg™ 284.63 pg kg™ | 1.59 x 7/51 x Rabieimesbah

Iran 10-6 1077 et al. (2024)

Note NA, not available; PAH, Polycyclic aromatic hydrocarbons; BaPeq, benzo(a)pyrene equiva-
lent; ILCR, Ingested incremental Lifetime Cancer Risk

Conclusion

Soil contamination is a growing threat to human health and the ecosystem due
to the rapid growth of industries, vehicles, and agricultural activities. Recalcitrant
pollutant like PAHs enters the soil ecosystem through natural or anthropogenic
sources and threaten the environment and human health. In the soil ecosystem,
the ecological risk evaluation of PAHs poses multifaceted challenges that demand
integrated approaches in combination with analytical chemistry, soil science, and
environmental toxicology. The behaviour of PAHs depends upon soil charac-
teristics like pH, organic matter content, porosity, microbial activity and other
physicochemical properties. Although remediation initiatives are effective, particu-
larly when specialised to site-specific conditions, but demand continual refinement
and cost-effectiveness. Eventually, safeguarding environmental health and assuring
sustainable land use requires a comprehensive understanding of PAHs dynamics
in soil promoted by interdisciplinary cooperation and policy integration.
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Furthermore, researches are required to understand the movement of PAHs,
risk assessment models and protocols focusing on spatial variability and continu-
ous monitoring for different topographical and environmental settings, along with
promoting innovative remediation technologies for eliminating PAH contamination
in soil.
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Abstract

Polycyclic aromatic hydrocarbons are harmful and cancer-causing compounds
that come from two primary processes: pyrogenic and petrogenic. Oil extrac-
tion and drilling operations, such as oil spills, pollution from refineries and
industrial regions, and most significantly, emissions from automobile traffic,
are the causes of the petrogenic component. The pyrogenic component, on the
other hand, is created by things like incineration, volcanic eruptions, and wild-
fires. Polycyclic aromatic hydrocarbons (PAHs take a long time to degrade, and
new research shows that they significantly accumulate in soil, water, and the
environment). Smog clouds, which carry pollutants from air to soil and water
sources, and eventually to people, contribute to the increase in pollution and
its migration as winter approaches. This chapter presents the most recent PAH
measurements and concentrations worldwide, with a focus on areas that have
been most heavily affected, such as China, India, and former Eastern Euro-
pean countries. Monitoring and assessing the distribution of PAHs is crucial for
environmental scientists due to the toxic and carcinogenic properties of many
PAHs. In recent years, significant attention has been focused on identifying
PAHs in various environmental segments. PAHs derivatives consist of com-
pounds where hydrogen atoms present in the aromatic ring have been replaced
by reactive groups, nitro, hydroxyl, and carbonyl (N-PAH, OH-PAH and O-
PAH, respectively), or carbon atom replaced by sulfur atom in the aromatic
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structure of PAHs. PAHs, as well as their derivatives, as primary pollutants, can
either enter the atmosphere directly or be produced through homogeneous and
heterogeneous oxidation reactions. However, it is crucial to remember that PAH
determination methods serve the ultimate goal of assessing the health risks that
are associated with suspended particulate matter in the air.

Keywords

Suspended particulate matter « Polycyclic aromatic hydrocarbons  Gas
chromatography « High performance liquid chromatography « Toxicological
effects

Introduction

Smog poses a significant issue in numerous cities worldwide. The English terms
smoke and fog are combined to form the phrase “smog” (Schwartz 1997). Wind-
less conditions and artificial fog composed of remnants from the incomplete
burning of different fuels are the leading causes of this unnatural occurrence
(Abbasi and Keshavarzi 2019). Suspended particulate matter (SPM) made up of
mainly by component of smog; aerosols of liquid droplets or solid particles. These
SPM particles may be artificial (such as dust from combustion operations) or nat-
ural (such as sea salt) (Reizer 2016). In the latter case, SPM, which is classified
by size, is a measure of air pollution. Particles having diameter less than 2.5 and
10 pum are called as PMjy s, and PMjg, respectively. Additionally, various stud-
ies reference PMy for particles measuring 4.0 pm and PM; for those measuring
1.0 pum (Kic 2018).

There are two ways that SPM affects health. The respiratory system may be
at risk from tiny SPM particles. Because of the possible harm it could do to the
heart and bronchi, the PM ¢ fraction is known as the “chest fraction” (Brown et al.
2013). The PM; 5 fraction is referred to as the “respiratory fraction” because it is
much smaller and can enter the pulmonary alveoli (Boldo et al. 2006). Addition-
ally, SPM is a carrier of numerous dangerous substances that are created when
different fuel processes burn incompletely. PM, 5 provides a surface on which
heavy metals (for eg., Ni and Cd) are adsorbed (Deng et al. 2006). Furthermore,
PMj, 5 support their insertion into brain which results in illnesses associated with
metal exposure.

PAHs are molecules made up of aromatic units, with benzene rings at their core.
This group has drawn significant attention, particularly as PAHs adhere to SPM.
More than 10,000 compounds (Kurnia et al. 2018) are classified as PAHs. Their
subtypes based on their molecular weight are as follows; low molecular weight
(LMW) and high molecular weight (HMW). Unlike HMW PAHs, which have
four or more rings (Saldarriaga-Norefia et al. 2018), LMW PAHs usually have two
or three rings. Numerous studies demonstrate their mutagenic, poisonous, and car-
cinogenic qualities. Carcinogenicity (Hayakawa 2018; Bandowe et al. 2019) rises
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with molecular weight: LMW PAHs typically show increased toxicity (Bandowe
et al. 2014), whilst HMW PAHs are frequently more carcinogenic. The presence
of numerous PAHs in the air poses greater risks (Keith 2015). Additionally, under
favourable conditions, these compounds can transform into more hazardous oxi-
dised forms (Mueller et al. 2019). Despite current studies into their carcinogenicity,
oxy- and nitro-PAHs (because of their direct carcinogenic effects) are considered
as more dangerous than related PAHs (Ringuet et al. 2012; de Oliveira Galvao et al.
2018). Additionally, the acute toxicity of the original PAHs and their derivatives
differs; for instance, fluorene has an LDsg of 16,000 mg/kg (oral, rat), compared
to 11,600 mg/kg for nitrofluorene (Zaciera 2007). Because PM has such nega-
tive consequences on human health, research into it is becoming more and more
important. Beyond the morphological characteristics of particles, their chemical
composition has a significant influence on the adverse health impacts. Most low-
vapor-pressure PAHs in the atmosphere adhere to PM, as these compounds are
highly lipophilic despite their low water solubility (Walgraeve et al. 2010).

PAHs that have been adsorbed onto PM or evenly dispersed in water may get
decomposed on sun (UV) irradiation. When they interact with pollutants like O3,
SO, and nitrogen oxides, they can produce nitro-dinitro-PAHs, diones, and sul-
fonic acids in the environment. Furthermore, PAHs may be broken down by some
soil bacteria (Srogi 2007).

However, PAHs (during the synthesis) and their presence in soil, water and air
various chemical, photochemical and physical processes can create variants that
contain atoms other than carbon, nitrogen, oxygen, or sulfur. As a result, vari-
ous compounds, like nitrogenated-PAHs (N-PAHs), oxygenated-PAHs (O-PAHs),
hydroxyl-PAHs (OH-PAHs), phosphogenated-PAHs (PASHs), or azarenes (AZAs),
can form. All these compounds are generally categorised as thermally stable. Typ-
ically, the solubility of PAH derivatives in water decreases as the number of rings
increases (Zhang et al. 2011). PAHs as well as derivatives can be discovered in sed-
iments and are associated with geological processes, tobacco smoke, and biogenic
precursors such as plant terpenes (Miet et al. 2009).

Days and seasons had a substantial impact on the concentrations of individual
N- and O- derivatives of PAHs in both gas as well as particle phases (Bamford
et al. 2003). Results showed that total suspended particle matter (TSP) in samples
obtained from Chiang Mai, Thailand, contained significantly more 19 N-PAHs,
especially 9-nitroanthracene (9-NA), in the period of dry season (Chuesaard et al.
2014). In winter season O-PAH concentrations was found higher than the same in
other seasons. This discrepancy could be caused by a tendency for O-PAHs to stay
in the particle phase throughout the winter instead of moving into the gas phase, a
decrease in mixing height during the colder months, or an increase in O-PAH emis-
sions. Perinaphthenone was the most abundant among these compounds. Parent
PAHs and O-PAHs might come from similar sources, with a significant proportion
of O-PAHs formation likely stemming from primary emissions rather than atmo-
spheric reactions. Increased radiative forcing has led to enhanced photolysis and
a subsequent reduction in O-PAHs levels during summer (Lee et al. 2018). They
can also be formed when singlet molecular oxygen photo-oxidises PAHs (Barbas
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Fig.5.1 Reactions of naphthalene and radical oxidants (present in the atmosphere) both in day-
time and nighttime “adapted from original article by Vione et al. (2004) after taking permission
from WILEY-VCH VERLAG GMBH & CO”

et al. 1996). PAH derivatives (contains oxygen) are the most mutagens among
human-cell mutagens found in airborne particles in the northeastern US (Peder-
sen et al. 2004). A target yearly average value of 1.0 ng m—> for benzo[a]pyrene
contained in PMg is established by European Directive 107/2009/EC (EU 2005),
which designates benzo[a]pyrene as an indicator for the marking of carcinogenic
effects associated with PAHs. Day time and night time reactions of naphthalene
with radical oxidants (present in atmosphere; e.g., OH, NO3, SO,, O3, and NH»)
are shown in Fig. 5.1 (Vione et al. 2004).

However, challenges still exist, particularly during the sample preparation
phase. Measuring PAHs can be difficult and expensive because of their diverse
physical and chemical characteristics. PAHs can be determined using flow chart as
shown in Fig. 5.2 (Bandowe and Meusel 2017).

For one to accurately measure current concentration levels, evaluate the impact
of upcoming control measures, and improve operations by standardising and
valuing the effects on human health, it has significant role to standardise and val-
idate sampling, analysis, and emission estimating processes. To enhance current
techniques and technical requirements, ongoing research is essential. Traditional
solid-phase extraction (SPE) procedures are modified by several of these novel
approaches, and liquid-liquid extraction (LLE) methods are also recognised.

Significant progress has been made in creating sorbents for micro- and
miniaturised SPE techniques.
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Fig.5.2 Flow chart to determine PAHs and their derivatives “adapted from original article by
Bandowe and Meusel (2017) after taking permission from Elsevier”

The choice of extraction technique and sorbent should align with the analytical
requirements, as well as the available laboratory equipment and selectivity. Due to
the ease of sample handling, dispersive and matrix solid-phase extraction (d-SPE
and MSSPE, respectively) have garnered significant attention as these two methods
are also simple to perform, fast and environmental friendly. Their application to
assess wise variety of sorbents grown rapidly.

Additionally, innovative miniaturised extraction methods, such as solid-phase
microextraction (SPME), packed-tube SPE (PT-SPE), and flow-probe SPE (FPSE),
have gained popularity in recent years. In comparison, these methods have not been
evaluated as thoroughly as SPE, MSPE, and d-SPE; their operational simplicity
positions them as a valuable substitute that enhances the repertoire of chemists
and analytical specialists (Jiping et al. 2020; Sun et al. 2020).
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Recently, special attention has been given to research related to latest detection
techniques for nitro-PAHs.

Separation devices encompassing various electrophoresis forms and microchip
capillary electrophoresis are also gaining traction. All these techniques are antic-
ipated to have significant applications in real-time analysis or on-site settings of
nitro-PAH (Lisowski and Zarzycki 2013). This chapter also seeks to explore the
latest advancements in the study of PAHs and their oxidised derivatives sourced
from SPM samples.

Sampling and Analytical Procedures for Determination
of PAHs and Their Derivatives

PAHs

A variety of sampler types, including passive samplers and those with low and
high volume sampling rates, can be used for sampling. The sampling materials
comprise glass fiber, quartz fiber, Teflon membrane filters, and Teflon-coated glass
fiber (Szulejko et al. 2014). For few hours, these materials are heated at high tem-
perature (400-550 °C) and then weighed before to sampling in order to reduce
the blank levels associated with fresh filters. Following sample collection, prior
weighed filters are reweighed, preserved, and kept at temperatures lower than
15 °C.

The techniques used to prepare the samples differ noticeably. With a 40-
min temperature gradient program, Barrado et al. (2012) used a microwave oven
(MWE) to extract using a power level of 900 W and a final temperature of 120 °C.
They reported an extraction solvent efficiency of above 80% and recommended
using dichloromethane. In their sonication-supported extraction approach, Crim-
mins and Baker (2006) sonicated the materials in dichloromethane for half of an
hour after that kept at — 20 °C for 48 h. The extract was concentrated to 200 pL
under a nitrogen flow prior to analysis using gas chromatography combined with
mass spectrometry (GC/MS).

For HPLC analysis using a fluorescence detector, Jakovljevié et al. (2018) used
a toluene-cyclohexane (7:3) mixture for extraction through sonicator, followed by
evaporation to dryness and redissolving in acetonitrile. Using dichloromethane
(DCM), Umbuzeiro et al. (2008) carried out Soxhlet extraction, using identical
protocols described by Lammel (2015). The solvent was almost completely evap-
orated throughout the 20-h process at 40 °C, and then sample was redissolved in
a little volume of DCM.

Nitro-PAHs

Nitro-PAHs from environment enter humans and animals body primarily by inhala-
tion, oral ingestion, and skin contact. Nitro-PAHs’ carcinogenic and mutagenic
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properties in atmospheric media, including sediments (soil) and air particles,
have been evaluated using a variety of experimental techniques. These techniques
include biological molecules (like DNA), fish and mammalian cell lines, bacterial
strains (like Salmonella used in the Ames test), and in vivo research on plants,
rats, and mice.

Numerous nitro-PAHs have been categorised into carcinogenic classes based
on scientific research and the International Agency for Research on Cancer’s
(IARC) working on the assessment of carcinogenic risks to humans. Com-
pared to benzo[a]pyrene, several nitro-PAHs are substantially more hazardous
(Nowakowski et al. 2022). The techniques previously described for PAHs is also
applicable to simultaneous collection of PAHs and nitro-PAHs. GC/HPLC (with a
variety of detectors) can also be used for analysis of nitro-PAHs, like other PAHs.

Numerous ionisation techniques, such as atmospheric pressure chemical ioni-
sation (APCI), negative ion chemical ionisation (NICI), electron impact (EI), and
atmospheric pressure photoionisation (APPI), can be employed. They all operate
in modes; multiple reaction monitoring or selective ion monitoring. In addition
to mass spectrometry, other detection methods that can be applied include fluores-
cence, chemiluminescence, and photodiode arrays. Because nitro-PAHs may break
down at high temperature, Sun et al. (2020) suggest HPLC as the best analytical
technique. Because nitro-PAH concentrations are usually low, sample preparation
is essential regardless of the analytical method employed.

Zhao et al. (2020) explain the preparation process, which includes the extraction
of filters with DCM using Soxhlet at 45 °C. Through evaporation, the extracted
samples are concentrated to about 1.0 mL and purified using silica gel and alumina
columns. The solvent composition; hexane and hexane/DCM (1:1 v/v) is then used
to elute them. The samples are then subjected to GC/MS analysis utilising EI
ionisation after the eluates have been evaporated once more. A similar approach
was also used by Zhao et al. (2020). GC-MS (Oliveira et al. 2019; Kitanovski et al.
2020) and similar methods was recommended for the analysis of both nitro- as well
as oxy-PAHs (Mueller et al. 2019; Gao et al. 2018; Dos Santos et al. 2019). Nitro-
PAHs are more stable at room temperature, HPLC can perform measurements,
which is the primary benefit of HPLC over GC.

Smaller volatile molecules can be separated from larger and unstable ones by
using C-18 columns (Schauer et al. 2004; Mirivel et al. 2010; Nyiri et al. 2016)
or a phenylhexyl column (Garcia-Alonso et al. 2012). Certain sample preparation
methodologies were discussed, including traditional Soxhlet extraction, pressurised
fluid extraction (PFE), and sonication, which were highlighted by Zielinska and
Samy (2006). They stated that commonly used solvents include benzene, toluene,
and dichloromethane. PFE is an efficient, time-saving method that reduces solvent
consumption. For sample preparations, Ringuet et al. (2012) and Bamford et al.
(2003) also employed PFE. PAHs and nitro-PAHs were extracted simultaneously
by using following solvents; PFE and DCM (Bandowe et al. 2014). Han et al.
(2019) described GC-NICI-MS method for analysing PAHs and slightly modified
method for nitro-PAHs. HPLC with fluorescent detector was used for analysis
of PAHs and nitro-PAHs (Pham et al. 2019). Schauer et al. (2004) stressed the



92 H. Nagar et al.

necessity of separating PAHs from nitro-PAHs before analysis, achieving this sep-
aration with a silica glass column, where PAHs were eluted using a cyclohexane/
dichloromethane (1:1) mixture.

O-PAHs

For effective description of analytical techniques for O-PAHs, it is crucial to clas-
sify these into hydroxy-PAHs and oxy-PAHs are two classes of O-PAHs. Special
processing is required for hydroxyl group containing molecules prior to analysis.
Before performing GC-MS analysis on hydroxy-PAHs, sample derivatisation is
essential, according to Cochran et al. (2012). A combination of trimethylchlorosi-
lane (TMCS) and bis(trimethylsilyDtrifluoroacetamide (BSTFA) were used as
derivatising agent at 70 °C for six hours, completely transforming the hydroxyl
group. Richter-Brockmann et al. (2019) reported employing sodium hydroxide,
methyl iodide, and dimethyl sulfoxide for the formation of methyl ether deriva-
tive of OH-PAH (3-OH-BaP). Furthermore the formed ether was extracted by SPE
using cyclohexane, and GC-APLI-MS analysis was then suggested. It is not nec-
essary to derivatize hydroxy-PAHs when using the LC-MS technique (Han et al.
2019). Methanol was used as the extraction solvent in a low-temperature ultra-
sonication process by Barrado et al. (2012). O’Connell et al. (2013) suggested an
ethyl acetate-based extraction process, which was followed by the quantification
of 24 O-PAHs using GC and LC-MS techniques. Analysis of nitro-PAHs, PAHs
without derivatisation, and oxy-PAHs can be done together (Albinet et al. 2006;
Han et al. 2019). Compared to PAHs, oxy-PAHs demand slightly different tem-
perature settings for analytical studies (Souza et al. 2014). The collected O-PAH
analytical methods include similar studies on soil, sediment, and urine analysis in
addition to PM-related air contaminations.

PAH Derivatives in the Air

There are two phases (gas and particle) for research on atmospheric PAH deriva-
tives, although the predominant focus is on the particle phase. Currently, studies
on PAH derivative concentrations are relatively sparse compared to those of parent
PAHs. In terms of pollution levels, PAHs more pollute the atmosphere while PAH
derivatives pollute lesser. The increased amount of PAH derivatives in the particle
phase is our main worry. Nigeria’s air is most concentrated (17.56 ng/L) by PAHs.
In air samples, PM, s-bound PAH concentrations vary from 10~! to 102 ng/m?3;
the highest concentration was reported in Taiyuan, China, at 314.55 ng/m® (Song
et al. 2020). In general, N-, A-, and OH-PAHs concentration is lower than O-
PAH. The largest concentration of PMj; s-bound O-PAHs was found in Estarreja,
Portugal, at 142.6 ng/m> (Alves et al. 2023), followed by Xingtai, Hebei Province,
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China, at 62.7 ng/m> (Li et al. 2022), while Thessaloniki, Greece air sample was
very dilute (0.09 ng/m3) (Besis et al. 2022). In terms of PMj 5-bound N-PAHs, the
most (27.24 ng/m3) and least (0.0125 ng/m3) concentrated air samples were from
Xian, China (Niu et al. 2019) and Singapore (Wang et al. 2022), respectively.

There is little research on A-PAH and OH-PAH levels in the atmosphere. With
PM, 5-bound OH-PAH concentrations in the range of 0.045-10.95 ng/m> in China
and other countries, the available data indicate that China’s environment is more
concentrated (by PMj 5-bound A-PAHs and OH-PAHs) than other countries. Stud-
ies have shown that PAH derivatives can coexist with gas/particle phases (Ma
et al. 2020). According to reports, 69-79% of PAHS is found in the gas phase,
whereas 42-46%, 34-40%, and 19-24%, respectively, of A-PAHS, N-PAHS, and
O-PAHS (Zhang et al. 2021). Therefore, although their affinities vary, PAHs and
their derivatives can adsorb onto respirable particles. Numerous investigations have
demonstrated that distribution of PAH derivatives in gas and particle phases sig-
nificantly affected by molecular mass and vapour pressure (Huang et al. 2014).
Current research suggests that PAHs with LMW are mainly present in the gaseous
form, while those with HMW tend to exist in particulate form. Additionally, tem-
perature affects the distribution of gases and particles. Due to the lower ambient
temperatures in the spring, the results show that the combined proportions of
PAHs, O-PAHs, and N-PAHs with TSP are higher (Wei et al. 2021). Figure 5.3
showcasing phase distribution of particulate phase PAHs and derivatives in Brazil-
ian urban area whereas Fig. 5.4 shows the annual means of gas phase PAHs,
nitro-PAHs, and oxy-PAHs concentrations for the sampling site in the dry and
rainy months (Dos Santos et al. 2020). Figure 5.5 depicted the varying % percent-
age concentrations of PAHs derivatives (during August 2003 and March 2004) in
samples collected in urban air of the site Athinas St. (Andreou and Rapsomanikis
2009).

PAH Derivatives in the Water and Sediment

Derivatives of PAHs have been analysed quantitatively in water as well as sed-
iment because of their detrimental impacts on living things. Although, studies
conducted on PAH derivatives in air environment are comparatively greater than
those in ecosystems and sediments. Moreover, in Asia most studies are carried
out for quantitative analysis of PAH derivatives in aquatic environments. Com-
pared to PAHs, the concentrations of derivatives in marine ecosystems are very
modest. However, the lowest concentration of N-PAHs (5.56 ng/L) was found in
sea-surface micro-layer of water surface of the Mediterranean Sea off the shore of
Alexandria (Nassar 2017).

The largest quantity, however, is seen in groundwater samples taken close to
gas stations (8.96 pg/L) (Santos et al. 2017). Studies on O-PAH concentrations
in water are also part of the research; surface water from the Chaobai River Sys-
tem has the highest amounts, measuring 321 ng/L (Qiao et al. 2020). Additionally,
some wastewater treatment plants’ receiving rivers have been discovered to contain
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Fig.5.3 Mean concentration (ng/m3) of particulate phase PAHs, nitro-PAHs and oxy-PAHs
(PM;5) in ambient air samples collected from May 2017 to April 2018 (n = 93). Dry months:
April to September, rainy months: October to March “adapted from original article by Dos Santos
et al. (2020) after taking permission from Elsevier”

hundreds of ng/L of O-PAHs (Qiao et al. 2018). On the other hand, the Yangtze
River had a significantly lower O-PAH value (20.2 4 7.49 ng/L) (Qiao et al. 2019).
The quantitative analyses of A-PAHs and OH-PAHs in river water, however, have
not been thoroughly studied. Sediments’ seasonal changes in PAH derivatives mir-
rored those in the aquatic environment. N-PAHS and OH-PAHS concentrations
were found to be greater during dry seasons, most likely due to rainy seasons
diluting the sediments (Zhu et al. 2022).

PAH Derivatives in the Soil

Pollutants derived from PAHs are significantly absorbed by soil. A lot of reports
now indicate that how much PAH derivative is present in soil. China’s PAH pol-
lution levels are lower than those of other nations. Soil samples contain more
concentrations of PAH than its derivatives; in China’s topsoil, PAH concentrations



5 Polycyclic Aromatic Hydrocarbons and Their Derivatives ... 95

I dry months
4 [ rain months

Concentration (ng m™)

Fig.5.4 Mean concentration (ng/m?) of gas phase PAHSs, nitro-PAHs and oxy-PAHs (PUF) in
ambient air samples (n) collected from May 2017 to April 2018 (n = 93). Dry months: April to
September, rainy months: October to March “adapted from original article by Dos Santos et al.
(2020) after taking permission from Elsevier”

can reach several hundred ng/g. In general, N-PAHs and OH-PAHs are less abun-
dant in soil than PAHs, O-PAHs, and A-PAHs. Notably, studies show that PAH
levels in Sicily can reach up to 7804.3 ng/g (De Guidi et al. 2017), whereas high
concentrations of PAHs (550 ng/g) (Ma et al. 2014) have been observed in China’s
Liao River Delta. According to present analysis, urban soil was found more con-
centrated than rural soil, while forest soil was more concentrated than agricultural
soil by PAHs and their derivatives (Bandowe et al. 2019). Additionally, a differ-
ent study found that Delta of Liao River, Northeast China contains A-PAHs, was
observed as 517 £ 838 ng/g, indicating that burning biomass, air-soil exchange,
and petroleum could be the sources. A different Chinese study that examined soil
samples from 26 provinces in Eastern China’s agricultural region found that the
total amounts of N-PAH and O-PAH were 50.0 ng/g and 9.0 ng/g, respectively
(Sun et al. 2017).
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Rapsomanikis (2009) after taking permission from Elsevier”

PAH Derivatives in Other Matrices

Qiao et al. (2014) synthesised PAHs and their derivatives, which need to be exam-
ined in a variety of matrices because of the harmful effects they have on living
things. In river samples, the levels of 16 parent PAHs, methyl-, N-, and O-PAHs
were investigated. Because of photochemical degradation in aquatic environments,
they discovered that N-PAHs were below the detection limit. On the other hand,
O-PAHs were found in higher concentrations than the parent PAHs. Addition-
ally, N-PAHs are more likely to undergo photo-oxidation, which transforms them
into O-PAHs, whereas the other derivatives do not undergo this transformation.
The researchers claim that when PAHs are altered, O-PAHs are created. Further-
more, wastewater treatment plants are the main source of PAHs, O-PAHs, and
methyl-PAHs taken from rivers.

PAHs and their derivatives shows detrimental haze (as per their distribution),
particularly in terms of particle size. Furthermore, Cao et al. (2020) revealed that
four to six rings containing PAHs predominated in every sample. The levels of
PAHs and their hydroxyl, carboxyl, oxygen and certain other derivatives were
analysed in edible marine fish species. The findings demonstrated that mostly low-
molecular-weight PAHs concentrations have been found greater in the liver than in
the muscle. It means the level of PAHs is controlled by the fish’s lipid composition
(Jafarabadi et al. 2019). Moreover, PAHs and their derivatives are abundant in coal
gasification and its byproducts, including ash, tar, and char; char has up to 56.2%
of 3-ring PAHs (Utnii et al. 2020).
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Case Studies: Health Impact of PAH Derivatives on Humans
and Other Species

Multiple, frequently simultaneous pathways, including inhalation, direct touch, and
nutritional consumption, expose humans and other species to PAH derivatives.
The particular organs and systems that these various exposure pathways impact
are those that target the PAH derivatives that enter the body. Furthermore, after
entering the body, PAH derivatives undergo metabolism and can damage almost
every organ and system. Variations in toxicity are partly caused by the biological
accessibility of PAH derivatives to the relevant organs, which varies depending on
the exposure route. This implies that the exposure pathway has a major impact on
the toxicity of PAHs to particular organs. This section of the chapter compiles case
studies on the harmful effects of PAH compounds on different organs in humans
and animals. Figure 5.6 exploring the health impact of PAHs and their derivatives
on various organs.

Respiratory System

This system includes respiratory tract and the lungs. People usually breathe in a
variety of PAH compounds found in the air. The lungs are where these breathed
PAH derivatives mostly build up and potentially harm the lungs. PAH derivatives
are frequently found in airborne particles, particularly PM» 5. When inhaling, tiny
particles may enter the alveoli and release toxic PAH compounds into the res-
piratory system. These chemicals mainly affect respiratory health and can cause
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Fig.5.6 Inhaled PAHs and their derivatives, and their health impact on various organs
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respiratory disorders when inhaled. Epidemiological and toxicological studies are
the primary focus of current research on the respiratory dangers associated with
PAH compounds. The risk of respiratory disorders is increased by breathing PAH
compounds, according to numerous epidemiological studies. Following exposure
to Naphthalene, the incidence of shortness of breath, chronic cough, and ongoing
headaches increased considerably (Bortey-Sam et al. 2017).

According to recent research, children’s asthma symptoms’ development,
progression, and aggravation are all correlated with their exposure to PAHs
(Karimi et al. 2015). Similar findings were observed about PAH exposure, with
methylphenanthrene exposure raising children’s chance of developing asthma
(Jung et al. 2014).

Additionally, exposure to low concentrations of PAHs causes a dose-dependent
decline in young people’s lung functioning (Alhamdow et al. 2021). Even more
concerning, human lung cancer risk can be increased by inhaling PAHs (Tsay et al.
2013). A study carried out in Xuanwei, Yunnan Province, China, found that the
greatest concentrations of total PAHs (TPAHs) were likewise found in areas where
lungs cancer mortality rate was highest (Lui et al. 2017). These findings clearly
show a connection between inhaling PAHs and developing lung cancer in humans.

In A549 cells, PAHs can cause inflammation and oxidative stress (Guo et al.
2021). Additionally, it has been shown that inflammation is caused by N-PAHs
and O-PAHs. According to recent studies, BEAS-2B cells exhibit inflammatory
responses to 1-nitropyrene, 3-nitrofluoranthene, and 3-nitrobenzanthrone (@vre-
vik et al. 2010). Additionally, it has been demonstrated that 1-aminopyrene and
phenanthrenequinone raise the amounts of proinflammatory proteins in these cells
(Koike et al. 2014). Based on experimental results Hu et al. (2020) suggested that
lungs experience severe inflammation on its acute exposure to 1-nitropyrene, which
activates many signaling pathways. Even more concerning, it has been demon-
strated that 1-nitropyrene can induce lung fibrosis in male C57BL6/J/J mice when
administered intratracheally (Fu et al. 2021).

The coal/coke industry and the steel industries shows highest risk of lung
cancer among people exposed to PAHs (Singh et al. 2018). Additionally, the
growth of lung cancer is triggered by N-PAHs and O-PAHs, according to exper-
imental study. For example, human bronchial epithelial cells (Li et al. 2019)
and A549 cells tested with varying concentrations of 9-fluorenone resulted that
chemical can promote the growth of lung cancer. In lung tissue samples of lung
cancer patients (do not smoke), 1-nitropyrene, 1-nitro-3-hydroxypyrene, and 1,3-
dinitropyrene were found, which further supports the notion that exposure to
N-PAH can induce lung cancer (Tokiwa et al. 1993). Furthermore, studies have
shown that 9-nitroanthracene contributes to lung genotoxicity by causing DNA
damage in lung tissue (Li et al. 2017).
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Cardiovascular System

Heart, arteries, veins, and capillaries are constituents of cardiovascular system
(often known as “circulatory system”). Studies have connected exposure to PAHs
to heart-related issues include ischemic heart disease, high blood pressure, and
irregular heartbeats (Leachi et al. 2020).

Inhaled PAHs and their variants have the ability to reach quickly the circulatory
system through inhalation. Absorbed through the alveoli, inhaled B[a]P primarily
enters the bloodstream, with the majority reaching the cardiovascular system in
its unmetabolised state (Gerde et al. 2001). Therefore, damages the cardiovas-
cular system in addition to the pulmonary system. According to epidemiological
studies, diesel particulate matter shows a positive dose-dependent correlation with
young women’s hypertension, with PAHs in diesel particulate matter being a major
contributing factor (Bangia et al. 2015). Air particle matter pollution significantly
altered pulse pressure in older persons, where PAHs specifically correlated with
higher systolic and pulse pressure (Jacobs et al. 2012).

Studies found that pro-inflammatory cytokines were positively connected with
elevated levels of OH-PAH of urine samples taken from taxi drivers exposed to
air pollution (Brucker et al. 2013). These results were corroborated by toxicolog-
ical investigations, which showed that substances such as pyrene, fluoranthene,
and phenanthrene caused endothelial dysfunction and inflammation in BALB/c
mice when administered as nasal drops (Rojas et al. 2022). Atherosclerosis and
other cardiovascular disorders are significantly influenced by endothelial dysfunc-
tion. Certain in vitro studies have shown that endothelial dysfunction can be
brought on by PAHs, N-PAHs, and O-PAHs. Compounds including 9-fluorene,
9,10-anthraquinone, 1-nitronaphthalene, and 9-nitroanthracene block nitric oxide
synthase in human endothelial (Wu et al. 2022), a prior indicator for endothelial
dysfunction. Additionally, anthracene and its derivatives weakened the endothe-
lial barrier, which made HUVEC monolayers more permeable (Wu et al. 2022).
A link to endothelial dysfunction is suggested by the decrease in nitric oxide
generation by N-PAHs and O-PAHs. These results suggest that endothelial dys-
function brought on by PAHs and their derivatives may be a contributing factor
to cardiovascular disease. Another important contributing element to the emer-
gence of cardiovascular disorders is DNA damage. The cardiovascular system
may be harmed by PAHs and their derivatives when all three exposure path-
ways are present. In zebrafish, the combination of B[a]P and O-PAHs has been
connected to elevated cardiovascular toxicity and embryonic development (Cunha
et al. 2020). Similarly, zebrafish embryos exposed systemically to A-PAHs showed
cardiovascular damage (Jung et al. 2013).

Digestive System

Consumption of PAHs may cause the adverse gastrointestinal reactions. Research
indicates that PAH consumption can lead to stomach cancer (Wester et al. 2012).
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Upon reaching the intestines, PAHs may harm intestinal health by triggering
inflammation and altering intestinal permeability. The intestinal mucosa preserves
the homeostasis of intestinal cells by serving as a barrier against pathogens (Chen
et al. 2013). Several intestinal disorders are closely linked to the deterioration
of the mucosal barrier. In female mice and their progeny, dietary exposure to
3-methylcholanthrene has been demonstrated to disrupt gut barrier function and
intrahepatic circulation (Xu et al. 2022). If the intestinal barrier is compromised,
toxic substances could get into the bloodstream and cause more damage to the
body. In C57BL/6 mice, oral exposure to benzo[a]pyrene (B[a]P) significantly
altered the quantity and makeup of gut microbiota, causing mild inflammation
of the mucosa of the colon and ileum (Ribiere et al. 2016). These findings demon-
strate the potential harm to intestine function from ingesting PAHs and their
derivatives. Consuming PAHs may also have an impact on pancreatic develop-
ment and increase the risk of developing pancreatic cancer. The single hormone
that lowers blood glucose levels to maintain homeostasis, insulin, is secreted by
islet B-cells. Pregnant C57BL/6 mice gavaged with PAHs exhibited decreased -
cell growth in their adult male offspring, according to a recent study (Ou et al.
2022). This implies that inhalation of PAHs may be the cause of more pancreatic
dysplasia and diabetes, in pregnant women. Additionally, pancreatic cancer have
been correlated with consumption of PAHs; a population-based case-control study
found that higher dietary intake of B[a]P causes higher risk of pancreatic cancer
(Anderson et al. 2005).

Furthermore, liver health may suffer if PAHs and their compounds are con-
sumed. In the digestive tract, the liver is essential to the synthesis of bile.
According to several studies done, on female rats, their livers faces inflamma-
tion and oxidative stress when phenanthrene has been given them orally (Ma et al.
2020). According to a study on healthy males, dietary PAHs also cause oxidative
stress in liver cells (Elhassaneen and El-Badawy 2013). Nonalcoholic fatty liver
disease may be the result of triglycerides accumulation in liver due to its exposure
to PAHs. Oral ingestion of PAHs (as carcinogens) may also lead to liver carcino-
genicity. For instance, liver cell carcinoma has been developed in Wistar rats after
oral ingestion of B[a]P, for two years (Uno et al. 2018).

Neurotoxicity

Brain endothelial cells have a lower permeability to chemicals, however, blood-
brain barrier can be penetrated by PAHs and their derivatives. PAHs and B[a]P
are neurotoxic (Olasehinde and Olaniran 2022). According to earlier research,
ingesting PAHs and related derivatives can result in neurotoxicity. For example,
adult male rats exposed to PAHs in the mother’s prenatal diet showed decreased
metabolic activity in many parts of the brain and increased anxiety-related behav-
iors (Crépeaux et al. 2012). It’s interesting to note that a recent study, which used
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intradermal administration to expose animals to ambient PAH concentrations, dis-
covered that low doses of PAHs did not cause appreciable neurotoxicity (Kuang
et al. 2022).

Immunotoxicity

The harmful effects that pollutants have on the immune system are referred to
as immunotoxicity. Both humans and animals have shown immunotoxic reac-
tions to PAHs. According to a study done in Gansu, China, there is a strong link
between increased exposure to PAHs and both oxidative DNA damage and the sup-
pression of Treg cell immunological activities (Peiffer et al. 2016). Research on
PAH derivatives is somewhat lacking, even though the immunotoxicity of PAHs
is well recognised. According to recent studies, sea bass exposed to a combi-
nation of 41 parent and alkyl PAHs for 21 days showed signs of both specific
and general immune function impairment, including leukopenia, increased leuko-
cyte mortality, and decreased phagocytosis (Peiffer et al. 2013). Furthermore, it
has been suggested that N-PAHs have immunotoxic properties. 1-Nitropyrene, for
example, forms hydrogen bonds and does n—m interactions with the aryl hydro-
carbon receptor, reduces cytokine levels, activates CYP1Al transcription, and
can strongly inhibit phagocytosis (Yao et al. 2019). Moreover, 1-nitropyrene can
induce macrophage apoptosis by generating reactive oxygen species and nuclear
translocation of AIF (Danion et al. 2011).

Reproduction Toxicity

It has been shown that PAHs and their derivatives affects both men’s and women’s
reproductive health. These substances have the potential to damage the female
reproductive system by interfering with endocrine signals. For example, ovarian
follicle pool of offspring mice was affected by exposure to PAHs (Wang et al.
2017). Similar effects are seen in the male reproductive system; research indi-
cates a connection between increased sperm DNA damage and environmental PAH
exposure (Han et al. 2011). Reproductive toxicity is another documented effect of
ingesting PAHs and their derivatives. Fetal growth restriction was observed in preg-
nant mice given l-nitropyrene by gavage every day throughout the third trimester
(Li et al. 2018). Additionally, following two weeks of oral therapy with B[a]P and
pyrene, C57BL/6 mice displayed damage to their testicular tissue (Zhang et al.
2022). After 90 days of oral intake of B[a]P, adult male [Sprague-Dawley] rats
showed testicular shrinkage and lower sperm quality in the epididymis (Chung
et al. 2011).
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Conclusion

The studies presented in this chapter demonstrate that smog and suspended par-
ticulate matter (SPM) pose a significant environmental and public health issue in
cities worldwide. The most dangerous components of SPM are PAHs and their
oxidised derivatives (e.g. nitro PAHs, O-PAHs, OH-PAHs), which are produced
mainly by human combustion. These compounds usually dispersed in soil, water,
sediment and other matrices, and then reach into the living systems through vari-
ous pathways. Of these compounds, especially in acceptable particulate forms such
as PM, s and PM|, are mutagenic, carcinogenic, and toxic. Their health impacts
are exacerbated by their ability to penetrate deeply into the respiratory system
and potentially enter systemic circulation. Furthermore, cardiovascular system,
digestive system are also affected by these compounds. Additionally, the neuro-
toxicity, immunotoxicity and reproduction toxicity are also the serious impacts of
PAHs and their oxidised derivatives. Case studies included in present chapter have
shown that, (a) nitro-PAHs are substantially more hazardous than benzo[a]pyrene,
(b) 9-nitroanthracene contributes to lung genotoxicity by causing DNA damage in
lung tissue, (c) zebrafish embryos exposed systemically to A-PAHs showed car-
diovascular damage, (d) inhalation of PAHs is the major cause of more pancreatic
cancer and diabetes, in pregnant women, (¢) PAHs and B[a]P are neurotoxic, (f)
1-Nitropyrene, for example, forms hydrogen bonds and does n—n interactions with
the aryl hydrocarbon receptor, reduces cytokine levels, activates CYP1Al tran-
scription, and can strongly inhibit phagocytosis, and (g) following two weeks of
oral therapy with B[a]P and pyrene, C57BL/6 mice displayed damage to their tes-
ticular tissue. Studies found that highest concentration (314.55 ng/m3) of PMj 5
bound PAHs was observed in Taiyuan, China, and largest concentration (142.6 ng/
m3) of PM, 5 bound O-PAHs was detected in Estarreja [Portugal].

This chapter also provides information about the detection methods. Enhanced
monitoring and regulatory approaches, supported by sophisticated analytical tech-
niques, will be key in reducing the risks associated with airborne particulate
pollution and informing public health initiatives. It was found that HPLC tech-
nique is better than GC for analysis of nitro-PAHs, as these are more stable at
room temperature.
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Abstract

Polycyclic aromatic hydrocarbons (PAHs) belong to a group of organic pollu-
tants known for their persistence in the environment and frequently detected
in industrial wastewater, attributed to their extensive application in the petro-
chemical, pharmaceutical and manufacturing sectors. These compounds pose
significant threats to environmental and human health due to their carcinogenic,
mutagenic, and toxic properties. Industrial activities like fossil fuel combus-
tion, coal processing and petroleum refining result in elevated PAH levels in
wastewater, potentially causing aquatic pollution and bioaccumulation in living
organisms. Traditional approaches to treating wastewater, including coagula-
tion, sedimentation, and biological methods, are frequently ineffective in fully
removing PAHs. Considering the negative impacts of PAHs, it is crucial to iden-
tify and remove these compounds from water through dependable methods. A
range of physical, chemical and biological approaches for the treatment of PAH-
contaminated water has been explored. This chapter examined the occurrence of
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PAHs in industrial wastewater, their detrimental impacts on organisms, and the
treatment approaches employed to address them. Future investigations ought to
concentrate on creating economical and environmentally sustainable methods to
address PAH contamination, thereby safeguarding both environmental integrity
and public health.

Keywords

Polycyclic aromatic hydrocarbons « PAH sources in industry « PAH removal
techniques « Advanced oxidation processes « Bioremediation

Introduction

Global industries are increasingly recognizing the critical significance of water in
productivity and profitability. A multitude of nations have begun to experience
water scarcity. Manufacturing, energy generation, and global material transporta-
tion are significantly dependent on water. Due to escalating economic pressures,
industrial water usage has surged significantly (Abdel-Shafy and Mansour 2016).
The global population has doubled in recent decades, leading to a sixfold rise in
water usage. By the year 2025, it is anticipated that Asian and African countries
would experience water shortages. Consequently, if the industrial water allocation
increases from the current 5% to 17% by 2025, it would significantly jeop-
ardize the water allocated for agricultural use. Consequently, several countries
have enacted measures to control PAH pollution (Adeniji et al. 2023). The U.S.
EPA has classified 16 PAHs as major pollutants owing to their significant health
and environmental hazards. The carcinogenic properties of PAHs, have generated
significant concern. Benzo[a]pyrene is a carcinogen, demonstrating significant evi-
dence of its carcinogenicity in humans and animal models (Gupta and Gupta
2015). Methylated PAHs (Me-PAHs), a subset of PAH derivatives, exist in the
environment analogous to their unsubstituted equivalents. Although research has
examined the occurrence of PAH in industrial effluent sources, such as coking and
landfill effluents (Krishnan et al. 2017), the behavior and transformation processes
of PAHs in paper-making wastewater (PMWW) remain inadequately known.
PMWW is characterized by complex complexes of inorganic and organic mate-
rials, including high levels of organic carbon and chemical oxygen demand. Each
paper mill consumes significant volumes of water, ranging from 5 to 300 m> every
ton of pulp produced. Medium-sized mills produce roughly 2000 m? of effluent
per day (Ren et al. 2019). PAHs were reported to be the part of effluent and sludge
samples of a paper industry in 2018 (Gupta 2018). Water supplies are strained by
industrial activity, climate change, pollution, and increasing energy demands. A
substantial quantity of water used in companies culminates in industrial effluent,
then discharged into the ecosystem, elevating considerable problems and generat-
ing numerous threats (Berardi et al. 2019). This is particularly applicable to the
chemical and related industrial industries. Consequently, it is essential to endeavor
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to minimize water use and to treat wastewater to render it reusable or, at the very
least, less detrimental to the environment. Water is extensively used in chemi-
cal and related process industries, rendering them water-intensive. Its usual uses
include serving as a solvent and cleaning agent, coolant, and water from boiler.
These requirements are fulfilled using the finite sources of freshwater. Industrial
effluent is a significant contaminant of aquatic ecosystems. Industrial activities
generate significant quantities of pollutants, so damaging air and water (Bokade
and Bajaj 2023). The discharge of substantial quantities of industrial wastewater
into aquatic environments necessitates the implementation and design of tailored
treatment processes for each effluent procedure. The volume of wastewater gen-
erated varies by the technological sophistication of processes across industries,
although it may be mitigated by advancements in industrial technology (Chen et al.
2019). Industries are swiftly advancing, using substantial quantities of freshwater
as both a raw resource and cooling agent. During industrial processes, various
raw and intermediate products, and waste are introduced into the water. Despite
being an inevitable result, wastewater significantly contributes to the contamina-
tion of aquatic habitats (Garcia et al. 2020). From all waste-producing businesses,
pharmaceutical sector, wood treatment and preservation industries, Dye, paint and
plastic manufacturing plant generate the most dangerous wastewater (Singh et al.
2018, 2020). These industries are where wastewater treatment is crucial. This
chapter offers an extensive analysis of the presence and dynamics of PAHs in
industrial effluent. It examines the origins and properties of PAHs, delineates their
toxicological importance, and emphasizes contemporary analytical and remedia-
tion strategies (Gbeddy et al. 2020). Table 6.1 summarize different PAH generated
from industrial waste water. This chapter seeks to synthesize existing information
to provide effective monitoring and management techniques aimed at mitigating
PAH pollution and safeguarding environmental and public health.

Different Kinds of Wastewaters Containing PAHs

PAHs are prevalent in many industrial and municipal effluent streams as a result
of their extensive production during the combustion and chemical processing of
organic substances. The kinds and amounts of PAHs fluctuate markedly based on
industrial activities, raw materials used, and treatment techniques implemented (Al
Farraj et al. 2019).

Petrochemical and Oil Refinery Wastewater

The water generated from operations like water injection and drilling while
petroleum extraction is greasy and often includes both organic and inorganic sub-
stances. Produced water comprises pollutants such as dissolved and distributed
petroleum compounds, dissolved sedimentary minerals, production chemical sub-
stances, industrial solids, and gaseous components (Ghosal et al. 2016). Oil
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Table 6.1 Different PAH generated from industrial waste water
PAHs Formula | Molecular | Structure References
weight
Anthracene Ci4Hyp [178.2 Ansari et al.
Acenaphthene | C12Hjo 154.2 Ghasemi
‘ etal. (2017)
Acenaphthlene | C12Hg 152.18 , N He et al.
/ \ (2020)
L 1
Benzo (a) CigHpp [228.3 Kuppusamy
anthracene ‘ et al. (2017)
Benzo (a) CyHpp [252.3 Ansari et al.
pyrene “ (2023)
Benzo (b) CyoHpp 2523 Dai et al.
fluoranthene ‘ (2022)
Benzo (k) CyHpp [252.3 Ghasemi
fluoranthene et al. (2017)

(continued)
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Table 6.1 (continued)

PAHs Formula | Molecular | Structure References
weight
Benzo (ghy) CpHpp (2763 Ansari et al.
perylene (2023)
Chrysene CigHip [228.2 Gupta and
Gupta
(2016)
Dibenz (a,h) CypHyy |[278.3 He et al.
anthracene ‘ (2020)
Fluoranthene CigHyp |202.2 Abdullah
| O et al. (2020)
Naphthalene CioHg 128.91 Sun et al.
(2019)
Phenanthrene Ciy4Hyp [ 1742 Kuppusamy

et al. (2017)

components in solution are organic substances that are soluble in generated water,
including benzenol, carboxylic acids, and low molecular weight aromatic com-
pounds. PAHs and heavy alkyl phenols constitute organic components present in
generated water and contribute to the formation of dispersed oil (Kong et al. 2023).
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Coking and Steel Industry Wastewater

Worldwide, the industrial expansion is significantly rising, particularly in the criti-
cal industries of steel, coal gasification, textiles, and coke, which together generate
millions of tons of industrial effluent. Industrial effluent is very hazardous and can
cause cancer and genetic disorder, including PAHs like CsH5N and phenolic com-
pounds. Over the previous ten years, considerable efforts have been devoted to
research for the coking waste. The use of membrane bioreactors (MBR), moving
bed biofilm reactors (MBBR) has been optimized to improve the extraction effi-
ciency of conventional activated sludge methodology (Lamichhane et al. 2016).
Despite an improved eradicate around 25%, significant costs and vary biofouling
remain critical problems that must be addressed for the commercialization of these
methods (Man et al. 2017).

Aluminum Smelting Wastewater

Numerous sectors release waste containing toxic metals into the atmosphere,
comprising aquatic ecosystems. These substances may include acids and very
poisonous Metallic compounds and mineral substances, such as aluminum. This
contamination may render water inhospitable for aquatic creatures, unfit for resi-
dential use or irrigation, and may allow wastes to re-enter the food chain, adversely
affecting people (Mortazavi et al. 2019). This pollution mostly results from atmo-
spheric deposition from several sources, with industrial and vehicular emissions
being the most significant contributors. Urbanized landscapes and industrial loca-
tions exhibited much more metal pollution than rural regions (Omolola et al. 2025).
Although aluminum is one of the most prevalent metals, it is neither required nor
biologically significant in living beings. Currently, there is no evidence demon-
strating its biological significance in living organisms (Nasrollahzadeh et al.
2021).

Wood Treatment and Preservation Effluents

Solid wood is a naturally occurring polymer composite formed by the combination
of cellulose, hemicelluloses, and lignin, which are structured into tubular struc-
tures that create a cylindrically layered composite (Mannina et al. 2020). Wood
is regarded as a renewable resource since it may be organically replaced. Global
wood preservative producers, such as KMG compounds, Koppers, Borax, Kop-
Coat, BASF Wolman GmbH, and Arxada, are formulating new compounds in
compliance with environmental agency standards (Pathak et al. 2022).
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Pulp and Paper Industry Wastewater

The pulp and paper sector produces diverse waste during the paper manufactur-
ing process at various operating phases. A significant amount of wastewater is
produced during preparation of wood chips, pulping, bleaching, and paper man-
ufacturing operations (Mahmoud 2020). Lignins were extracted from wood chips
using NayS alkaline therapy circumstances throughout the wood chip preparation,
washing, and pulping procedures. At this step, the produced lignin-rich effluent is
referred to in the form of black liquor. The bleaching method involves the treat-
ment of pulp with toxic chemicals, including H>O, and CaO hence increasing the
toxicity of the resultant effluents (Pulleyblank et al. 2019).

Dye, Paint, and Plastic Manufacturing Effluents

The fabric, printing, paper, processing of food, and leather industries mostly pro-
duce dye wastewater, with worldwide annual production of 800,000 tons of dyes,
of which about 200,000 tons are textile dyes. Dye effluent contains many pol-
lutants, including adhesives, salts, acids, toxic, and cancerous. These attributes
contribute to ocular burns, dermal irritations, allergy, and asthma in the human
body (Safo-Adu et al. 2023). The dye business produces many contaminants at
different concentrations. Consequently, dye wastewater constitutes a threat to both
human health and the ecosystem. Furthermore, it is exceedingly detrimental to use
dye effluent in routine tasks such as showering, laundering and cooking. Despite
being aware of the detrimental effects and existing national restrictions, after dyes
have served their usefulness, they are discarded into the environment without
treatment (Rayaroth et al. 2023).

Sources of PAHs in Industrial Wastewaters

Polycyclic aromatic hydrocarbons (PAHs) enter industrial wastewaters via many
processes related to raw material use, combustion, high-temperature activities, and
waste disposal. The composition and concentration of PAHs in industrial efflu-
ents are contingent upon the particular industrial activity and its related chemical
or thermal processes (Sayara and Sdnchez 2020). Comprehending these sources
is essential for formulating targeted treatment and pollution mitigation methods.
Table 6.2 represents different sources of PAHs in Industrial Wastewater.

The origins of PAHs in industrial wastewater are varied and mostly associated
with combustion, chemical processing, and inadequate waste management. Com-
prehending these sources is essential for recognizing high-risk sectors, informing
environmental policies, and developing efficient wastewater treatment systems.
Figure 6.1 represents the different sources of PAHs in wastewater (Akinpelumi
et al. 2023). Mitigating PAH emissions at their origin is a fundamental approach to
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Table 6.2 Sources of PAHs in industrial wastewater

Source

Industries

Common PAH

Incomplete combustion

Steel, power plants, cement,
incineration

Benzo[a]pyrene,
Fluoranthene, Pyrene

PAH-containing chemicals

Wood treatment, asphalt, dyes,
plastic manufacturing

Phenanthrene, Chrysene,
Naphthalene

Waste and by-product disposal

Coke plants, smelters,
incinerators, landfill sites

High-MW PAHs

Atmospheric deposition

Any high-temperature industry

Depends on local activity

Spills and leakages

Petroleum refining, chemical
plants

Anthracene,
Benzo[b]fluoranthene

Fuel/lubricant contamination

Heavy industries using diesel or
furnace oil

Fluorene, Acenaphthene

Thermal decomposition and
pyrolysis

Carbon black, aluminum, coke
production

Pyrene,
Benzo[a]anthracene

Runoff from contaminated
surfaces

Mixed industrial zones

Depends on source

limiting environmental mitigating pollution and protecting environment and human
well-being (Satouh et al. 2021).

e |

e

e

#M=PAHs — Polycyclic aromatic hydrocarbons (PAHs) e

Groundwater flow

Groundwater flow

Fig.6.1 Sources of PAHs in wastewater. Reproduced with permission from Akinpelumi et al.,
Journal of Hazardous Materials Advances, ©2023, Elsevier
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Impact of Industrial Wastewater Containing PAH on Human
Health and Environment

The general community is primarily exposed by inhalation of PAHs of indoor and
outdoor air, consumption of polluted food, cigarette smoking, and contact with
smoke from open fires. Common roots of PAHs encompass fossil fuels utilized
in transportation, cooking, residential heating, and diverse industrial processes
(Borji et al. 2020). Numerous studies on wild fish have established a connection
between PAH exposure and the development of hepatic neoplasms or toxicopathic
liver lesions linked to neoplasia. Such exposure is commonly identified through
the presence of SPAHs in sediments, PAH metabolites or fluorescent aromatic
compounds (FACs) in fish bile, PAH-DNA adducts in liver tissue, or through con-
taminated dietary intake (Zhao et al. 2021). Similar to mammals, fish possess
immune defense systems that include both cell-mediated and humoral responses
(Mukwevho et al. 2020). Research on innate immune responses indicates that fish
macrophage activities are significantly influenced by PAH exposure, particularly
with regard to the sensitivity of macrophage respiratory bursts. Lymphocyte pro-
liferation is significantly affected by exposure to PAH in the context of acquired
immune responses. Humans may be exposed to PAHs and their derivatives via
many routes: inhalation of airborne PAHs, ingestion of PAHs in water, and dermal
contact with PAHs in diverse surroundings. Moreover, eating represents another
potential exposure pathway, since PAHs may readily infiltrate the food chain and
bioaccumulate; moreover, food may get contaminated with PAHs during high-
temperature cooking. The severity of the impacts of PAH exposure on human
life is significantly influenced by the duration and method of exposure, the con-
centration and type of PAH, and the health status of the affected persons (Ma
et al. 2017). However, outliers exist, such as naphthalene, which exhibits more
carcinogenicity than other high molecular weight polycyclic aromatic hydrocar-
bons, such as benzo(ghi)perylene. Due to their varying carcinogenic potential,
several global organizations have categorized PAHs into groups based on this cri-
terion, including the International Agency for Research on Cancer (IARC), the US
Environmental Protection Agency (EPA), and the European Union (EU) (Montano
et al. 2025). Among the prioritized PAHs, benzo(a)pyrene (BaP) has attracted sig-
nificant interest from the scientific community because to its elevated carcinogenic
potential. Consequently, BaP is often used as an indicator of PAH carcinogenicity
and is regarded as representative of PAHs. Chronic exposure to PAHs may result
in long-term consequences such as cataracts, renal and hepatic damage, respira-
tory issues, and diminished immune system function. Reports indicate that PAHs
may induce short-term effects after acute exposure to high concentrations of PAHs.
The adverse effects including irritation and inflammation. Moreover, several PAHs,
including anthracene, benzo(a)pyrene, and naphthalene, are recognized as skin irri-
tants, with anthracene and benzo(a)pyrene also acting as skin sensitizers (Kouras
et al. 2025). Figure 6.2 represents the effect of industrial waste water containing
PAHs on human health.
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Fig.6.2 Effect of industrial waste water containing PAHs on human health

Remediation of PAHs in Industrial Wastewaters

The isolation and accumulation of PAHs from industrial wastewater test material
are critical for their precise determination. Remediation strategies seek to lower
environmental pollutants to acceptable levels via Environmental degradation and
transformation in atmospheric and aquatic media (Shen et al. 2020). Pollution
from PAHs is a major worldwide issue, given their harmful impacts on human
well-being and ecosystems. Multiple mitigation measures have been utilized to
address PAH pollution involving physical and chemical components, and bio-
logical methods. PAHs, owing to their hydrophobic characteristics, demonstrate



6 Polycyclic Aromatic Hydrocarbons in Industrial Wastewater 121

PAHs Removal
methods

Emerging multi- PAH remediation

Combined treatment
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Fig.6.3 Different methods of removal of PAHs from industrial waste water

significant solubility in organic solvents (Pandey et al. 2020). Figure 6.3 presents
the different techniques employed for the elimination of PAHs.

Physical and Chemical Methods

Physical and chemical treatment methods are utilized to eliminate large parti-
cles along with pollutants from wastewater. Physical therapy is often utilized as
a first phase prior to the implementation of advanced technologies (Fouda et al.
2021). Physical treatment methods include membrane filtration and adsorption.
Most physical methods primarily transfer PAHs from water to another medium
without modifying their chemical structure. Consequently, physical methods alone
are insufficient for the complete removal of PAHs. Chemical procedures have gar-
nered increased attention due to the inefficiency and time-consuming nature of
physical methods for PAH removal. Chemical treatments encompass processes
that can decompose or convert PAHs into less harmful or more manageable forms
(Muthukumar et al. 2020). Table 6.3 provides an outline of the diverse methods
employed for the recovery of PAHs.

Membrane

Membrane filtration treats water and wastewater by holding pollutants in a porous
filter material. Sand is a filtered material and popular because to its accessibility,
efficacy, and affordability (Bis et al. 2019). Advanced membrane-based pretreat-
ment technologies remove PAHs from generated water. Ultrafiltration, microfiltra-
tion, nanofiltration, and reverse osmosis are popular. Integrating membrane-based
techniques has also improved PAH removal efficiency. Nanofiltration technology
has acquired interest due of its capability to remove organic micropollutants from
water and wastewater (Han et al. 2022a). This method rejects monovalent salts
little while maximizing organic micropollutant rejection. Ultrafiltration membrane
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Table 6.3 Different method used in removal of PAHs
PAHs Method Removal effectiveness | References
(%)
Naphthalene Ultraviolet light 62 Qiao et al. (2018)
exposure
Pyrene Adsorption 40 Zhao et al. (2021)
16 PAHs Anaerobic anoxicoxic | 99-100 Alao and Adebayo
biological treatment (2022)
Benzo (a) pyrene Adsorption 48 Qiao et al. (2018)
16 PAHs Photocatalyst ozonation | 57 Dhara and Dutta
(2025)
Naphthalene Bioremediation 100 Qiao et al. (2018)
Anthracene Bioremediation 73 Qiao et al. (2018)
Naphthalene Green-derived sorbent | 76.20-105.60 Zhao et al. (2021)
material
16 PAHs Bioremediation 42-77 Qiao et al. (2019)
Phenanthrene Green-derived sorbent | 76.20-105.60 Zhao et al. (2021)
material
Acenaphthene Green-derived sorbent | 76.20-105.60 Zhao et al. (2021)
material
Fluoranthene Green-derived sorbent | 76.20-105.60 Zhao et al. (2021)
material
Pyrene Green-derived sorbent | 76.20-105.60 Zhao et al. (2021)
material
Phenanthrene Bioremediation 95 Alao and Adebayo
(2022)
Pyrene Bioremediation 54 Alao and Adebayo
(2022)
Fluoranthene Fenton method 62.95 Haneef et al. (2020)
Phenanthrene Fenton method 63.16 Haneef et al. (2020)
Anthracene Fenton method 85.47 Haneef et al. (2020)
Phenanthrene Absorption and 80 Gupta and Gupta
degradation (2016)
Pyrene Absorption and 65 Gupta and Gupta
degradation (2016)
Benzo (a) pyrene Absorption and 65 Gupta and Gupta
degradation (2016)
16 PAHs Phytoremediation 89 Bhatti et al. (2024)
16 PAHs Biodegradation 67.27 Ismail et al. (2022)
Pyrene, Magnetic floatation 89.9 Mirzaee and Sartaj

(2022)

(continued)
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Table 6.3 (continued)

PAHs

Method

Removal effectiveness
(%)

References

Benzo (a) pyrene Magnetic floatation 66.9 Mirzaee and Sartaj
(2022)
Indenopyrene Magnetic floatation 78.2 Mirzaee and Sartaj
(2022)
16 PAHs Biodegradation 77.38 Ismail et al. (2022)
Phenanthrene Oxidation 90.1 Wei et al. (2015)
Naphthalene Oxidation 97.5 Wei et al. (2015)
Anthracene Oxidation 55.4 Wei et al. (2015)
Benzo (a) pyrene Oxidation 26.7 Wei et al. (2015)
Naphthalene Air-assisted 82 Patel et al. (2020)
microextraction
Phenanthrene Adsorption 90 Gupta and Gupta
(2016)
Naphthalene Oxidation adsorption 92 Wei et al. (2015)
Fluorene Oxidation adsorption 100 Wei et al. (2015)
Pyrene Precipitation method 99 Sakshi et al. (2019)
Fluoranthene Precipitation method 98 Sakshi et al. (2019)
Chrysene Precipitation method 87 Sakshi et al. (2019)
Phenanthrene Precipitation method 97 Sakshi et al. (2019)
Naphthalene Oxidations 97 Wei et al. (2015)
Anthracene Oxidations 95 Cao et al. (2018)
Fluorene Oxidations 87 Jalili et al. (2020)
Benzo (b) Adsorption 59-91 Ren et al. (2019)
fluoranthene
15 PAHs Dispersive 90 Krishnan et al.
liquid-liquid (2017)
microextraction
PAHs Electrochemical 99.9 He et al. (2020)
advanced oxidation
PAHs with low and | Biodegradation 86 Ghasemi et al.

high molecular
weights

(2017)

bioreactors were used to test the efficacy of removal for three low-concentration
polycyclic aromatic hydrocarbons phenanthrene, fluoranthene, and pyrene from
wastewater. The removal efficiencies were 91%, 82%, and 92% (Yemele et al.

2024).
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Adsorption

Adsorption processes are classified as physical (physisorption) or chemical
(chemisorption) based on their interactions (Gupta and Gupta 2016). Adsorption
is a proven method for removing PAHs from generated water. Petroleum, wastew-
ater, and agricultural leftovers are used to make carbon-rich biochar (Mukwevho
et al. 2020). Figure 6.4 represents different types of adsorbents used in removal
of PAHs from Industrial waste water. Pyrolysis biochar absorbs PAHs and other
organic contaminants due to its aromatic carbon structure, similar to graphene.
The porous carbon substance activated carbon, made from agricultural waste is
an excellent adsorbent (de Andrade et al. 2020). Graphene, a hexagonal honey-
comb of carbon atoms, removes pollutants well. Adsorption systems operate in
batch and continuous modes. Small-scale applications like lab pilot studies use
batch adsorption. Combine a specific amount of adsorbent and adsorbate in a reac-
tor until equilibrium is reached. To improve adsorption effectiveness, temperature,
adsorbate concentration, adsorbent amount, agitation speed, and particle size are
considered (Yang et al. 2019). Continuous flow adsorption systems suit large-scale
industrial applications.

Carbon
nanomaterials

Polymer
nanomaterials

Fig.6.4 Systematic presentation of different types of adsorbents used in removal of PAHs from
Industrial waste water
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Advance Oxidation Process (AOPs)

AOQOPs were created in the Twentieth century methods for the treatment of oil and
gas wastewater, eliminating contaminants and reducing color and odor. Advanced
oxidation processes (AOPs) often include O3, Cly, H,O,, and Fenton reagents,
such as UV/H20/Fe* systems. The efficacy of AOPs ranges from 32 to 99%.
This diversity underpins its dependability, especially with catalysts. PAH degrada-
tion uses molecular ozone, hydroxyl radicals, and reactive species (Jackulin et al.
2024). Ozone interacts with PAH aromatic rings due to its electrophilicity, whereas
hydroxyl radicals enable non-selective oxidation. Hydrogen peroxide and ferrous
salt decompose organic wastewater pollutants efficiently in the Fenton reaction.
This method is commonly used to decompose complex organic contaminants (Gau-
rav et al. 2021). Table 6.4 summarizes various oxidation methods utilized for the
elimination of PAHs from industrial wastewater.

Coagulation

Coagulation is a typical way to reduce colloidal suspensions and organic con-
taminants like PAHs in aqueous solutions. Coagulation and chemical precipitation
are efficient methods for water and wastewater treatment, often used in advanced
purification technologies (Nowacka and Wtodarczyk-Makuta 2015). Alum, alu-
minum chloride, ferric chloride, and ferric sulfate have been studied as coagu-
lants. Various polymeric coagulants, such as polyaluminium chloride, polyferric
chloride, and polyferric sulfate, as well as organic polyelectrolytes such poly-
diallyldimethyl ammonium chloride and anionic polyacrylamides, have shown
efficient in treatment operations (Rosifiska and Dabrowska 2021). Composite
inorganic-organic coagulants have been tested. Coagulation is effective yet has
several downsides. The procedure produces a lot of putrescible sludge, making
handling difficult. Chemical dosing operations are expensive and constraining.
Nowacka and Wilodarczyk-Makuta (2015) found that coagulation-precipitation
procedures had varying PAH removal efficiency. Pyrene, fluoranthene, anthracene,
and phenanthrene had elimination efficiencies of 75%, 57%, 40%, and 30%.

Biological Methods

Biological methods have emerged as environmentally friendly alternatives for the
remediation of polycyclic aromatic hydrocarbons (PAHs), garnering significant
interest due to the limitations of physical and chemical approaches. Traditional
approaches frequently encounter issues associated with elevated costs, intricate
procedures, strict regulatory standards, and insufficient degradation of pollutants.
Biological techniques have been recognized for their potential to achieve efficient
and sustainable remediation of PAHs (Sakshi et al. 2019). Table 6.5 presents a
comparative overview of the benefits and drawbacks linked to different methods
for the removal of PAH from industrial wastewater.
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Table 6.4 Different methods of removal of PAHs from industrial waste water
PAHs Water sample | Method of | Removal | Industry Source
oxidation | efficacy
(%)
Point source Coking Ozone and |75 Coking Sun et al. (2019)
PAHs wastewater ultraviolent industry
treatment wastewater
plant
8PAHs Coagulant Hydrogen |76 Steel industry | Martinez-Alvarez
water peroxide wastewater et al. (2021)
and
ultraviolent
8PAHs Electro Hydrogen |70 Petrochemical | Ramesh et al.
coagulated peroxide and oil (2022)
water and refining
ultraviolent industries
8PAHs Groundwater | Hydrogen |76 Textile and Ijah et al. (2022)
peroxide dyeing
and industries
ultraviolent
Fluorene Treated water | Hydrogen |98 Phosphate Ramezanzadeh
produced peroxide fertilizer et al. (2020)
water and industry
synthetic ultraviolent
wastewater
Dibenzofuran Treated water | Hydrogen |99 Pulp and Han et al.
produced peroxide paper industry | (2022b)
water and
synthetic ultraviolent
wastewater
Dibenzothiophene | Treated water | Hydrogen | 99 Coal Shen et al. (2020)
produced peroxide processing/
water and combustion
synthetic ultraviolent
wastewater
15 PAHs Water Fenton 100 Wood Jinadasa et al.
hydrocarbons treatment reaction preservation (2020)
landfill plants
leachate
6 PAHs Cooking Hydrogen |70 Aluminum Ansari et al.
wastewater peroxide smelting and | (2023)
treatment and metal
plant ultraviolent foundries
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Table 6.5 Summary of advantages and disadvantages all methods of PAHs removal from indus-

trial waste water

Treatment method | Advantages Disadvantages Source
Adsorption Minimal initial expenditure, | Regular regeneration is Sher et al.
compact modules, required, influenced by (2023)
environmentally sustainable, | salinity, elevated
adaptable method, and temperature, maximum
recyclable and recoverable retention duration, costly
adsorbent adsorbent restoration, and
detrimental excess
adsorbent
Advanced Effortless operation, Proficient labour necessary, | Wang et al.
oxidation process | significant degradation and optimisation, oversight, and | (2018)
solubilize oil minerals preparation processes
needed
Bioremediation Access to inexpensive Prolonged deterioration Sher et al.
microorganisms, a Time and task optimisation | (2023)
straightforward method, and | is an excessive undertaking
complete mineralisation result
in the generation of CO»,
H,O0, and biomass
Chemical Brief treatment duration and | Maximum operational and | Wang et al.
oxidation environmentally sustainable maintenance costs (2018)
Chemical Energy-efficient procedure, Demand for chemicals, Sher et al.
precipitation user-friendly, economical, and | production of sludge, and | (2023)
optimal recovery ancillary waste
Electrochemical | Advantageous byproduct, Essential skilled labour and | Riley et al.
technologies environmentally sustainable, | challenges in scaling (2018)
and devoid of chemical
requirements
Flotation The operation is Retention period of Wang et al.
straightforward, the 4-5 min, maximum air (2018)
integration enhances process | production, and skim
efficiency, it is sturdy and volume
durable, and has no moving
components
Membrane Cost-effective, reduced Mineral scaling, membrane | Sher et al.
filtration likelihood of membrane pore wetting, and (2023)

fouling, compact modules,
appropriate for saline water

membrane fouling

PAHs undergo degradation via aerobic and anaerobic biological processes.
Research indicates that mixed microbial cultures typically exhibit superior per-
formance compared to pure cultures in the biological degradation of less water-
soluble PAHs. Comprehensive assessments of wastewater treatment plants utilizing
biological treatment methods have demonstrated their effectiveness in eliminat-
ing organic compounds. PAH removal in these systems occurs through several
mechanisms, including volatilization during aeration, microbial degradation, and
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adsorption onto sludge. In conventional wastewater treatment plants, volatilization
generally accounts for less than 2% of the overall contribution. Effective biodegra-
dation typically necessitates the introduction of specialized microorganisms to
improve PAH removal, whereas adsorption is the primary removal mechanism
owing to the strong affinity of PAHs for particulate matter (Dai et al. 2022).

Bioreactor

Municipal wastewater treatment plants (MWTPs) treat industrial sewage using bio-
logical, physical, and chemical methods to effectively reduce contaminants such
as solids, nutrients, and organic pollutants. The objective of these treatments is
to reduce ecotoxicity and safeguard the quality of surface and groundwater (Bao
et al. 2023). PAHs can undergo biodegradation in both aerobic and anaerobic envi-
ronments. Baniasadi et al. (2018) demonstrate that lower molecular weight organic
pollutants undergo more effective degradation during biological treatment due to
their greater biodegradability and transformability relative to higher molecular
weight compounds.

Research indicates differing removal efficiencies for PAHs in municipal biolog-
ical wastewater treatment facilities. Zhao et al. (2021) found that the total removal
efficiency of PAHs in summer varied between 63.22 and 63.58%. A separate
study indicated that aerobic activated sludge treatment attained a phenanthrene
(PHE) removal efficiency ranging from 83 to 97%. Sequencing batch reactors
(SBRs) have shown the capacity to eliminate around 55% of PAHs. PAHs such
as benzo(ghi)perylene (BghiP), naphthalene (NAP), and pyrene (PYR) showed
varying removal rates (Kuyukina et al. 2020).

Phytoremediation

Phytoremediation and bioremediation are effective strategies that employ plants,
microorganisms, and enzymes to detoxify contaminated environments, facilitat-
ing their restoration to a natural condition without leading to additional harm to
nature (Dhara and Dutta 2025). Phytoremediation is an innovative environmental
technique that makes use of growing plants in polluted soils, waters to facilitate
the removal or degradation pollutants. Some plant species exhibit notable effec-
tiveness, indicating greater efficiency and appropriateness for phytoremediation
processes. Bioremediation utilizes biological mechanisms to degrade environmen-
tal contaminants via metabolic processes, leading to the production of innocuous
byproducts including cell biomass, carbon dioxide, and water. Microbial-based
bioremediation for the elimination of PAHs in contaminated with oil areas was
initially documented in the mid-twentieth century (Bhatti et al. 2024).

Bioremediation

Microbial Remediation

Bacteria exhibit significant metabolic versatility, enabling them to efficiently
degrade PAH pollutants. Anaerobic PAH degradation operates through distinct
mechanisms alternative electron acceptors to decompose and cleave aromatic rings
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(Sui et al. 2021). Degradation by aerobic mechanisms of PAHs by bacteria primar-
ily entails oxygenase-mediated metabolic pathways, encompassing the functions of
monooxygenase and dioxygenase enzymes. The degradation process initiates with
dioxygenase enzymes facilitating the hydroxylation of aromatic rings, resulting in
the production of cis-dihydrodiol intermediates. The intermediates undergo fur-
ther oxidation to form diol compounds via the action of dehydrogenase enzymes
(Ismail et al. 2022).

Bacteria

Bacteria degrade PAH contaminants via different metabolic pathways due to their
metabolic flexibility. When PAHs degrade aerobically, bacteria use O» as the
ultimate acceptor of electrons to hydroxylate and cleave aromatic rings. Anaer-
obic PAH degradation decomposes aromatic structures via reductive processes
and other electron acceptors (Liu et al. 2017). PAHs degrade aerobically via
oxygenase-mediated mechanisms, including monooxygenases and dioxygenases.
Dioxygenase enzymes hydroxylate aromatic rings to create cis-dihydrodiol inter-
mediates, starting the degradation process. These intermediates are metabolized to
diols by dehydrogenases. Mixed bacterial cultures and consortia, which collabo-
rate on catabolic activities and have many degradation routes, often degrade PAH
completely. Recent research has focused on PAH breakdown using mixed bacte-
rial cultures and consortia (Wang et al. 2017). PAH breakdown is successful with
immobilized and genetically engineered bacteria. Dispersion of bacterial inocula
is a major issue in soil or sediment degradation. In subterranean soils, microbial
mobility is limited and cells adhere strongly to soil organic materials, making
dispersion difficult (Ismail et al. 2022).

Archaea

Saline environments, especially those linked to oil industries, are particularly vul-
nerable to petroleum pollution resulting from regular discharges of pollutants, such
as PAHs. Extreme conditions frequently require the use of extremophiles, partic-
ularly archaea, for efficient bioremediation, given that standard microorganisms
may fail to endure or operate effectively in high salinity environments (Patel et al.
2020). Current research has emphasized the crucial function of archaea in the
bioremediation of PAHs. Nonetheless, research on their degradation mechanisms
and pathways is comparatively sparse when contrasted with bacterial systems (Gou
et al. 2022). The archaeon exhibited the ability to break down PAH in environments
with elevated salinity (Banerjee et al. 2024).

Emerging Multi-process Remediation Of PAHs
Bioremediation with nanoparticle-based eco-engineering techniques are develop-

ing to remove contaminants including PAHs from atmosphere. Refinement is
needed to develop functionalized nanoparticles by changing surface characteristics.
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Functionalized nanoparticles improve bioremediation effectiveness and applicabil-
ity by performing many activities. Enzymes, proteins, DNA, humic acids, and
biosurfactants are used as functionalizing agents in bionanoremediation to remove
petroleum hydrocarbons, including PAHs (Fouda et al. 2021). Nanoscale nanopar-
ticles (NPs) have high reactivity and surface area, which are their principal bene-
fits. Biofunctionalized nanoparticles efficiently remove PAH from polluted settings
by nano-adsorption and catalytic degradation (Sam et al. 2023). After treatment,
FeHCF NPs converted all PAHs into light weighted, non-hazardous metabolites,
proving their photocatalytic and adsorbent properties. Physical, chemical, and bio-
logical strategies for PAH removal are successful, but combining them may boost
effectiveness, especially for HMW PAHs (Barathi et al. 2023). Integrated reme-
diation technologies overcome the limits of standalone procedures by tackling
dead-end product creation, enabling faster environmental cleaning. Physical-bio-
logical coupling, chemical-biological coupling, multi-biological remediation, and
complete physical-chemical-biological remediation systems have been studied for
PAH cleanup (Gou et al. 2022). In the first and second cycles, alkaline precipitation
and Sphingobium sp. PHE9 inoculation removed of PAHs from washing solvents.
This shows how integrated techniques degrade PAHs and restore the ecosystem
(Sharma et al. 2024).

PAH Remediation Through Value Added By-products

PAH biodegradation byproducts such biogas, bioelectricity, biosurfactant, and EPS
have been studied for practical uses (Sam et al. 2023). Gitipour et al. (2018)
used biostimulation to anaerobically degrade PAHs in polluted marine sediments.
The study employed biostimulants such fresh organic byproducts from Solid
waste from urban areas, digestate, and nutrients to degrade PAH by 55% in
120 days. Biohydrogen production peaked at 80 ml gVS~! on days 3-30 under
acidogenic settings, whereas biomethane production peaked at 140 ml gVS~! on
days 50-120 under methanogenic conditions. Biomethane production increased
beyond 120 days, suggesting biostimulation might increase yields. Biohydrogen
is a greener, sustainable fuel cell energy source. Vehicles, home electronics, and
portable batteries might utilize it. Biogas, mostly methane, is a sustainable source
of energy that may be utilized for heating, electrical production, and engine and
turbine fuel. PAH degradation and bioelectricity production have been studied in
microbial bioelectrochemical systems with one or more chambers that promote
microorganism-mediated anode- and cathode-mediated redox reactions (Kumar
et al. 2022). Microorganisms transmit electrons from organic materials to the
anode, generating an electric current during deterioration. At the cathode, electrons
reduce biotic or abiotic substances to generate electricity. This approach destroys
PAHs and generates power, which may address energy needs (Lai et al. 2020).
With alternate electron acceptors, biocatalytic mechanisms degrade PAHs better.
Scientists created aerobic and anaerobic sediment microbial fuel cells. Anaerobic
conditions resulted in degradation rates of 77%, 53%, and 37%, with a power
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production reduction of 3.6 mW m~2. Biosurfactants and EPSs are produced
during PAH decomposition. Amphiphilic biosurfactants produced by various PAH-
degrading microorganisms increase PAH bioavailability and degradation efficiency
(Sher et al. 2023). Biosurfactants from PAH degraders include rhamnolipids,
lipopeptides, glycoproteins, and surfactins. Environmentally friendly biosurfactants
are used in food, agriculture, oil, cosmetics, and medicines. They are suitable dis-
persion agents, emulsifiers, and chemically produced surfactant alternatives due
to their excellent foaming ability, low critical micelle concentration, and robust
surface activity (Wang et al. 2018).

Combine Treatment Method

High-molecular-weight PAHs may be degraded, solubilized, and removed from
water via physical, chemical, and biological techniques. Biodegradation and Fen-
ton oxidation remove PAHs, especially naphthalene and phenanthrene from water.
The biodegradation method uses a Bacillus fusiformis (BFN) Fenton oxidation
process, whereas strain from activated sludge synthesizes ferrous nanoparticles
from tea extract in oxygen, nitrogen, and air (Gitipour et al. 2018). Biologi-
cally active filtration using biological and physical processes to remediate oil
and gas effluent appears promising. This approach uses river ecosystem microor-
ganisms and nutrients to produce biofilms that can survive high total dissolved
solids. Granular activated carbon (GAC) removes organic contaminants and sus-
pended particles well in this method. Integrated physical, chemical, and biological
treatments may improve PAH solubilization and degradation. Strong oxidants,
adsorption, and membrane technologies remove high-molecular-weight PAHs well
(Chen et al. 2016). PAH removal rates in membrane bioreactors for wastewater
treatment range from 50 to 100%, with low-molecular-weight PAHs being more
efficient (Dai et al. 2022).

Future Outlook

Surface runoff and atmospheric deposition may transport combustion-derived
PAHs to wastewater treatment plants. The destiny and behavior of PAHs and their
derivatives in wastewater treatment plants are contingent upon physicochemical
and environmental factors (Ziyaei et al. 2024). Water has a higher concentra-
tion of low molecular weight PAHs (LMW PAHs) than silt. Research indicates
that wastewater treatment plant influent mostly contains LMW PAHs with two or
three aromatic rings, whereas the effluent primarily consists of compounds with
two rings. High Molecular Weight PAHs (HMW PAHs) adhere to sediment more
effectively than to water. Sewage discharges LMW PAHs into Rivers, whereas
municipal silt used as fertilizer emits HMW PAHs. SPAHs with higher molecular
weight accumulate more in sediment (Li et al. 2025). Wastewater treatment plants
exhibit insufficient biodegradation of PAHs. Hydrophobic and persistent PAHs
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adsorb onto soil. Full-scale membrane bioreactor wastewater treatment plants using
activated sludge detected PAHs and their derivatives in the influent, effluent, and
sludge. These devices degrade PAHs with 90% efficacy, despite their design and
operation lacking optimization. To improve the detection of PAH and its deriva-
tives, researchers should investigate trace nitro-PAH detection in complex matrices
(Xie et al. 2025). Microbial activity requires investigation since PAHs may impede
wastewater treatment plant (WWTP) efficacy. Certain wastewater treatment plants
contravene regulations. The European Commission restricts sediment PAHs to
6000 ng/g prior to cropping. Improving pulmonary arterial hypertension treat-
ment systems is essential research. PAH remediation strategies are chosen based
on economic viability and ecological sustainability (Smetanova et al. 2025). Bio-
therapies are advantageous since they exhibit prolonged efficacy compared to
physical and chemical treatments. Temperature, nutrient availability, aeration, and
organic input rates influence microbial activity, hence affecting these processes.
Wastewater treatment plants use biological techniques to eliminate PAHs, includ-
ing anaerobic and anoxic treatments, albeit their effectiveness is limited (He et al.
2025). Research indicates that these circumstances reduce LMW PAHs by 35—
52.9%. Seasonal and deleterious compounds in wastewater treatment plants may
impair biological treatment efficacy, resulting in consistency challenges. Organic
constituents, fungal immobilization, and substrate preparation enhance the deteri-
oration of PAHs in soil. Ligninolytic fungi enhance biodegradation and microbial
activity. Soil pH, temperature, and moisture influence biodegradation. Microbial
activities operate most effectively in a pH range of 6.5-7.5. Beer grains and organic
soil have the ability to decompose PAHs (Wu et al. 2025). Unidentified variables
generate these outcomes. In sorption studies, lignin has superior binding affin-
ity for pyrene compared to cellulose or hemicellulose. Phenol increases lignin
pyrene sorption while decreasing cellulose and hemicellulose levels. Immobiliza-
tion of lignocellulosic and PAH-degrading enzymes enhances PAH degradation.
It is necessary to test these therapies in intricate hydrocarbon-contaminated envi-
ronments (Zhao et al. 2025). This study should expand and evaluate the use of
these approaches. The use of mushroom compost, charcoal, and distillery grains
may facilitate the degradation of PAH. Laboratory investigations are promising;
yet, empirical field studies are requisite. The bioavailability and degradation of
PAH are enhanced by the water solubility of surfactants and the lowering of inter-
facial tension. Prolonged contact between soil and PAHs reduces enzyme activity,
suggesting that surfactants may maintain enzyme functionality. Investigate white-
rot fungi that decompose polycyclic aromatic hydrocarbons and lignocellulose in
contaminated soils (Sayed et al. 2025).

Conclusion

This chapter examines PAHs and their alterations in extensive treatment of wastew-
ater facilities. Their behavior, destiny, methods of analysis, biological therapies,
viability evaluations approaches are discussed. The conversion of PAHs in WWTP
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has been hardly researched. Prior studies have shown that PAHs in industrial
effluents may vary in concentration and often exceed permissible environmental
threshold values. In a case study, concentrations of naphthalene, phenanthrene,
and pyrene are documented in effluent from coke oven facilities, where levels of
50-300 pg/L of these compounds have been achieved by production processes and
treatment methods. Petroleum refinery effluents may have benzo[a]pyrene concen-
trations reaching 15 mg/L, far above the WHO value of regulations of 0.7 mg/L
for drinking water use. Furthermore, the concentrations of cumulative PAHs in sur-
face waters receiving untreated or partly treated wastewater often exceed 500 pg/L,
resulting in environmental contamination and bioaccumulation of PAHs in aquatic
organisms. Many developing countries, although having regulatory frameworks
and environmental standards like to those of the US EPA and EU, do not imple-
ment rigorous procedures and lack adequate technology for the removal of PAH.
Conventional techniques for treatment like sedimentation and filtering are not
always enough; thus, sophisticated procedures like adsorption, advanced oxida-
tion processes, and bioremediation must be used to progressively eradicate them.
In summary, the existence of PAHs in industrial wastewater is a critical issue that
needs both immediate and long-term remedies. Addressing the issue not only safe-
guards ecological integrity but also improves public health and aligns industrial
growth with principles of effective environmental management.
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Abstract

Polycyclic Aromatic Hydrocarbons (PAHs) are persistent organic pollutants pre-
dominantly generated by the incomplete combustion of organic materials. Their
presence in food and the food chain raises substantial public health concerns
due to their carcinogenic, mutagenic, and endocrine-disrupting characteristics.
This chapter examines PAH contamination, focussing on its occurrence and
transit throughout food systems, and incorporates surveillance data, regulatory
restrictions, and risk evaluations. Environmental deposition, absorption from
polluted soil and water, bioaccumulation in aquatic and terrestrial species, and
high-temperature cooking methods including smoking, grilling, and frying are
all ways that PAHs get into food. The levels of benzo[a]pyrene (2 pg/kg) and
PAH4 (30 pg/kg) in cereals, smoked fish, and grilled meats are often higher
than the EU’s standards. For example, in cereals, the levels vary from 2.5 to
276.7 pg/kg, in smoked fish, they may be as high as 222.7 pg/kg, and in grilled
meats, they can be above 200 pg/kg. These pollutants go down the food chain,
from soil and crops to cattle and fish, and then to people. This means that people
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are constantly exposed to them through their diets, which can cause malignan-
cies, reproductive and developmental problems, immune system problems, and
neurotoxicity. Even as better methods for identifying problems and rules have
improved monitoring, there are still issues with enforcement, maintaining uni-
form standards, and increasing consumer awareness. To protect food safety and
human health worldwide, we need to employ a range of measures, including
advanced food processing technology, microbial bioremediation, and innovative
methods for detecting PAHs.

Keywords
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Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) are a big category of chemical pollu-
tants that are particularly detrimental to health and food safety across the world.
These chemicals, which have two or more aromatic rings that are stuck together,
are typically formed when organic matter doesn’t burn all the way (Montano et al.
2025). PAHs are defined as organic compounds containing multiple fused benzene
rings, most commonly arranged in linear, angular, or cluster formations. They can
have substituent groups like methyl, nitro, or amino, but their core classification
hinges on the number of aromatic rings present. PAHs are broadly categorised
into low-molecular-weight (LMW) types, which have two to three rings (such
as naphthalene and anthracene), and high-molecular-weight (HMW) types, which
have four to six rings (such as chrysene, fluoranthene, and benzo[a]pyrene). This
classification is not merely academic; LMW PAHs are typically more volatile and
prevalent in atmospheric vapor, while HMW PAHs tend to adhere to particulates
and are more persistent in solid and aquatic environments (Patel et al. 2020). The
United States Environmental Protection Agency (US-EPA) and the International
Agency for Research on Cancer (IARC) have identified 16 priority PAHs, with
benzo[a]pyrene classified as a Group 1 human carcinogen due to its genotoxicity
and mutagenic potential. The carcinogenicity and toxicity across the PAH group,
however, vary depending on their molecular structure, physical properties, and
ability to undergo metabolic activation in biological systems (Halfadji et al. 2021).
Global concerns about PAHs in food have intensified due to mounting evidence of
their role in carcinogenesis, mutagenesis, and long-term health risks. Regulatory
authorities in Europe, North America, Asia, and other regions have implemented
guidelines and legislation to monitor and limit PAHs in foods, especially emphasiz-
ing the need for continuous surveillance of processed and raw food items (Montano
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et al. 2025). Notably, in recent years, research has highlighted alarming concen-
trations of PAHs in various foodstuffs from diverse geographical areas, reflecting
differences in both environmental contamination and food processing practices.

Sources of PAHs in the Environment and Entry into Food
Systems

The environmental presence of PAHs results from both natural and anthro-
pogenic sources. Forest fires and volcanic emissions contribute naturally, but
anthropogenic activities dominate the global PAH burden. Major sources include
the combustion of fossil fuels, biomass, and waste, vehicular exhaust, industrial
emissions, cigarette smoke, and certain manufacturing processes (Lawal 2017).
High-temperature cooking practices—Ilike grilling, roasting, frying, and smok-
ing—are especially notorious for producing elevated PAH concentrations in food
(Han et al. 2022). PAHs enter the food systems via multiple routes. Environmen-
tally, they deposit onto crops from airborne particulates or are absorbed from
contaminated soil and water. Bioaccumulation occurs in aquatic organisms such
as fish and shellfish, where PAH concentrations can greatly exceed surrounding
levels (Abdel-Shafy and Mansour 2016). When animals consume contaminated
vegetation, PAHs are transferred up the food chain, intensifying dietary exposure
in humans. In foods, PAHs are categorized as “endogenous” (produced during
pyrolysis of carbohydrates, lipids, and proteins in high-temperature processes) and
“exogenous” (derived from fuel combustion during cooking or smoking). Dietary
sources of PAHs include cereals, vegetables, fruits, oils, meats, and processed
foods. The contamination levels vary with the proximity to pollution sources,
such as urban roads or industrial centers, and with agricultural practices. Grilled
meats have been found to contain benzo[a]pyrene at levels up to 200 npg/kg,
while smoked fish and meats can go even higher (Uiuiu et al. 2025). Even plant-
based foods such as cereals and oils are susceptible, with drying processes and
combustion fumes acting as additional contamination vectors (Paris et al. 2018).
The schematic representation of occurrence, source, properties etc. of Polycyclic
Aromatic Hydrocarbons mentioned in Fig. 7.1.

Relevance of Studying PAH Contamination in Food and Food
Chains

Chronic exposure, primarily through diet, has been implicated in the rising inci-
dence of several cancers—especially of the lung, skin, bladder, and gastrointestinal
tract—as well as in cardiovascular, respiratory, reproductive, and neurodevelop-
mental disorders. The global relevance of PAHs in food systems arises from
their ability to bioaccumulate and persist, not just in processed foods but in
staple items from diverse cultures and climates (Sampaio et al. 2021). Their
lipophilicity ensures they are readily absorbed into human tissues, and metabolic
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hydrocarbons

activation through enzymatic processes generates reactive intermediates that can
interact covalently with DNA, proteins, and cell membranes, resulting in cellular
and physiological damage. The cross-disciplinary nature of PAH research—span-
ning toxicology, analytical chemistry, food science, and public health—mirror the
complex challenge posed by these compounds (D’ Amore et al. 2025).

Chemistry and Characteristics of PAHs

Polycyclic Aromatic Hydrocarbons (PAHs) stand as one of the most studied classes
of persistent organic pollutants due to their characteristic structural diversity, varied
physicochemical properties, and complex toxicokinetics that drive their environ-
mental behavior and health impacts. Over the past decades, a deepening scientific
understanding has refined how we approach their analysis, fate, and risks (Berrios-
Roloén et al. 2025). Central to this understanding are the detailed features of PAH
chemistry, their distribution and persistence in environmental matrices, their classi-
fication based on molecular weight, and their toxicokinetics with bioaccumulation
implications. The chemical structure of the various PAHs are mentioned in Fig. 7.2.

Structural Features of PAHs

PAHs are organic molecules composed solely of carbon and hydrogen, with
their structures marked by multiple fused aromatic rings, typically benzene rings
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Fig.7.2 The chemical structure of the various PAHs

arranged in linear, angular, or clustered fashion. The size and complexity of PAHs
may vary from simple molecules like naphthalene (two rings) to large, multi-ringed
compounds such as benzo[a]pyrene and coronene. These structural arrangements
confer high thermodynamic stability and a substantial degree of chemical inertness,
contributing to their persistence in the environment. Molecular geometry plays a
crucial role in physical properties, reactivity, and environmental fate. For example,
the dense m-electron clouds found in aromatic rings resist nucleophilic attacks,
imparting biochemical recalcitrance and slowing biological degradation processes
(Sahoo et al. 2020).

Recent advances have led to the synthesis and exploration of nitrogen-doped
bowl-shaped PAHs, architectural innovations that further enhance electronic,
chemical, and supramolecular properties for specialized applications. While not
directly related to environmental toxicity, such molecular derivatives highlight the
expanding relevance of PAHs beyond traditional pollution studies.

Physicochemical Properties: Molecular Weight, Volatility,
Solubility

The physicochemical behavior of PAHs varies widely between individual com-
pounds, but can be generally described according to molecular weight—one of the
most influential factors. Low-molecular-weight PAHs (LMW-PAHs), comprised
of two-three rings, such as naphthalene, fluorene, and anthracene, are generally



146 D. C. Joshi et al.

more volatile and water-soluble than their heavier counterparts. Their vapor pres-
sures and water solubility enable easier atmospheric transport and distribution in
aquatic environments. For example, naphthalene possesses a water solubility of
about 31 mg/L and relatively high volatility. Conversely, high-molecular-weight
PAHs (HMW-PAHSs), containing four or more rings (benzo[a]pyrene, chrysene,
coronene), exhibit lower vapor pressure, extremely low water solubility, and
heightened lipophilicity (LogKow often > 5), favoring strong adsorption to sed-
iments, soils, and organic matter in biotic and abiotic environments (Gundlapalli
et al. 2024).

Such disparities determine pathways by which PAHs partition within the envi-
ronment. LMW-PAHs are released primarily into the atmospheric gaseous phase,
while HMW-PAHs are found almost exclusively on particulates and soil/sediment-
bound phases. High melting and boiling points in HMW compounds, coupled
with their hydrophobic nature, further confine them to less mobile environmental
compartments and slow degradation rates (Eldos et al. 2022). As a result, envi-
ronmental processes impacting PAH fate (volatilization, dissolution, adsorption,
partitioning) are driven strongly by molecular weight, solubility, and volatility.

Stability and Persistence in the Environment

PAHs display a remarkable ability to persist for extended durations in ecosystems.
Their chemical stability arises from the fused aromatic system, which resists oxi-
dation, reduction, and many forms of biological degradation, especially in HMW
PAHs. Environmental half-lives for these compounds can stretch from months
to years, with HMW PAHs exhibiting longer residence times due to stronger
adsorption and reduced bioavailability (Sakshi and Haritash 2020). PAHs per-
sist in multiple environmental matrices, including soil, water, sediments, and the
atmosphere, forming reservoirs that facilitate complex cycles of deposition and
re-distribution. Atmospheric PAHs may exist either as gases (LMW) or particulate-
bound (HMW), with the former subject to long-range transport via wind and
precipitation, while the latter deposit locally, contaminating soils and aquatic sed-
iments. Photolysis and chemical transformations (by ozone, hydroxyl radicals)
offer partial degradation routes, especially for LMW PAHs, but such mechanisms
are limited for hydrophobic, particle-bound species. Biodegradation is further
slowed in environments low in nutrients or oxygen (e.g., subaquatic sediments).
Consequently, monitoring and remediation efforts must confront this persistence,
especially in contaminated soils or dredged materials.

PAH Classification: Low Versus High Molecular Weight

Classifying PAHs by molecular weight illuminates their environmental fate and
toxic potential. LMW PAHs, with two to four rings, are generally characterized by
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higher volatility, solubility, and tendency for atmospheric or water-bound distribu-
tion. HMW PAHs possess five or more rings and are less volatile, less soluble,
and more prone to fixation in sediments and soil. This dichotomy profoundly
influences both the analytical techniques used to detect and remove PAHs and
the overall risk posed to ecosystems and human health. For example, LMW PAHs
are more susceptible to biological and photochemical breakdown, making them
less persistent but often more widely dispersed. HMW PAHs, due to their par-
ticle affinity and resistance to degradation, accumulate at possible “hot spots”
and pose greater carcinogenic and mutagenic risk. The US Environmental Protec-
tion Agency has designated 16 PAHs as priority pollutants, including both LMW
and HMW species, given their broad occurrence, recalcitrance, and significant
health risks. Analytical techniques for environmental PAH detection rely upon the
specific physicochemical properties of each class (Femi-Oloye et al. 2024). Con-
ventional approaches such as gas chromatography-mass spectrometry (GC-MS),
high-performance liquid chromatography (HPLC), and advanced microextraction
methods each offer tailored solutions to address sample preparation and com-
pound detection, with recent innovations leveraging nanomaterials, ionic liquids,
and miniaturized sampling devices for improved sensitivity and selectivity.

Toxicokinetics and Bioaccumulation Potential

The toxicokinetics of PAHs encompass the absorption, distribution, metabolism,
and excretion (ADME) processes that govern their fate in humans and wildlife.
Due to their lipophilic character, PAHs are readily absorbed through dermal,
inhalational, and gastrointestinal exposure, with efficient uptake into lipid-rich tis-
sues, especially for HMW PAHs. Once inside the body, cytochrome P450 enzymes
mediate metabolic activation, converting parent PAHSs into reactive intermediates
that can bind covalently to nucleic acids, proteins, and other biomolecules—initi-
ating carcinogenic, mutagenic, and teratogenic responses.

Bioaccumulation potential is higher for HMW PAHs, as their low water sol-
ubility and high lipid solubility facilitate transfer and magnification up the food
chain, particularly in aquatic organisms such as fish, mollusks, and crustaceans.
Bioconcentration factors (BCFs) frequently exceed hundreds to thousands in cer-
tain species, especially in contaminated environments with high organic content
and low degradation capacity. The cumulative effects of PAH bio-accumulation
in upper trophic levels lead to significant human exposure through dietary
intake, including consumption of contaminated seafood, meats, and crop products.
However, metabolic and excretory pathways vary between organisms, resulting
in complex risk profiles influenced by both compound-specific properties and
organism-specific barriers. The Various PAHs contamination in environment and
thermal processing mentioned in Fig. 7.3.



148 D. C. Joshi et al.

™ AirandSoil e Accumulation on the surface of M
fruits, vegetables and grains e
—  Environment — - .
L ‘Water —_— Direct dnn]_m\g . S
Accumulation of aquatic products @
S
_ | Baking — Bread
PAHs Cake
Contamination Biscuits
— Grilling
L — — Frying Meat products
g — . Fish products
RRaCsng Fried products
— Curing
L Refining — Vegetables oils

Fig.7.3 Various PAHs contaminations in environment and thermal processing

Critical studies have shown that chronic exposure to PAHs, especially via inges-
tion, poses substantial incremental lifetime cancer risks, with pathways for toxicity
also including immunotoxicity, endocrine disruption, and developmental impair-
ment. Acute effects of LMW PAHs can include skin, eye, and respiratory irritation,
while chronic impacts may involve multi-organ system damage and elevated risks
for cancers, asthma, and reproductive dysfunction (Choi et al. 2023). The char-
acteristics of Selected Polycyclic Aromatic Hydrocarbons (PAHs) are listed in
Table 7.1.

Ecotoxicological and Regulatory Perspectives

The complex mixture of PAHs in environmental matrices yields not only direct
toxicity but also multifaceted ecotoxicological effects, including disruption of
aquatic food webs, impairment of microbial communities, and interference with
vital biochemical processes in plants and animals. In freshwater systems, PAHs
damage reproduction, growth, and survival of multiple taxa, with bioaccumulation
and endocrine disruption presenting particular threats. Regulatory strategies and
monitoring frameworks continue to evolve, informed by advances in analytical
chemistry and risk assessment science (Honda and Suzuki 2020). Environ-
mental standards remain especially stringent for food-relevant PAHs such as
benzo[a]pyrene and benzo[ghi]perylene, with legal limits placed on allowable
concentrations in foods and soils.



7 Contamination of Polycyclic Aromatic Hydrocarbons in Foods ...

149

Table 7.1 Characteristics of selected polycyclic aromatic hydrocarbons (PAHs)

PAH Molecular | Number | Bioaccumulation | Comments/food | References
weight (g/ | of rings | potential contamination
mol) examples

Naphthalene 128 2 Low More volatile, Abdel-Shafy
less and Mansour
bioaccumulative; | (2016)
found in air and
water

Phenanthrene 178 3 Moderate Present in Patel et al.
smoked/grilled (2020)
foods; moderate
lipophilicity

Fluoranthene 202 4 High Found in grilled | Sampaio et al.
meats and oils; (2021)
higher
lipophilicity

Pyrene 202 4 High Common in Sampaio et al.
smoked foods; (2021)
high persistence
and
bioaccumulation

Benz[a]anthracene 228 4 High Known Mohammed
carcinogen; et al. (2025)
accumulates in
fatty tissues in
food chains

Chrysene 228 4 High Detected in Palade et al.
cooked meats (2023)
and oils; toxic
effects

Benzo[a]pyrene 252 5 Very high Potent Shimada and
carcinogen; Fujii-Kuriyama
highly (2004)
bioaccumulative
in fatty foods

Dibenz[a,h]anthracene | 278 5 Very high Highly toxic, Kanaly and
persistent; Harayama
significant (2000)
bioaccumulation
in food

Analytical and Remediation Approaches

Ongoing improvement in extraction and analysis techniques for PAHs have intro-
duced microextraction, dispersive solid-phase extraction, and sorbents such as
graphene or metal-organic frameworks for sample processing and detection. Haz-
ardous solvent requirements in traditional methods are increasingly replaced
by safer alternatives such as ionic liquids, and miniaturized methods enable
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improved throughput with lower sample and solvent volumes. Analytical platforms
rely increasingly on combined chromatographic and spectrometric approaches to
achieve enhanced selectivity, sensitivity, and rapid data output (Soursou et al. 2023;
Alanazi 2025).

Remediation of PAH contaminated sites employs physical, chemical, and bio-
logical solutions. Techniques including soil washing, thermal treatment, advanced
oxidation, and electrokinetic remediation complement a broad array of biological
methods, such as microbial bioremediation, phytoremediation, and land farming.
“In situ” and “ex situ” bioremediation strategies leverage bacteria, fungi, algae, and
co-cultures, with the potential for multi-process combinatorial treatments. Emerg-
ing technologies have begun to generate value-added by-products during PAH
treatment, further integrating remediation into circular economy principles (Gupte
et al. 2016).

Occurrence and Levels of PAHs in Foods

Polycyclic Aromatic Hydrocarbons (PAHs) occur widely in foods of both plant
and animal origin, as well as in a diverse array of processed products. Mul-
tiple factors, including environmental contamination, agricultural practices, food
processing methods, and regional industrial activity influence their presence and
concentrations (Sampaio et al. 2021). Over recent years, growing scientific scrutiny
and strengthened surveillance by regulatory agencies—such as the FAO/WHO,
EFSA, and FDA—have led to a deeper understanding of PAH distributions and
potential health risks within global food systems (Santonicola et al. 2017; Khalili
et al. 2023; Einolghozati et al. 2022). The reported levels of Polycyclic aro-
matic hydrocarbons (PAHs) in various food types from 2019 to 2025 are listed
in Table 7.2.

PAHs in Cereal and Plant-Based Foods

Cereal grains, vegetables, and fruits represent key dietary staples, and monitoring
PAH contamination in these foods remains a major public health priority. PAHs
can enter plant-based foods primarily through deposition from contaminated air,
irrigation with polluted water, or uptake from tainted soils in proximity to indus-
trial zones or heavy traffic. Studies have shown that baby foods based on cereals
can exhibit a wide range of PAH concentrations; individual sum PAH values have
ranged from 2.5 pg/kg up to 276.7 pg/kg, with concerning exceedances of the
WHO limit of 1.0 pg/kg for PAHs in nearly one-third of surveyed samples in
some regions, such as the Greater Accra region in Ghana. These findings highlight
the vulnerability of both raw crops and processed cereal products to contamination
(Einolghozati et al. 2022).
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Table 7.2 Reported levels of polycyclic aromatic hydrocarbons (PAHs) in various food types
from 2019 to 2025

Year | Food type/ Typical PAHs Reported Geographic or References
source monitored PAH levels regulatory
(ng/kg) highlights
2019 | Grilled and Benzo[a]pyrene, Up to Iran, Europe, Rigi et al.
smoked meats | Benz[a]anthracene, |450-700 pg/ | high levels (2025)
Chrysene kg in some linked to
samples charcoal grilling
2020 | Cereal and BaP, PAH4 0.5-10 pg/kg | Europe Einolghozati
baby foods composite monitoring et al. (2022)
infant formulas
and cereals
2021 | Smoked fish | BaP, BaA, BbF, Chr | 3-15 pg/kg European food | Santonicola
and seafood safety reports, et al. (2017)
EFSA regulated
PAH4
2022 | Oils and fats | PAH4 1-20 pg/kg Contamination | Palade et al.
from processing; | (2023)
EU and global
limits applied
2023 | Dried herbs, | BaP, PAH4, other Up to Higher Khalili et al.
spices PAHs 30-50 pg’kg | maximum levels | (2023)
authorized for
some dried,
smoked products
2024 | Meat BaP, PAH4 1-12 pg/kg EU Regulation | D’Amore
products and No. 2023/915 et al. (2025)
ready foods sets max limits,
ALARA
principle
followed
2025 | Multi-food Broad range Ongoing Increased use of | Alanazi
monitoring including BaP and | monitoring; | LC-MS/MS, (2025)
PAH4 new limits GC-MS; stricter
enforced enforcement in

EU

Vegetables and fruits also display variability in PAH levels depending on
their cultivation environment and post-harvest handling. Foods grown near urban
and industrial sources show higher contamination risks. Surveillance in mining-
impacted agricultural zones has documented notable PAH levels in local crops,
with health risk assessment studies regularly identifying contamination that can

pose mutagenic or carcinogenic threats.
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Animal-Based Foods: Meat, Milk, Eggs, Fish, and Seafood

Animal-derived foods are highly susceptible to bioaccumulation of PAHs, espe-
cially where feed, water, or air are contaminated. Meat and fish are particularly
affected by culinary practices, such as grilling, smoking, and roasting, which
induce pyrolytic formation of PAHs. Comprehensive profiling in Iranian markets
found the maximum mean of 16 PAHs in smoked fish at 222.7 pg/kg, with lower
concentrations in various grilled or fried meat products. Exposures in poultry and
dairy (milk, eggs) are typically lower than in smoked meats, but risk remains, espe-
cially where feed sources are contaminated or processing involves direct heat. In
most national and international studies, PAH levels in animal-based foods are gen-
erally below the current EU regulatory limits for the sum of key PAHs (e.g., 30 pg/
kg for four principal PAHs, 5 ng/kg for benzo[a]pyrene), though outliers persist
near industrial sources or among traditionally processed foods (Palade et al. 2023).

Fish and seafood are exposed to PAHs from aqueous sources and bioaccumulate
these compounds in fat-rich tissues. Regional surveillance has often identified ele-
vated levels of PAHs—including benzo[a]pyrene, chrysene, and fluoranthene—in
both freshwater and marine species from areas with known pollution inputs. The
risk in shellfish and oily fish is particularly pronounced due to their feeding and
habitat preferences.

Processed Foods: Smoked, Fried, and Baked Products

The risk of PAH contamination is significantly influenced by cooking and pro-
cessing techniques; smoked, fried, and baked foods typically exhibit higher PAH
levels compared to their raw counterparts. Smoking processes cause the direct
deposition of PAH-rich condensates, with concentrations linked to factors such
as smoking duration, temperature, fat content, and wood type used. For example,
smoked meats and cheeses have shown PAH4 concentrations ranging from 0.15
to 34.65 pg/kg. Fried snacks are another critical concern; deep frying at elevated
temperatures using certain oils can generate additional PAHs, both in the oil and
the final product. However, monitoring data, including in snack and frying oils,
generally report benzo[a]pyrene concentrations below the EU regulatory threshold
of 2 pg/kg in tested samples (Khalili et al. 2023).

Baked goods, especially those exposed to direct flame or high temperature for
extended periods, have also demonstrated detectible PAH loads. Bread subjected to
smoking, traditional baking (in open-flame or wood-fired ovens), or other similar
processes often exhibits lower PAH concentrations than smoked meats or cheeses;
however, it remains an important vector for human exposure in certain dietary
contexts.
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Occurrence and Levels of PAHs in Foods

Polycyclic Aromatic Hydrocarbons (PAHs) infiltrate food systems through multi-
faceted mechanisms, each underpinning their widespread occurrence and persis-
tence in various foods. Deposition from air and soil onto crops plays a key role;
airborne PAHs from urban, industrial, or traffic sources settle on the surfaces of
fruits, vegetables, and grains, while root uptake and absorption from contaminated
soils can further elevate PAH levels within edible portions. Bioaccumulation in fish
and livestock is significant, especially in aquatic environments where PAHs may
dissolve in water, absorb to particulates, and subsequently concentrate in lipid-
rich tissues of aquatic organisms and terrestrial animals consuming contaminated
feed (Wang et al. 2021). Endogenous formation of PAHs during high-temperature
cooking through roasting, grilling, baking, and frying results from pyrolysis
of carbohydrates, lipids, and proteins, generating both parent PAHs and haz-
ardous derivatives like PAH4 (benzo[a]pyrene, chrysene, benzo[b]fluoranthene,
benzo[a]anthracene); increased heat, exposure time, and lipid content all strongly
enhance this process (Sampaio et al. 2021). Biomagnification through trophic
levels occurs as PAHs, once bioaccumulated in lower organisms like algae or zoo-
plankton, are transferred and concentrated within predators higher on the food
chain manifesting as elevated PAH burdens in carnivorous fish, seafood, and live-
stock, thus amplifying the dietary exposure risk to humans (Wang et al. 2025).
This interconnected suite of mechanisms demands vigilant monitoring of PAH
contamination from soil, air, and water through all food production and processing
stages.

Contamination in Food Chain and Food Web

Polycyclic aromatic hydrocarbons (PAHs) enter the food chain through several
critical pathways, posing significant concerns for food safety and human health.
One primary route is the environmental deposition and absorption by primary pro-
ducers such as plants and phytoplankton. These organisms accumulate PAHs from
contaminated soil, water, and atmospheric particulate matter, effectively introduc-
ing these pollutants at the base of both terrestrial and aquatic food webs (Barathan
et al. 2024). Contaminated vegetation can further transfer PAHs to herbivorous
animals, and through predation, these compounds move upward along trophic lev-
els, accumulating in higher concentrations in predators due to biomagnification
(Barathan et al. 2024). This gradual increase of PAHs through the food web is
exacerbated by their hydrophobic nature and resistance to metabolism in many
species, particularly those higher in the food chain such as certain fish, birds of
prey, and marine mammals (Barathan et al. 2024).

In addition to environmental uptake, food contamination by PAHs is also widely
influenced by human food processing methods. As mentioned in Fig. 7.4 the
various sources of occurrence of PAHs in humans. Techniques involving high tem-
peratures and open flames, like grilling, smoking, roasting, and frying, are known
to generate PAHs through pyrolytic reactions, leading to direct contamination of
food (Sampaio et al. 2021). These processes release volatile PAHs that can deposit
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onto foods, especially those rich in fats, thereby increasing human dietary expo-
sure (Sampaio et al. 2021). Furthermore, the contamination risk is compounded
by the invisible nature of PAHs in food, as consumers cannot detect their presence
sensorially, making them an insidious health threat (Sampaio et al. 2021).

Regional and National Surveillance: Case Studies

Regional and national surveillance programs have generated important data sets
demonstrating geographic differences in PAH occurrence across food products.
Annual national monitoring efforts in Europe (EFSA) compile extensive databases
of PAHs detected in a broad spectrum of foods, with regular reporting on compli-
ance with established legal limits and trends in contamination levels. The European
Commission’s Regulation 835/2011 represents a milestone in standardizing accept-
able limits for both individual PAHs and the sum of four principal compounds
(benzo[a]pyrene, chrysene, benzo[b]fluoranthene, benzo[a]anthracene) across key
food groups. Summarized regional data repeatedly identify highest risk foods
as smoked meats and fish, cocoa products, edible oils, and certain cereal-based
processed foods (Santonicola et al. 2017).

International data confirm notable excesses in specific regions, often tied to
industrial emissions, urbanization, and traditional processing methods. For exam-
ple, systematic analysis of Ghanaian baby foods and Iranian grilled meats has
uncovered routine exceedance of global PAH safety limits in locally produced
items. Meanwhile, national health risk assessments in Europe, North America,
and East Asia consistently demonstrate lower mean dietary exposures, but identify
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high-exposure clusters in certain subpopulations (e.g., indigenous groups relying
on smoked fish or game, children consuming contaminated cereals).

FAO/WHO, EFSA, and FDA Reports on PAH Contamination

International agencies such as FAO/WHO, EFSA, and FDA have laid out recom-
mendations, risk assessment frameworks, and legal thresholds intended to protect
consumers from PAH-related harm. The Joint FAO/WHO Expert Committee on
Food Additives, for instance, designates thirteen PAHs as genotoxic and carcino-
genic, choosing benzo[a]pyrene as the benchmark for maximum allowable levels
due to its strong carcinogenicity. Regulatory evolution, particularly in Europe,
now requires reporting and maximum concentration controls for the “PAH4”
group, reflecting advances in toxicological understanding. Codex Alimentarius and
regional bodies align increasingly on setting PAH maximum residue levels for
diverse food commodities, while emphasizing the need for continuous monitoring
and corrective controls in food production and processing (Ingenbleek et al. 2019).

Data collected by agencies regularly underscores the close association between
PAH levels and environmental pollution, agricultural practices, and regional diets.
Annual calls for data submission (e.g., EFSA’s continuous collection initiative)
now feed into dynamic risk management and evidence-based updating of regula-
tions. The FDA and other authorities in North America focus on dietary guidance
and consumer advisories, particularly regarding risky processing methods and
vulnerable populations (infants, young children, pregnant women).

Analytical Methods for Detection of PAHs in Food

Analytical determination of Polycyclic Aromatic Hydrocarbons (PAHs) in foods
requires precise and robust methodologies due to their low concentrations, complex
matrices, and potential co-contaminants. The evolution of analytical techniques
encompasses classical extraction and purification methods, sophisticated chromato-
graphic instrumentation, and the emergence of rapid, field-ready screening tools.
Regulatory harmonization and standardization under AOAC, ISO, and EU frame-
works ensure consistency and accuracy in PAH assessment in diverse food systems
(Sereshti et al. 2023).

Sample Preparation Techniques
The initial phase of PAH analysis in foods revolves around efficient extraction

and purification to isolate these hydrophobic compounds from the complex food
matrix.
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Soxhlet Extraction is a traditional approach utilizing continuous solvent reflux
over an extended period (often 12-48 h), yielding high recovery for PAHs in
solid foods. Its reliability makes it widely used in research, but time, solvent
consumption, and labor intensity limit routine deployment (Bitwell et al. 2023).

QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) is an increas-
ingly popular sample preparation method for PAHs—particularly in plant-based
matrices. Typically, food samples undergo acetonitrile extraction, followed by
partitioning using salts and cleanup with dispersive solid-phase extraction. QuECh-
ERS optimizes recoveries while reducing solvent and processing times, facilitating
high-throughput multi-residue pesticide and PAH analysis (Musarurwa et al. 2019).

Solid-Phase Extraction (SPE) employs customized cartridges packed with sor-
bents (e.g., silica, C18, polymeric materials) that selectively retain PAHs while
allowing unwanted matrix components to be washed away. Recent innovations
include mesoporous silica and molecularly imprinted polymers, which greatly
improve selectivity, capacity, and reproducibility for trace contaminants such as
benzo[a]pyrene or chrysene. SPE can be integrated with other extraction protocols
like gel permeation chromatography (GPC) or ultrasound-assisted solvent extrac-
tion, enabling even lower quantification limits and better accuracy (Mtynarczyk
et al. 2024).

Instrumental Chromatographic Techniques

PAH determination relies primarily on chromatographic separation coupled with
sensitive detectors.

Gas Chromatography is a cornerstone technique, employing columns that
separate PAHs with high resolution. Detection options include GC-MS (Gas
Chromatography-Mass Spectrometry): Offers outstanding sensitivity, selectivity,
and molecular specificity. GC-MS is preferred for quantifying and confirming
identity of individual PAH congeners in complex matrices, with limits of detec-
tion often below 0.01 pg/kg. The mass spectrometer’s ability to discriminate
between isobaric compounds eliminates many false positives from matrix inter-
ferences (Wang et al. 2019). GC-FID (Flame Ionization Detection): Favored for
routine, high-throughput work due to its broad linear response and simple opera-
tion. Although less selective than MS-based detection, GC-FID provides adequate
detection for regulatory compliance samples, especially where matrix interferences
are minimized through thorough extraction and clean-up (Zhou et al. 2020).

High-Performance Liquid Chromatography (HPLC) is another dominant
method in PAH analysis. Key variants are HPLC-FLD (Fluorescence Detector):
Capitalizes on the strong native fluorescence of PAHs. HPLC-FLD enables highly
sensitive detection (down to ng/kg) but may encounter signal loss or false positives
from co-eluting fluorescent compounds. It is often used for official confirma-
tory testing and compliance monitoring (Vistnes et al. 2022). LC-MS/MS (Liquid
Chromatography-Tandem Mass Spectrometry): Expands analytical performance
to poorly volatile or thermally labile compounds and enables multiple reaction
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monitoring for selectivity and multiplexing. LC-MS/MS is increasingly used for
multi-class hazard assessment in foods but may require more intensive method
validation (Alanazi 2025).

Advanced Methods: Biosensors, Portable Devices, Rapid
Screening

Beyond laboratory-based approaches, a new generation of portable and biosensor-
based tools is transforming field screening and rapid PAH detection. Biosensors
leverage immunoassay platforms—with monoclonal antibodies or aptamers selec-
tive for PAH molecules—to produce electrical or optical signals upon target
binding. Recent advances include portable, battery-operated biosensors capable
of analyzing liquid samples in under 10 min, with results shown to correlate well
with sediment and food toxicity levels. KinExA Inline Biosensor and microfluidic
chips are examples of semi-automated platforms for near-real-time PAH quan-
titation. Immunosensors integrate immunoassay approaches into micro-devices,
providing high-throughput, low-volume, in-situ analysis options while minimizing
use of solvents and sample volumes. These devices are effective for initial screen-
ing and selection of samples for further laboratory-based confirmation. Portable
screening devices—often microfluidic or chip-based—are now used for in-field
environmental and food testing, integrating sample clean-up, detection, and digital
data transmission for rapid regulatory decisions (Guo et al. 2025).

Standard Methods and Regulatory Frameworks

Standardization is essential for cross-lab comparability, risk management, and
regulatory enforcement.

AOAC International publishes Official Methods of Analysis covering PAH
detection in foods and feeds. Appendix F in AOAC guidelines lays out spe-
cific performance requirements including precision, accuracy, recovery, selectivity,
and robustness—all vital for method validation and regulatory acceptance. ISO
Standards (International Organization for Standardization) define performance
characteristics for repeatability, reproducibility, and minimum limits of detection.
ISO 5725 lays down criteria to quantify and manage measurement uncertainty
for PAH analysis globally. EU Regulations, notably Commission Regulation (EU)
2023/915, provide harmonized maximum residue limits and specify analytical pro-
cedures for official PAH controls. Regulatory frameworks require regular review
and reporting, with updates reflecting advances in toxicological knowledge and
analytical practice. The most frequently referenced regulations are EC No 1881/
2006 and EC No 333/2007, which detail matrices, limit values, extraction, and
cleanup protocols for food safety surveillance.
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Toxicological Impacts of PAHs

Polycyclic Aromatic Hydrocarbons (PAHs) are a diverse group of organic pol-
lutants that exert complex toxicological impacts on humans and animals. These
effects arise primarily due to mechanisms like mutagenicity, carcinogenicity,
endocrine disruption, and extensive interactions with metabolic systems such as
the cytochrome P450 (CYP450) enzyme family. Their health consequences span
a wide range—cancer, reproductive and developmental toxicity, immunotoxicity,
neurotoxicity—with strong support from both animal models and epidemiological
studies.

Mechanisms of Toxicity: Mutagenicity, Carcinogenicity,
Endocrine Disruption

PAHs are not inherently toxic in their native forms but become hazardous through
metabolic activation in organisms. The key toxic mechanisms include the gen-
eration of reactive metabolites via enzymatic oxidation (notably by CYP450
enzymes), which leads to DNA adduct formation, chromosomal aberrations, and
diverse genetic mutations. Among the most notorious PAHs, benzo[a]pyrene stands
out due to its strong carcinogenicity; its epoxide-diol metabolites form covalent
bonds with DNA bases, causing significant distortion and mutations that initiate
carcinogenesis.

Carcinogenic effects are prominent when PAHs contain at least four fused aro-
matic rings—a structural prerequisite for metabolic transformation via CYP450
epoxidation. The resulting diol-epoxides, especially benzo[a]pyrene-7,8-diol-9,10-
epoxide, are particularly genotoxic and induce frameshift mutations, double-strand
breaks, and S-phase arrest in the cell cycle (Fig. 7.1). Beyond genotoxicity and car-
cinogenicity, PAHs also act as endocrine disruptors. They interfere with hormone
synthesis and regulation, affecting reproductive hormones such as progesterone,
and contribute to reduced birth weight, preterm birth, and congenital abnormali-
ties (Shimada and Fujii-Kuriyama 2004). These endocrine effects are evident not
only in experimental animals but also in human epidemiological studies link-
ing maternal PAH exposure to adverse pregnancy outcomes. The Mechanisms
of Toxicity: Mutagenicity, Carcinogenicity, Endocrine Disruption by PAH (Parent
Compound’s) are mentioned in Fig. 7.5.

Role of CYP450 Metabolism and Reactive Metabolites

The metabolism of PAHs is crucial to their toxicity, centering on CYP450 enzyme-
mediated oxidations. After absorption, PAHs are transformed by enzymes such as
CYP1A1l, CYPIBI1, CYP2C19, and CYP3A4, which catalyze the formation of
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hydroxylated metabolites, epoxides, and diol-epoxides. These reactive intermedi-
ates, notably BaP diol-epoxides, form DNA adducts that are resistant to repair,
leading to persistent mutations and increased cancer risk.

The activation of the aryl hydrocarbon receptor (AHR), a ligand-dependent
transcription factor, further enhances expression of CYP450 genes and modulates
immune, stem cell, and apoptotic functions. This interplay not only accelerates
the metabolic activation of PAHs but also impacts cell differentiation and immune
regulation, linking genotoxic and immunotoXxic responses.

Metabolic detoxification occurs through the formation of more water-soluble
derivatives, mediated by glutathione transferases (GSTs) and uridine diphospho-
glucuronosyltransferase (UGTs), allowing some elimination via urine or bile.
However, bioactivation pathways often dominate, particularly with high-molecular-
weight PAHs, resulting in significant genotoxic hazards (Chen et al. 2021).

Health Outcomes: Cancer, Developmental and Reproductive
Toxicity, Inmunotoxicity, Neurotoxicity

Animal and human biomonitoring data have confirmed a strong and consistent
link between food-chain exposure to PAHs and various toxicological outcomes
(Sun et al. 2020). PAH-DNA adducts have been detected in populations with high
dietary intake of smoked or traditionally processed foods, and numerous biomarker
studies reinforce dose-dependent relationships between exposure levels and the
risk of disease (Ewa and Danuta 2017). The following Sub-sections detail the prin-
cipal health effects observed from PAH exposure, including cancer, developmental
and reproductive toxicity, immunotoxicity, and neurotoxicity.
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Cancer

Chronic exposure to PAHs is strongly associated with multiple forms of can-
cer, including lung, skin, gastrointestinal, breast, bladder, and esophageal cancers.
Molecular studies have identified characteristic DNA adducts and mutational sig-
natures in tumor cells that align specifically with PAH exposure. Epidemiological
investigations further support elevated cancer incidence in populations exposed
to inhaled or dietary PAHSs, such as occupational workers, urban dwellers, and
consumers of smoked foods (Zahir et al. 2025). The evidence from epidemiol-
ogy corroborates a causal relationship, underscoring the role of PAHs as potent
environmental carcinogens.

Developmental and Reproductive Toxicity

PAHs adversely affect fetal development and reproductive health. Exposure during
pregnancy is linked to reductions in birth weight, congenital malformations, spon-
taneous abortions, and intrauterine growth restriction. Clear associations emerge
from both animal models and human cohort studies between PAH-DNA adduct
formation and negative pregnancy outcomes. Furthermore, transplacental PAH
exposure has been demonstrated to cause neurodevelopmental impairment, cog-
nitive deficits, and increased behavioral disorders in offspring, highlighting the
intergenerational risk (El-Sikaily et al. 2023).

Immunotoxicity

Exposure to PAHs results in immune system dysfunction and systemic inflamma-
tion, increasing susceptibility to infections and malignancies. Mechanisms include
direct DNA damage to immune cells and altered gene expression mediated by the
aryl hydrocarbon receptor (AHR). Experimental and clinical data reveal reductions
in lymphocytes, disrupted cytokine profiles, and impaired pathogen defense in both
exposed populations and laboratory animal models (Yu et al. 2022).

Neurotoxicity

Neurotoxic effects associated with PAHs are increasingly recognized, notably in
models of developmental exposure. Benzo[a]pyrene induces prenatal and early
postnatal neurobehavioral deficits in rodents and zebrafish, including cognitive
dysfunction, memory impairment, and emotional hyperactivity. Similar deficits are
reported in exposed children via epidemiological data. Chronic PAH exposure
correlates with neurodevelopmental disorders, attention deficits, and behavioral
changes, often manifesting a non-monotonic dose-response signature typical of
endocrine disruptors (Das et al. 2016). Mechanistic pathways involve oxidative
stress, neurotransmitter dysregulation, and direct neuronal DNA damage, culmi-
nating in impaired neurogenesis and synaptic function. These neurotoxic effects
underscore the vulnerability of the developing brain to environmental PAHs.
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Evidence from Animal Studies and Epidemiological Data

Animal models have played a pivotal role in clarifying the toxicological con-
sequences of PAH exposure. Studies across rodents, fish, and other organisms
demonstrate dose-dependent effects on cancer induction, immune suppression,
and neurobehavioral abnormalities following dietary, inhalational, or dermal
PAH exposures. Knockout models validate the importance of cytochrome P450-
mediated metabolism and DNA adduct formation in toxicity pathways. Obser-
vations consistently show reproductive and developmental impairments tracking
with prenatal or early-life exposure, with effects persisting into adulthood. Key
toxicological outcomes related to dietary PAH exposure are summarized in
Table 7.3.

Epidemiological investigations likewise suggest strong associations between
environmental and occupational PAH exposure and adverse health outcomes—
including increased rates of cancer, adverse reproductive events, asthma, and
impaired respiratory function. Biomonitoring of PAH metabolites in urine, blood,
or tissue confirms exposure in both general and high-risk populations (Wilson et al.
2023).

Emerging Technologies and Future Directions

Recent advances in mitigating, detecting, and managing Polycyclic Aromatic
Hydrocarbon (PAH) contamination in food systems are being driven by the inte-
gration of nanotechnology, digital intelligence, bioremediation science, innovative
food processing, and global policy reform. These approaches promise to enhance
food safety, environmental restoration, and consumer awareness far beyond the
capabilities of traditional methods.

Advanced Detection Technologies

Nanotechnology-Based Sensors

Nanotechnology-based sensors represent a breakthrough in food safety. PAH detec-
tion in oils, fish, and smoked meats rather than detecting microbial and chemical
contaminants. Nano-sensors constructed from materials like gold nanoparticles,
quantum dots, carbon nanotubes, and graphene exhibit exceptional sensitivity and
specificity for detecting microbial and chemical contaminants including PAHs
with rapid response times (Awlqadr et al. 2025). These sensors employ optical,
electrochemical, and mass-sensitive mechanisms to identify toxins at very low
concentrations. Some systems deliver colorimetric or fluorescent signals visible
to the naked eye, dramatically reducing the need for complex laboratory analysis.
Nanotechnology is also being integrated with biosensing, enabling real-time, mul-
tiplex analysis and deployment on smart packaging or at points of production (Nam
et al. 2022). Deep learning and pattern recognition approaches help in correlating
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Table 7.3 Toxicological outcomes of dietary PAH exposure

Aspect Evidence from dietary Epidemiological References
studies evidence
Cancer Dose-response Increased incidence of | Patel et al. (2020)

relationships between
PAH exposure and
tumors in lung, skin,
liver, digestive tract;
DNA adduct formation
confirmed via CYP450
metabolism; knockout
mice models show
reduced carcinogenesis
when metabolic
pathways are disrupted

lung, skin, breast,
gastrointestinal cancers
in populations with
occupational/
environmental PAH
exposure;
dose-dependent
biomarker correlations
with cancer risk in
at-risk groups

Reproductive and

Maternal exposure

Associations with

El-Sikaily et al.

developmental causes fetal adverse pregnancy (2023)
toxicity malformations, low birth | outcomes including
weight, developmental preterm birth, low birth
neurotoxicity in rodents | weight, congenital
and fish; persistent defects;
effects into adulthood neurodevelopmental
delays in exposed
children documented
Immunotoxicity Suppression of B and T | Increased infections, Olasehinde and
cell function, lymphoid | immune dysfunction, Olaniran (2022)
tissue apoptosis, altered | hypersensitivity, and
cytokine profiles; altered immune markers
immune system in exposed human
oxidative stress mediated | populations
by PAH metabolites
Neurotoxicity Behavioral and cognitive | Epidemiological data Tartaglione et al.

deficits in rodent and
zebrafish models;
oxidative stress and
neurotransmitter
disruption; prenatal
exposure linked with

suggest associations
with cognitive and
behavioral disorders in
children from
PAH-exposed areas;
prenatal and early-life

(2023)

neurodevelopmental exposure critical
abnormalities
Metabolism and CYP450 enzymes Biomonitoring in Smith et al. (2022)

mechanism

metabolize PAHs into
genotoxic intermediates;
DNA adduct formation
causes mutagenesis;
AHR receptor activation
modulates toxicity
pathways

humans (urine, blood)
confirms exposure;
polymorphisms in
metabolic enzymes
correlate with
differential
susceptibility in
populations
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contamination signatures, automating anomaly detection, and even in optimizing
sensor efficacy through algorithmic calibration (Ding et al. 2023). These interven-
tions allow more targeted surveillance, recall management, and resource allocation
in food safety systems.

Bioremediation and Microbial Degradation of PAHs

Bioremediation especially microbial degradation offers eco-efficient, in situ solu-
tions for managing PAH contamination. Specific bacterial strains (e.g., Pseu-
domonas aeruginosa, Mycobacterium, Sphingomonas) and fungal consortia break
down high-molecular-weight PAHs into less hazardous substances. The pro-
cesses are improved via biostimulation (optimizing conditions for indigenous
microbes), bioaugmentation (adding specialized degraders), and utilization of
biosurfactant-producing bacteria to increase solubility and bioavailability of per-
sistent PAHs. Consortia approaches improve metabolic versatility, accelerating
ring-hydroxylation and enhancing gene expressions (e.g., NidA, nahAC enzymes),
resulting in higher degradation rates (Gupte et al. 2016). The advantages of
bioremediation are its environmental friendliness, minimal disturbance to contam-
inated sites, and lower operational costs. However, degradation rates can vary
due to abiotic factors temperature, pH, oxygen availability. Research priorities
include optimizing microbial consortia, field-scale trials, and genetic engineer-
ing approaches for more consistent application. Aquaculture ponds, agricultural
soils where PAHs bioaccumulate into crops and fish. Recent studies have also
explored low-cost adsorbent-based removal of PAHs from aqueous systems to
limit their entry into the food chain. For example, activated carbon synthesized
from waste banana peel (surface area > 900 m?/g) demonstrated efficient adsorp-
tion of PAHs, with equilibrium reached in 80 min and the process found to be
spontaneous and endothermic (Gupta and Gupta 2016). Adsorption data fitted bet-
ter to the Freundlich model, and regeneration of the adsorbent was successfully
achieved using NaOH-ethanol mixtures, confirming its potential for reuse. Such
approaches are inexpensive, sustainable, and scalable for mitigating PAH contam-
ination in agricultural and aquaculture water sources, thereby indirectly protecting
the food chain.

Novel Food Processing Techniques to Minimize PAHs

Recent innovations in food processing have demonstrated substantial reductions
in PAH and other hazardous compound formation: Air Frying: Uses forced hot
air rather than oil, significantly reducing the temperature and formation of PAHs
during cooking. Air frying preserves quality while lowering carcinogenic risks.
Sous-Vide: Involves vacuum-sealing food and cooking at low, tightly regulated
temperatures, reducing contact with combustion gases and minimizing PAH for-
mation. Studies confirm sous-vide yields dishes that are juicier and tenderer, with
lower levels of process-induced contaminants. Vacuum Frying: Lower pressure fry-
ing allows for dehydration and cooking at temperatures below those that typically
induce PAH genesis. Vacuum frying and microwave vacuum frying both dra-
matically decrease acrylamide and PAHs compared to conventional frying, while
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enhancing color, flavor, and nutritional retention (Yoon et al. 2024). These process-
ing innovations are increasingly incorporated into commercial food production and
culinary practices, providing industry and consumers with practical routes to safer
foods.

Policy Gaps, Global Monitoring Needs, and Consumer Awareness
Programs

Despite technological and scientific advances, major policy gaps remain in harmo-
nizing international PAH control and mitigation efforts. Many national surveillance
programs lack integration, consistent reporting standards, or broad-based biomon-
itoring frameworks for emerging contaminants. There is an urgent need for
collaborative human biomonitoring programs, unified chemical priority lists, and
international best practices among public health authorities like FAO, WHO, and
the EU (de Paula Nunes et al. 2025) Consumer awareness also requires strengthen-
ing. Consumer education on safer cooking practices (air frying, avoiding charring)
can reduce exposure. Surveys highlight insufficient knowledge about persistent
pollutants, chemical safety, and risk minimisation. Tailored awareness initiatives,
educational campaigns, and transparent labelling (enabled by smart sensors and
digital traceability) are vital to empowering consumers and closing risk commu-
nication gaps (Rigi et al. 2025). Engaging farmers, producers, and consumers in
participatory surveillance and hygiene practices can further reduce contamination
risks from farm to table (Sharma et al. 2025).

Conclusion

The global food chain is at risk from persistent pollutants known as polycyclic aro-
matic hydrocarbons (PAHs), which are released by environmental pollution and
high-temperature food processing. Compared to EU regulation limits of 2 and
30 pg/kg for PAH4, benzo[a]pyrene levels in grilled meats, smoked fish, and cere-
als routinely exceed international safety guidelines, with reported values as high as
200 pg/kg, 222.7 pg/kg, and 2.5-276.7 ng/kg, respectively. These excesses high-
light the necessity of addressing PAH contamination in diets derived from plants
and animals. DNA adduct formation, mutagenicity, carcinogenicity, and endocrine
disruption are all brought on by metabolic activation. Lung, skin, gastrointestinal,
reproductive, developmental, immunological, and neurological disorders are linked
to long-term food exposure. People who eat grilled and smoked food run the risk
of developing chronic health problems.

Potential technologies for reducing and detecting PAH contamination include
microbial bioremediation, machine learning-assisted surveillance, sous-vide and
vacuum frying, and biosensors based on nanotechnology. There is still a lack of
worldwide harmonisation of regulatory limitations, thorough food monitoring, and
consumer education regarding safer cooking practices. To lower the risks of PAHs,
an integrated approach is required, which includes: (i) bolstering surveillance pro-
grams with cutting-edge analytical tools; (ii) encouraging safer food processing
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methods that lower the formation of PAHs; (iii) harmonising international stan-
dards and enhancing enforcement; and (iv) increasing consumer awareness through
public health campaigns and transparent labelling. To safeguard the food sup-
ply and lower dietary PAH exposure worldwide, food scientists, toxicologists,
legislators, and industry stakeholders must collaborate.
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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are greatly concerned environmental
pollutant. These get accumulated in the environment mainly due to incomplete
combustion of oil, coal, wooden biomass, and petroleum products. Anthro-
pogenic activities are also very responsible for PAH addition such as coal
burning, extremely high heating from society towers, coal tar roads, asphalt
production, liquefying plants, aluminum and coke production. PAH are known
to cause carcinogenic and teratogenic effect in human. These chemicals have
been also reported to effect immunity, neuronal integrity and activation of reac-
tive oxygen species at large. PAHs also show similar effects in living organisms
including pisces and invertebrates such as sea urchin and earthworms. Several
biological remediation methods including algal, fungal, bacterial, and biostimu-
lant has successfully employed for the eradication of higher PAH concentration
in the environment or contaminated sites. The main aim of chapter is to high-
light the impact of PAHs on environment and its magnitude of invertebrates,
fishes as well as human beings.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are burning issue because of their
occurrence and negative impacts onto the environment and health of the animals
including human beings (Sakshi and Haritash 2020; Gupta and Gupta 2016; Kumar
and Gupta 2020). PAH is a group of hazardous chemicals made up of carbon and
hydrogen atoms only and these atoms form two or more hydrocarbon rings fused
together in linear or angular manner. These are light yellow or whitish amorphous
powdery form, and this powdery state renders easy persistent of PAHs in the envi-
ronment in particulate form (Faraji Ghasemi et al. 2020; Goudarzi et al. 2017a).
PAHs also play vital role in our daily routine such as pyrene is employed for
pigment manufacturing industries; fluorene is used as pesticides, pigments, dyes,
and in pharmaceuticals; Phenanthrene is used for pesticidal and resin preparation;
fluoranthene is widely taken into account for the manufacturing of agriculture
related chemicals, dyes and pharmacy companies; acenaphthene is also used in
agricultural as well as pharmaceuticals and plastics companies; anthracene acts as
a diluent for wood preservatives (Honda and Suzuki 2020).

Generally, three types of processes are main victim of releasing PAHs in the
environment i.e. biological, pyrogenic, and petrogenic. Heating the biomass in
anaerobic condition is called pyrolysis. In the pyrolysis reaction pyrogenic PAHs
are evolved. For example, formation of coal tar and coke occurs due to the
high temperature burning of wooden biomass or thermal conversion of petroleum
residues into lighter hydrocarbons. Pyrogenic PAHs are more concentrated in
urban areas. Similarly, PAHs evolved at the period of crude oil processing and
maturing are known as petrogenic. Oceans and freshwater oil spills by tankers,
motor vehicle oils, gasoline are rich source of petrogenic PAHs. Biological PAHs
accumulation in the environment may be attributed to the volcanic eruption, for-
est fires, algal synthesis (Abdel-Shafy and Mansour 2016a, b; Gupta and Kumar
2020).

These pollutants are less soluble in aqueous media and generally semi volatile
compounds showing low vapor saturation pressure. With increasing molecular
weight, PAHs show linearity in melting and boiling points but their solubility in
water and vapor pressure gradually decreases. PAHs having tetra ringed structure
are generally referred to as mid-ring PAHs and mostly exist in gaseous forms
such as fluoranthene (FLa) and chrysene (CHr) (Kadri et al. 2017). Penta or hexa
aromatic ringed PAHs are mostly particulate form such as benzo(a)pyrene (BaP),
benzo(g,h,i) perylene(BghiP), and indeno(1,2,3-cd)pyrene(IcdP) etc. According to
Sun et al. (2021), a total of 16 PAHs are in the dangerous pollutant list of USEPA.
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Fig.8.1 Sources of PAHs accumulation in the environment and their transport means (Red arrow
shows the direction of PAH). (Reprinted from original article by Sun et al. 2021, after taking
permission from Elsevier)

Indulgence of PAHs in environment may be generally by two ways: biosynthe-
sis of microbes and plants and secondly through burning of forests and grassland,
eruption of volcanoes (Itoh et al. 2017; Shen et al. 2020). Biosynthetic pathway
route of PAH formation is nearly negligible. Pyrolysis, petroleum products, black
diamond, organic polymeric compounds, and wood and industries are severely
increasing the PAH load on the environment (Abdel-Shafy and Mansour 2016a,
b; Goudarzi et al. 2018). Due to the human interference the leakage of petroleum
products in sea and land, discharge of coal tar and oil, carbon ink in the print-
ers, asphalt, shale oil, municipal wastage, agricultural additives through chemical
insecticides, pesticides and mining industries also add significant amounts of PAHs
in the environment (Yang and Chen 2004; Hashemzadeh et al. 2019; Gupta and
Dhiman 2023, 2024). They enter the environment through various receptors as
large water bodies, rain, precipitation, and air (Fig. 8.1).

PAHs are known to be included in a special class of toxic substances (Jiang
et al. 2014). The toxicity of PAHs shows positive response as the number of rings
in it increases and benzo[a]pyrene (BaP) is considered highly toxic PAH (Simpson
et al. 1996; Gupta and Gupta, 2015). Due to the complication in the ill effects
caused by PAHs, a vast effort is pressured for understanding the health-related
issues both in animals and human. Most of the PAHs are photosensitizers and
therefore much of the emphasis has been drawn in studying the photon induced
toxicity. Toxicity due to polycyclic aromatic hydrocarbons has been studied related
to endocrinological disruption, reproductive biology and genotoxic effects (Barron
et al. 2004). PAH has been also reported to cause toxicity related to liver, bone,
embryological in pisces and invertebrates such as nibbler fishes, Chinese minnows,
gold fishes, sea urchins, earthworms etc. (Cai et al. 2019; Nam et al. 2015; Ses
et al. 2009; Zha et al. 2017).
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Several measures have been implemented by researchers for the control and
spread of PAH such as biological treatment with the help of archaea, algae, bac-
teria, fungi, and use of biostimulant. This chapter focuses on the adverse effects
of PAHs on the health of both animals and human being. It also includes the
concluded health risk along with the combined microplastics and PAHs.

Physico-chemical Properties Polycyclic Aromatic
Hydrocarbons and Routes of Its Emission

Polycyclic aromatic hydrocarbons are multiple fused ringed organic structure and
generally they are white, colorless, or slight dull yellow solid compounds (Suman
et al. 2016). These PAHs may be light molecular weight PAH (LMW, 2-3 aro-
matic ringed; gaseous in nature); high molecular weight PAHs (HMW; contains 4
or more aromatic ringed structure; particulate form) (Lee and Vu 2010). Further-
more, Gupte et al. (2016) differentiated them into alternate (fused 6 carbon ring
of benzene) and non-alternate PAHs (contains 6 carbon benzene rings along with
ring with less than 6 carbon). PAHs are usually resistant towards nucleophilic reac-
tions because of the presence m electrons arranged around aromatic carbon rings
(Haritash and Kaushik 2009). These are very less soluble in water with usually
very high boiling and melting points (Lee Vu 2010). As the molecular weight of
the PAH increases, they become more water resistant and recalcitrant (Okere and
Semple 2012).

Polycyclic aromatic hydrocarbons have been categorized into 3 types on the
basis of their origin: (1) Pyrogenic: PAHs that are formed due to incomplete burn-
ing of organic substances at 350-1200 °C unintentionally. Sometimes intentional
distillation of coal to coke and coal tar can also be a source of pyrogenic PAH
emission. (2) Petrogenic: These PAHs are correlated to petroleum by-products or
its widespread usage and leakage. (3) Biogenic: These PAHs can be accumulated
in the environment by biological means such as phytoplanktons, microbes, algae,
and during slow conversion rate of organic substances (Abdel-Shafy and Mansour
2016a, b; Mojiri et al. 2019). PAHs are added in the environment through two
resources (Fig. 8.2): (1) Natural resource includes fire caused by lightening, for-
est fires, volcanic eruptions. (2) Human induced includes burning crops, industrial
emissions etc. Industrial emission of PAH is remarkable because it adds highest
amount of it to the environment such as by incomplete combustion during the
waste incineration, cement-rubber tyre-and dye manufacturing, steel and iron pro-
duction, power production, chemical insecticides, meat cooking, diesel engines,
automobiles, coal gasification and from oil refineries (Srogi 2007; Ravindra et al.
2008; Abdel-Shafy and Mansour 2016a, b; Gupte et al. 2016; Mojiri et al. 2019;
Gupta and Singh 2018; Gupta 2018). (3) Domestic emission may adhere to coal,
kerosene oil, wood used for cooking, garbage burning etc. (Johnsen and Karlson
2007). Environment is most polluted with PAH in winters thereafter by spring,
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Fig.8.2 Different modes of addition of polycyclic aromatic hydrocarbons to the environment

autumn, and summer. PAH is higher in winter, and spring is due to fossil fuel
burning, use of heaters in residential places, reduced photo-degradation (Miura
et al. 2019).

Adverse Effects of Polycyclic Aromatic Hydrocarbons
on Human and Other Animals

Upon contamination with PAHs various adverse effects can be observed in
both animals and human beings such as teratogenic effect, carcinogenic effects,
reproductive and endocrinological derailing pathways, immuno- and neurological
toxicity. Based on the complexity of the PAHs ill effects, we have summarized the
health-related issues in both animals and the human beings.

Carcinogenic and Teratogenic Effects of PAHs

The common route of PAHs to human body may include smoking, occupational
routine works such as workers in the cast iron factory and cold drink manufacturing
hub, cooking food on wood, and gases from automobiles (St. Helen et al. 2012).
PAHs are lipophilic in nature, and therefore it is easily accessible in animal body



174 R. Maddheshiya et al.

further leads to increased risk of cancer (Campo et al. 2010). PAH has been already
reported for causing skin and pulmonary infection such as coke oven workers are
more prone to pulmonary cancer, and it may also be due to the ingestion of the
fumes (road) and direct contact of skin to benzo(b)fluoranthene (BbF) (Soltani
et al. 2015). In view of Alhamdow et al. (2020), low molecular wt. PAHs as
higher fluorine (FL) exposure in chimney cleaning causes lower methylation of
AHRR (aryl hydrocarbon receptor repressor) and F2RL3 (coagulation factor II
receptor-like 3).

Earlier a method was attributed for the evaluation of primary risk of cancer due
to PAHs mixed with other pollutants such as relative potency factor (RPF) that
include BaP (Chang et al. 2020). But RPF-BaP method became less effective with
time in detecting the carcinogenic effects of duo PAHs and other pollutant (Tilton
et al. 2015). Several researchers have shown that polycyclic aromatic hydrocarbons
are oxidized to form epoxides, or it may get directly involved within two of the
base pairs directly which further covalently binds with DNA ultimately causes
mutation or aberrations in nuclear material (Sun et al. 2020b; Xiong et al. 2020).

The carcinogenic effect due to BaP has been reported in pulmonary system
such as respiratory tract, nasal cavity, and in lungs (Latif et al. 2010). These results
have been also observed in mice as a laboratory respiratory model. Colon cancer
in experimental mice and sarcoma at the injection site has also been reported
(Farombi et al. 2020). Some regulators of the PAHs (identified as the tumor
inducers) that acts as new clinical target such as glycohydrolase, ADP-ribose and
Interleukin 28B (Majumder et al. 2020; Zeng et al. 2020).

Genotoxicological Effects of PAHs

Polycyclic aromatic hydrocarbons are known to affect the genes in a long run.
Increased level of BaP-DNA mainly epoxide has been observed in the placenta,
foetus, and hepatic tissues of mother in a pregnancy periodic study (Agarwal et al.
2018). A significant level of lymphocyte hprt site and DNA aberration was also
reported (WHO 1998). A PAH namely, BaP is known to actively block DNA
replication by inappropriate insertion of nucleotidal bases at the point of original
nucleotides that must be inserted (Wu et al. 2020). Carcinogenic genes have been
reported to be activated by IcdP PAH (Boeckers et al. 2020). Gunter et al. (2007)
has successfully shown the involvement of DNA adducts and PAH in cancerous
patients.

Some PAHs such as Phenanthrene (Phe), Pyr, and Fla cause break in the single
stranded DNA and results in hampered repair of it as observed in chicks (Nisha
et al. 2017). Qin et al. (2020) has shown for the first time the facultative process of
amino swap during Pyr to DNA binding along with inhibitory role it in hydroxyl
substitution as well. PAHs genotoxicity and transmission levels studies are very
important because it may lead to early assessment and prevention from the ill
effects it in animals and human. Another study has shown that non-smoker females
are more prone towards nuclear chromosome damage and oxidative stress due to
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PAH as compared to males. This is because females have lower level of DNA
repair capability and higher P 450 (CYP) cytochrome enzymatic activity that leads
to higher DNA adducts as compared to males (Guo et al. 2014; Uppstad et al.
2011).

Reproductive and Endocrinological Pathways Derailing Effects
of PAHs

Polycyclic aromatic hydrocarbons such as BaP, Pyr etc. are associated with the
reproductive and endocrinological pathway disruption such as embryogenesis,
foetal fate and sex related hormones (Kummer et al. 2013; Machado et al. 2014).
Premature ovarian failure (POF) was significantly correlated with serum PAH con-
centration upon exposure to PAHs in women except Pyr (Ye et al. 2020). In an
in vivo experiment, rats showed lowered hepatocyte metabolic rate upon exposure
to BaP, and in adult rats this PAH exposure showed poor sperm quality in epi-
didymis and testicular atrophy. This was mainly attributed to steroidogenic acute
regulatory protein (StAR) expression inhibition by BaP resulted in lower testos-
terone level (Chung et al. 2011; Schraplau et al. 2015). In early gestational period
of embryo implantation, the exposure of mammals with BaP at the time of preg-
nancy cause reduced formation of endometrial layer and blood vessels (Li et al.
2017). Increased risk of implantation failure due to lowered endometrial response
upon exposure to BaP may be resulted. It is just because PAHs leads to derailing
in the progesterone, estrogenic level, reduced gene expression and their receptor
expression on the surface (Zhao et al. 2014).

Not only in lithospheric animals but aquatic animals are also affected by
PAHSs such as, in mussels lower gametic incidence and poor quality was noticed.
Upon observance, tar used for waterproofing the pond was found the main culprit
(Alonso et al. 2019). In another study in aquatic animal Oryzias melastigma, BaP
retrogressively effected the genes related to embryonic development such as ERo,
cypl9a, and ivtgl resulting in the adverse effect on embryonic sexual maturation
(Sun et al. 2020a). In Chlamys farreri (female) BaP treatment showed inhibitory
effect on sexual hormones such as 17B-estradiol (E2), testosterone (T) and proges-
terone (P) (Yang et al. 2020a). According to Vrinda et al. (2019), the Chr PAH
was able to level up the genes related to immunity and neuroendocrine system in
Penaeus monodon larvae. Gadus morhua when exposed to PAHs in a short-term
tenure had slightly affected the physiological and gonadal development (Tollefsen
et al. 2011). In Danio rerio, Aromatic hydrocarbon receptor pathway mediated
reproductive toxicity was reported due to 120 h BF (Benzofluorene) (Hawliczek
et al. 2012). Based on these experimental reports, it can be concluded that PAHs
usually effect the development of an organism by the endocrinological disruption.
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Neurotoxicological Effects of PAHs

This section addresses the effects of polycyclic aromatic hydrocarbons exposure
on the neuronal system of the animals and human such as neural tissue damage,
impairment of the learning and memory, behavioural issues etc. A disorder com-
monly known as attention deficit hyperactivity (ADHD) was observed in 9 year
old child. Such behavioural issue was raised when pregnant mother was exposed to
PAH (Perera et al. 2018). In another case, a group of 652 experimental coal miner
where relationship between urinary PAHs markers and neuronal behaviour was
carried out and result showed that the miners with high level of PAHs exposure
during working hour led some irregularities such as less appropriate visual and
auditory memory, less emotionally balanced, lower concentration of amino acids,
amines (Mono-), and cholinergic transmitters (Niu et al. 2010; Wang et al. 2020.
In another case, workers exposed to FL (Fluorene) below the limits had damaging
impact upon the vestibular system of the factory workers (Bucolo et al. 2012).

In several researches worldwide, BaP role on modulating neuronal chemistry
(memory and learning loss) has been exposed in animals such as zebra fish, mice
etc. (Knecht et al. 2017; Mccallister et al. 2008). Mice upon oral PAH (Fluoran-
thene) exposure showed several abnormal neuronal behaviours such as spread foot
upon landing, reduced grip, lowered aerial righting, comparatively more defeca-
tion and urinal, lower sensory stimuli, ataxia. These symptoms were highest up
to 6 h of exposure and thereafter showed persistence up to 48 h (Saunders et al.
2003). Mice upon sub-acutely exposure to BaP showed lowered anxiety related
behaviour and reduced expression of receptors for N-methyl-D-aspartate (NMDA)
in brain (Grova et al. 2008). In another experiment, rats upon exposure to FL (Sub-
cutaneously) showed an increased in anxiety against no impact learning capability
(Peiffer et al. 2015).

Based on metabolic rates and estrogenic dependent metabolic-enzymes, males
are more prone to PAH ill effects in comparison to female gender such as Fla and
BaP show more severe neurological effect in males as compared to that of females
(Ramesh et al. 2000).

In the urban areas, adult mice upon examination showed increased concentra-
tion of IFNS and IL1B. This is attributed to the fact that in urban areas tested
particulate matter were rich in PAHs, and as the mice inhaled the PAH showed
their effect letting to the activation of TLR4-NF«B signalling pathway in the cere-
bral cortex and caused higher abnormal anxiety (Slotkin et al. 2017; Haghani et al.
2020). Some possible process by which these PAHs show sheerness in animals is
the neuronal death induced by genotoxicity (Chepelev et al. 2015).

Activation of Reactive Oxygen Species (ROS) Due to PAHs
As the body gets intoxicated with pollutants that disturb the homeostatic redox

balance of the body resulting in the accumulation of ROS, an oxidative stress
condition internally. Yuan et al. (2017) have shown that BaP and Pyr exposure
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causes HL-7702 and HepG2 human hepatocyte mortality due to increase in ROS
respectively (Ma et al. 2019).

In rats’ hepatic tissue (WB-F344), BaP was found potent in inducing oxidative
stress (Vondracek et al. 2009). In Pinctada martensii, Pyr is known to cause higher
lipid peroxidation and increased hemolymph ROS (Xie et al. 2017). Similarly,
Wang et al. (2008) also reported oxidative stress in Phaeodactylum tricornutum
due to PAHs. The oxidative stress is the result of activation of cascade of immune
cell response. Intracellular effect of the PAH is related to oxidative stress as shown
by Wells et al. (2010), PAHs induced intracellular ROS system which in turn
induced DNA molecule damage due to oxidative stress in correspondence to 8-
oxoguanosine damage.

Immunotoxicological Effects of PAHs

Immunity related toxicity due to polycyclic aromatic hydrocarbons is well illus-
trated in both human beings and in other animals. Human when exposed to PAHs
showed much stressed immune system such as in a case study, Bangladeshi adults
males exposed to PAH showed higher concentration of activated CD19 + B cells
(Burchiel et al. 2019). PAH exposure during pregnancy (early) alters umbilical
cord lymphocytes concentration such as according to Herr et al. (2010), elevated
percentage of CD3* and CD4* was observed along with lowered concentration
of natural killer cell (NK cell) and CD19* cell. Similarly, hypermethylation of
interferon-6 (INF- §) in umbilical cord blood DNA was reported in a case study in
Colombian naive children (Total 53) resulting to the post exposure of the mother
with PAHs. This provides a keen idea of the role of DNA methylation in immunity
genes related to PAH contamination (Rychlik and Sille 2019; Tang et al. 2012).
BaP a well-known PAH also acts as a deactivator of chemokine ligand 12-induced
T-lymphocyte chemotaxis and activates IFN mediated signalling pathways (Liamin
et al. 2018).

In laboratory exposed mice, BaP causes inactivation of concanavalin A-induced
T —cell proliferation along with reduced concentration of interleukin-2 (IL-2), IL-
4, and INF- 8 and BbF causes damage to podocytes in rats by stopping the process
of autophagy (Guan et al. 2017; Zhang et al. 2020). In the larvae of zebra fish, BaP
exposure resulted in an elevated immune cells in correspondence to macrophages
but lowered or suppressed immunity was observed in several model animals such
as rainbow trout (Oncorhynchus mykiss), bluegill (Lepomis macrochrius), orange
spotted grouper (Epinephelus coioides), and olive flounder (Paralichthys olivaceus)
(Phelps et al. 2020; Connelly and Means 2010; Hur et al. 2013; Khaniyan et al.
2016; Phalen et al. 2014). According to Phalen et al. (2014), further injecting
BaP in the abdominal tissues of O. mykiss caused increased level of cell line
toxicity of B cells and T cells and a reduction in antibodies in the blood. Sim-
ilarly, Hur et al. (2013) showed that BaP exposure results in the lowered activity
of macrophages, lysozyme, and IgM in P. olivaceus. Another PAH named Chr
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has been also reported for its negative impact on immune system (total hemo-
cyte count, pro-phenoloxidase (pro-PO) activity) in Litopenaeus vannamei (white
shrimp) (Ren et al. 2014).

Aquatic Toxicity of Polycyclic Aromatic Hydrocarbons
with Special Reference to Pisces

Synthetic chemical industries have forged much harm to aquatic animals with their
increasing release of chemical pollutants directly (without treatment of pollutants
especially PAHs) in the sea. These pollutants are responsible for different emerg-
ing diseases in quatic organisms especially to pisces such as cancer, neurological,
derailing the embryonic pathways, and disruption in bone metabolism.

PAH Contamination During Early Developmental Phase
of Pisces

In fishes such as Platichthys stellatus and Parophrys vetulus PAHs have been
reported to cause carcinogenic effects. In juvenile sole BaP binding capability
was higher (10 times) as compared to adult one. Similarly, BaP was able to bind
with 90 times more power to sole juveniles to that of Sprague Dawley rats. In the
same way, mutation (chemical change) of hepatic DNA of sole (juvenile) was 2—4
times higher compared to flounder juveniles and BaP 7,8-diol glucuronide concen-
tration in the bile of flounder was much lower to that of former species (Honda
and Suzuki 2020).

The sensitivity of the teleost fishes for PAHs have been reported at two devel-
opmental stages: Firstly, in the early cleavage stage PAH is known to distort the
dorso-ventro axis formation by derailing the Wnt/B-catenin pathway. This disrup-
tion leads to distorted dead hyperpolarized embryo. Secondly, fishes are more
susceptible to PAHs at the cardiac developmental period. Proper heart develop-
ment causes proper movement and oxygen transport during metabolic demands.
Embryonic heart is damaged by the presence of three ringed congeners such as
phenanthrenes in two ways: (1) repolarization of the action potential by the inhi-
bition of the potassium channels, (2) blockage of the ryanodine receptors in the
cardiomyocytes (Cherr et al. 2017; Incardona and Scholz 2016).

PAH in the crude oil extracted is known to disrupt the normal development and
functioning of the eye in fishes. According to Magnuson et al. (2018), Sciaenops
ocellatus larvae (Red drum) and Cyprinodon variegatus larvae (Sheepshead)
exposed to crude oil showed reduced retinal layer diameter and optometric
response. The chorion of Melanogrammus aeglefinus (Atlantic haddock), was dis-
rupted upon exposure to 0.7 pg/L tPAH of crude oil mainly because of the
abnormal growth and cardiotoxicity (Sorensen et al. 2017). Chen et al. (2017),
has also reported the toxic effect of monohydroxylated PAHs (OHPAHSs) in the
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embryo of Oryzias latipes (Japanese medaka). In the laboratory experiment, injec-
tion of 3-OHBCcP (1 nM) in the ova of medaka showed faster developmental period
of the 1st, 4th, and 6th day. Upon injecting the 3-OHBcP (metabolite of benzo
[c]phenanthrene) (1 nM concentration) at the 5th day of the post fertilization in
the embryo of medaka resulted in the higher heart rate and several gene (nearly
780) expression was also found to be affected mainly related to the eye, muscle
development, energy supply, and stress response proteins (Magnuson et al. 2018).

Effect of PAHs Exposure on the Bone Physiology in Pisces

Bone tissues are damaged due to PAHs such as 7, 12-dimethylbenz[a] anthracene
and BaP, and cigarette etc. (Lee et al. 2002). Andreou et al. (2004) have shown
that the cigarette smoke associated hydrocarbons when combined with lipopolysac-
charide in Porphyromonas gingivalis (Gram negative anaerobic bacteria) causing
periodontitis shows inhibitory action of PAHs on osteogenesis. In teleosts, body
scales serve many functions out of which osteoclastic and osteoblastic are most
important. In the regions of the crude oil export route fishes have shown deformed
spinal sections (de Soysa et al. 2012). Goldfish were reared in the tank containing
contaminated water with PAH and ALP (Alkaline phosphatase)-TRAP (Tartrate-
resistant acid phosphatase) activity was measured. The result showed a remarkable
suppression of ALP activity but no disturbance in TRAP activity. The result
showed that osteoblast related mRNA expression (Osteocalcin, ALP, RANKL) was
negatively regulated by PAH (naphthalene and acenaphthene) contaminated water
(Fig. 8.3).
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Fig.8.3 Effects of PAHs on alkaline phosphatase (ALP) activity in goldfish cultured scales incu-
bated for a period of 6 h.: a Naphthalene; b Acenaphthene (each 6 ng/L). (Reprinted from original
open access article by Honda and Suzuki 2020 under license CC BY 4.0, https://creativecommons.
org/licenses/by/4.0/)
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PAH Mediated Hepatological Toxicity in Fishes

From the infected media, PAH gets primarily accumulated in the hepatic tis-
sues because liver is associated with the process of biotransformation (Honda
and Suzuki 2020). It is reported that most of the bioaccumulation of the PAHs
has been shown by the fishes of the benthic region where sediments are mainly
contaminated with the PAHs. For example, a bottom feeder fish Solea solea col-
lected from three contaminant sites (Po Delta, Chioggia fishing area, and Venetian
Lagoon) showed correlation with the bioaccumulations in the hepatic tissue to that
of contaminants in the collected sites (Frapiccini et al. 2018). In Gobiocypris rarus
a Chinese minnow clearly showed the possible apoptosis was due to BaP contam-
ination. This PAH usually causes hyperactivity in the apoptotic genes such as bax,
bcl-2, pS3, and other caspases (Zha et al. 2017).

The concentrations of alkaline phosphatase lactate dehydrogenase in hep-
atic cells, total cholesterol, high density lipoprotein, and free cholesterol also
significantly decreased when Girella punctate (Nibbler fish) were intraperi-
toneally injected with BaA during the breeding period (first 10 days). Hepato-
carcinogenesis results from this aberrant concentration of vital bodily and blood
components (Cai et al. 2019; Souza et al. 2016).

Aquatic Toxicity of Polycyclic Aromatic Hydrocarbons
with Special Reference to Invertebrates

Toxicity in Caenorhabditis Elegans, Chironomus Tentans, Daphnia
Magna, Eisenia Fetida, and Artemia Salina

Several PAHs have been reported which toxicity upon invertebrates (Caenorhab-
ditis elegans, Chironomus tentans, Daphnia magna, Artemia salina) such as
anthracene, pyrene, fluoranthene, phenanthrene, BaP, and acenapthene. The
researches have shown that C. elegans sensitivity for PAHs was far less as com-
pared to C. tentans, Artemia salina (Honda and Suzuki 2020). BaP was most toxic
to C. elegans and fluoranthene was found to be most toxic to D. magna. Similarly,
D. magna and A. salina were sensitive towards pyrene. In the same manner earth-
worm (Eisenia fetida) showed toxic sensitivity towards Phenanthrene (Nam et al.
2015).

Toxicity of PAH in Hemicentrotus Pulcherrimus

Sea urchins are an established experimental model for invertebrates and hence
much work has been done regarding the toxicological effects (Meador et al. 1995).
Fertilized eggs of sea urchin (H. pulcherrimus) were treated with 1078 and 10~ M
doses of BaA and 4-OHBaA. The embryo did not show any remarkable change at
blastula stage and prism stage. The abrupt changes began to be noticed at pluteus
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Fig.8.4 Effect of PAH on the spicule formation during embryonic stage in H. pulcher-
rimus: a Control and b 4-hydroxybenz[a]anthracene (4-OHBaA)-treated embryos with 107 M.
(Reprinted from original open access article by Honda and Suzuki 2020 under license CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/)

stage (Fig. 8.4) where spicule length was suppressed by the exposure of 4-OHBaA
(at both doses) (Suzuki et al. 2015). It is clear from above that PAHs are involved
in the inhibition of embryogenesis. Similarly, BaA also suppressed the growth
of spicule but only at the dose concentration of 10~/ M. PAH (4-OHBaA) also
showed effect at the mRNA level in H. pulcherrimus, where suppression of the
mRNA related to spicule matrix protein was reported. Important transcription fac-
tors linked to spicule formation H. pulcherrimus E26 transformation-specific gene
1 and H. pulcherrimus Aristaless-like homeo-box gene 1 were markedly inhibited
by 4-OHBaA (Honda and Suzuki 2020).

Bioremediation of Polycyclic Aromatic Hydrocarbon Using
Biological Sources.

Besides using physical and chemical methods for the remediation of PAHs,
employment of biological method has gained much attention in recent decade
(Agnello et al. 2016; Ghosal et al. 2016; Gupta et al. 2025). Biological process of
PAH remediation may use bioaugumentation, biostimulation (about 33%) followed
by bioreactors (22%), compositing (13%), rhizo/phytoremediation (22%), enzyme
mediated/vermin-remediation (4%) (Kuppusamy et al. 2017).
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PAH bioremediation may involve two methods: (1) In situ: degradation of con-
taminants at the site of public consent as it requires least site interruption, more
chances of contaminant PAH removal and cheap process. (2) Ex situ: it is a phys-
ical remediation process by removal of PAH contaminant substance removal from
contaminated area to treatment site (Davletgildeeva and Kuznetsov 2024).

PAHs Bioremediation by Archaea

Petroleum industry is one of the key pollutants of PAH and is mainly associated
with marine ecosystem contamination with it, therefore its bioremediation should
involve much better extremophile instead of conventional microbes. Halobellus
rufus, and Halopenitus malekzadehii have nahE gene that are known PAH-degrader
(Al-Mailem et al. 2010). According to Bonfa et al. (2011), haloarchaea strains
(Genus: Haloferax) can be used in the natural degradation of PAHs. Ten dif-
ferent strains of haloarchaea grown on a mixture of 5 PAHs namely pyrene,
benzo(a)anthracene, anthracene, naphthalene, and phenanthrene. Without yeast in
the mixture of PAHs, all the strains showed retarded growth except BO7, later on
when yeast was added as a supplement in the media then a significant improvement
in the growth of the colony BO7, MM17, PR13, and MM27 was observed. HPLC
analysis showed that all these 5 strains: BO7, MM17, PR13, AA35, and CL47
strains gave positive. But BO7 was consistent for degrading all the 5 PAHs upto
more than 45%. AA3S strain was able to reduce all PAHs except phenanthrene.
CLA7 strain efficiently reduced naphthalene concentration up to nearly 45%. Two
strains of Archaea namely MM17 and PR13 was able to reduce only three ringed
PAH (phenanthrene) only.

When yeast was added in the culture media the efficiency of all strains in degra-
dation of PAHs increased. H. volcanii, PR13, AA35, CL47, and MM17 efficiently
reduced all the PAHs in the media (Above 50% degradation rate). BO6 and MM27
were able to reduce only anthracene and phenanthrene.

PAH Bioremediation by Algae

Phylum algae contains miniature primary plants that acts as the important pro-
ducer in estuarine as well as coast lines and may possess a very crucial role in
in situ PAH bioremediation. These help in reduction of PAH from environment
either by bioaccumulation in the body or by cellular degradation. (Ke et al. 2010).
Algae during remediation of PAHs use two enzymatic pathways mainly mono- and
dioxygenase resulting in the intermediate products formation such as hydroxylate
and dihydroxylate (Chan et al. 2006). Cyanobacteria has been reported for aiding
in bioremediation of HMW PAHs (De Llasera et al. 2016).
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Fungi Mediated Bioremediation of PAHs

Mycological bioremediation is worldwide studied not only for PAHs but also in
remediation of metallic pollutants, radiation absorbance etc. (Maddheshiya et al.
2024a, b). Usually, a fungus co-metabolizes the PAHs and causes the production
of carbon dioxide with the help of mono-oxygenase enzymes (Gupta and Pathak
2020). For the bioremediation of LMW and HMW mainly two types of fungi are
used:

(1) Ligninolytic fungi: They release lignin peroxidase, laccase, and manganese
peroxidase enzymes for the breakdown of lignin in the wood. They simplify
lignin into diphenol and later the intermediate gets converted into quinones by
oxidation (Aydin et al. 2017). After catalytic breakdown of PAHs, ligninolytic
enzyme generates polar products. These polar products are water soluble and
become easily available for the fungi and other fauna (Gupta and Pathak 2020).

(2) Non-ligninolytic fungi: These fungi release cytochrome 450 mono-oxygenase
like enzyme which easily degrade PAHs through the process of oxidation
and results in the formation of water and arene oxide. This arene oxide fur-
ther through non-enzymatic arrangement gets converted into gluconeric acid,
xylose, and glucose (Ghosal et al. 2016). Some of the HMW polycyclic aro-
matic hydrocarbons show less solubility, therefore, specialized fungi release
surfactants to counter the problem (Ojha et al. 2019).

Bacteria Mediated Biodegradation of PAHs

Bacteria is the most versatile PAH bioremediation agent used worldwide. It
mainly uses aerobic pathway for the degradation of PHAs. In the aerobic pathway
firstly hydroxylation of PAH rings occurs with the help of dioxygenase enzymes
(Ferredoxin enzyme, reductase enzyme, and oxygenase subunit) resulting in the
formation of cis-dihydrodiol and ultimately oxidizes to forms diol intermediates
with the aid of dehydrogenase enzymes. Ortho-and meta- cleavage pathway helps
dioxygenase enzyme to break the diol ringed structure and as a result some inter-
mediates are formed such as gentisic acid, catechol, and procatechuic acid which
ultimately assist tricarboxylic acid cycle (TCA cycle) (Mallick et al. 2011; Yang
et al. 2020b). The final electron acceptor and co-substrate for the hydroxylation
and oxygen-mediated cleavage of the aromatic ring during bacterial aerobic PAH
degradation is oxygen (Chen et al. 2016).

The immobilization of delivering inoculum microbes can serve the PAH degra-
dation better by increasing shelf life and activities of microbes in the soil system.
Mrozik and Piotrowska- Seget (2010) noted higher percentage degradation of
indeno[1,2,3-cd]pyrene (81%) and pyrene (71%) with the help of immobilized
(on cinder beads) Acinetobacter baumannii INP1 and Pseudomonas taiwanensis
PYRI1. Immobilization renders the species of the microbes a comparatively more
stable environmental condition, lower competition rate, and more stability.
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Natural Attenuation and Usage of Stimulants in PAHs
Remediation

In this process the degradation capacity of innate microbes is enhanced mainly by
maintaining moisture and nutrient level and proper aeration. According to Chikere
et al. (2017), degradation of 85% PHA and 98% total petroleum hydrocarbon
is improved by attenuation procedure in crude oil polluted field and later PAH
bioremediation. In the applied procedure a constant ratio of K:N:P was at 1:2:1,
followed by tilling, proper periodic irrigation, mixing of the soil.

Biostimulation method is used for increasing the bioremediation by stimulating
the overall capacity of microbes for the degradation of PAHs. The microbes are
encouraged by nutritive addition to the soil such as potassium, nitrogen, sulphur,
and phosphorus, addition of organic wastes, humic acid, and electron acceptors
(Das and Das 2015). A remarkable study has been reported by Bianco et al.
(2020), in which fresh organic solid waste, digestate, combination of macro and
micronutrients (soil = 10:biostimulant = 1) was given to the mixture of pyrene,
phenanthrene, anthracene and fluoranthene in marine sediment at 37 °C. the result
showed remarkable enhancement from 12% in control to 55% in biostimulant
treated media.

Conclusion

Many efforts have been made to know the possible adverse health risk due to PAHs
on both animals and human. Human beings are exposed to PAHs through the occu-
pational exposure that results in severe ill effects such as cancer, immunological
and neurological problems etc. PAH also has significant effect not only to human
but also fishes and invertebrates. In fishes, hepatic damage, neurotoxicity can be
clearly noted. Along with it, invertebrate studies have also shown impact of PAHs
in C. elegans, E. fetida, C. tentans, A. salina, D. magna H. pulcherrimus. To lower
down the concentration of PAH in the environment some biological models such
algae, fungi, bacteria can be involved. Adding to it the application of biostimulants
ans enzymes can also degrade these toxicants. Thus, concerns should be raised for
the prevention of PAH release and its biological degradation in the environment.
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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are hazardous pollutants produced
primarily from partial combustion of organic materials, including emissions
from waste incinerators, fossil fuel burning, motor vehicle exhaust, petroleum
refineries, and industrial processes. These are persistent in nature and posing
serious environmental and health risks due to their carcinogenic and terato-
genic properties. Therefore accurate PAH detection in environmental samples
is essential for human health risk assessment and requires efficient and suitable
pre-treatment and detection techniques. Various advanced pre-treatment meth-
ods, such as ultrasound-assisted extraction (UAE), supercritical fluid extraction
(SFE), microwave-assisted extraction (MAE), counter-current chromatography
(CCC), solid-Phase micro extraction (SPME) and accelerated solvent extrac-
tion (ASE) have been used for the extraction of PAHs which offer higher
sensitivity and selectivity. Various chromatographic, spectroscopic immunolog-
ical, electrochemical, and hyphenated detection methods are used to detect
PAHs after sample pre-treatment. High-performance liquid chromatography
(HPLC), Gas chromatography with flame ionization detection (GC-FID) and gas
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chromatography-mass spectrometry (GC-MS) are extensively used techniques
due to their accuracy and convenience. This chapter discusses advancements in
PAHs research, focusing on improved pre-treatment and detection techniques to
enhance accuracy, efficiency, and environmental sustainability.

Keywords

Polycyclic aromatic hydrocarbons (PAHs) « GC-MS « LC-MS « HPLC -
Pre-treatment methods « Detection techniques « Environmental and health risks

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are pervasive environmental pollutants
found in soil, air, and water. They are composed of two or more fused aromatic
rings (Zhang et al. 2022a, b, c). Structurally, PAHs can be classified as alter-
nant (which include only fused benzene rings, such as anthracene and chrysene)
or non-alternant (which include rings with fewer than six carbon atoms, such as
fluoranthene) (Famiyeh et al. 2021; Patel et al. 2020). PAHs typically appear as
colourless or off white solids and they exhibit low vapour pressures, and minimal
water solubility. These compounds are highly lipophilic, making them readily sol-
uble in organic solvents but sparingly soluble in water, with solubility decreasing
as the number of rings increases (Kumar et al. 2025a, b; Abdel-Shafy et al. 2016).
Their stable chemical nature contributes to their persistence nature and difficulty
in degradation across environmental media and can remain in the atmosphere for
decades (Zhang et al. 2022a, b, c). Thus because of their migrate ability to the envi-
ronment and accumulate over time PAHs create major ecological and health risks.
In this context the USEPA has recognized 16 main concern PAHs due to their
environmental prevalence and toxicity (Patel et al. 2020; Moazzen et al. 2022).
Additionally, the WHO has expanded the list to include 33 PAHs under inter-
national regulation, acknowledging their global environmental and health impact
(Pandey et al. 2011). Table 9.1 presents the physico-chemical properties of the
foremost PAHs.

In general PAHs emanate from both natural and human-made sources. Natural
sources contribute far less and include volcanic eruptions, forest fires, erosion of
petroleum-containing rocks, and microbial or algal activity. The major contributors
to PAH emissions include the partial combustion of wood, coal, petroleum, and
other organic materials, commonly occurring during industrial processes, vehicle
emissions, waste incineration, residential heating, and power generation (Kumar
et al. 2025a, b; Famiyeh et al. 2021; Ravindra et al. 2008). Furthermore, Based on
their formation, PAHs are categorized as pyrogenic (formed by high-temperature
combustion with little oxygen), petrogenic (originating from crude oil and its
derivatives), and biogenic (produced by microorganisms, plants, or the slow decay
of organic matter) (Abdel-Shafy et al. 2016; Rocha et al. 2019). The common peo-
ple are exposed to PAHs via ambient and indoor air, cigarette smoke, industrial
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Table 9.1 Physico-chemical properties of EPA-listed 16 PAHs (Patel et al. 2020; Pandey et al.

2011)
Name of PAH Abbreviation | Chemical | Molecular | Water Vapour Toxicity
formula | weight (g/ | solubility | pressure as per
mole) (ng/L) (mmHg) TIARC

Acenaphthene, ACE CppHyg [ 1542 3.9x 100|447 %1073 |3

Acenaphthylene, ACY Ci2Hg 152.2 3.93 x 0.029 3
100

Anthracene, ANT Ci4Hjo 178.2 0.73 x 1.75x 107 |3
10°

Benz[a]anthracene BaA CigHp | 228.2 0.01 x 25%x10°% |2B
106

Benzo[a]pyrene BaP CyHpp 2523 0.038x [5.6x107 |1
10°

Benzo[b]fluoranthene | BbF CyHjpp (2523 0.015x [50x107 |2B
10°

Benzo[ghi]perylene BghiP CxpHpp 2763 0.026 x |1.03 x 3
104 10710

Benzo[k]fluoranthene | BKF CyoHip 2523 0.008 x |9.59 x 2B
10° 10711

Chrysene CHY CigHip (2282 0015x |64x10° |2B
10°

Dibenz[a,h]anthracene | DahA CpHyy [2783 0.005x | 1.0x1071° | 2A
10°

Fluoranthene FLU CigHio |202.2 0.26 x 50x10°% |3
106

Fluorene FL Ci3Hjo 166.2 1.98 x 32x10% |3
100

Indeno[1,2,3-cd]pyrene | IcdP CpHypy (2763 0.062x | 10710-10716 | 2B
100

Naphthalene NAP CoHg 128.2 3.17 x 0.087 2B
107

Phenanthrene PHE Ci4Hyo 178.2 1.29 x 68x10* |3
100

Pyrene PYR CigHyp | 202.2 0.13x |25x10° |3
100

emissions, and contaminated foods, particularly aquatic products (Kumar et al.
2025a, b). Food is considered the key source of PAHs exposure in human being,
especially when it is cooked using high-heat methods like grilling, roasting, or
frying (Moazzen et al. 2022). Additionally, crops grown near industrial areas can
absorb PAHs from contaminated soil, water, or air (Moazzen et al. 2022). Fish
can accumulate PAHs directly from polluted water, posing health risks to popula-
tions relying on seafood as a dietary staple. PAHs created several forms of cancer,
including lung, skin, bladder, stomach, and liver cancers. Long-term exposure,
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Fig.9.1 Sources, exposure routes and health effects of PAHs

especially in occupational settings, increases the risk of cancer and may disrupt
immune and endocrine systems (Kumar et al. 2025a, b; Lawal 2017; Kim et al.
2013; Rengarajan et al. 2015). Therefore, accurate monitoring and analysis of
PAHs is essential for the defence of ecosystem. Figure 9.1 shows the sources,
exposure routes and health effects of the PAHs.

Complex matrices of PAHs and their low environmental concentrations pose
analytical challenges for their analysis. To address this, researchers have developed
various sensitive and selective techniques for measuring PAHs in environmen-
tal samples for which the USEPA recommends standard procedures concerning
extraction, cleanup, and analysis (Singh et al. 2022; Tumelo et al. 2024). Tra-
ditional PAH analysis involves pre-treatment of the sample followed by analysis
by chromatographic techniques (Famiyeh et al. 2021; Zhang et al. 2020). More
recently, advanced pretreatment methods SFE, UAE, MAE, ASE, and QuUEChERS
(quick, easy, cheap, effective, rugged, and safe) extraction method have gained
attention (Famiyeh et al. 2021; Zhang et al. 2020; Cloutier et al. 2017). GC-
FID or HPLC and GC-MS are widely adopted PAHs detection techniques due
to their selectivity and sensitivity. However, they require large amounts of sam-
ple and consume more time (Poster et al. 2006; Tumelo et al. 2024; Mansouri
et al. 2020; liu et al. 2019). To overcome these limitations, newer approaches
such as field-portable GC-MS technique are being developed for onsite analysis
(Okparanma et al. 2013a). These innovations, along with advanced methods SPME
and ASE, have enhanced analytical precision and efficiency (Zhang et al. 2020).
This chapter discusses advances in the measurement of PAHs with a special focus
on hyphenated chromatographic and spectroscopic techniques.
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Challenges in Detecting and Measuring PAHs

The analysis of PAHs in various samples is difficult because of the intricate
molecular structure, trace concentrations, environmental persistence, and bioac-
cumulation nature of PAHs in various environmental matrices. With respect to
structure many PAHs are isomeric and therefore not easy to distinguish by using
conventional analytical techniques. To understand structural resemblance needs
sophisticated instruments such as hyphenated or multi dimensional chromato-
graphic techniques for separation and resolution of overlapping peaks (Chen et al.
2022; Poster et al. 2006). In addition, various derivatives of PAHs generated by
environmental changes, such as alkyl-, oxy-, and nitro-, are usually not detected by
routine screening instruments, although they are more toxic (O’Connell et al. 2013;
Han et al. 2019; Lung et al. 2015). PAHs have a propensity to store in lipid-rich tis-
sues, so their bioaccumulation further complicates accurate identification and risk
assessment (Kumar et al. 2025a, b). Trace-level determination of PAHs is more
challenging due to their presence in complex environmental matrices with very
low concentrations (Tumelo et al. 2024). PAHs exhibited strong sorption affinity
with sediments. Some PAHs accumulate in high amounts in sediments and there-
fore their bioavailability is reduced due to their migration through the sediment
profile, complicating the extraction and detection of PAHs (Queb-Suarez et al.
2022). Matrix interference is another major challenge in PAH detection in biolog-
ical samples, as chromatographic inhibition occurs due to co-extracted substances
such as humic acids or lipids in soil, which can interfere with the PAH signal and
reduce sensitivity (Williams et al. 2023; Patel et al. 2020). Therefore, it is the need
of the hour to develop high resolution extraction methods and analytical techniques
for PAHs analysis. Typically PAHs analysis begins with sample pretreatment meth-
ods such as SFE, UAE, MAE, and ASE, which are chosen based on the matrix
type and analyte properties. As shown in Fig. 9.2, for further identification and
quantification these extraction steps are typically followed by chromatographic
separation—often GC or HPLC—coupled with detectors such as UV, fluorescence
or MS, depending on sensitivity and selectivity requirements.

Sample
preservation

Sample collection

Water, soil,
Sediments, Plants
and Air

Air-dried and
Freeze-dried

MS/FID/FLD,
HPLC-UVD-

R

Fig.9.2 General procedure for extraction and detection of PAHs
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Pretreatment Methods/Extraction Techniques

The analysis of PAHs often relies on pre-concentration using collection media,
making it essential to understand how effectively these compounds can be
extracted during sampling. Due to the extensive range of physicochemical proper-
ties of PAHs such as volatility and reactivity, achieving efficient extraction of all
target compounds is challenging (Pandey et al. 2011). Therefore, to decide proper
pretreatment methods, solvents, and reliable recognition techniques is essential
for accurate monitoring. Solvent choice is particularly important, as it directly
impacts the recovery of PAHs. Commonly used solvents are methanol, acetone,
dichloromethane, and mixtures like methanol/acetone, acetone/dichloromethane,
toluene/methanol, and hexane/acetone (Tumelo et al. 2024; Rezaee et al. 2006).
Typically, particulate matter is collected on quartz filters and extracted using
high-efficiency techniques that are cost-effective, less labor-intensive, and envi-
ronmentally friendly.

Liquid-Liquid Extraction (LLE)

This extraction technique generally separates organic pollutants from aqueous
solutions. In this method, PAHs are extracted using an organic solvent, typi-
cally consisting of an aqueous phase mixed with an immiscible organic phase.
Samples containing PAHs are placed in organic solvents, shaken vigorously, and
extracted, repeating the process again and again to obtain the maximum amount
of the desired compounds. Non-polar solvents such as dichloromethane, hexane,
or acetone-hexane mixtures are best suited for high extraction efficiency, as PAHs
are hydrophobic compounds (Tumelo et al. 2024; Rezaee et al. 2006). Wu et al.
(2012) measured 16 PAHs in four edible oils using LLE followed by GC-MS tech-
nique. They used n-hexane and N,N-dimethylformamide solvents for extraction
and reported LMW-PAHs conc. from 0.82 ng/kg (CHY) to 457.12 ng/kg (ACY)
and HMW-PAHs conc. 0.68 pg/kg (BaP) to 16.35 pg/kg (BbF) (Wu et al. 2012).
LLE requires large volume of solvent and to overcome this problem more efficient
technique i.e. DLLME have been introduce in which a small amount of suitable
solvent is dispersed into the sample, forming the cloudy solution, which improve
extraction efficiency by enhancing the contact with the target compounds (Rezaee
et al. 2006). Rezaei et al. (2006) proposed a DLLME technique using a small
volume of extraction solvent (8.0 wL C,Cly) and a dispersion solvent (1.00 mL
CH3COCH3) in 5.00 mL aqueous sample to extract PAHs. They used GC-FID for
testing the samples and reported 60.3 to 111.3% recovery from water samples with
0.007-0.030 pg/L of detection limit (Rezaee et al. 2006).
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Soxhlet Extraction (SE)

It is a well-known process for extracting PAHs from complicated solid matrix,
including solids, particulate matter and sediments. This technique allows for com-
plete removal of PAHs by using organic solvents (often DCM, hexane, acetone or
a combination of these) that repeatedly wash the sample (Wang et al. 2007). Even
though Soxhlet extraction is highly rated for its effectiveness and reproducibility, it
has disadvantages like long extraction time, more solvent consumption and labour-
intensive operation (Lau et al. 2010). In recent time even though faster, greener
and more reliable techniques like MAE and ASE are gradually taking place of
Soxhlet in some labs, it is still a standard procedure, particularly for testing novel
technologies (Wang et al. 2010).

Mechanical Agitation Method

In the approach, the sample is dispersed into suitable organic solvent or solvent
blend (dichloromethane, acetone, or a mixture of the two, such as acetone/hexane,
dichloromethane/acetone) in a flask or some vessel, and the mixture is contin-
uously stirred by a mechanical shaker, an orbital mixer, or a magnetic stirrer.
The stirring action allows an intimate contact between the solvent and the matrix
favouring the dissolution and partition of PAHs in the liquid phase. Mechanical
shaking uses less solvent, requires less energy, and can be used to handle mul-
tiple samples at one time. Efficiency of the procedure is affected by the type
of solvent, duration of shaking, temperature and solvent/sample ratio (Lau et al.
2010; Giergielewicz et al. 2001). It has been shown that mechanical agitation
can attain acceptable recoveries, especially for the lower-to-moderate molecular
weight PAHs. For example, shear stirring showed good extraction efficiency for
PAHs from contaminated soil and achieved extraction efficiency comparable to
that of ultrasonic extraction (Song et al. 2002).

Solid-Phase Extraction (SPE)

This approach offers good selectivity, less solvent usage, good automation poten-
tial, and is an attractive and time-saving solution in greater frequency for routine
environmental monitoring compared to liquid/liquid extraction. In this method,
the analytes are trapped in the solid on the cartridge or disk and the unwanted
material is then washed away. The retained PAHs are then eluted with an appro-
priate solvent for further determination (Marcé et al. 2000). The sorbent material is
important for the effectiveness of the SPE. These are divided roughly on the basis
of the type of material used, such as C18-bonded silica, polymeric sorbents, mixed-
mode phases and so on, the latter being very efficient in retaining hydrophobic
PAHs (Sajid et al. 2021). In a recent study priority PAHs were extracted from urban
storm water using polymeric sorbent packed SPE cartridges with recoveries higher
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than 85% (Esfandiar et al. 2021). Recent developments have revolved around the
miniaturization of SPE formats and the use of nanomaterials for improved extrac-
tion efficiencies and selectivity. In addition, the combination of SPE to on-line
monitoring such as LC-MS/MS has significantly increased throughput and sen-
sitivity. Given its adaptability and efficiency, SPE continues to be a cornerstone
method for trace-level PAH analysis in environmental research (Ramirez et al.
2013).

Solid-Phase Microextraction (SPME)

SPME is especially well known for trace-level detection in soil, water and air
because it provides a sharp, clean and sensitive substitute for conventional extrac-
tion methods. This solvent-free, combined sampling and pre-concentration method
is being used more and more for the determination of PAHs in environmental
matrices (Tumelo et al. 2024; Zhang et al. 2020). The targeted PAHs are directly
absorbed or adsorbed from gaseous or aqueous sample using a fiber covered with
an extracting phase. After the extraction phase, the fiber is thermally desorbed in
a gas chromatograph’s injection port for analysis following the extraction stage.
Because it requires solvent free condition with no sample preparation and can be
immediately interfaced with GC-MS or GC-FID systems, SPME is very bene-
ficial. According to latest research, commercially available SPME fibers used to
extract PAHs efficiently with an extensive range of molecular weights (Manousi
et al. 2020).

Accelerated Solvent Extraction (ASE)

ASE is popular extraction methods, which uses high pressure and temperature
to speed up PAHs extraction, and is known to be a quick, solvent saving, time
efficient and environmentally friendly extraction technique (Wang et al. 2007).
Samples are, in this method, inserted into an extraction cell and treated with
hot solvents under high pressure. This heat and pressure mechanism significantly
improves the extraction efficiency. It is applicable to a variety of solvents, whereas
mixtures of organic solvent that include acetone, dichloromethane, and hexane are
usually employed to maximize the recovery of PAHs (Tumelo et al. 2024; Zhang
et al. 2020).

Microwave-Assisted Extraction (MAE)

In microwave assisted extraction, samples are kept to expose in microwave energy
in the presence of desirable solvents, which enhance desorption and dissolution
of target parts (analytes) into the solvent phase. It is the technique that offers
many benefits over conventional methods such as Soxhlet extraction, including
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limited solvent usage with highest extraction efficiency (Wang et al. 2007). Smith
et al.‘s work from 2022 confirmed that, under ideal microwave circumstances,
MAE allowed for more than 90% recovery of priority PAHs from polluted soils
using an acetone: hexane ratio. With reduced matrix interference and increased
sensitivity, researcher demonstrated its usefulness in coastal sediment analysis in
another study (Chee et al. 1996).

Ultrasound-Assisted Extraction (UAE)

It is a widespread technique used for extraction of PAHs. It works through gen-
erating cavitation bubbles into the solvent using high-frequency ultrasonic waves.
The bubbles crumple leading to the high mechanical agitation of the medium along
the gas—liquid interface, which disturbs the matrix and the transfers of PAHs from
sample to solvent, thus accelerating the extraction (Paris et al. 2019). UAE has sev-
eral advantages comparing with the conventional extraction techniques. It reduces
dramatically the extraction time and the amount of the extraction solvent, making it
environmentally friendly. Furthermore, UAE can be used at room temperature and
is applicable to a variety of PAHs including high molecular mass PAHs. It has
been used extensively for the detection of PAHs in environmental samples, and
it has promising performance in the reduction of solvent usage and throughput
(Banjoo et al. 2005).

Supercritical Fluid Extraction

It is a new extraction method to extract PAH from environmental samples using
supercritical fluids such as carbon dioxide (CO»). It has been carried out by
subjecting CO» to high pressure and temperature, thereby retaining CO; in super-
critical state, at which its ability to dissolve hydrophobic compounds, such as
PAHs, is significantly increased. CO, exhibits some peculiar properties in super-
critical state, intermediate between gases and liquids, low viscosity, and high
diffusivity (Tumelo et al. 2024; Zhang et al. 2020). So it can be used as an efficient
PAHs extractant. The SFE extraction is especially favourable for high molecu-
lar weight PAHs, which cannot so easily be extracted by the use of the standard
methods (Oliver et al. 2004). SFE works under elevated temperature and pressure
also raises the solubility of PAHs in the supercritical fluid for efficient and fast
extractions. Nonetheless, SFE is more expensive and requires specific apparatus
compared with other methods like Soxhlet extraction. However, it is regarded as an
efficient and green approach particularly for large-scale environmental monitoring
(Anitescu et al. 2006).
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QuEChERS Method

QuEChERS is a newly developed procedure for extraction of pesticides and other
organic contaminants, from food, water and soil. The procedure typically includes
two steps: the sample is initially homogenized with acetonitrile to extract PAHs
and the subsequent adding of salts (MgSO4 and NaCl) to promote the phase sep-
aration. The obtained extract can be further analysed by chromatography or mass
spectrometry for PAHs quantification. Initially developed for pesticide-related
analysis, QUEChERS has been increasingly used for the PAHs extraction due
to its fast-processing time, inexpensive cost, and capability to tackle complex
matrices. QuEChERS has been demonstrated to be a strong, reliable extrac-
tion technique for PAHs, providing a suitable sensitivity and precision for trace
pollutants (Varela-Martinez et al. 2020; Cloutier et al. 2017).

Chromatographic Techniques for PAH Analysis

Because of complex environmental matrices and trace concentration of PAHS sen-
sitive and reliable separation and detection techniques are required for exact mea-
suring of PAHs. In this context following sections present the recent technological
advances in analytical techniques for PAHs detection.

Gas Chromatography (GC)

GC-FID is the most favourite technique for the analysis of PAHs. This tech-
nique consists of a mobile and a stationary phase and works based on volatility
and reaction of compounds with the stationary phase. In this technique sample
passes across a capillary column which has a thin film of the stationary phase
while a carrier gas is continuously moved through it (Poster et al. 2006). Thus
the stationary phase selection is very important for the separation of PAHs by
GC technique. Methyl- and phenyl-substituted polysiloxanes, as well as modified
fluoro-substituted and diphenylfluoroxane-grafted polysiloxanes are the evergreen
traditional materials used for stationary phases. Moreover, ionic liquids and their
bonded polysiloxane provide excellent selectivity. Recently many advanced mate-
rials such as graphene, g-C3N4, CNTs, and MOFs have also been introduced
for this. Moreover chiral mesoporous silica, pentiptycene quinone (PQ), hexag-
onal boron nitride (h-BN), Poly (3-hexylthiophene), oligothiophene and dichienyl
benzothiazole derivatives are other emerging novel material have been used as
stationary phase in GC which improve the PAHs separation efficiency (Zhang
et al. 2020). Carvalho et al. (2019) used solid-phase extraction followed by GC-
FID technique (equipped with a fused silica capillary column (OV-5) containing
dimethylpolysiloxane with 5% phenyl as stationary phase) for identification of 16
PAHs in ground water. This procedure exhibited excellent linearity (r> > 0.99) and
good precision (RSD < 5.0%) with 0.079-0.378 pg/L to 0.024-0.113 pg/L of LOQ



9 Detection and Measurement Techniques for the Polycyclic ... 205

(limit of quantification) and LOD (limit of detection) values, respectively (Car-
valho et al. 2019). Emoyan et al. (2020) used GC-FID technique containing PHME
siloxane column and a 30 cm/s linear velocity of helium as the mobile phase to
measuring of 16 PAHs in soil from a particular vehicle-park in southern Nigeria.
Results showed that the conc. of PAHs changes considerably (P < 0.05) with soil
sampling depth and seasonal fluctuation (For wet season conc. vary from 365.8—
1065.8 ng/kg to 142.9-5321.9 pg/kg and for dry season from 66.4-269.3 ng/kg
to 212.1-1342.5 pg/kg for top and sub soils, respectively) (Emoyan et al. 2020).
Kumar et al. (2011) examines the levels of PAHs concentration near road side
soil in Jalandhar (India). They used silica gel micro column to eliminate impu-
rities from extracts and then injected the samples into GC-FID having RH-5
capillary columns of 30 m length for analysis. The study conclude that the car-
cinogenic PAHs were found in higher conc. (6.41 ng/g) than to noncarcinogenic
(2.17 pg/g) in all the samples with maximum conc. of 8.12-28.4 pg/g and min-
imum conc. of 2.6-28 pg/g of five foremost PAHs, respectively and 4.04 pg/g
of total average PAHs concentration (Kumar et al. 2011). Likewise, Hishamuddin
et al. (2023) studied the capability of GC-FID (polysiloxane HP-5 capillary col-
umn with 0.320 mm diameter and 30 m length) to measure the PAHs in road dust
samples (Malaysia). The results reported PAH concentrations varied from 137.8 to
5813 ng/g, with the highest concentration being that of indeno[1,2,3-c,d]pyrene.
In addition, benzo[a]pyrene equivalent concentrations (BaPeq) were also evalu-
ated for assessing carcinogenic health risk and the maximum BaPeq was noticed
for BaP (429.0 ng/g) (Hishamuddin et al. 2023). Additionally, hybrid techniques
such as GC-MS combine the high resolution of chromatographic separations with
the molecular specificity of mass spectrometry, further increasing the applicabil-
ity of these techniques. These are well known for their excellent sensitivity, data
acquisition and processing performance. These techniques involved comparing the
mass spectra of compounds to the GC-MS spectrum database (Fig. 9.3) (Kumar
et al. 2023b).

Colén et al. (2022) estimated the 16 PAHs in dairy products by using semi-
automated SPE as pre-treatment methods and GC-MS as detection technique. It
showed excellent performance with 1-200 ng/kg of LOD and 80-107% recov-
eries rates (Palacios Colon et al. 2022). Same method has been optimized by
Liu et al. (2019) for simultaneously determination of 42 parent and halogenated
PAHs in real drinking water samples which was achieved to ngL.~! level of LODs
(0.34 to 3.37 ngL~!) with 74.88-119.4% recoveries (Liu et al. 2019). Likewise,
using UAE, semi-automated SPE and GC-MS techniques, Rascén et al. (2019)
achieved 3-70 ng/kg of LODs with 85-105% recoveries of 16 PAHs in 32 meat
samples (Rascén et al. 2019). Recently, to measure PAHs in infant food Ingegno
et al. extracted the targeted PAHs (BaP, BaA, CHY, and BbF) by using QuECh-
ERS method and then analyzed the extracts by gas chromatography—tandem mass
spectrometry (GC-MS/MS). The proposed approach demonstrated 73.1-110.7%
recoveries (R” value > 0.999) with LODs of 0.019-0.036 pg/kg and LOQs of
0.06-0.11 pg/kg, indicating the method’s sensitivity and reliability (Mariateresa
et al. 2024). Han et al. (2019) quantify the total of 44 target compounds (PAHs
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and derivatives) present in Jiuxiang river residue. First they extracted the desired
compounds by ASE method using acetone and n-hexane (1:1, v/v) followed by
SPE was applied for further cleaned up. After that the extracts was analysed by
using GC and LC techniques with different modes of mass spectrometry. These
techniques successfully detected the compounds with the good LODs i.e. 0.01-
0.02 ng/g for PAHs, 0.002-0.067 ng/g for nitro derivatives of PAHs, 0.01-0.1 ng/
g for oxy derivatives of PAHs and 0.003-0.006 ng/g for hydroxyl derivatives of
PAHs. The recovery rates (52.8—-114.1%) also was convincing with good repeata-
bility (RSD < 10%) for the majority of analytes (Han et al. 2019). Incorporation of
thermal techniques based quantification methods further enhanced the performance
of these techniques. For example Biache et al. (2017) designed a Py-GC-MS/FID
system founded on pyrolysis at 450 °C to quantify PAHs in soils. This approach
was faster, environmentally friendly and less expensive as compare to classical
methods with respect to PAH quantification in contaminated soils (Biache et al.
2017).

High-Performance Liquid Chromatography (HPLC)
It allows larger number of PAH isomer separation as compare to gas chromatog-

raphy; however, it showed somewhat low efficiency due to low diffusion rates
in both liquid and stationary phases. To separate PAHs C18, C8, cyano, phenyl
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and amino groups are the most common used materials as stationary phases used
in HPLC technique. Several other material like ionic liquid, CNTs, MOFs and
graphite carbon have been also used as more efficient stationary phases to increase
the separation of PAHs (Zhang et al. 2020; Purcaro et al. 2012). For example an
extraction protocol based on C18 coated fabric phase with HPLC-FLD detection
technique for trace-level determination of 4 selected PAHS (ANT; PHE; PYR;
FLU) in water samples has been introduced by Saini et al. (2017b). They reported
that the proposed module showed good linearity (R> = 0.9983-0.9997) with 0.1
to 1 pg/mL of LODs and 0.3 to 3 pg/mL of LOQs for these PAHs (Saini et al.
2017b). A mesoporous TiO; sorbent based SPME-HPLC system showed good
selectivity with low LODs values of 0.01-0.10 pg/L for eight PAHs estimation.
With this sorbent the proposed approach exhibited 80.6—106.6 and 80.9-103.5%
recovery rates for river water and coal ash water sample, respectively with good
linearity of 0.03-30 pg/L (Wang et al. 2017). HPLC can detect various PAHs
using FLD or UV detectors, or sometimes photo diode arrays combined with FLD
detector. For example, Vistnes et al. (2022) used GC-MS and HPLC-DAD-FLD
detection techniques for measuring 16 PAHs in road tunnel wastewater in Nor-
way. They used ASE & SPE as pre-treatment methods and demonstrated that
HPLC-DAD-FLD took less separation time (22.5 min) with higher LODs (In par-
ticulate phases from 0.020 to 2.0 pg/g and in dissolved phases from 0.0098 to
0.50 pg/L) for 13 out of 16 PAHs as compared to GC-MS method, showing the
better performance of HPLC-DAD-FLD (Vistnes et al. 2022). Likewise, Yousefi
et al. (2018) applied HPLC/FLD with combined deep eutectic solvent based micro
extraction technique for analysis of PAHs which showed excellent LOD of 0.7-
6.6 ng/L, recovery rates of 83—117% with coefficient of determination of 0.9983
to 0.9996 (Yousefi et al. 2018). Wozniak et al. (2023) found PAHs in herbal plants
from Polish backyard gardens using HPLC-FL detection and the QEChERS purifi-
cation technique. The study quantified eleven PAHs in mint, parsley and other
herbs and reported 902.35 ng/g FW consisting mainly of ANT in mint collected
from the mining area in Konin, making it promising for routine monitoring of
PAHs (Wozniak et al. 2023). The development of ultra-high performance liquid
chromatography (UHPLC) is further a promising approach, which increases the
detection efficiency (Saini et al. 2017b; Mansouri et al. 2020). Recently, a very
fast and sensitive method based on C18-functionalized ultrafine magnetic silica
NPs extraction with UHPLC detection was introduced by Zhao et al. (2023) for
trace level detection of 5 PAHs (ANT, BaA, BbF, FL, PYR) in tea leaves. In opti-
mized conditions the method showed 84.8—105.4% recoveries with 1.69-9.97 ng/
g of LODs and 5.12-30.21 ng/g of LOQs, respectively (Zhao et al. 2023). Purcaro
et al. used SPE with UHPLC-FLD to quantify 16 EPA-listed PAHs in synthetic
textile fibers. This method showed LODs and LOQs of 0.3 and 0.9 pg/kg, respec-
tively, with > 0.99 of regression coefficients (Purcaro et al. 2012). A liquid-liquid
phase microextraction prior to UHPLC-(+)APCI-MS/MS analysis enhanced the
sensitivity of nitro- or oxy-PAHs analysis. The method achieved 0.02 to 0.85 ng/
mL of LODs and 0.15 to 1.10 ng/mL of LOQs with up to 95-100% extraction
recoveries (Marfa Guidiez et al. 2018). The integration of UHPLC with APPI and



208 N. Kumar et al.

MS/MS has effective in simultaneous detecting of 20 PAHs and 9 nitro-PAHs in
the environmental matrices (Aerosol samples) with LODs values < 10 pg and <
3 pg, respectively (Lung et al. 2015).

Capillary Electrophoresis (CE) or Capillary
Electrochromatographic (CEC) Technique

This technique combines principles of electrophoresis and chromatography that
uses a capillary tube and a high voltage electric field for liquid phase separa-
tion. It offers ease operation with high speed and separation efficiency. It is an
effective method for detecting PAHs particularly PAHs having high boiling point
(Zhang et al. 2022a, b, c; Ferey et al. 2014). Ferey et al. (2014) critically reviewed
the applications of capillary electrophoresis in the analysis of PAHs with diverse
approaches to capillary and microchip electrophoresis (Ferey et al. 2014). In a
study the portable microchip capillary electrophoresis technique showed excel-
lent LOD for PAHs in the low ppb range (6 ppb to 2000 ppb), representing
a promising method for the analysis of PAHs (Stockton et al. 2008). Micellar
Electrokinetic Chromatography, abbreviated as MEKC, is a mode of capillary elec-
trophoresis was integrated with stir bar sorptive extraction and liquid desorption
process for evaluating the PAHs in aqueous medium. The method achieved 2—
11 mg/L of LODs with 0.99 of coefficient of determination (Pedro et al. 2006).
Similarly Alzola et al. (2008) applied MEKC with a diode array detector (P/ACE)
and HPLC with fluorescence detector for 16 PAHs detection in 89 samples of
sewage sludge. The results showed by techniques was convincing and detection
limit as low as 0.003, 0.17, 0.0055 and 0.0013 mgkg’1 for NAP, ACY, FLU and
PYR, respectively (Alzola et al. 2008). Ludivine Ferey et al. (2013) employed
a novel method which was based on cyclodextrin (CD)-modified capillary zone
electrophoresis (CZE) and laser-induced fluorescence (LIF) detector to analyze 19
PAHs in food samples. The method takes only 15 min separation time and showed
LOQs < 100 wL for 16 out of 19 PAHs with efficiency >1.5 x 10° (Ludivine
Ferey et al. 2013). Wu et al. (2018) used C18 silica microspheres with CEC to
analyze 16 PAHs in aqueous samples, achieved detection limits between 0.020 to
0.89 mg/L with good reproducibility and good recovery (87.6-112.4%) rates (Wu
et al. 2018). Cheng et al. (2013) invented an online CEC-APCI-MS protocol using
poly (stearyl methacrylate-divinyl benzene) monolithic column for the detection of
16 trace PAHs in seafood, which achieved 1.3 to 37.5 ng/g of LODs and 4.3 to
125.0 ng/g, of LOQs with good correlation coefficients (0.9950-0.9999) (Cheng
et al. 2013).

Supercritical Fluid Chromatography (SFC)

It combines the benefits of both GC and UPLC and support diverse detectors. It
can operate in normal or reverse phase mode making it a more versatile separation
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technique. It has several advantages including compatibility with thermally degrad-
able and high boiling compounds, higher resolution than HPLC, and adjustable
solvating power through temperature and pressure control. Initially CO, was
used as the sole mobile phase; however modern SFC also uses subcritical condi-
tions with polar organic additions (such as acetonitrile, methanol, isopropanol) to
improve separation efficiency (Schulze et al. 2020; Klink et al. 2015). Liibeck et al.
(2018) proposed a SFC method coupled with UV/QTOF-MS detectors to simul-
taneously investigate PAHs and oxy-PAHs in unconventional oils. The method
showing good speed and efficiency with bare silica columns and incorporating
water or formic acid as additives further enhanced oxy-PAHs signals significantly
(Liibeck et al. 2018). Similarly a fast and sensitive SFC-MS technique (with
QuEChERS) measuring oxygenated and parent PAHs within 15 min in three dis-
tinct kinds of milk samples. It achieved 67.66—118.46% recovery, 0.13-0.78 pg/
kg LOQs and 0.04-0.24 pg/kg LODs with 1.45-14.68% precision (Zhang et al.
2022b). Yoshioka et al. (2018) used a method i.e. SFC/APCI-MS to identify 16
EU-listed PAHs in coffee and dark beer beverages, presenting a LOQ value of
< 1 mg/kg only in 14 min of analysis time (Yoshioka et al. 2018). Likewise,
SFC-APLI-TOF(MS) showed sub-pg/L of detection limits and give 0.5 pg/L LOD
value for 1-hydroxypyrene in human urine sample (Klink et al. 2015). Wicker
et al. (2018) designed an online SFE-SFC-MS method which reduced the sam-
ple extraction and preparation time along with minimizing the loss of samples. In
context to PAHs analysis this technique showed 0.001 to 5 ng/g LODs and 5 tol5
ng/g LOQs with R%>0.99, representing a promising method for the analysis of
contaminants environmental matrices (Wicker et al. 2018). Continuing advances
in chromatographic methods are expected to further improve the monitoring and
assessment of PAH pollution in the environment.

Spectroscopic Techniques For PAH Analysis
Ultraviolet-Visible (UV-Vis) Spectroscopy

Spectroscopy is broadly used detection techniques that measure the absorbance
of a substance in a certain wavelength range. It is applied for qualitative as well
as quantitative analysis of substances. Ultraviolet—visible spectrometers measure
attenuation of chromophoric analytes based on molecular structure and obeys
Beer’s law, where the alteration in absorbance is proportional to the concentra-
tion of analyte. All the compounds absorb UV radiation at specific wavelength,
and this leads to 6 — ¢*, n— ¢*, 1— w* and n— 7* transitions (Mansouri et al.
2020). PAHs have characteristic UV absorbance due to their conjugated ring
structures (Halasinski et al. 2005). Although UV spectrometer is easy to oper-
ate, cost-effective and fast to analyze, it is not a highly applicable measurement
technique for measuring PAHs alone. However, chromatographic techniques based
on UV detectors are widely adopted for the identification of PAHs due to their
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affordability and accessibility (Gupta et al. 2015; Gupta 2016). Researchers suc-
cessfully used UV-Vis spectrophotometer to study the % absorption removal of
some selected PAHs from aqueous samples (Gupta et al. 2016; Kumar et al.
2020; Balati et al. 2014). For example, to evaluate the % adsorptive removal of
some selected PAHs (ACE, NAP, PHE) from wastewater, Balati et al. (2014) suc-
cessfully used UV—Vis spectrophotometer (UV—-Vis 2100 Shimadzu) model) at
Amax 225.4, 220.5, and 250.0 nm for ACE, NAP, and PHE respectively (Balati
et al. 2014). Similarly, Fuat Topuz et al. (2017) also analyzed PAHs (ANT, FL,
PHE) adsorption on cyclodextrin-functionalized mesostructured silica nanoparti-
cles using UV-Vis spectrophotometer. The spectra were recorded by Cary 100
spectrophotometer between 200 and 800 nm using quartz cuvette and evaluated
the conc. of ANT, FL, and PHE (Fuat Topuz et al. 2017). Jager et al. (2006)
used various spectroscopic methods including UV-vis. and IR for the analysis of
composition of the extract of Carbon soot. The UV—-visible spectra of the extracts
showed main bands at around 250 nm wavelength, confirming the abundant pres-
ence of three-ring PAHs such as phenanthrene and anthracene. The bands on the
longer wavelength side (beyond 300 nm) are evidence of the existence of higher
PAHs such as PYR, which was also confirmed by matrix isolation spectroscopy
in solid argon (Jdager et al. 2006). Recent advances have notably improved the
applicability of this method for example Fabiani et al. (2024) were fabricated a
thin film of PAHs on to a transparent substrate and examined their solid phase
UV-visible spectra in the far-UV and UV-vis. regions. Further, Time-Dependent
Density Functional Theory simulated the spectra which showing good agreement
with experimental data. This study provides valuable reference for thin films and
interstellar medium technologies (Fabiani et al. 2024). Ofia-Ruales et al. (2016)
has been applied annellation theory with UV—Vis spectra to guess the regions of
maximum absorbance (LMA) of 21 PAHs (dibenzo and naphtho derivatives of flu-
oranthene). This study offers a promising advancement in the prediction of LMA
in the UV-Vis spectra for complex PAHs (Ofia-Ruales et al. 2016).

Fluorescence Spectroscopy (FS)

Fluorescence or luminescence, are the emission of light by substances in elec-
tronically excited states. It is a rapid, transient process involving excitation of
electrons usually caused by absorbance of ultraviolet (UV) light trough ©— 7*
transition (Tian et al. 2025). The fluorescence of a substance depends on molecular
structure, functional groups, and also the background matrix. PAHs have excel-
lent fluorescence qualities due to their rigid planar n-bonded conjugated structure.
Therefore, Fluorescence spectroscopy is highly sensitive for detecting PAHs. How-
ever, structurally similar PAHs in complex samples can cause spectral overlap and
interference, making them complicates to identify and quantify. To overcome these
challenges synchronous fluorescence spectroscopy (SFS) have been evolved, which
not only improves spectral resolution but also enhances the selective detection of
PAHs in complex samples (Tian et al. 2025; Wei et al. 2023; Li et al. 2011). In
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synchronous fluorescence spectroscopy scanning of excitation and emission wave-
length take place simultaneously at a constant difference of Stokes’ shift (AL =
Aem — Aex) Which enhances the sensitivity of SFS allowing reduced overlap during
analysis PAHs containing complex samples. SFS is easy to analyze multiple fluo-
rescent components in complex samples due to its low spectral overlap (Sunuwar
et al. 2021). Recently, Tian et al. (2025) reviewed about the advancement in the
SES in order to detect the PAHs in petroleum and coal samples. Based on previous
studies, they assigned SFS peak values for PAHs and their derivatives. It is evident
from the SFL peaks that the fused aromatic nuclei with 1, 2, 3 and 4 rings showed
signals at 300 nm, 300-340 nm, and 340—400 nm and above 400 nm, respectively
(Tian et al. 2025), which are presented in Table 9.2.

Wang et al. (2012) applied multi-peak fitting technique to resolve the over-
lapping SFS peaks and assigned the SFS peaks to PAHs in coal samples based
on different ring numbers. They described that the PAHs show different fluores-
cence characteristic depending on the number of rings. PAHs which have more
linearly condensed aromatic rings show fluorescence at longer wavelengths. They
reported that the SFS peaks at 286, 325 and 359 nm might be due to the single-,
double- and three-ring fused aromatic nucleuses, respectively (Wang et al. 2012).
Similarly, in the analysis of a mixture of six standard compounds, Sunuwar et al.
(2021) reported SFS peaks at 321.9, 329.6, 374 and 382 nm for NAP, ACE, PYR
and ANT, respectively, using computer simulations with the SFS technique (Cary
Eclipse Fluorescence Spectrophotometer) (Sunuwar et al. 2021). Hou et al. (2019)
used GC-MS and FS together to analyze the PAHs in crude oil. The results showed
that the amount of class I PAHs (NAP and ACE series) was more than 60% with
high fluorescence intensity in the 320-350 nm range, while class IV PAHs (PYR
and CHY) were very low in the 380—400 nm range (Hou et al. 2019). Recently
Huang et al. (2024) examined the real-time migration of some selected PAHs
(ANT, PYR, PHE) from plastic items to food materials using fluorescence spec-
troscopy with a TDR-ATLD algorithm based calibration method. The proposed
method achieved excellent LOD (0.08, 0.06, and 0.21 ng/mL) and LOQ (0.24,
0.17, 0.65 ng/mL) with R? values of 0.9866, 0.9896, and 0.9840 for ANT, PYR,
and PHE, respectively (Huang et al. 2024). Digambar Patra (2008) developed a
fluorescence-based fiber optic sensor for the detection of PAHs in various motor
oils and the study found that the kerosene and petrol oil have lower ring PAHs
than mobil, diesel, and 2 T oil (Patra et al. 2008). Li et al. (2011) demonstrated
the potential of SFS to detect trace concentrations of BaP, BkF, and ANT in com-
plex green, black and oolong tea with MAE pre-treatment of samples, obtaining
detection limits as low as 0.18-0.28, 0.55-0.89, and 0.64-3.58 pg/kg for BaP, BKF,
and ANT, respectively with 77.1 to 116% recoveries (Li et al. 2011). Additionally,
Laser-induced fluorescence (LIF) spectroscopy has excellent detection sensitivity
for real-time field screening of PAHs (Taylor et al. 2021; Qazi et al. 2021). For
example an intrinsic fluorescence based confocal laser scanning microscopy detect
PHE, PYR and NAP distribution in contaminated soil without solvent extraction
with rapid spatial and concentration data in a single scan (Qazi et al. 2021). A
study demonstrated the capability of denuder technology coupled with thermal
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Table 9.2 Synchronous fluorescence spectral peaks assignment of PAHs (Tian et al. 2025; Wang
et al. 2012)

PAHs Chemical Number | Wavelength | Wavelength | Wavelength
structure of fused | (nm) at AL | (nm) at AL | (nm) at AL
ring =23 nm = 17 nm = 10 nm
Naphthalene | | 2 321 309 -
Acenaphthene . 3 326 - -
Acenaphthylene i 3 - - -
Fluorene 3 299 - -
Anthracene I I I 3 378 373
Phenanthrene 3 345 372 -
Pyrene 6 4 369 - -
Fluoranthene I 4 - - -
Benz[a]anthracene O 4 407 - -
Chrysene ' | 4 341 - -
Benzo[b]fluoranthene I 5 - - 407

(continued)
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Table 9.2 (continued)

PAHs Chemical Number | Wavelength | Wavelength | Wavelength
structure of fused | (nm) at AL | (nm) at AL | (nm) at AA
ring =23 nm = 17 nm =10 nm
Benzol[k]fluoranthene 5 427 405

Benzo[a]pyrene | 5 409
Dibenz[a,h]anthracene O 5 412 - _
Benzo|[ghi]perylene 6 407 - -

Indenol1,2,3-cd]pyrene 6 472 470

oy

desorption GC-MS (TD-GC-MS) with LIF to monitor and quantify PAHs emis-
sions from household fires, burning sugar cane, and industrial processes in South
Africa. This method achieved detection limits for NAP varied from 1.8 pg/m?
(diesel) to 26 pg/m> (industry) (Forbes et al. 2010). Spectral data analyses by
using machine learning (ML) have simplified the multi-components analysis. For
example to analyze binary mixtures of three PAHs (FL, ACY, and NAP) in water
Wang et al. (2020a, b) invented a 3D FS with a bird swarm algorithm and a
support vector machine model which achieved 100% classification accuracy with
shortest running time (Wang et al. 2020a, b). Recently Wei et al. (2023) employed
constant wavelength SFS with the BP algorithm to examine and quantify four
PAHs (BaP, BbF, BaA, CHY) in edible oil. The proposed method showed strong
predictive accuracy with more than 98.5% recoveries with LOD values of 0.014,
0.068, 0.026, and 0.013 pg/kg for BaP, BbF, BaA, and CHY, respectively (Wei
et al. 2023). Finally, fluorescence spectroscopy-based methods, particularly SFS
and LIF, are emerging techniques for rapid, sensitive, and selective investigation
of PAHs in complex environmental matrices.
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Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR has the advantages include ease of sample processing without extraction,
high sensitivity towards IR radiation and its ability to analyze complex molecules.
Molecular structures have various functional groups that exhibit unique vibra-
tion modes such as stretching vibrations (symmetric or asymmetric) mode and
bending vibrations (scissoring, rocking, wagging, and twisting) mode. Infrared
spectroscopy or vibrational spectroscopy identified various types of vibrations
between atoms in functional groups through absorption of infrared electromagnetic
radiation of specific wavelengths (Zhang et al. 2024a, b). The presence of PAHs
or their derivatives are confirmed by the FTIR signals corresponding to aromatic
C-H stretching vibrations which are found within the wave number range of 3000
to 2900 cm ™! (Okparanma et al. 2013a; Kumar et al. 2023a, b). For example in
a study the IR band within a range of 2960-650 cm™! confirm the aromatic rings
due to the presence of PAHs (Itodo et al. 2018). FTIR used universally in the iden-
tification of organic compounds including PAHs. For example, Jager et al. (20006)
applied various spectroscopic techniques including FTIR for determination of com-
position of the extract of carbon soot. The FTIR spectra showed bands between
3300-2800 cm™! due to C-H stretch, 3100-3000 cm~! due to aromatic = C-H
vibration, and a weak band at 3299 cm~! due to triply bound C-H stretch reveal-
ing the existence of PAHSs or substituted aromatics in the extract (Jager et al. 2006).
Elufisan et al. (2020) studied the PAH degradation efficacy of Stenotrophomonas
species by using FT-IR spectrometer (Bruker Alpha) and some new peaks pre-
sented in FTIR spectra at 3200-2800 cm~! (due to —OH group) at 1641 cm™!
(due to —C = O group) and at 2911 cm~! (due to —CH2) which confirms the
degradation of PAHs (Elufisan et al. 2020). Similarly Qi et al. (2017) studied the
PAHs degradation efficiency of Gordonia sp. nov. strain Q8 (isolated from oil-
field produced water) using FTIR. They employed 32 scan by using FTIR model
FTS-40 in the range of 4000400 cm™! and the peak at 1660.43 cm~! showed
that PAHs were degraded into the benzene molecules (Qi et al. 2017). IR spectra
particularly, Vis—NIR spectra have broad and overlapping overtones and combina-
tions band therefore difficulty in interpreting of these spectra can be overcome by
using advanced data-processing techniques such as multivariate calibration meth-
ods (Eldos et al. 2020; Okparanma et al. 2013b). For example, Vis—NIR with PLS
(Partial least-squares) regression analysis predicted PHE in diesel-contaminated
soil samples very well with 0.75-0.83 value of coefficient of determination and
0.21-0.25 mg/kg of root-mean-square error (Okparanma et al. 2013b). Moreover,
FTIR spectroscopy widely used in the field of asphalt research and predicting vital
properties of asphalt materials (Zhang et al. 2024a, b;). For example, recently,
Wetekam et al. (2024) modified FTIR to identify substances affecting the reusabil-
ity of reclaimed asphalt (RA). The study used peak height or peak area analysis
at specific absorption bands (band at 630-741 cm~! for Antraphthylenes, at 660—
749 cm~! for Flourenes, at 640749 c¢cm™~! for Flouranthenes, at 650—-732 cm™!
for Indenopyrene and at 640—742 cm™! for Phenanthrenes) to detect and quantify
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PAH contamination as well as binder and asphalt modifications, and ageing con-
ditions. The results showed that extremely PAH-contaminated binders (8000 mg/
kg PAHs) could be simply recognized visually, while less polluted binders had
a spectrum similar to that of non-contaminated bitumen (Wetekam et al. 2024).
Recently, an attenuated total reflection (ATR) integrated FTIR technique quantify
the PAHs in 34 binders samples derived from reclaimed asphalt using multivari-
ate analysis methods. It offered a promising protocol for the partitioning between
PAH quantities below or above the 25 mg/kg limit recognized in Germany (Weigel
et al. 2022).

Surface-Enhanced Raman Spectroscopy (SERS)

It is a non-destructive, rapid and ultra sensitive technique used for onsite and trace
detection. It is an emerging method for detecting low concentrations of organic
pollutants in complex environmental matrices, even for single molecule detec-
tion. However, PAHs showed poor SERS response due to lacking metal-affinity
functional groups. Therefore researchers have focused on converting PAHs into
a SERS active structure. For this purpose functional groups are modified onto
the surface of metal NPs which can create trap or hydrophobic conditions to
capture PAH molecules. These modified systems offer rapid and onsite analy-
sis capabilities (Zhang et al. 2022a, b, c¢; Ni et al. 2025; Gu et al. 2016). For
example, Zhang et al. (2022a, b, c¢) fabricated gold nanoparticles (AuNPs) modi-
fied with sulfhydryl-substituted cyclodextrin based-SERS for quantitative analysis
of selected PAHs. The proposed method showed high sensitivity and high selec-
tivity for PYR, ANT, PHE, and triketoneum with LODs of 100, 10, 100, and
1000 nM, respectively (Zhang et al. 2022a, b, c). Similarly, a SERS method
using AuNPs decorated hydrophobic porous GMA-EDMA polymer is developed
by Wang et al. (2014) in which performance of SERS significantly improved
because porous GMA-EDMA polymer enhances PAHs adsorption via hydrophobic
interactions and facilitates uniform AuNPs distribution. The LODs of ANT, PHE,
and PYR by this method were reported to be 0.93 x 1077, 4.5x 1077, and 1.1 x
1077 M, respectively, with good reproducibility (RSD &~ 16%) rates (Wang et al.
2014). In a study a bare gold nano particle-coupled-film based SERS was devel-
oped by Gu et al. (2016) for capturing PAHs from bulk solution, which showed
excellent detection ability for PAHs as low as 1.2 x 108 M, 2.0x 108 M, 5.5 x
108 M, 6.3 x 108 M for BbF, FLU, BaA, and PYR, respectively (Gu et al. 2016).
Recently, Ni et al. (2025) designed and applied a glass fiber filter customized with
AgNPs (AgNPs@GeF filter)—based SERS technique for quick and on-site quali-
tative and quantitative measurment of PAHs (FLU, PHE, and PYR) in water and
air. The developed strategy demonstrated excellent performance with 0.7, 1, and
0.1 ppb LODs for FLU, PHE, and PYR with good recovery (89.22 — 99.70%)
and correlation coefficient (R2 = 0.975/0.936/0.958; P < 0.001) in water. Simi-
larly PAHs present in air were collected on AgNPs@GF filter and LODs of 9.11,
18.18, and 14.59 ppb were achieved for FLU, PHE, and PYR, respectively with
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R? values of 0.967, 0.973 and 0.957, respectively (Ni et al. 2025). Tijunelyte
et al. (2017) present a 4-dodecyl benzenediazonium-tetrafluoroborate based SERS
nanosensor which achieved 0.026, 0.064, and 3.94 mg/L. LODs for BaP, FLU, and
NAP, respectively in water samples (Tijunelyte et al. 2017). Furthermore, various
graphene or graphene oxide (GO) based material have been developed as SERS
substrates which offers strong adsorption of PAHs through n-m interactions (Liu
et al. 2022; Wang et al. 2020a, b). For example, an efficient SERS method using
Fe;04@PDA@Ag@GO nanocomposite is reported by Liu et al. (2022) which
achieved 1078 to 1077 g/L of LODs for PHE, PYR, and benzanthene. In this
method AgNPs provide strong electromagnetic enhancement, graphene oxide (GO)
offers chemical enhancement through n-n interactions while polydopamine (PDA)
prevent Ag from agglomeration and shedding (Liu et al. 2022). Likewise, Wang
et al. (2020b) presented AgNPs/graphene based SERS for quick detection of PAHs
in the environment, which achieved LOD as low as 0.73 ppb, 1.1 ppb and 0.57 ppb
for PYR, ANT and PHE, respectively (Wang et al. 2020a, b). Zhou et al. (2020)
confirmed the reliable performance of AgNPs-based SERS for the trace quali-
tative as well as quantitative detection of 16 PAHs in water samples at a conc.
level as low as 0.1-100 pg/L. The integration of LLE with this method further
enhances the detection sensitivity by 2-3 times and achieved LOD 100 ng/L for
ANT, 50 ng/L for PYR and 5 ng/L for BaP (Zhou et al. 2020). Recently, molec-
ularly imprinted polymer (MIP)-based sensors/substrates are emerging materials
for SERS for highly selective ultra-trace detection of pollutants like pesticides,
heavy metal, pharmaceuticals and PAHs etc. in complex environmental matrices
(Lazarevié-Pasti et al. 2023). MIPs are three dimensional smart materials that are
formed in the presence of a template molecule (the target analyte such as atoms,
ions or complex molecules). After polymerization reaction removal of template
leaves behind cavities that selectively rebind the target analyte (Fig. 9.4). Thus
MIPs have extraordinary molecular recognition properties and therefore, showed
potential applications in catalysis, drug delivery, chemo/bio sensing, separation and
purification technologies (Lazarevi¢-Pasti et al. 2023; Castro-Grijalba et al. 2020).

Integration of MIPs with plasmonic nanostructures leads to synergistic hybrid
platform where MIPs provide selective binding sites for the target pollutant and
NPs enhance Raman signals through SERS (Castro-Grijalba et al. 2020). Castro-
Grijalba et al. (2020) invented a hybrid Au@MIP system for SERS by layering
gold nanoparticles (AuNPs) on glass followed by uniform spin coating with a MIP
thin film. They used PYR or FLU as templates for the preparation of Au@MIP
substrate. Therefore, the proposed system offered the detection of PYR and FLU
in nM level concentrations with a 100-fold perfection compared to corresponding
non-imprinted system, highlighting the potential applications of MIPs based hybrid
SERS in the selective recognition of pollutants (Castro-Grijalba et al. 2020). The
accuracy of detection of PAHs particularly in aqueous environment is low due to
the complex water environment, and these problems can be overcome by the inte-
gration of chemometrics with SERS technology. In this context recently, Zhang
et al. (2024b) developed a WT-SG-SiPLS-VIM-RF model by using chemometrics
with SERS and random forest (RF) algorithm integrating as spectral preprocessing
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Fig.9.4 Molecular imprinting polymer (MIP) process

for quantify and assess the carcinogenic threat of PAHs in water. The performance
of the model studied on the SERS data of 36 water samples (mixed with AgNPs)
collected from Yulan Lake, tap water and distilled water. The proposed model
showed superb predictive ability for PHE and BaA, with the prediction determina-
tion coefficients of 0.9658 and 0.9537 and the average relative error of prophecy
of 0.0646 and 0.0949, respectively (Zhang et al. 2024a, b). Furthermore, man-
aging large volume of Raman spectral data with overlapping signals are further
most challenges in SERS analysis. To address these challenges, the recent inte-
gration of machine learning (ML) or artificial intelligence (AI) has revolutionized
the field by enhancing big data processing capabilities (Srivastava et al. 2024;
Guo et al. 2023). For advanced data processing ML focuses on developing multi-
ple multivariate data analysis algorithms and statistical models that automate data
analysis and are capable to recognize vibrational fingerprints with precision and
accuracy (Lussier et al. 2020). Presently, Raman spectroscopy analysis used sev-
eral supervised learning algorithms include back propagation (BP), partial least
square (PLS), convolutional neural network (CNN), and genetic algorithm (GA)
which have advantages such as high prediction accuracy, easy of overfitting, and
strong anti-noise ability (Srivastava et al. 2024; Guo et al. 2023). For example, Yan
et al. (2021) was applied three types of calibration algorithms (PLS, GA and BP)
with SERE for quantitative measurement of NAP, PHE, and PYR. In this approach
first of all PLS helps to choose the characteristic variables and then GA is used for
determining the initial weights due to its global search capability and BP neural
network to avoid the local minima. The proposed model showed excellent coeffi-
cient of determination of 0.9975, 0.9710, 0.9643, and root mean square error of
13.10, 5.40, 5.10 nmol/L for NAP, PHE, and PYR, respectively (Yann et al. 2021).
Recently Atta et al. (2023) used gold nanostars based portable SERS and CNN
Al model to identify various PAHs in water samples. The module achieved the
LODs for PAHs in nanomolar range with 1.07 x 10! (uM) RMSE o and 90%
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of prediction accuracy (Atta et al. 2023). In another research recently, Guo et al.
(2023) developed a SERS module by using RF as calibration models for quantify
PHE and FLU in water samples. The experiment begins with firstly the collect-
ing the SERS data of 31 PAHs samples containg AgNPs, and after that the data
are examined by the RF calibration models. This method showed good prediction
ability with high R? values of 0.9780 and 0.9770 and low mean relative error of
0.0369 and 0.0694 for PHE and FLU, respectively (Guo et al. 2023). Overall the
integration of SERS with ML algorithm has expended their role in real-time PAHs
analysis with high sensitivity and selectivity across environmental matrices.

Immunological Detection Methods for PAHs Analysis

Immunoassays are bioanalytical procedures that are capable to analyses PAHs
based on their physical characteristics. These methods utilize the selective bind-
ing affinity between antibodies and PAHs antigens and offers rapid screening of
environmental samples. In recent years various Immunoassay techniques including
chemiluminescence immunoassays (CLIA), fluoroimmunoassays (FIA), and par-
ticularly enzyme—-linked immunosorbent assays (ELISA) is very popular for the
detection of PAHs (Qiao et al. 2017; Sun et al. 2018). For example in water sam-
ples a monoclonal antibody (McAb) based ELISA achieved 99.08% and 98.45%
of recovery rates for ACE and PYR, respectively with 12.17 ngmL~! of sensitiv-
ity (Qiao et al. 2017). Similar approach has been introduced by Li et al. (2016)
for real time analysis of 3-5 ring PAHs in aqueous samples which measured a
conc. minimum of 0.2 pg/L within 10 min of analysis time (Li et al. 2016).
Furthermore, Fluorescence-linked immunoassays (FLISA) provide enhanced sen-
sitivity due to their stronger optical signals. To detect PHE and its homolog in
water samples, Sun et al. (2018) fabricated a FLISA in conjugation of McAb in
which rhodamine B isothiocyanate acts as fluorescent dye. This system achieved
> 100% of recovery rates with 1.05 ng/mL of LOD for PHE and its homolog (Sun
et al. 2018). Moreover, for detecting PAHs real-time polymerase chain reaction
based Immunoassay (RT-IPCR) have been introduce which showed 100-to-10000-
fold of sensitivity as compare to the traditional immunoassays (Meng et al. 2015,
2016). For example, a DNA based RT-IPCR assay achieved 450 fmol/L. of LOD
for PYR with recoveries rates of 96.8%, 101.4% and 99.6% from lake, tap and
commercial mineral water, respectively (Meng et al. 2015). A similar RT-IPCR
assay based on pyrene-modified DNA system demonestrated ultrasensitive recog-
nition performance and achieved LOD of 3.5 pmol/L for PYR with recoveries
rates of 98.4%, 98.2% and 99.7% for tap, lake and mineral water, respectively.
Moreover, the system also exhibited a strong correlation (R% = 0.9906) with GC-
MS method (Meng et al. 2016). Immunosensors, which convert antigen—antibody
interactions into measurable electrical and biomechanical signals via transducers,
further, enhance the applicability of these techniques. They also allow in-situ anal-
ysis and fast screening for multiple environmental samples. For example, Recently



9 Detection and Measurement Techniques for the Polycyclic ... 219

Wu et al. (2023) developed an immunosensor using a multi-walled carbon nan-
otubes (MWCNTs)-chitosan oligosaccharide (COS)- nanocomposite loaded with
phenanthrene antibody for detecting PHE in seawater. The sensor’s strong elec-
tron transfer ability and biocompatibility were used to amplify the detection signal
and showed a sensitive and accurate real-time monitoring with LOD of 0.30 ng/
mL (Wu et al. 2023). Likewise a same approach have been presented by Yan et al.
(2022) for detection of BaP in sea water which achieved 0.27 ng/ml of LOD with
96.6 to 100% of recovery rate (Yan et al. 2022). The widely used techniques for
the detection of PAHs in environmental matrices are summarized in Table 9.3.

Conclusion and Future Perspectives

The detection and quantification of PAHs remain a critical area in environmental
analytical chemistry due to their carcinogenicity, environmental persistence, and
complex behavior across various matrices. Traditional methods involving SE, LLE,
and mechanical agitation combined with GC and HPLC have been foundational
for PAH analysis, offering reproducibility and robust quantification. Spectroscopic
methods—particularly UV—Vis, fluorescence, FTIR, and Raman—provide addi-
tional advantages for rapid screening and structural elucidation, although they
often suffer from limited sensitivity and specificity in complex mixtures. Hybrid
approaches such as GC-MS and LC-MS have significantly enhanced detection
capabilities, enabling trace-level quantification and isomer resolution, especially
in heavily contaminated or complex matrices. These techniques detect conc. of
PAHs with detection limit as low as 0.34 ng/L. Similarly, advanced techniques like
CEC-MS and SFC-MS have shown the capacity of achieving high resolution (with
0.001 ng/g of LOD) with minimal solvent usage and faster run times. Immunologi-
cal techniques, including ELISA and biosensor-based assays, provide portable and
cost-effective alternatives for rapid on-site screening, although they are currently
limited by antibody specificity and susceptibility to cross-reactivity. Emerging
technologies such as SERS and portable sensor arrays are addressing many limita-
tions of traditional techniques, offering real-time monitoring and field-deployable
systems with up to 5-100 ng/L of LODs. Looking ahead, future efforts should
focus on integrating sample preparation and detection into automated, miniatur-
ized platforms that can operate in real-time under field conditions. Additionally,
expanding the library of reference materials for emerging and substituted PAHs,
improving matrix deconvolution algorithms, and harmonizing global standard pro-
tocols are essential steps for broader application. Interdisciplinary approaches that
combine analytical chemistry, nanotechnology, and data science will be pivotal in
pushing the boundaries of PAH detection, ensuring both environmental safety and
public health protection.
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Abstract

Among the organic pollutants, polyaromatic hydrocarbons are one of the utmost
widely distributed in soil, water, and biological systems. The poly aromatic
hydrocarbons comprise several aromatic fused rings and are made due to the
partial burning of carbon-based matter such as fossil fuels, biomass, food
processing, and industrial emissions. As they are easily accumulated in the envi-
ronment leading to serious ecological and health risks. Long-term exposure to
PAH be associated with various health issues like cardiovascular complications,
carcinogenicity, and development disorders. Therefore, effective monitoring and
mitigation strategies for their detection are very crucial mandates. The conven-
tional techniques for the PAHs include GC, CE, HPLC, and SERS. Despite
high sensitivity and specificity, these methods are expensive and need laborious
sample preparations leading to the dependency on controlled laboratory con-
ditions. In contrast, sensors and biosensors provide a promising alternative to
detect PAHs selectively and quickly. The current chapter represents the recent
developments and challenges of sensor and biosensor-based approaches for PAH
detection.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a special group of organic pollutants
characterized by two or more attached benzene rings with carcinogenic effects on
living organisms, particularly on human health. These chemicals are distributed
worldwide with water, air, and soil (Hussain et al. 2018; Gupta and Gupta 2016;
Kumar and Gupta 2020). PAHs are classified as the most popularly volatile or
semi-volatile according to molecular weight contaminants having mutagenicity and
carcinogenic properties (Abdel-Shafy and Mansour 2016). On the basis of these
carcinogenic and mutagenic effects on human health, the existence of PAHs in the
atmosphere and their monitoring by the government is a serious issue around the
world (Jiang et al. 2023). Due to the toxic nature of these compounds, the anal-
ysis of PAHs in the environment by analysts pays significant consideration in the
analytical scientific community. Various studies have been carried out by scientists
all over the world for the recognition of PAHs in different environmental samples,
likes air (Soury et al. 2019), soil (Ma et al. 2019; Gupta and Kumar 2020; Gupta
and Dhiman 2023), food, (Farhadian et al. 2010; Gutierrez-Valencia and Garcia de
Llasera 2017), water (Reinert et al. 2018; Tijunelyte et al. 2017), effluents (Gupta
2018) and marine sediments (Nikolaou et al. 2009). The study of PAHs in these
environmental samples shows a high level of these compounds. Among the wide
class of PAHs, the list of sixteen PAHs, as shown in Fig. 10.1 (Boehm 1964), was
selected by United States Environmental Protection Agency (US EPA), for ref-
erence for the sample analysis. The maximum acceptable concentration of these
listed PAHs (Fig. 10.1) was well regulated at global level. The major difficulties
tackled by the researchers is establishment of improved method for the detection
of PAHs. The newly developed methods should be more sensitive and detect PAHs
from the environmental samples more rapidly, quantitatively.

Classification and Properties of Polycyclic Aromatic
Hydrocarbons (PAHs) Based on Their Structure

Chemically poly hydrocarbons are the class of chemicals in which two or extra
benzene rings fused in linear, angular and clustered manor. According to the
arrangement of benzene ring or molecular structure PAHs have been categories
into, Low-molecular-weight (LMW) PAHs and high-molecular-weight (HMW)
poly hydrocarbons.

Low-molecular-weight PAHs contains four and less benzene ring, whereas high-
molecular-weight (HMW) poly hydrocarbons contains five or extra benzene ring
in molecular structure. Many PAHs having the same number of benzene ring but
their arrangement of rings is different, these different arrangement of benzene is
responsible for different chemical and physical properties (Lundstedt 2003). PAHs
are semi solid and solid compounds with high boiling and melting points. More-
over, they are chemically inactive but bound quickly with some particular matter.
The existence of PAHs in the environment due to their physiological properties,
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Fig.10.1 Structure of PAHs generally present in the environment as pollutant. Reprinted from the
original article by Boehm et al., 1964 “after taking permission from Elsevier”

surly because of hydrophobicity and non-polar nature (Srogi 2007). Therefore,
the molecular structure of all the major PAHs is shown in Fig. 10.1. Although
various PAHs are available in the environment, the studies done by the scien-
tist and regulation by the government generally refers to the number of 14 up to
20 among the listed PAHs. The occurrence of PAHs in the atmosphere is natu-
ral, these are byproduct of the reaction mediated by micro-organisms. It is also
formed by the partial burning of organic material, available as environmental pol-
lutant (Bojakowska and Sokotowska 2001). Although, there are three key causes
of the occurrences of PAHs in the environment as shown in Fig. 10.2. Pyrolytic:
Partial incineration of fossil fuels such as petroleum and its component, coal tar,
waste burning, and natural actions like’s forest fires and volcanic explosions. Pet-
rogenic: Availability of petroleum sources in water Such as gasoline, diesel fuel,
kerosene, etc., Diagenetic process: PAHs content in the environment increase by
the natural degradation of plants (Felemban et al. 2019).
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Water Contamination

The biodegradation of PAHs is very difficult because of its lipophilic and
hydrophobic properties. Low molecular weight PAHs are easy degradable as com-
pared to high molecular weight PAHs due to their high solubility and volatility
(Behera et al. 2018; Ma et al. 2019). Whereas, higher concentration of low molec-
ular weight PAHs is available in water because of its high soluble properties
(Felemban et al. 2019). The analyzed, concentration of each and separate PAHs
in the water exterior and coastal waters due to heavily polluted water comes from
the industry is 50 ngl~'. If the concentration reaches more than this measured
value around 10 pgl™!, the issue PAHs contamination in the area of industry is
a major concern (Srogi 2007). According to the recent study of PAH and their
global distribution in environment reveals that the concentration of PAHs in air
is 0.11 ng/m3, in water 0.06 ng 1=! and 21 ng g~! in sediments (W.H.O 2018).
Poly aromatic hydrocarbons (PAHs) are available in different sources of water
with other organic pollutants (Ozaki et al. 2019). Instead of this, as the molecular
weight of the PAHs rises, the water solubility of PAHs decreases gradually. The
study done by Adeniji et al. group in 2018 reveals that PAHs like chrysene and
benzo[a]pyrene are unevenly insoluble in water (Adeniji et al. 2017). The insoluble
property of the former PAHs makes them their deposition easy on the surface of
particular matters, and this matter work as courier for the deposit PAHs from land
and air water. The uppermost suitable concentration of BaP in water is 0.7 pg/L
given by WHO (Diener and Mudu 2021). The result concluded from the advanced
study, 1% PAHs intake with water is acceptable from the total level (Mojiri et al.
2019).
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Methods Used for the Recognition of PAHs
Analytical Methods

PAHs have been analyzed by various conventional methods like chromatography,
including gas chromatography with mass spectrometry (Avino et al. 2017; Portoles
et al. 2017; Li et al. 2017; Santos et al. 2017), high-performance liquid chromatog-
raphy joined with UV-vis absorbance and fluorescence detector (Liu et al. 2017;
Wang et al. 2017; Corps Ricardo et al. 2017), and electrophoresis techniques, i.e.,
capillary electrophoresis (CE) (Ferey et al. 2013; Ferey and Delaunay 2015). All
the above-mentioned techniques show a large number of advantages, likes data
accuracy, thoughtfulness, and consistency, with some limitations. However, the
limitations of these chromatography techniques are given as follows. Loss of sam-
ple is one of the high risks during the sample separation. These techniques are
very expensive compared to the other. Chromatography techniques are a time tak-
ing process and consume more than 30 min for one sample run. A large sample
volume is required for these techniques. For the operation of the machine, a dedi-
cated analytical chemist is required. For the withdrawal of PAHs from the sample
organic solvent is required, as well as for the sample preparation.

Apart from GC and HPLC, other techniques such as spectroscopy are also avail-
able, which is acceptable only for research purposes, whereas GC and HPLC are
worldwide accepted for the recognition of PAHs I environmental samples. The data
generated using HPLC and GC are very trust full for both academic and industry
purposes (Kumar et al. 2017). Though various methods have been established for
the revealing of PAHs by using HPLC. Various other methods, likes biosensor, sen-
sor, and immunoassay detection of PAHs and their metabolites, have been used as
an alternative of HPLC and GC techniques. These methods show a larger number
of advantages and attract the scientific community with low cost, fast detection,
and higher sensitivity (Nsibande et al. 2019). Over the past decade, scientists have
been trying to develop various alternative methods to develop a nanomaterial-based
detector for PAHs detection. These nanomaterial-based devices are more sensi-
tive and show rapid detection of PAHs from different samples collected from the
environment. Various techniques based on surface enhanced Raman spectroscopy
(SERS) (Du and Jing 2011; Du et al. 2016; Song et al. 2019), fluorescence spec-
trophotometry (Wang et al. 2015; Adegoke et al. 2017), and electrochemistry
(Diaz-Gonzalez et al. 2016; Qiao et al. 2018; Mailu et al. 2019) are often used
for the detection of PAHs.

Detection of PAHs via Electrochemical Sensors

In the current trends one of the versatile sensors used for the PAHs detection
based on electrochemistry is called as electrochemical sensors (ECS). These elec-
trochemical sensors have low making cost, easy to handle with resolving all the
limitation of convention methods and make them these electrochemical sensors a
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portable device for PAHs detection (Nsibande et al. 2019). These sensors play
a crucial role for the selective revealing of PAHs at very little concentration
of analytes using different principle that includes potentiometry, amperome-
try/voltammetry, conductometry, electrochemical impedance spectroscopy and
coulometry. Among the above-mentioned detection methods, one of the most
rapidly method use for PAHs sensing is voltammetry, this method involves the
scanning of sample over the latent over different variety and measuring the retort
of current obtained from the redox reaction take place on the surface of working
electrodes. The current obtained during the reaction and their variable response
depending on the concentration of analyte and also depends on the voltammetry
techniques which include CV, LSV, DPV and SWV (Comnea-Stancu et al. 2021).
Beside this these electrochemical techniques have various limitations, including
overlapping of signals due to coexisting compounds interference as well as foul-
ing of electrode and problems of over-voltage caused by electron transfer kinetics
(Zainal et al. 2020). However, the electrode used in this technique consequently
need the modification time to time by using different material likes polymer,
porous material and/or nanomaterial give them an electrode exceptional electri-
cal and chemical properties for sensing of PAHs and also provide selectivity for
numerous analytes in diverse matrices.

Detection of PAHs via Electrochemical Sensor Built

on Self-assembled Monolayer Stage

The electrochemical sensor created on self-assembled monolayer (SAM) platforms
involve the surface modification of electrode via organic molecules, that making
them immobilization possible on the surface of electrode with increasing perfor-
mance for application likes PAHs detection. The over-all structure of a SAM is
exposed in Fig. 10.3 (Peng et al. 2020) and the chemical reaction for synthesis of
SAM is presented by Munoz et al. (2017).

SAMs provide a simple and versatile method to modify electrode surfaces with
specific functional groups (e.g., thiols, amines, silanes) (Munoz et al. 2017). The
functionalized surface created by SAMs can be used to immobilize biomolecules
like antibodies, proteins, and enzymes, enabling the establishment of biosensors.
SAMs can improve the sensitivity, selectivity, and stability of electrochemical sen-
sors. Application of SAM are as follows. Detection of specific biomolecules (e.g.,
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= =
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Fig.10.3 Structure of self-assembled mono layer
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antibodies, proteins, DNA). Detection of specific analytes (e.g., gases, pollutants).
Detection of specific DNA sequences. There are some main advantages of using
SAMs. SAM formation is a relatively simple process that does not require complex
equipment. SAMs can be tailored to specific applications by selecting appropriate
molecules and functional groups. SAMs can provide a stable and reproducible
surface for electrochemical measurements (Comnea-Stancu et al. 2021).

Reprinted from the original article by Peng et al. 2020 “after taking permission
from Elsevier”.

Munoz et al. developed three different electrochemical sensors by the modifi-
cation of indium tin oxide electrode for the recognition of PAHs. They used three
different recognition elements.

In the primary work, the group synthesized or modified the electrode for PYR
detection. The detection of PYR is due to m—r interactions.

The modification of synthesis of SAM initially involved several sequential
steps, first the ITO electrode modified with an oxidizing agents NH4OH, H,O;
and H,O with the proportion of (1:1:5, v/v/v), then the treatment of electrode with
solution of toluene containing 1% of 3-glycidoxy propyl trimethoxysilane and 1-
aminopyrene (1 mM) for 36 h at 80 °C. For the detection of PYR, prepare KCI
(0.1 M) solution that contains [Fe(CN)g] (10 mM) as redox marker, a platinum
wire as counter electrode and Ag/AgCl as reference electrode, limit of detection
of PYR is very selective even in the presence of another PAHs, by this method
PYR detection of limit (LOD) is very low i.e. 1.75 ng/L (Munoz et al. 2017).

In the recent years, more and effective strategy was established by modifying
electrochemical sensors created on SAM for the recognition of four PAHs, namely
NAP, ANT, PYR and FLR. The interaction of these four PAHs with the fabricated
ITO electrode involved a covalent interaction. This ITO electrode showed excel-
lent selectivity for these four PAHs with excellent detection limit (LOD) of 0.79,
0.91, 1.70, and 0.79 ng/L, respectively. Additionally, the main advantage of this
work was the remarkable selectivity, which was < 10% signal interference for all
four PAHs and 95.7 to 108.0% recovery ranging. This information revealed that
this kind of ITO electrodes was helpful to detect the PAHs using 4 ng/L samples
(Munoz et al. 2020).

In one more study, where the electrode ITO was modified with -OH groups,
then by the reaction with trimethoxysilanepropyl-3-amine for the formation of
trimethoxysilanepropyl-3-amine based self-assembled monolayer, and carbon nan-
otubes (single-walled) were grafted by the synthesis of an amide bond. Although
this type of CNT-rich element electrode provides a linear response for the detec-
tion of PAHs in the concentration range 1.75-7.00 ng/L and 1.75 ng/L limit of
detection (LOD) (Munoz et al. 2018).

Electrochemical Sensors Based on Polymer

and Molecularly-Imprinted Platform

Exploration of new and better-quality detection methods, the researchers developed
one more advanced detection technique for the investigation of PAHs. This newly
developed method is known as molecular imprinted polymers (MIPs). The MIPs
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tools are progressively used as sensor and gain much more attention in scientific
community due to their easy production and their much higher stability. These sen-
sors synthesis involve the production of polymer matrix via molecular imprinting
procedure, with the similar molecular recognition site contains the same size and
shape like the target PAHs. These MIPs sensors contain some chemical functional
groups located inside the cavities of MIPs, that provide them a supplementary
chemical selectivity via binding connections with the surface group available in
micro-pollutant. MIPs are synthesized by the reaction functional monomer using
the specific templet via copolymerization process (Bui and Haupt 2010).

The exclusion of template from the polymer system generally generates specific
sites that shows connections with the template and its correspondents. Recently,
MIPs paying the great attention in scientific community as an electrochemical
sensor, because of their higher selectivity in the recognition of PAHs (Canfarotta
et al. 2018).

Molecularly imprinted polymers (MIPs) are chemically produced by the
copolymerization process by the reaction of monomer containing the appropri-
ate functionalities in a porogenic solvent, using a template. The target substance
and template should be similar, or the target substance itself that the selective reor-
ganization of the analyte takes place. At the time of MIPs synthesis, the monomers
used for the synthesis contain suitable functional groups, and the molecules of the
template are pre-organized or self-assembled in solution to create a material by
the formation of any non-covalent or covalent connections between their binding
functionalities. During the cross-linked polymerization, these complexes or materi-
als are conserved. Whereas the template removal creates a molecular cavity. These
cavities selectively detect the PAHs by differentiating their size and molecular
structures (Haupt 2003).

Electro-Synthesized Conducting Polymers in Molecular Imprinting

The more frequently used procedure for the preparation of conducting and non-
conducting MIPs is electrochemical polymerization on the surface of transducer
directly. The polymerization of this method is initiated via neither nor UV light
or heat directly on transducer surface (Lakshmi et al. 2009; Opik et al. 2009).
However, the deposition of MIP film from the solution of monomer functional
of porogenic solvent, sometime monomers polymerization take place by the use
of cross-linking on the surface of electrode in the existence of template (Sharma
et al. 2012). This deposited film creates roughness on the surface of electrode.
The amount of charge transfer during the polymerization controls the factor of
thickness. The morphology of material controlled by the supporting electrolytes
and suitable solvent. Although the porosity and rigidity are due to the inclusion of
ions from the electrolytes. The active monomers contain the electro polymeriza-
tion moieties; these monomers are called as electro-active functional monomers.
The most frequently used electro-polymerization moieties are Th, Py, EDOT, 3-
aminophenylboronic acid (APBA), aniline (ANI), 2-aminothiophenol (2-AThPh),
phenol (Ph), metalloporphyrin, 1,2-phenylenediamine (PD).
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Fig.10.4 Electro-polymerization of Polypyrrole. Reprinted from the original article by Herlem
and Picaud 2021 “after taking permission from ACS

Notably, synthesis of molecularly imprinted ECPs (MIECPs) have been done
in the existence of templates via polymerization of APBA, Th, ANI and Py, func-
tional monomers. The interaction of atoms of recognition locations of the MIECP
and particles of binding locations of the template via hydrogen bonding can be
facilitate the template imprinting in MIECPs. Beside this one more interaction,
that is m—m interactions between template and MIECP provide the selective cav-
ity for the particular analysts. Additionally, the dispersive contact between the
template and functional monomers increase stability due to m-electrons delocaliza-
tion in the aromatic circle of functional monomers. The stabilization of MIECP
increased if m-delocalized bond is delocalized in the m-conducting polymer chain
(Pietrzyk et al. 2009a, b). Some MIP based sensor belonging to this category are
described below.

(a) Pyrrole-based functional MIP based sensor

Among all the electro-polymerization functional monomers, PPy (poly pyrrole)
is the maximum frequently used functional monomer for the synthesis of MIP
systems. PPy have very good biocompatibility with excellent immobilization prop-
erties, PPy can be easily immobilized on he surface of polymers. The over
oxidation of PPy at positive potentials, produced the undesired polymer and this
polymer degrade easily with loss of conductivity and dedoping (Fig. 10.4) (Migdal-
shi et al. 1996; Wegner et al. 1987; Witkowski et al. 1991; Gao and Ivaska
1993; Gao et al. 1994; Mostany and Scharifer 1997; Vork et al., 1985; Krische
and Zagorska 1989; Novak et al. 1991). Despite this over oxidation of PPy,
one of the major disadvantages, PPy (OPPy) has been used widely in various
electro-analytical techniques (Herlem and Picaud 2021).

The ring opening of PAH may be achieved via harsh chemical reagent with the
full oxidation of PAH using chemical like fenton’s agent due to its high oxidation
potential. The PAH such as pyrene bounded to surface shows the electrochemical
oxidation of pyrene into quinone at 1 V versus Ag/AgCl in pH 7, PBS at high
area carbon electrodes. This electronic rearrangement with in the pyrene ring has
been confirmed by the strident analytical peak at 1000 mV (versus Ag/AgCl).
This peak at the 1000 m V also represent the complimentary effect between the
analyst available in solution and tamplete cavity present in MIP. The aromatic ring
of pyrene act as the m—m acceptor and NH groups of the pyrrole role as the n—=n
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interaction donors. Due to these interactions, the signal obtained for pyne is highly
specific and sensitive (Tiu et al. 2016).

(b) Aminophenylboronic acid based functional MIP based sensor

Understanding the philosophy for proper MIP design, it is necessary to understand
the recognition of site of the analyst via molecular interaction between the bind-
ing site of the analyst. As a detecting component, polymer that contains APBA
can bind in the reversible mode with hydroxyl groups of analysts using trans-
esterification reaction method. This covalent approach for binding allows them to
make APBA work as a chemosensor for PAHs detection. By using this technology,
researchers have a high interest to use boronic acid-based MIP for the detection
of PAHs that contain hydroxyl groups (Barathi and Kumar 2013).

One of the boronic acid-based MIPs has been synthesized via a coating of
4-mercaptophenylboronic functionalized ligand on the surface of modified Au
nanoparticles. These Au nano-particles were modified through 4-mercaptoaniline,
then with the electro-polymerization (Frasconi et al. 2010). The additional stabi-
lization was achieved by Mercapto ethane sulfonic acid, this extra stabilization
prevents the coagulation of MIPs. The 4-thioaniline, self-assembled monolayer
MIP film was potentiodynamically grown up on an Au SPR. The removal of
template was done by the acid hydrolysis that increase the detecting ability and
selectivity of MIPs (Sharma et al. 2012; Frasconi et al. 2010).

(¢) Thiophene-based functional MIP based sensor

The PTh is the second most useable ECPs (Teasdale and wallace 1993) due their
high mechanical strength, process ability and high electrical conductivity (~ 106
Sm~1) in both doeped and undoped forms (Schopf and Kossmehl 1995). PTh can
be doped in the suitable solvent in either their oxidatively or reductively forms like
PPy and PANI (Nalwa 1990). The possibility of reduction is due to the availability
of sulfur in their ring structure and their p-doping. For the preparation of PTh
films, adonic electro-polymerization techniques have been used widely and their
applications in the sensing of PAH (Welzel et al. 1995; Hagen et al. 1990; Refaey
and Schwitzgebel 2012; Atta et al. 1991).

The detection of analyst on the surface of transducer, the ECP layer was used to
implant in the conventional manor in chronoamperometric sensor; Mazzotta et al.
2008). For more instance, templates like morphine in MIP surface, synthesized
by the reaction of trimethylolpropane, trimethacrylate and methacrylic acid func-
tional monomer cross-linker using free radical polymerization. The immobilization
was done with the help of EDOT layer on an indium tin oxide electrode surface
(Ho et al. 2005). The deposition of EDOT was done by electropolymerization
potentiostatic at 1.2 V versus Ag/AgCl. However, methanol is used for extraction
of morphine template from MIP particles. Moreover, for the imprinting of mor-
phine, as a functional monomer EDOT was utilized (Yeh and Hoet 2005). For
the selective imprinting the below mentioned following thiophene monomer have
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Fig.10.5 Structure of thiophene Monomer used in MIP “Reprinted from original article by Per-
nites et al. 2011; Pietrzyk et al. 2009a, b; Pietrzyk et al. 2010;” “after taking permission from
Elsevier and ACS”

been discovered for PAHs detection (Fig. 10.5) (Pernites et al. 2011; Pietrzyk et al.
2009a, b; Pietrzyk et al. 2010).

(d) Porphyrin-based functional MIP sensor

Preparation of MIP using Metello-porphyrins with stable and electrode-adherent
properties was achieved by the use of various kinds of porphyrin monomers
via electropolymerization. Whereas, two types of detection are offered by these
monomers, i.e., one with the metal ion centers that offers the binding with the het-
eroatoms containing the lone pair of electrons or electron density and binds with
the heteroatom of the template. The second is the outer part of the porphyrins
derivatized with different groups, which binds with the electrostatic interaction
or hydrogen bonds with the templates. By this technique, the chemosensor for
nitrobenzene was obtained, and the chemosensor made by this technique is called
as voltametric MIP chemosensor. For the preparation, the layering of MIP film
of GCE was done by potentio-dynamic electro-polymerization in the existence of
nitrobenzene pattern using nickel porphyrin (9) functional monomer (Fig. 10.6)
(Panasyuk et al. 1998). Although the detection potential of nitrobenzene template
is not good and selective, instead of this MIP sensor detect 3-nitroaniline and
2-nitrotoluene as well. The voltammetric MIP sensor was prepared of the sens-
ing of 4-(2,4-dichlorophenoxy)butyric acid, an organo-halide by the use of cobalt
porphyrin (10) as a functional monomer (Mazzotta and Cosimino 2008; Mazzotta
and Cosimino 2010). For these chemosensor preparation, a platinum electrode was
used, using cobalt porphyrin (10) monomers a MIP film was potentiodynamically
implanted onto the exterior of Pt electrode. The extraction of template was done
by washing with acetonitrile followed by washing with MeOH.
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Fig.10.6 Structure of porphyrins used in MIP “Reprinted from original article by Mazzotta and
Cosimino 2010; Gémez-Caballero et al. 2010” “after taking permission from Elsevier”

The Oxidation iron porphyrin (11) contains amino groups, is favorable for the
synthesis of porphyrin polymer in a very stable form, and contains phenazine like
moieties with the porphyrin ring. Due to this ability, a novel sensor for the PAHs
detection was obtained. These sensors are based on square wave voltammetry
(SWV) sensor (Gémez-Caballero et al. 2010). For the preparation of these SWV
sensors, electropolymerization of iron porphyrin (11) polymer was deposited on a
carbon fiber microelectrode phosphate buffer (0.1 M, pH = 8.0) is used for the
template removal.

The novel dendritic star co-polymer chemesensor for the detection PAHs was
synthesis. This sensor was prepared by polymer of thiophenoimine derivative of 3-
propylene and polymer of 3-hexythiophene on electrode based on gold metal (Au/
G3PPT-co-P3HT) via in situ electrochemical co-polymerization. The chemosensor
was based on ACV (alternating current voltammetry). These sensor response PHE
from 0.50 to 6.71 mg/L concentration range with 0.25 mg/L, limit of detection.
These electrochemical sensors based on MIP is stable up to 30 days at 4 °C and
high recovery rate (93-107%) was observed. Reproducibility (RSD, 6.10%) and
repeatability (RSD, 18.1%) is one of the reported advantages for the sensing of
PAHs in wastewater (Makelane et al. 2016).

One more MIP based sensor, the same sensor described above was used for
the detection of ANT, the technique using for sensing is stage choosy ACV. The
detection in the linear range using this sensor is 0.62—-10.05 mg/L with the LOD
0.47 mg/L (Makelane et al. 2017).

Some more examples describe the procedure of ECS-MIPs sensor for the
detection of PAHs are given below.

For example, one more electrochemical MIP was synthesized by the copolymer-
ization of ethylene glycol dimethacrylate (crosslinker) with the direct assimilate of
ferrocenevinyl (tracer redox) into the binding cavities on carbon electrode. These
sensors detect BaP by SWV with 0.24 mg/L. LOD and the sensor detect BaP selec-
tively in the occurrence of PHE, FLR and PYR with the linear range of 0—4.54 mg/
L (Udomsap et al. 2018).
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In the other example, one more ANT detecting sensor was developed by coating
of MIP based polyurethane layer on the gold electrode (Latif et al. 2018). These
conductometric sensor detect ANT selectively in the presence of PYR, PER and
BaA with the detection limit 0.23 mg/L.

A glass carbon electrode covered with MIP polypyrrole was developed for
detection of ANT by SWV (Mathieu-Scheers et al. 2019).

Electrochemical Biosensors

Detection of PAHs using biological units (like antibodies and enzymes) and
electrode (as electrochemical transducer) is done by the sensor called as elec-
trochemical biosensor. These sensor converts the binding of PAHs into electrical
signals, which is measurable by using detector. The electrochemical biosensor
serves as a rapid and selective detection of PAHs. Biosensors denote dominant
analytical instrument for the recognition of PAHs using very small amount of
analyst as shown in Fig. 10.7 (Munawar et al. 2020).

Mechanism of Bio-electrochemical Sensor

An electrochemical biosensor is instrument made from the biological detecting
unit and the electrochemical transducer. The bio-sensor used to recognize the
concentration and existence of PAHs in analytical samples. Various detection ele-
ments like nucleic acid, antibody, hormone, organelle, enzyme and whole cell,
these biological elements interact with PAHs available in analytical samples and
a biochemical signal produce. The biomedical signal convert into measurable
electrical signal with the help of electrical transducer. The working principle of
bio-electrochemical sensor is classified into two paths.

Transducer

(GCE, CPE, Au, Ag, Pt,

SPE etc)
* Voltammetry

* Amperometry
* Potentiometry
Target Analytes * Conductometry =
" < * Impedance -
(Biomolecules, Bacteria, | —p S STBR =

Virus, Toxic molecules, heavy

—. )
metals, microorganisms) [T P

Bio-recognition Electrochemical Signal

Elements Analyzer Processing

Fig.10.7 Graphical representation of electrochemical biosensor. “Reprinted from original article
by Shanbhag et al., 2023 “after taking permission from Elsevier”
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Fig.10.8 Graphical representation of Bio-sensor mechanism. Reprinted from the original article
by Shanbhag et al. 2023 “after taking permission from Elsevier

1. Bio-detection
2. Signal transmission.

The change in biochemical qualities such as antigen—antibody binding, hormone-
receptor contact, DNA hybridization and enzyme activity due to bio-detection
via analyte binding. This object the change in the electrical properties of the
solution such as conductivity, redox potential and pH by generation and con-
sumption of electrons. These change in electrical properties of the solution detect
by the electrochemical transducer (electrode) and convert them into the measur-
able signal by calculating, how much concentration of analyte bind during the
transduction stage. The electrode of bio-electrochemical sensor works on various
principle, including conductometry, potentiometry, amperometry, and impedance
spectroscopy (Fig. 10.8) (Shanbhag et al. 2023; Comnea-Stancu et al. 2021; Wu
et al. 2023).

Other Electrochemical Sensors

Various other electrochemical sensor likes 3D-macrocyclic oligomers, 2D-
structured nanomaterial clays (anionic) and reduced Graphene Oxide, were also
used in recognition of PAHs.

A voltametric recognition of ANT using a 2D-nano structure anionic clay mate-
rial was described these sensors made up of Cd(OH),/Al(OH)3; via single-step
approach based on green methodology on carbon glass electrode (GCE-Cd/Al-
LDH) directly. The detection limit of this sensor is 0.09 pg/L, 0.02 to 17.82 ng/
L linear range. These sensors are also helpful to detect PAHs in real sample like
cloud/rain water with high recovery (Qiao et al. 2018).



10 Sensors and Biosensors for Polycyclic Aromatic Hydrocarbons 249

In a later study, ERGO and 4-tertbutylcalix[4]arene (4TBC) are deposited on
the carbon electrode to obtained screen printed carbon electrode (SPCE) for the
selective recognition of ANT. An enhancement in the peak current was observed
due non-covalent bond formation through m-m interaction and non-covalent bond
formation. The LOD for the ANT is 2.85 ng/L with high linear response range
from 0.36 to 1.43 mg/L (Zainal et al. 2019).

Detection of PAHs via SERS Based Optical Sensors

A most popular techniques for the detection of PAHs using different templates
have been developed and used frequently. This technique is known as surface-
enhanced Raman scattering (SERS). The SERS involves plasmonic nanostructures
likes” silver and gold by the creation of plasmon surface resonance from localized
electromagnetic fields. The techniques contain high enrichment of weak intrinsic
Raman signals by plasmonic nanostructure (Caroleo et al. 2022). Due to this fea-
tures SERS methods are suitable for the sensing of PAHs with high sensitivity.
These SERS techniques involve the synthesis of nanostructure based on metal for
specific reasons and also modified by the immobilization of ligand of functional
group that used for the sensing for different analytes with enhanced capability
(Kandi et al. 2022). Furthermore, the sample preparation for SERS is too simple
no tedious methods is required even the sample does not affect by the water, this
feature of SERS make them an important application for PAHs detection in from
the sample collected with different sources.

PAHs are hydrophobic in nature; various challenges occur during the detection
of PAHs from the SERS substrate. Consequently, cyclodextrin, calixarenes, thiols,
humic acids, and dicarbamates, have been used for the functionalization of silver
and gold nanoparticles (Wang et al. 2019). Instead of this several other SERS based
sensor have been developed with high enhancement using gold with others material
likes TiO, nanotube arrays, nickel 3D foam, coffee ring, alginate gel and porous
polymers (Du et al. 2016). Regardless, these sensors have some disadvantages
that include the poor solubility of PAHs in water, due to this sample requires a
preconcentration step. These factors decrease the signal enhancement caused by
the distortion of SERS signals.

Non-functionalized SERS Sensors
Many modest and non-functionalized SERS sensor have been described, for exam-
ple, for the detection of PAHS likes PHE, NAP, and PYR by portable Raman
spectrometer. Synthesized the unfunctionalized AuNPs colloid. By this sensor,
there is an enhancement of 20-fold in SERS signals. Additionally, the LOD value
for all the PAHs is 1.38 mg/L for NAP, 0.23 mg/L for PHE, and 0.45 mg/L for
PYR (Gong et al. 2019).

Likewise, other non-functionalized SERS sensors have been developed; these
sensors are capable of detect seven PAHs likes BaP, BbF, BKF, NAP, ACY, CHR
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and ANT (Shi et al. 2019). In the recent year, colloidal AuNPs have been synthe-
sized by the reduction of citrate followed by enriched hydroxyl amine growth to
grow the SERS device for the selective recognition of BaP (Su et al. 2021). Also,
non-functional high-porous 3D SERS was established for the recognition of PYR
(Capaccio et al. 2022). This sensor was prepared by the deposition of AgNPs film
on Cr/Au bilayer trailed by the treatment includes inductively-coupled plasma and
plasma action in argon environment.

SERS Sensors Based on Thiol and Amine Functionalities

Various SERS sensors were synthesized in which the metal nanoparticle, func-
tionalized with amines and thiols. These amine and thiols-functionalized SERS
sensors are used frequently in the sensing of PAHs. Raper Mason mechanism
was applied for the synthesis of amine amine-functionalized sensor. Through this
method, dopamine acts as a reducing reagent. These AuNPs sensor was prepared
by the one pot synthesis, the synthesis id started with the oxidation of dopamine
to dopamine quinone (DQ), 5,6-dihydroxyindole and polydopamine (PDA) (Du
and Jing 2019). These AuNPs modified by PDA are capable of detecting PAHs
close to AuNPs, whereas the AuNPs modified with DQ show the selective sensing
of PAHs. In other studies, silver nanoparticles and gold nanoparticles were func-
tionalized with 1-propanethiol and 5,50 dithiobis (succinimidyl-2-nitrobenzoate),
respectively. An anti-BaP antibody anchoring and gold sulfur interaction make
them these SERS sensors for the recognition of PYR from various sources of water
(Zhang et al. 2017) and BaP in sea water (Dribek et al. 2017) simultaneously.

Cyclodextrins Based SERS Sensors

A supramolecule with a big cavity is also used for the functionalization of nanopar-
ticles, especially for SERS sensor development. Whereas, for the functionalization
of metal nanoparticles, Cyclodextrins (CDs) and their derivatives are in demand.
For the synthesis of silver and gold nanoparticles, maximum of the time cyclodex-
trins and their derivatives are used directly as a stabilizing and reducing agent
or bind on the surface of metal nanoparticles via linkers. Through these CDs
containing sensor PAHs bind easily via host—guest chemistry by the formation
of an inclusion complex. Moreover, the PAHs sensing is enhanced by the CDs
molecules, which act as an internal standard for SERS. At the same time, two
ratio-metric SERS sensors were synthesized. These sensors, the conjugation of -
CD with AuNPs with the help of 4-mercapto phenylboronic acid (4-MPBA) linker.
The former SERS sensors were used for the sensing of PYR and ANT, whereas 3D
mesoporous AuNPs were functionalized by mono-6-thio-B-CD (tb-CD) and used
for the recognition of NAP and ANT detection (Yu et al. 2019; Zhang et al. 2020a,
b). In the other example green synthetic route was used for the functionalization of
AgNPs through B-CD. This B-CD acts as a stabilizing and reducing agent. These
SERS sensors utilized for the recognition of ANT, PYR, and CHR/triphenylene
(TPL) (Li et al. 2020).
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SERS Sensors Based on Polymers and MIPs

The materials, such as 3D-supramolecular and polymers, are involved in the
making of SERS sensor with extremely molecular detecting properties. The
polymer-implanted SERS sensors are usually made in the presence of a tem-
plate, such as ionic/molecular assembly, molecules, and ions (Castro-Grijalba et al.
2020). After the template removal, a vacant space was obtained that can be used for
the detection of analytes. Although some of the limitations are also faced in MIPs
as SERS sensor. These limitations include multiplex analysis and a quantifiable
signal caused by conversion of binding events (Wang et al. 2019). A porous gly-
cidyl methacrylate ethylene dimethacrylate (GMA-EDMA) composed 3D SERS
sensor was developed in the syringe for the detection of four different PAHs, like
PHE, BaP, PYR, and BkF (Shi et al. 2017). PYR OR FLU templates were used for
the production of MIPs-based AuNPs SERS sensor (Castro-Grijalba et al. 2020).
This SERS sensor is highly selective for the detection of PYR/FLU and PYR/FLU/
BaP mixtures from the river water sample.

SERS Sensors Based on Metal Organic Frameworks

The metal organic framework (MOFs) paid the significant attraction in the scien-
tific community as a porous material for the modification of metal nanoparticles
to enhance the surface area, stability and impart the large quantity of SERS ener-
getic metal nanoparticles inside cavity of MOFs. Due to the space inside the
MOFs, they have good sensing ability generated by metal nanoparticles, by mak-
ing MOFs-based chemosensors. These sensors are used without the elimination of
preconcentration. MOFs-SESR based sensor for the detection of ANT, PYR and
perylene (PER). These sensors were prepared by the deposition (MOFs, Cu3(1,3,5-
benzenetricarboxylic acid);, and AgNPs on a screen-printed carbon electrode by
in situ electrodeposition (Li et al. 2019).

SERS Sensors Based on Graphene/graphene Oxide

The molecular structure of Graphene and graphene oxide material is recognized by
the sp2-bonded carbon atoms and now are day graphene and graphene oxide are
frequently used in various fields of sciences. In the molecular structure of graphene
contains condense aromatic ring which make them graphene aromatic in nature.
Due to this reason, graphene and graphene oxide behave as a good adsorbent via
n—7 stacking interaction (Migdalshi et al. 1996). Furthermore, SESR properties are
enhanced by the formation of nanocomposite, nanocomposite obtained between
metal nanoparticles and graphene/graphene oxide for detection of PAHs. A study
was reported for the SERS-based sensor by decorated AgNPs with graphene (Wang
et al. 2020a, b), for recognition of three PAHs, namely PYR, ANT, and PHE. In
another report, gold nanoparticles anchored with graphene oxide were developed
for PAHs detection via the SERS method.

SERS Sensors Based on Magnetic Nanoparticles
SERS sensors incorporated into magnetic nanoparticles have been used for the
detection of PAHs and are generally known as MNPs in the scientific community.
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These sensors offer improved sensitivity with synergistic single enhancement as
plasmonic nanoparticles. MNPs are reusable and do not link with receptors, includ-
ing aptamers and antibodies, for biosensing applications (Caroleo et al. 2022).
Industrialized the technique for the recognition of PAHs by AuNPs nanoparticles
grafted with Fe3O4 (Du et al. 2016). This immobilized SERS sensor grafted on
magnetic FezO4 efficiently detects polyhydrocarbons from real samples like river
water by the LOD reaching from 1.01 to 16.62 mg/L. The comparison of these
SARS sensors with electrochemical sensors, A huge number of optical sensors
based on SERS technology were developed. These optical SERS sensors dis-
played the capability of detecting 2-16 PAHs simultaneously. AuNPs deposited
on graphene oxide has been used for the detection of 16 PAHs with lesser LOD
(0.2-2 mg/L) (Wang et al. 2020a, b), while AuNPs deposited on Fe304 nanoparti-
cles showed higher LOD (1.01-16.62 mg/L) (Dribek et al. 2017). Amongst, from
the numerous SERS sensors with displayed the ability of sensing 2—7 PAHs simul-
taneously, with colloidal AuNPs/NaCl the deepest LOD was reported to 7 PAHs
(0.01-0.14 mg/L), with copolymer-based porous colloid AuNPs, the LOD is 4
PAHs (0.04-0.15 mg/L) (Shi et al. 2017), sing the MOFs-based AgNPs the LOD
was reported for 3 PAHs is 0.03-3.56 mg/L (Li et al. 2019) and B-cyclodextrin-
based AuNPs used for the 2 PAHs detection with 0.08-0.78 mg/L (Yu et al.
2019). N-dodecanethiol-functionalized AuNPs (Zhang et al. 2020a, b) and hydrox-
ylamine enriched colloidal AuNPs (Su et al. 2021) was used for the recognition of
single polyhydrocarbons with low boundary of recognition. On the other hands,
1-propanethiol-functionalized AgNPs showed the low detection limit for PYR
(Zhang et al. 2017). Despite of this, another factor likes recovery, reproducibility
and stability considered for designing the sensor for PAHs detection.

Conclusion and Future Perspective

According to WHO, the uppermost satisfactory meditation of BaP in water at
0.7 pg/l. In an inclusive examination, it was projected that the mean ingestion of
PAH with water is 1% of the overall tolerable level. In this chapter, we summarize
the sensors and biosensors for the recognition of polycyclic aromatic hydrocar-
bons. This chapter contains in-depth information on the technology used for the
recognition of PAHs. These technologies are based on analytical methods GC,
HPLC, and SFC, and sensor-based, such as electrochemical and SERS-based opti-
cal sensing techniques. For the recovery of PAH from the real samples is a difficult
task, so there is an urge for the substitution of conformist sample preparation tech-
niques with progressive extraction/purification technologies. The flame ionization
detector was used for the PAH recognition in GC techniques, in the various studies
MS/MS detector was used for the detection, which is insufficient. Thoughtful opti-
mization of mobile phase, stationary phase, length and type of column, temperature
is the essential parameter for PAHs recognition with GC techniques within the
shorter time. The other methods like HPLC required fluorescence detector, while
the some more advanced methods are likes MS/MS recognition techniques is still



10 Sensors and Biosensors for Polycyclic Aromatic Hydrocarbons 253

absent. Whereas, SFC methods are limited to PAH detection in water samples, SFC
techniques are not well suited for PAH analysis in food samples. Additionally, the
grafted nanomaterial sensor paid more attention onwards optical and electrochem-
ical sensors due to its cost effectiveness, shorter analysis time and capability of
analyzing various PAHs simultaneously. The electrochemical sensors are impor-
tant for the uncovering of PAHs because of the high sensitivity, the reason for the
high sensitivity and selectivity is owing to the synergistic outcome of nanomateri-
als. Alongside, the other sensors based on SERS, these optical sensors showed an
extraordinary improvement in Raman signals due to the incorporation of a diversity
of nano-materials achieving high sensitivity. Though, the recognizing techniques
and their applications in the single PAHs recognition is limited and the simultane-
ous analysis of multiple polyaromatic hydrocarbons and their method development
is still in demands. A part from this most of the reported sensors are limited to
water sample no such sensors are examination of PAHs in other samples like food
etc.
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Polycyclic aromatic hydrocarbons, also known as PAHs, are widely acknowl-
edged to be the most common organic chemicals found in petroleum. The
incomplete burning of organic materials or fossil fuels is the fundamental reason
why PAHs are in the environment. Polycyclic aromatic hydrocarbons (PAHs)
represent a worldwide problem because they may adversely impact human
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health and are poorly soluble in water. Researchers have tried various methods
to remove PAHSs in the environment such as photocatalytic degradation, elec-
trokinetic remediation, advanced phytoremediation, extraction, bioremediation,
chemical oxidation, adsorption and green nano remediation. Due to the remark-
able adsorptive capability under lower aqueous solubility exhibited by PAH,
the adsorption method has been found as one of the widely adopted methods
for water decontamination. Various conventional and novel adsorbing materials
function efficiently for removing PAHs from water sources. The materials used
for PAH removal consist of biomass derivatives with zeolites and mesoporous
silica, together with polymer nanocomposites and graphene-based materials.
Environmental engineering research with material science forms an essential
field for studying PAHs removal from water resources. Ongoing investigation
of novel adsorbents and the optimization of conditions is essential to provide
an effective solution to mitigate the detrimental effects of PAHs on ecosys-
tems and human health. A summarise report on the adsorption with different
inducing factors has been explored in this chapter, which can be optimised and
implemented to remediate PAHs efficiently, particularly from the various water
resources.

Keywords

Wastewater analysis ¢ Polycyclic aromatic hydrocarbon (PAH) « Adsorption *
Adsorption strategies « Adsorbent

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic molecules made up of two
or more fused benzene rings, characterised by their stable chemical structure and
long-lasting presence in the environment (Sahoo et al. 2020). These chemicals
exhibit limited solubility and are prone to adsorbing onto solid and carbonaceous
objects in the environment. Although there are more than 100 types of PAHs, the
United States Environmental Protection Agency (USEPA) designated 16 polycyclic
aromatic hydrocarbons as priority pollutants in 1976 due to their harmful impacts
on both the ecosystem and human health (Wise et al. 2015). These 16 PAHs are
further divided into two groups based on their molecular structure and weight: low
molecular weight (LMW) and high molecular weight (HMW) PAHs. LMW PAHs
typically contain two or three fused benzene rings, while HMW PAHs consist of
structures with four or more fused rings (Fig. 11.1).

Variation in structural properties of PAHs significantly alters the several char-
acteristics of the molecules, including hydrophobicity, stability, toxicity, boiling
and melting points, also increase, while studies show that low molecular weight
(LMW) PAHs have higher water solubility and volatility compared to high molec-
ular weight (HMW) PAHs (Vijayanand et al. 2023). In contrast, HMW PAHs are
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/ 16 PAHSs classified by molecular weight
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Fig.11.1 The 16 PAHs priority pollutants, identified by the US EPA, are categorized based on
their molecular weight (Reproduced with the permission from Elsevier (Queiroz et al. 2022);
licence no. 6060610203285)

more hydrophobic than their LMW counterparts (Queiroz et al. 2022). The char-
acteristics Kow (octanol-water partition coefficient) value indicates the degree
of preference for oil-like (octanol) material over a water-like environment. The
physico-chemical properties significantly influence the environmental behaviour
of PAHs (Gaurav et al. 2021). The semi volatile characteristics of LMW PAHSs
indicate their presence in the environment as vapours, rendering them especially
vulnerable to atmospheric breakdown processes. In aqueous conditions, LMW
PAHs are partially dissolved, rendering them readily accessible for diverse degra-
dation processes. The HMW PAHs are predominantly linked to atmospheric and
aquatic particles, rendering them less accessible for degradation. Furthermore,
PAHs adsorbed onto particles can be carried across extensive distances in the
atmosphere, rendering them pervasive throughout the ecosystem (Hussain et al.
2019). Both natural processes and anthropogenetic activities are responsible for
the release of PAH contaminants (Abdel-Shafy and Mansour 2016). Natural pro-
cess includes microbiological production and volcanic activity. But a significant
number of PAHs are mostly emitted by anthropogenic activities, including vehicu-
lar emissions, military operations, agricultural production, fossil fuel combustion,
residential waste incineration, petroleum industry leaks, carbon black manufac-
turing, internal combustion, carbon black manufacturing, and engine emissions
also discharge substantial quantities of PAHs into the ecosystem (Manoli and
Samara 1999; Ravindra et al. 2008). Polycyclic aromatic hydrocarbons are majorly
contributors to pollutants in the environment because they are carcinogenic, muta-
genic, and toxic, as well as being highly persistent in the ecosystem (Manoli
and Samara 1999; Ravindra et al. 2008). Human exposure to PAHs, whose car-
cinogenic potential grows with molecular weight, is associated with a probability
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of cancer in many organs, and is also linked to immunosuppression and prob-
able endocrine disruption (Ferreira Azevedo et al. 2025. Due to the harmful
impacts of PAHs, researchers must begin developing speedy and effective ways
for their removal, particularly from water. Major treatment methods for PAH-
decontamination include Coagulation, Flocculation, Bioremediation, Solid-phase
extraction, Solvent Extraction, Photocatalytic Degradation, Chemical Oxidation,
Reverse Osmosis, and Adsorption (Adeola and Forbes 2021). Most of the treat-
ment techniques are time-consuming and have high maintenance costs; some of
the processes may generate secondary by-products, which are carcinogenic and
mutagenic (e.g., trihalomethanes, halo-acetic acids), hence exacerbating negative
effects on public health. The adsorption techniques are a sustainable and cost-
effective treatment for PAHs. As a result, many studies have focused on finding
efficient and cost-effective sorption media, along with investigating the environ-
mental factors that affect the process for the PAH remediation. This chapter aims
to compile the recent review articles on PAH remediation using adsorption as a
tool, outlining the sources and adverse impact of PAHs, sorption media, influ-
encing operational parameters, and various adsorbents used for the efficient and
sustainable treatment of PAH molecules in aqueous media.

Various Sources of PAHs

The two main sources of polycyclic aromatic hydrocarbons (PAHs) in the envi-
ronment are natural sources and human-made sources (Abdel-Shafy and Mansour
2016). Several human activities are associated with the incomplete combustion
of fossil fuels and biomass. These activities include things like incomplete com-
bustion of cooking at home, emissions from cars, industrial processes, smoking
tobacco, and oil spills. In aquatic environment, the concentration of PAHs is
commonly lower, and thus classified as a micropollutant (Fig. 11.2). Despite
their ultra-trace levels, PAHs can have an important negative effect on the whole
ecological system (Wang et al. 2024).

The occurrence of PAHs in the ecosystem is due to various combustion
processes.

Potential sources of PAHs in water.

The primary sources of PAHs in aqueous medium are pyrogenic sources, urban and
industrial runoff, shipping and port activities, wastewater and sewage discharges,
atmospheric deposition (from industrial and vehicles emissions) and petrogenic
sources (oil spills and petroleum discharges). Although the major contributors are
human activities, natural sources like forest fires, volcanic activity and biogenic/
diagenetic processes also contribute (Alegbeleye et al. 2017; Gupta 2018a, b).
These hydrophobic chemicals are bound to organic matter and sediments, and
are accumulated in the food via bioaccumulation in an organism (such as fish
and shellfish). Figure 11.3 shows a global overview of sources of PAH in differ-
ent water bodies based on diagnostic ratios for the discrimination of petroleum,
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Fig.11.2 Different sources and pathways of polycyclic aromatic hydrocarbons entering
ecosystems (Reproduced with the permission from Elsevier (Tang et al. 2025); licence no.
6060630631225)

combustion, and traffic related emissions. Nigeria and China are the most studied
countries with an average of 36.67% and 23.33% of the studies respectively, India
has an average of 13.33% of the studies with focus on rivers and drinking water as
shown in the mapped data. The map summarises the various sources of PAH with
colour-coded bar charts showing the main sources of pollution in each region.

PAH compounds generally undergo transformations via mechanisms such as
oxidation and photolysis, producing numerous PAH derivatives that are identified
as even more dangerous than the original PAHs (Krzyszczak and Czech 2021).
Based on their production sources, PAHs can hence be categorized into three dis-
tinct types: Petrogenic, Pyrogenic, and Biogenic (Stogiannidis and Laane 2014).
The first category of PAHs, Pyrogenic, are accidentally produced through the
partial combustion (350-1200 °C) in the absence of oxygen (Abdel-Shafy and
Mansour 2016). The presence of petrogenic PAHs in petroleum and its deriva-
tives is widely distributed in the environment as a result of various anthropogenic
activities, including storage, transport, leakage, and utilisation of crude oil. The
incorporation of microorganisms enables the synthesis of biogenic PAHs. (Mojiri
et al. 2019).
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Fig.11.3 Main sources of PAHs detected in water bodies across various global regions (Repro-
duced with the permission from Elsevier (Ziyaei et al. 2024); licence no. 6060621184006)

Toxicological and Ecological Risks of PAH Contamination
in Water Bodies

PAHs are significant environmental and public health hazards in aquatic systems.
They present a significant health hazard to both aquatic ecosystems and human
health through many exposure pathways. Owing to lipophilic character, these
organic compounds exhibit unusual environmental persistence by the resistance
to biodegradation. Further, the hydrophobic character of these compounds facili-
tating the strong adsorption to suspended particles and organic matter in aquatic
systems (Straif et al. 2005). DNA adducts are formed through the metabolic mech-
anism, thus resulting in mutagenic and carcinogenic effects, with studies showing
that more than 70% of PAH contaminated water sources exceed the WHO and
USEPA cancer risk thresholds (Xue and Warshawsky 2005). Beyond carcinogenic-
ity, PAH exposure leads to acute health effects including respiratory symptoms and
chronic exposure to PAH has more serious health effects. In aquatic ecosystems,
PAHs have shown high bioconcentration factors with high accumulation poten-
tial in aquatic organisms, especially invertebrate and low trophic level organisms,
which lack the efficiency of PAH metabolism pathways (Meador 2003).

Various Human Exposure Mechanisms to PAHs
The majority of human exposure arises from direct contact with pollutants, inhala-

tion of contaminants, physical contact with toxins, or consumption of contaminated
dietary substances. Inhalation is associated with both the route of exposure, i.e.,
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through smoking and by breathing in polluted air (St. Helen et al. 2012). Research
has shown that after the inhalation, benzo[a]pyrene (BaP) is capable to enter the
pulmonary capillaries in humans (Chang et al. 2019). A significant pathway of
exposure is direct contact with PAHs which occurs when the skin gets in contact
with polluted water or surfaces allowing for the absorption of PAHs through the
dermis. Mallah et al. (2022) and Kammer et al. (2011) determined that contact with
sensitive body parts such as skin and eyes is central in exposure to PAHs. Kam-
mer et al. (2011) performed an evaluation of skin absorption of pyrene (Pyr) and
benzo[a]pyrene (BaP) during chimney sweeping using a tape stripping method.
The results reveals that theses organic molecules were also potentially accumu-
lating in the mid-layer of the stratum corneum in concentrations estimated to be
nanograms per square centimetre. Many mechanisms of human exposure to PAHs
often occur simultaneously. Outdoor workers such as road and roofing workers
are prone to exposure to polycyclic aromatic hydrocarbon (PAHs) through direct
exposure to contaminated substances or via inhalation of contaminated air (Hopf
et al., 2018). Also, Chen et al. (2014) reported that another importance of human
exposure to PAHs is dietary intake, especially smoked meat. A significant quan-
tity of polycyclic aromatic hydrocarbons (PAHs) in the ecosystem accumulate in
sediments and soil as a result of both dry and wet deposition. This leads to the
uptake of these PAHs by crops, which ultimately leads to their assimilation into
the food chain. (Kumar et al. 2021; Hussain et al. 2019). Several paths of exposure
and contact are outlined in Fig. 11.4a.

Health Effects Associated with PAH Exposure

Human interaction with PAHs is typically carried through many pathways, and
the detrimental consequences of such exposure are generally associated with the
relative toxicity of chemicals, exposure length, health state, and other variables
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(Geier et al. 2018). However, these compounds are recognized for their long-term
hazardous impacts on living organisms. PAHs with high molecular weight (HMW)
exhibit more carcinogenicity in comparison with low molecular weight (LMW)
PAHs (Barbosa et al. 2023). Though exceptions exist, such as naphthalene (with
2 benzene rings), which exhibits more carcinogenicity than high molecular weight
(HMW) polycyclic aromatic hydrocarbons, including benzo(ghi)perylene (with 6
benzene rings).

Short-Term Impacts

Short-term exposure to PAHs can impose an adverse impact on the function of the
human lung, particularly among people with asthma, and also may raise the risk
of blood clots in those with coronary artery disease (Kim et al. 2013). However,
there is not much research on how short-term PAH exposure affects people with
digestive, heart, blood, or muscle and bone disorders (Fig. 11.4b). In addition,
being exposed to high levels of PAHs for a short time, especially at workstations,
can often cause symptoms like confusion, vomiting, nausea and disorientation
(Goudarzi et al. 2017).

Long-Term Impacts

Exposure to PAHs over an extended period of time has been linked to a wide
variety of chronic health problems (Ravanbakhsh et al. 2023). It has been accom-
panying to jaundice, as well as liver and kidney dysfunction (Mumtaz and George
1995). In addition, studies have shown that coal furnace workers with long-term
PAH exposure exhibit reduced serum immunoglobulin levels (Szczeklik et al.
1994). Naphthalene causes an erythrocyte haemolysis by inhalation (both orally
and nasally) (Srogi 2007). Persistent and repeated eye irritation due to low-level
exposure of PAHs might be involved in cataract formation (Mumtaz and George
1995). Furthermore, PAHs have been known to cause DNA damage (John et al.
2009). Figure 11.4b illustrates potential adverse effects associated with both acute
and chronic PAH exposure.

The lipophilic properties of PAHs enable them to interfere with cellular func-
tioning, leading to chronic diseases; therefore, the elimination of PAHs particularly
from aquatic matrix is essential owing to their environmental persistence and
potential for biomagnification, which presents long-term risks even at minimal
concentrations. Effective remediation reduces direct exposure hazards and averts
subsequent ecological and public health catastrophes, especially in areas dependent
on aquatic food sources.

PAHs Removal Strategies

There are several traditional techniques in practice to mitigate the concentration of
PAHs from wastewater, which include aerobic and anaerobic biodegradation, phys-
ical and chemical adsorption, biological methods, and their hyphenation (Ahmed
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et al. 2021). These strategies exhibit several constraints, including intricate pro-
cedures, substantial investment, and elevated maintenance expenses. Numerous
processes generate byproducts that are carcinogenic and mutagenic (Pathak et al.
2022). Consequently, the pursuit of further alternative methodologies seems per-
petual. Table 11.1 summarizes the merits and demerits of several PAH elimination
strategies.

Among the several wastewater treatment technologies available for PAH
removal, only a limited number have been commercially demonstrated. Since
1992, Condorchem Envitech, an environmental engineering firm headquartered in
Barcelona, specializes in the treatment of industrial wastewater and air emissions,
has employed different processes, including adsorption, nanofiltration, reverse
osmosis, bioaugmentation, direct filtration, and coagulation-flocculation, to treat
the contaminated water on a large scale (Gupta and Dhiman 2023). Due to elevated
operating costs, several remediation techniques have not been commercialized or
employed at commercial-scale water treatment. In this regard, adsorption is found
as the predominant method for wastewater treatment, employing several materials
including polymer nanocomposites (Lamichhane et al. 2016).

Adsorption-Based Remediation of PAHs in Water Systems

Adsorption facilitate various benefits, including environmental sustainability,
energy efficiency, applicability at elevated temperature, and cost-effective adsor-
bents from agricultural byproducts, mineral resources and various solid waste
(Lamichhane et al. 2016). Adsorbent and adsorbate are two important components
that determine the technical and economic viability of the adsorption systems.
Also, specific operating conditions used during adsorption play an important role.
Most of the PAH removal techniques take advantage of the hydrophobic proper-
ties of the materials, allowing for the efficient adsorption of the PAH molecules
at the interface. A wide range of adsorbing materials have been studied for the
removal of PAHs, and each of them has different advantages in terms of effi-
ciency and applicability (Table 11.2). For example, activated carbon has a removal
efficiency during batch and column tests up to 100% and adsorption can be char-
acterized by Freundlich and Langmuir isotherms (Lamichhane et al. 2016; Hu
et al. 2024). Biochar is also similarly effective with efficiencies reported as high
as 98.6% (Oleszczuk et al. 2012). Modified clay minerals and natural zeolites have
also been reported to with removal capabilities over 99% and 85%, respectively
(Lamichhane et al. 2016; Bhatnagar and Sillanpaa 2010). Compost and organic
matter, and the use of synthetic polymers and iron oxide nanoparticles, have great
adsorption capacity, ranging from 70 to 95% (Hale et al. 2011; Mahmoodi et al.
2014; Gupta 2015). The recent developments have focussed on the potential of
nanomaterials with remarkable surface area, including carbon nanotubes (CNTs)
and graphene revealing significant adsorption affinities (removal efficiencies rang-
ing between 90-99%) (Yin et al. 2020; Liu et al. 2015; Wang et al. 2016). Granular
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Table 11.1 Advantages and disadvantages of various remediation techniques for PAHs

Technique Advantages Disadvantages References
Adsorption Cost-effectiveness, Expensive Lamichhane et al. 2016;
environmental adsorbents, Dowaidar et al. 2007;
compatibility, secondary Rinawati et al. 2019; Gupta
operational flexibility, contamination 2018a, b
high removal efficiency,
rapid process,
applicability of
recoverable and
reusable adsorbents
Bioremediation Low-cost, complete Slow process, Bisht et al. 2015; Gupte
mineralization optimization etal. 2016
challenges
Chemical Short treatment time, High chemical/ Adeola and Forbes 2021;
oxidation effective operation cost, Haneef et al. 2020;
toxic byproducts Chen et al. 2015
Coagulation Removes turbidity and | Sludge formation, | Nowacka and
particulates slow, less efficient | Wtodarczyk-Makuta 2015;
for organics Shabeer et al. 2014
Electrokinetic Effective for High energy use, Saichek and Reddy 2005
remediation low-permeability soils | possible secondary
pollution
Flocculation High PAHs affinity Secondary Nystrom et al. 2020;
pollution requires | Shabeer et al. 2014
microbial support
Phytoremediation | Environmentally Slow, limited to Adeola and Forbes 2021;
friendly, low-cost shallow Gupta et al. 2025
contamination
Photocatalytic Effective at room High-maintenance, | Silva et al. 2020; Karam
degradation temperature, costly catalysts et al. 2014

eco-friendly

Reverse osmosis

Useful with large scale

Slow and
cost-inefficient for
small to
medium-scale
operation

Adeola and Forbes 2021;
Smol et al. 2016

Solid-phase

High extraction

Not robust, high

Egli et al. 2015; Von Lau

extraction efficiency solvent cost et al. 2014;
Soil vapor Removes volatile PAHs | Ineffective for Cao et al. 2021
extraction from soil non-volatile PAHs,

energy use

Solvent extraction

Fast, economical

Labor-intensive,
solvent hazard

Von Lau et al. 2014; Lee
et al. 1999




11 Adsorption of Polycyclic Aromatic Hydrocarbons from Water ... 271

Table 11.2 Adsorption media for PAHs removal

Adsorption media Methods Removal Adsorption Reference
employed efficiency (%) isotherm
Activated Carbon Batch/ Up to 100 Freundlich, Lamichhane et al.
Column Langmuir 2016Hu et al. 2024
Biochar Batch Up to 98.6 Freundlich, Lamichhane et al.
Langmuir 2016; Oleszczuk
et al. 2012
Modified Clay Batch >99 Freundlich Lamichhane et al.
Minerals 2016
Natural Zeolite Batch 85-95 Langmuir Bhatnagar and
Sillanpéd 2010
Compost/Organic Batch 70-90 Freundlich Hale et al. 2011
Matter
Synthetic Polymers | Batch 80-95 Langmuir, Mahmoodi et al.
Freundlich 2014
Iron Oxide Batch 75-90 Langmuir Gupta 2015
Nanoparticles
Graphene Batch 90-99 Langmuir, Yin et al. 2020; Liu
Freundlich etal. 2015
Carbon Nanotubes Batch 92-99 Langmuir, Wang et al. 2016;
(CNTs) Freundlich Lamichhane et al.
2016
Granular Activated | Batch > 90 Freundlich Eeshwarasinghe
Carbon (GAC) etal. 2018

Activated Carbon (GAC) has been utilised to remove polycyclic aromatic hydro-
carbons (PAHs) from contaminated water; however, this process required several
hours to complete. (Eeshwarasinghe et al. 2018). The results emphasize the need
to select suitable adsorbent media and optimize operational parameters for efficient
PAH remediation.

Adsorption Efficiency and Mechanistic Insights

Adsorption methods exhibit the remarkable efficiency for the decontamination of
water; hence, it is widely employed across various remediation fields (Rashid et al.
2021). Further, as a surface property, a relatively small increase in the adsorbent’s
surface area leads to a big increase in the amount of pollutants that the adsor-
bent can take in. However, substantial limitations persist regarding the broader
application of adsorptive processes, especially in terms of cost management and
the requirement for their regeneration. Adsorption processes are generally per-
formed in sequential batch mode, either in continuous or discontinuous processes.
Chemisorption and physisorption are two of the most essential features and ways
to control the adsorption processes. (Lamichhane et al. 2016). The adsorption
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capacity (q) is mathematically defined through Eq. (11.1):

_(C,— OV

Mads

(11.1)

In Other words, the adsorbent’s Removal Efficiency (RE) is defined as the per-
centage of contaminants removed from a system., which can be mathematically
presented by Eq. (11.2):

Co—-C
RE=""=9 100 (11.2)
where
q adsorption capacity,
Co initial concentration of adsorbate
C concentration of the adsorbate in the aqueous matrix post-adsorption,
\% volume of the solution,

m,gs adsorbent mass
RE  Removal Efficiency.

Factors Affecting the Adsorption Phenomena

Time Dependent Adsorption Studies (Adsorption Kinetics)

This measure assesses the rate of transport of adsorbate molecules to the sur-
face of an adsorbent under specific experimental conditions. Adsorption kinetics
helps to evaluate the time consumed to attain the equilibrium, and during this spe-
cific time, the rate of molecules adsorbing onto the surface matches the rate of
molecules desorbing (Walters and Luthy 1984). Several models have been estab-
lished to explain these kinetics, which are well documented in published articles. In
1898, In 1898, Lagergren introduced the pseudo-first-order model, which is gener-
ally utilized when the concentration of the adsorbate stays relatively constant (Tien
and Ramarao 2017), whereas Ho and McKay put forward the pseudo second order
model, which suggests that a chemisorption process controls the rate of adsorption
and is useful when the concentration of adsorbate is low (Ho and McKay 1999).
Almost all the adsorption studies related to organic decontamination, can be char-
acterized by both models. It has been observed that adsorption studies exhibited
by nanoadsorbents are mostly characterized by the pseudo-second-order model
(Ighalo et al. 2022). The pseudo-second-order model was originally developed to
describe chemical adsorption, but it is now also utilized for physical adsorption
processes. In addition, several other diffusion models are occasionally employed
in kinetic studies of organic pollutant adsorption (Eeshwarasinghe et al. 2018).
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Adsorption Isotherms

The primary aim of an adsorption isotherm study is to determine the relationship
between the concentration of target molecules adsorbed onto the surface of an
adsorbent and their residual concentration in a solution at a constant temperature
(Majd et al. 2022). This makes the material qualities clearer and makes the adsorp-
tion processes better for real-world use. It also gives important information about
the adsorption mechanisms, surface features, and adsorbent affinity. A number of
different isotherm models are described in the literature, which are based on dif-
ferent assumptions and suited to different situations; the choice of models is very
important for describing experimental data and mechanisms correctly.

(a). Classical Two-Parametric Models

The Langmuir and Freundlich models are the best and most useful ways to
describe how organic pollutants, such polycyclic aromatic hydrocarbons (PAHs),
are absorbed (Al-Ghouti and Da’ana 2020). The Langmuir model, originally devel-
oped for gas—solid adsorption studies, is commonly utilized to determine the
adsorption of organic molecules from liquid solutions. This concept is based on
the idea that a single layer of molecules can stick to a smooth surface, where all of
the binding sites have the same energy levels and there are no interactions between
molecules that are stuck to the surface. Linear representation of Langmuir equation
is given by Eq. (11.3):

C C 1
- = 4 (11.3)
qe qmax  Krgmax

in which qpqax is the maximum adsorption capacity and Ky is the Langmuir con-
stant. A critical parameter obtained from the Langmuir model is the dimensionless
separation factor (R = 1/(1 4+ KpCy,)), where values of Rp in the range of 0
to 1 indicate favourable adsorption, Ry, = 0 represents irreversible adsorption,
Ry = 1 indicates linear adsorption and Ry, > 1 indicates unfavourable adsorption
(Kheradmand et al. 2022). In contrast, the Freundlich model, developed by Herbert
Freundlich in 1909, describes multilayer adsorption on heterogeneous surfaces in
which the energy of adsorption decreases as the surface coverage increases (Vig-
dorowitsch et al. 2021). This empirical model indicates a preference for higher
binding sites over those with lower binding energy, rendering it particularly effec-
tive for characterizing adsorption on surfaces exhibiting diverse energy levels. The
Freundlich equation in linear form is written as (Eq. 11.4):

1
Ing. =InKr + -InC, (11.4)
n

where Kr and n are called Freundlich constants, with n values greater than unity
defining favourable adsorption conditions.
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(b). Three-Parametric Advanced Models

Several three-parameter models have been constructed to overcome the limita-
tions of the classical isotherms and offer better fitting capabilities for complex
adsorption systems. The Sips (Langmuir-Freundlich) hybrid model is especially
suitable for heterogeneous adsorption system, and it has demonstrated excel-
lent fitting capability for PAH adsorption study. The Toth model of adsorption
isotherm provides a three-parameter framework for heterogeneous adsorption sys-
tems, efficiently accommodating both low and high concentration limits (Yakout
et al. 2013). For Toth exponent parameter approaching unity the isotherm becomes
Langmuir like model, and for values less than unity heterogeneous adsorption with
exponentially distributed site energies is indicated. The Redlich-Peterson isotherm
combines aspects of the Langmuir and Freundlich equations, rendering it suit-
able for both heterogeneous and homogeneous systems over a broad concentration
range (Walters and Luthy 1984). Studies indicate that the Redlich-Peterson model
provides the most accurate match for PAH adsorption data compared to other
isotherm models.

(c). Specialized Models on Microporous Systems

The Dubinin-Radushkevich (D-R) isotherm and its extended variant, Dubinin-
Astakhov isotherm have been used for the prediction of adsorption of organic
contaminants onto nano-adsorbents, to a lesser extent (Lamichhane et al. 2016).
This model has been especially useful in finding the mean free energy of adsorp-
tion, which is useful in differentiating between physical (E < 8 kJ/mol) and
chemical adsorption mechanism (E > 8 kJ/mol) (Puccia and Avena 2021). The
D-R isotherm can describe three types of curves (S-, L-, and H-shaped isotherms)
depending on the surface heterogeneity parameter and thus it is useful for different
adsorbate-adsorbent systems.

(d). Other Isotherm Models and Applications

The Temkin isotherm makes the assumption of linear decrease in heat of adsorp-
tion and uniform distribution of binding energies and is especially useful for
systems for which adsorbent-adsorbate interactions are important. The linear form
is given by Eq. (11.5):

ge = BmAT + BInC, (11.5)
B is related to heat of adsorption and AT is binding constant related to max-

imum binding energy, e is the adsorption efficiency (at equilibrium) and C. is
the equilibrium concentration. Alternative models like Henry’s isotherm describe
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linear adsorption relationships that are appropriate for low concentration systems
whereas the Jovanovich isotherm describes adsorption in terms of uncovered sur-
face area and exponential relationships with equilibrium concentration (Ehiomogue
et al. 2021; Musah et al. 2022).

The BET (Brunauer—Emmett—Teller) theory, which is an extension of Lang-
muir theory for multilayer adsorption, becomes relevant for systems associated
with physical adsorption with the formation of multiple layers (Hamid and Chen
2024). However, it is very important to understand that isotherm fitting alone is
not enough to definitively ascertain the mechanisms of adsorption, and analysis
with other complementary techniques, such as FTIR, XPS and thermodynamic
analysis, are of maximum importance. Hence, the temperature dependence of
isotherm parameters gives further thermodynamic information, linear dependence
of isotherm constants on temperature often being found in PAH adsorption stud-
ies. This effect of temperature is especially noteworthy for practical purposes,
where the operational conditions may change and temperature-dependent isotherm
correlations may be needed for accurate process design and optimization.

Release and Recovery: Desorption in Analytical Chemistry
and Sorbent Regeneration

Desorption is the procedure through which adsorbed pollutants/molecules are
released again to a liquid matrix. This procedure is followed by an adsorption pro-
cess, which is crucial for the regeneration of the adsorbing materials, enabling their
reuse (Bayuo et al. 2024). The reutilization of adsorbents is significant for eco-
nomic considerations and holds environmental value as well. A number of different
approaches, each of which requires optimization, can be utilized to accomplish
the desorption of contaminants from the surface of the adsorbent. Desorption with
organic solvents is a prevalent technique for removing organic contaminants. To
achieve the proper desorption method, it is crucial to choose an appropriate sol-
vent capable of effectively releasing pollutant molecules from the surface of the
adsorbent; thus, the selected solvent should have a strong affinity for the targeted
contaminants to ensure optimal desorption. For polycyclic aromatic hydrocarbons
(PAHs), desorption solvents including acetone, methanol, dichloromethane, chlo-
roform, hexane, acetonitrile, or various mixtures of these are being frequently used
(Gachanja and Maritim 2019). To enhance the quantity of desorbed materials, sev-
eral cycles of the desorption process are required to be executed. The desorption
solvent should be cost-effective and environmentally sustainable, and must not
compromise the characteristics of adsorbents. Several other approaches for des-
orbing contaminants and regenerating adsorbents include acid treatments (Baskar
et al. 2022), ultrasound-assisted desorption (Hu et al. 2024), and supercritical fluid
extraction (Librando et al. 2004); however, these practices are less commonly
employed. Numerous investigations at the laboratory scale utilize organic solvents
to regenerate or remove absorbed organic contaminants from adsorbents, achieving
total or nearly total desorption under ideal conditions. Nonetheless, on a broader
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scale, particularly in wastewater treatment plants (WWTPs), the regeneration of
adsorbents continues to pose significant issues, particularly due to the necessity of
considering the environmental impact and associated costs of these processes.

Various Parameters Influencing the Extent of Adsorption

Understanding the various factors that influence adsorption is essential for opti-
mizing this process in both industrial and laboratory settings. Below, we discuss
the key parameters that significantly affect adsorption efficiency and capacity.

Particle Size and Surface Area

The surface area of an adsorbent has a big effect on its adsorption capacity,
which in turn impacts how well it can remove PAHs from water. Studies indicate
that reducing the particle size of the adsorbent typically improves its adsorption
efficiency (Wang et al. 2015). Research indicates that chemicals like benzene,
naphthalene, and anthracene adhere more readily to estuarine colloids than to
larger soil or sediment particles (Wijayaratne and Means 1984; Hundal et al.
2001). This phenomenon arises from the fact that adsorption is predominantly
a surface process (El-Sheikh et al. 2004). Research shows that adsorbents with
smaller particles have a larger surface area for mass transfer, which makes them
better at adsorbing (Lemic et al. 2007; Wang et al. 2015). As sediment particles get
smaller, they have more surface area for compounds like phenanthrene to interact
with, which makes them more likely to be absorbed (Cornelissen and Gustafsson
2004).

Solubility

The effectiveness of adsorbents regarding adsorption is significantly influenced by
their solubility state (Zhang et al. 2019a, b). Studies have shown that there is a link
between the higher solubility of PAHs in water and the lower adsorption of these
chemicals. (Hu et al. 2008). In this context, the solubility of PAHs is inversely
correlated with their molecular weight. A correlation has been established between
an increase in the molecular mass of PAHs and a decrease in their solubility. The
solubility of three analysed PAHs: naphthalene, acenaphthylene and phenanthrene
decreases with the increasing molecular weight (Balati et al. 2015). The Eq. (11.6)
describes the mathematical relationship of octanol-water partition coefficients with
aqueous phase solubility about the partitioning of PAHs between organic matter
and water.
amount of organic chamical in octanol (in mg per litre)

Koy = : . . . s (11.6)
amount of organic chemical in water(in mg per litre)
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The octanol-water partition coefficient has been represented by the symbol log
Kow and is directly related to molecular mass of polycyclic aromatic hydrocarbons
(PAHs); as the molecular mass increases, Kow value increases. Naphthalene and
indeno(1,2,3-cd)pyrene have log Koy, values of 3.37 and 6.50, respectively, indicat-
ing that naphthalene is soluble more than indeno(1,2,3-cd)pyrene. This evaluation
clarified the impact of chemical structure and molecular weight on solubility (Cho
et al. 2002).

Salinity

The presence of salt ions in aqueous solutions has a notable impact on the adsorp-
tion capacity of polycyclic aromatic hydrocarbons (PAHs) (Pathak et al. 2022).
Typically, a rise in the level of saline is associated with an increase in the adsorp-
tion capacity. Inorganic salt ions form strong interactions with water molecules,
which lead to hydration shells that decrease the water solubility of polycyclic aro-
matic hydrocarbons (PAHs) (Yim 2003). This makes more room for organic solutes
in the cavity volume, which lets more PAH molecules stick to the adsorbent’s sur-
face. With the addition of 0.34 M KClI, the adsorption coefficient went raised by a
considerable 15% (Wang et al. 2015). The adsorption of phenanthrene was shown
to increase in saline water, attributed to a reduction in solubility (1.12 mg/L) in
pure water (0.97 mg/L) (Sun et al. 2009). Moreover, the adsorption efficiency of
PAHs removal was observed to be elevated with rising salinity, with alterations in
the physicochemical features of adsorbents (sediments here) (Hu et al. 2008).

Temperature (Thermodynamic Study)

Temperature is a crucial determinant affecting the adsorption of PAHs from aque-
ous solutions (Zhang et al. 2013) Van’t Hoft’s Eq. (11.7) describes the dependency
on temperature, derived using the Gibbs free energy concept.

AH AS

InKeq = =~ + — (11.7)

Here,

AH  change in enthalpy (kJ/mol),

T absolute temperature (K),

AS  change in entropy (kJ/mol/K),

R gas constant (8.314 x 103 kJ/K/mol),

Keq equilibrium partition coefficient at a specified temperature (cm>/g).

In the above Eq. (11.4), negative and positive values of AH/R represent endother-
mic, exothermic adsorption processes, respectively. HillEr et al. (2008) observed
a decrease in adsorption with an increase in temperature from 4 to 27 °C,
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and the average reduction in adsorption for pyrene, naphthalene, and phenan-
threne was evaluated as 27.4%, 27.3%, and 17.0%, respectively (HillEr et al.
2008). In summary, adsorption processes are typically exothermic, leading to
enhanced adsorption as temperature decreases (Bekgi et al. 2006). Higher temper-
atures increased the adsorption of certain PAHs onto NH2-SBA-15, indicating an
endothermic process (Balati et al. 2015). Reduced adsorption efficiency is typically
anticipated at elevated temperatures for compounds whose solubility increases with
a rise in temperature, but if the solubility decreases with a rise in temperature, then
the adsorption capacities may be expected to be enhanced at elevated temperatures.
(Kipling 2013). This shows how temperature affects how much adsorption happens
by changing the balance between sorption and solubility.

pH

The extent of PAH absorption by a solution can be significantly influenced by the
solution’s pH level (Huang et al. 2019). For example, at low pH (acidic conditions),
activated carbon and silica-based materials like NH>-SBA-15 become more posi-
tively charged, attracting PAHs more strongly and increasing adsorption, such as
over 90% removal for phenanthrene at pH 2 or over 79% for naphthalene on NHj-
SBA-15 at the same pH due to enhanced electrostatic attraction. In contrast, at high
pH (alkaline conditions), the positive charge decreases, and hydroxide ions may
block active sites, reducing adsorption; phenanthrene, for instance, drops below
40% at pH 12 (Gupta 2015). However, many studies show that pH does not influ-
ence much on PAH remediation for certain adsorbents, with rates remaining stable
across a wide pH range. The impact varies by adsorbent and PAH, requiring further
research to understand the mechanism.

Adsorption Media for PAHs Removal

The current section briefly reviews the adsorption studies of PAHs removal,
employing a range of porous carbonaceous and non-carbonaceous materials.

Biochar

Biochar is a stable material that is rich in carbon, produced through the pyrolysis
process of organic waste at temperatures between 300 and 700 °C, conducted
in an oxygen-free environment (Sri Shalini et al. 2021). Biochar has demon-
strated effectiveness as an adsorbent for polycyclic aromatic hydrocarbons (PAHs)
due to its intrinsic properties, including hydrophobicity, enhanced surface area,
and improved porosity (Zango et al. 2020). The polarity of PAHs and biochar
properties influence the adsorption process. Electrostatic attraction is a key mech-
anism for the adsorption of PAH onto biochar surfaces. Solution pH and ionic
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strength impact biochar’s PAH adsorption, while pyrolysis temperature affects its
electron density and m-electron properties. Below 500 °C, the aromatic struc-
tures within biochar predominantly act as electron acceptors, whereas above
500 °C, these structures transition to function as electron donors. De Jesus et al.
created coconut waste biochar to get rid of polycyclic aromatic hydrocarbons
(PAHs). The biochar was able to adsorb 81.73% of benzo[a]anthracene, 78.51%
of benzo[k]fluoranthene, and 81.97% of benzo[a]pyrene (De Jesus et al. 2019).
Godlewska et al. also achieved remarkable adsorption of pyrene and PHE and by
biochar synthesized from sludge (Godlewska et al. 2019). Liu et al. found that
poplar catkin biochar absorbed 384 mg/g of naphthalene (NAP) (Liu et al. 2017).
Higher temperatures may make substances more hydrophobic and aromatic, which
could increase their ability to adsorb and allow n—r stacking and interactions with
PAHs. Chen et al. studied pine needle biochar made at temperatures between
250 and 700 °C. They found that it worked better to remove naphthalene. The
research indicated an adsorption capacity of 136.8 mg/g at the peak temperature
of 700 °C (Chen et al. 2008). Studies suggest that adsorption by biochar doesn’t
always match up perfectly with temperature, partly because high temperatures can
break down some groups and molecules in the biochar. Still, higher temperatures
generally create more surface area resulting better adsorption, and Ding et al. con-
firmed that as the pyrolysis temperature increases, so does the surface area, leading
to better adsorption (Ding et al. 2019).

Activated Carbon (AQ)

Activated carbon is widely used to clean up polycyclic aromatic hydrocarbons
(PAHs) in places that are wet. It does a good job of soaking up little amounts
of contaminants. (Ania et al. 2007; Cabal et al. 2009; Valderrama et al. 2008).
Carbonaceous materials can be used to make it by first carbonizing them and then
activating them. The main interactions that happen during adsorption are between
functional groups, m-m interactions, van der Waals forces, and hydrogen bonding
at the surface of the adsorbent (Cheremisinoff 2019). Ge et al. improved activated
carbon made from coal to make it better at adsorbing pyrene. The treatments made
the adsorbents’ surface area and pore volume bigger. The BET surface area grew
from 764.96 m2/g (CAC) to 1293.78 m2/g (Ge et al. 2016). Danish and Ahmad also
reviewed the activated carbon, made from wood biomass for removing PAHs, and
found that the main factors affecting its adsorption ability are its surface area and
the size of its pores (Danish and Ahmad 2018). The existence of functional groups
that include oxygen, such as carboxyl, phenolic, carbonyl, lactonic, and quinonic,
as well as sulfhydryl and amino groups, has a big effect on how pollutants interact
with each other and how well they can be removed. Alves et al. studied sugarcane
straw activated carbon (SCAC) for removing PAHs from wastewater, finding that
SCAC showed higher adsorption capacity than commercial carbon (Alves et al.
2022). Their kinetic studies showed that biomass-derived sugarcane straw activated
carbon (SCAC) performs as well as commercial activated carbon, highlighting
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the significance of surface properties and pore size during adsorption. Rinawati
et al. introduced rice husk activated carbon (RHAC) for removing PAHs such
as phenanthrene (PHE) and fluoranthene (Fl), achieving removal efficiencies of
98-99% for PHE and around 50% for Fl (Rinawati et al. 2019). Rasheed et al.
reported a 99% removal efficiency for PAHs using Powdered Activated Carbon
(PAC) (Rasheed et al. 2016). Similarly,

H. Kong et al. demonstrated that elevated activation temperatures augmented the
PAH adsorption capacity of activated carbon derived from soybean stalks, which
was ascribed to an increase in specific surface area (Kong et al. 2011). Raising
the carbonization temperature from 300 °C to 600 °C enhanced the minimum
and maximum NAP removal efficiencies for F-AC, going from 1.28-1.49 mg/g to
3.99—4.39 mg/g, and for MB-AC, going from 1.20-1.41 mg/g to 3.27-3.94 mg/g
(Alade et al. 2012). Biochar has lower production costs and needs less activation
energy than activated carbon (Li et al. 2014).

Carbon Nanotubes (CNTs)

CNTs are also widely used as adsorbents for removing PAHs. CNTs are highly
stable both chemically and thermally, and their surface area is like that of biochar
and activated carbon, making them well-suited for adsorbing polycyclic aromatic
hydrocarbons. It is recognized for its better chemical and physical properties (Sel-
varaj et al. 2020). Carbon nanotubes (CNTs) are produced when two-dimensional
(2D) hexagonally arranged carbon atom sheets are rolled into a tubular config-
uration. The physicochemical properties of CNTs are dictated by the various
configurations of rolled graphene sheets. Carbon nanotubes (CNTs) have been
developed as a prominent material in eliminating PAHs from wastewater. Car-
bon nanotubes (CNTs) and activated carbon (AC) exhibit analogous morphologies
regarding their structure; furthermore, both are amenable to chemical modification
(Abousalman-Rezvani et al. 2020). Carbon nanotubes may be able to absorb PAHs
very well since they have a large surface area and many micropores. The chemi-
cal functional groups and specific surface area (SSA) of carbon nanotubes (CNTs)
have a big effect on how well the adsorption process works (Glomstad et al. 2017).
Zhang et al. created a magnetic composite out of single-walled carbon nanotubes
(SWCNT), multi-walled carbon nanotubes (MWCNT), and iron oxide. This com-
posite was able to adsorb phenanthrene (PHE) from water. When SWCNT and
MWCNT were tested independently, the magnetic composite had a far higher
adsorption capacity than either of them. The magnetization of CNTs enhanced
the removal efficiency and facilitated regeneration of the adsorbents (Zhang et al.
2019a, b). PAH adsorption on CNTs mainly involves hydrophobic and electrostatic
interactions (Engel and Chefetz 2019).
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Graphene

Graphene is a flat, one-dimensional sheet comprised of carbon atoms that are
organized in a honeycomb pattern. Each atom is strongly connected to three
other atoms. Carbon nanotubes (CNTs) are like rolled-up graphene sheets, shaped
into tiny tubes, so they interact with PAHs in similar ways, mainly through n—n
stacking (where the flat surfaces of both materials attract each other), hydrogen
bonding, and sometimes electrostatic forces (Yan et al. 2015). The strong n—n
stacking interactions between graphene surfaces and the ring-shaped structures in
polycyclic aromatic hydrocarbons (PAHs) improve the ability of graphene to cap-
ture these pollutants (Ersan et al. 2017). Graphene nanosheets (GNS) stand out
because their huge surface area offers lots of places for contaminants to stick,
and the m—m stacking between graphene and organic pollutants is very strong
(Ersan et al. 2017). According to research, graphene nanosheets and graphene
oxide (GO) are both effective at attracting polycyclic aromatic hydrocarbons. How-
ever, normal graphene often outperforms GO and reduced graphene oxide (rGO).
Graphene oxide has more oxygen groups and less electron density than reduced
graphene oxide, which changes how it adsorbs pollutants. Because PAHs are water-
repelling (hydrophobic), they stick especially well to graphene’s surface through
n—7 stacking. The oxygen groups on graphene oxide also help by allowing extra
interactions like hydrogen bonding and electrostatic attraction with PAHs. For
example, reduced graphene oxide can remove up to 95% of naphthalene, while
GO removes about 60%; adding titanium dioxide to graphene boosts PAH removal
to around 80% (Wang et al. 2014; Bai et al. 2017). Graphene wool has been found
to adsorb 5 mg/g of phenanthrene and 20 mg/g of pyrene (Adeola and Forbes
2019). Other materials besides carbon, including silica, chitosan, imprinted poly-
mers, molecularly imprinted, and metal-organic frameworks (MOF), are also used
for PAH removal, sometimes working even better than traditional carbon-based
adsorbents (Ahmed et al. 2020). These can be more porous, stable, and selec-
tive, with 90% removal of PAHs owing to their ability to form hydrogen bonds
and n—7 interactions. For example, chitosan beads with titanium dioxide or mag-
netite nanoparticles can adsorb more than 130 mg/g of PAHs, while molecularly
imprinted polymers and mesoporous silica can remove between 79 and 97% of
PAHSs, respectively (Solano et al. 2021).

Challenges

Owing to the distinct characteristics of PAHs, several challenges are encountered in
employing the adsorption procedure for the efficient remediation of PAHs. Lack
of functional groups on PAHs enables the effective interconnection between the
adsorbate-adsorbent system. They exhibit hydrophobic characteristics and are vul-
nerable to co-extraction, leading to significant matrix effects. Furthermore, PAHs
have negligible charge, are typically found as complex environmental mixtures,
and occur only in low concentration. Although mass spectrometry is generally
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considered the most effective detection technique, its sensitivity for PAHs is lim-
ited due to the absence of easily fragmentable sites for soft ionization. These
unfavourable characteristics make adsorbents capable of effectively isolating PAHs
from contaminated water. In this context, various adsorbents have been evaluated,
including traditional ones like synthetic silica and alumina, as well as modern
options such as molecular imprinting and nanoparticles (NPs).

Conclusion

PAHs are a worldwide problem in aquatic ecosystems because of their carcino-
genic and poisonous characteristics. They have specific ability to bioaccumulate
over long periods of time in ecosystems and humans. Their frequent presence
in water bodies, by fossil fuel combustion, industrial effluents and urban runoff,
are causing major challenges in maintaining water quality and protecting public
health. Among others, adsorption is acknowledged as an environmentally sustain-
able, cost-effective, and highly efficient method for the removal of PAHs from
aquatic environments. This is one of the numerous remedial strategies that are
accessible. A diverse range of adsorption materials have been used, among them
activated carbon, biochar, carbon nanotubes & graphene-based materials, synthetic
polymers, and natural minerals have shown interesting removal efficiency (often
more than 90-99% for advanced adsorption materials, such as activated carbon,
CNTs and graphene). The adsorption behaviour of PAHs is complexly controlled
by parameters, including surface area and particle size of adsorbent, pH of solution,
temperature, salinity and molecular structure and solubility of PAH compounds.
For example, a biochar made from poplar catkin showed a very high adsorption
capacity of 384 mg/g for naphthalene, whereas coconut waste biochar showed
the potential for removing more than 81% of several high molecular weight PAHs.
Moreover, the adsorption process can most often be characterized by Langmuir and
Freundlich isotherm models, where some systems exhibit favourable multilayer or
heterogeneous adsorption. Despite these improvements, problems still exist with
respect to adsorbent regeneration, removal of complex PAH mixtures at ultra-trace
levels, effects of co-existing environmental contaminants and control of secondary
pollution due to desorption processes. Recent innovations such as the strategies
based on engineered nanomaterials, molecularly imprinted polymers and compos-
ite adsorbents are promising approaches to overcome these limitations. To improve
removal efficiency and assure economic viability, it is important to optimize the
operational circumstances, adsorbent design, and large-scale application protocols
further. In summary, adsorption is also the predominant and most versatile method
for efficient removal of PAHs from water resources because the removal effi-
ciency is up to 100% as shown in batch and column studies with some adsorbents.
Development of advanced materials and optimization of the process, as well as
an enhanced mechanistic understanding of the adsorption phenomena, is critical
to development of robust and sustainable solutions to minimise the environmental
and health impacts of PAHs.
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Abstract

Polycyclic aromatic hydrocarbons (PAHs), along with their byproducts, are the
widespread contaminants that require efficient remediation techniques. Many
anthropogenic and natural factors contribute to the spread, dissemination, and
accumulation of PAHs in aquatic and soil systems. PAHs are gaining world-
wide attention due to their harmful effects, ability to persist in the environment,
and potential for bioaccumulation. The contamination of PAHs primarily occurs
from human activities related to the disposal of industrial and household run-
off or atmospheric emissions from vehicles and industrial facilities. Once PAHs
enter the environment, they experience various processes of transformation,
which can be physical, chemical, or biological, known collectively as weath-
ering processes. Treating sites contaminated with PAHs is often a challenging
and costly endeavour, so it would be wise to pursue a method that is adaptive,
sustainable, environmentally friendly, efficient, and cost-effective. The use of
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green technologies can enhance remediation efficiency with minimal negative
environmental impacts. This chapter explains the sources and properties of poly-
cyclic aromatic hydrocarbons. Different types of remediation methods for the
elimination of PAHs are discussed. This chapter highlights the challenges, lim-
itations, and latest advancements in technologies for removing PAHs, including
their mechanism. Combining bioremediation could serve as an effective method
for sustainable environmental cleanup.

Keywords

Polycyclic aromatic hydrocarbons ¢ Properties of PAHs « Decontamination e
Sustainable environment

Introduction

Environmentally destructive organic pollutants known as hydrocarbons exist
throughout ecosystems, thus requiring multifaceted evaluations for assessment pur-
poses. Hydrocarbons, primarily composed of the essential components of crude oil
include carbon and hydrogen, while the complex mixture also contains other ele-
ments. The mixture consists of oxygen, nitrogen, sulphur, trace metals together
with hydrocarbons. Post-refinement, petroleum product derivatives display modi-
fied physicochemical characteristics as a result of which their complexity increases
and their degradation becomes more challenging. Industrial petroleum waste
sludge contributes contaminants such as hydrocarbons, sulphides, and ammonia
into soil ecosystems. Hydrocarbon compounds constitute a diverse and extensive
category of chemical molecules. Every hydrocarbon molecule possesses a distinct
chemical structure and set of properties. The variety of hydrocarbon molecules
indicates that distinct bacteria employ various strategies for their degradation
(Logeshwaran et al. 2018). The transformation process of hydrocarbons is depen-
dent upon microbial communities and several environmental conditions, including
temperature, along with oxygen content and pH, and nutrient accessibility levels
(Abdullah et al. 2020).

Saturated hydrocarbons belong to the aliphatic hydrocarbon category, poly-
cyclic aromatic hydrocarbons (PAHs) and monocyclic aromatic hydrocarbons
(MAHS) are the two aromatic types of hydrocarbons. The petroleum industry
stores both petroleum and natural gas deposits full of paraffin molecules known as
aliphatic hydrocarbons that form straight chains or circular arrangements. These
hydrocarbons resist double bonds and demonstrate limited polar character, leading
to their poor water solubility and low reactivity when the temperature is at room
level (Logeshwaran et al. 2018). The aromaticity of these hydrocarbon compounds
varies because they contain benzene ring structures (Mahjoubi et al. 2018).

Lipophilic pollutants, PAHs, formed from biological systems and incomplete
combustion, generate environmental importance because they persist within air as
well as soil and water and produce harmful consequences for human health and
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ecological systems (Pandolfo et al. 2023). The pollutant group consists of naphtha-
lene and fluorene among lower-molecular-weight compounds, which contain 2-3
benzene rings. The atmosphere receives the former pollutant as it evaporates from
its surface, yet the latter instruments itself as solids or liquids before possibly dis-
solving into water bodies (Varjani 2017; Gupta and Gupta 2016; Gupta and Kumar
2020).

Bioremediation utilizes the inherent metabolic functions of microbes and
plants to decompose, detoxify, or convert PAHs into innocuous byproducts. Tech-
niques like bioaugmentation, biostimulation (boosting the activity of indigenous
microorganisms with nutrients or oxygen), and phytoremediation are progressively
employed to expedite the degradation process (Huang and Batterman 2014).

The efficacy of bioremediation is contingent upon several aspects, including
the bioavailability of PAHs, the existence of proficient degraders, and various
parameters related to environment. The enhancement of degradation efficacy
can be achieved by latest breakthroughs in biotechnology and environmental
genomics, enabling researchers for manipulation of microbial communities. These
advancements closely adhere to the tenets of sustainable development, seeking
to rehabilitate natural ecosystems while reducing ecological disturbance. Focus is
directed on microbiological mechanisms, innovative technologies, and comprehen-
sive remediation strategies that promotes a healthy and eco-friendly environment
(Zhang et al. 2021).

The research focus concerning bioavailability plays the most vital role in
bioremediation methods (Shahsavari et al. 2013). The method of breakdown of
PAH in soil remains intricate since sediments and soils contain numerous diverse
microorganisms that use different metabolic pathways and show varying substrate
preferences. The efficiency of elimination of chemical compounds is relatively
low in the environment (Abdel-Fatah 2018; Dendooven et al. 2011). The degra-
dation research uses PHE as an indicator of three-ring PAH compounds (Gupta
2016) and PYR as an indicator of four-ring PAH compounds. For LMW PAHs,
the degradation process may either enhance the breakdown of HMW PAHs or
inhibit it because of enzymatic activation by intermediates or because of com-
petitive inhibition mechanisms. Multiple investigations that studied indigenous
microorganisms’ effects on PAHs degradation rates and pollutant survival times
were conducted in diverse natural environments during the past twenty years (Khi-
adani Hajian et al. 2013). Microbial enhancement can be applied for removal of
oil polluted soil, including native microbial stimulation along with the modifica-
tion of oxygen content and nutrient availability, and supply of assorted microbial
consortia. Multiple bacterial species take petroleum-based molecules to obtain car-
bon as well as energy, thus breaking down petroleum compounds (Dendooven
et al. 2011; Abdel-Shafy and Mansour 2016). Most remediation methods that use
chemicals or physical approaches prove either too expensive or prove to be inef-
fective in soil clean-up. The integration of compost leads to three main benefits
for soil remediation: it grows organic matter and boosts fertility while assisting
biological soil clean-up efforts and proving itself as one of the most economi-
cal remediation approaches. Soil bioremediation takes advantage of composting
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as a universal biological waste stabilizing method through which microorgan-
isms decompose organic materials in agricultural and municipal waste to create a
practical solution for cost-efficient remediation. Vermicompost contains numerous
microorganisms consisting of earthworms together with compost, which enhances
the characteristics of soil. In another study, Davis et al. reported the different
mitigation techniques over the past years (Ye et al. 2019). Population expansion,
global industrialization, escalating energy demand, and the pervasive application
of pesticides result in a rising influx of diverse contaminants into aquatic and soil
ecosystems, leading to their accumulation. In contemporary society, the primary
energy source for industrial and home requirements is petroleum-derived goods.
Petroleum hydrocarbon spills, along with leaks, emerge during every stage of
petroleum product prospecting, extraction and processing, transportation, and stor-
age operations. Soil contamination by petroleum products causes two detrimental
effects on soils due to lowering strength and permeability while increasing drought
levels, which ultimately reduce agricultural production (Garcia-Diaz et al. 2013).
The identification of soil pollution as significant occurs at pollutant concentrations
that reach 1% (w/w) in the environment (Kotoky et al. 2017). Pollutants, includ-
ing hydrocarbons among other substances and heavy metals, together with organic
dyes and solvents, cut down global water purity and damage marine ecosystems
severely (Singh et al. 2018, 2022; Gupta 2018). Studies for pollutant degradation
and environmental restoration expanded due to the universal spread of pollu-
tion, which harms both humans and creatures. Environmental pollutants derived
from petroleum hydrocarbon origin have recently gained prominence as xenobi-
otic aliphatic and aromatic compounds. The group of notable pollution chemicals
includes polycyclic aromatic hydrocarbons (PAHs) (Fig. 12.1). The hydrophobic
compounds known as PAHs contain at least two fused aromatic rings.

Anthropogenic causes
petroleum-extracting and
-refining industry,

Physicochemical
remediation

extraction with suitable
solvents,
membrane filtration,
electrokinetic remediation,
combustion,
oxidation with oxidizing agents,
photocatalysis

power plants,
wood processing,
rubber tires,
cement, asphalt industry,
plastics, pesticide use,
exhaust fumes from many vehicles
such as aircraft, ships, trains etc.

Bioremediation

bioaugmentation,
biostimulation,
bioreactors,
phytoremediation,
rhizoremediation,
enzyme-mediated
bioremediation,
vermiremediation,
and others

Natural processes
volcanic eruptions,
natural forest fires,

wasteland fires caused by

lightning,
incomplete combustion of
organic substances,
substances excreted by
animals

Fig.12.1 Remediation strategies of polycyclic aromatic hydrocarbons (PAHs) in the environ-
ment (published in an open open-access journal). (https://creativecommons.org/licenses/by/4.0/)
(Davletgildeeva and Kuznetsov 2024)
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Sources, Properties, Environmental Behavior,
and Toxicological Impacts of Polycyclic Aromatic
Hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons (PAHs) have two or more than that organic pol-
lutants that are fused with benzene rings with atoms of carbon and hydrogen atoms.
By natural occurrence, these compounds are ejected into the environment, predom-
inantly through anthropogenic sources (Ravindra et al. 2008). The perseverance of
these is likely to occur because of their hydrophobic, lipophilic, and chemically
stable nature. These are depicted in Fig. 12.2.

In Table 12.1 PAHs vary in molecular size and structure, which significantly
affects their physicochemical behavior. As compared to high molecular weight,
the voltality and are easy to degradation resistance of low molecular weight PAHs
are more from industrial sources (Kistner and Miltner 2016). Their strong affin-
ity for organic matter causes accumulation of them in soil and sediments, causing
pollution. PAHs results in serious ecological risks, due to their lipophilicity, they
can bioaccumulate in the fatty tissues of the organisms and move through trop-
ical levels (Dehnavi and Ebrahimipour 2024; Ou et al. 2024). Toxicologically,
benzo [a]pyrene are well-known Group 1 carcinogen, is a PAHs capable of form-
ing DNA-reactive diol epoxides that induce mutations, cancer, and developmental
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Fig.12.2 Factors influencing the biodegradation of polycyclic aromatic hydrocarbons (PAHs)
(published in an open open-access journal). (https://creativecommons.org/licenses/by/4.0/)
(Salari et al. 2022)
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Table 12.1 Physicochemical properties of polycyclic aromatic hydrocarbons (PAHs)

Property Description

Molecular weight Increases with number of rings; ranges from ~ 128 g/Mol
(naphthalene) to > 278 g/Mol (benzo[ghi]perylene)

Solubility Poorly soluble in water (decreases with increasing molecular
weight); soluble in organic solvents

Volatility Low to moderate; lower for higher molecular weight PAHs

Melting/boiling points Generally, increase with molecular weight; PAHs with fewer
rings are semi-volatile

Hydrophobicity High; tends to adsorb to organic matter in soils and sediments

Stability Chemically stable and resistant to degradation under ambient

environmental conditions

disorders (Bostrom et al. 2002; Kim et al. 2013; Perera et al. 2006; Gupta and
Gupta 2015). They are also associated with endocrine disruption and oxidative
stress (de Souza Pohren et al. 2019).

In Table 12.2, due to their stability and toxicity, PAHs require effective reme-
diation from contaminated soils and sediments. Conventional decontamination
techniques are primarily classified into physical, chemical, and physicochemical
methods. While these strategies may show high removal efficiency, they often face
challenges like high costs, secondary pollution, and ecological disruption (Sinha
et al. 2010; Medina-Herrera et al. 2024).

Bioremediation

Due to the significant drawbacks of physicochemical methods for PAH elimination
and deterioration, such as high costs and the difficulty in achieving total degra-
dation, bioremediation strategies have garnered increased interest by researchers
recently (Cheng et al. 2022; Gupta et al. 2025). The eco-friendly approach of
bioremediation offers economic advantages while it helps ecosystems restore sus-
tainability, which enables an effective method to clean PAHs from polluted aquatic
environments and contaminated soil systems (Jie et al. 2023). The total miner-
alization of xenobiotics happens through bioremediation techniques, which use
minimal technology costs. Microorganisms complete the breakdown of PAHs
through the transformation of hazardous substances into safer substances as well
as water and carbon dioxide (Malawska and Wilkomirski 1999). The natural
environment faces little disruption through bioremediation while effectively elim-
inating toxic substances, including those present at low concentrations (Ukaogo
et al. 2020). The procedure serves mainly to counteract limitations in microor-
ganism multiplication that break down PAHs. The adaptation of microbes to
contaminants represents a method for achieving bio-stimulation. Research facil-
ities primarily use endemic crops to build up their level of specific contaminants
while choosing the best microbial strains intentionally (Salimnezhad et al. 2021).
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Table 12.2 Remediation methods for PAH-contaminated soils (Sinha et al. 2010)

Method

Description

Effectiveness

Drawbacks

Soil washing

Uses water or chemical
solvents to physically
separate PAHs from
soil particles

Efficient for lighter
PAHs and soils with
low organic content

Produces contaminated
wash water requiring
further treatment.

Less effective for high
molecular weight PAHs

Thermal desorption

Heats contaminated
soils (200-600 °C) to
volatilize and remove
PAHs

High removal
efficiency, especially
for volatile PAHs

High energy
consumption.

Risk of air pollution
from volatilized
contaminants.
Destruction of soil
structure and nutrients

Incineration

High-temperature
combustion ( > 800 °C)
of contaminated media

Complete destruction
of organic pollutants

Air emissions (dioxins,
furans).

High cost and carbon
footprint.

Loss of soil fertility

Chemical oxidation

Uses oxidants (e.g.,
hydrogen peroxide,
ozone, permanganate)
to break down PAHs
into less harmful
compounds

Rapid degradation of
a wide range of PAHs

Risk of forming toxic
intermediate
compounds.

Potential harm to soil
microbial communities.
Requires careful control
and handling

Solidification/
stabilization (S/S)

Immobilizes PAHs
using binders like
cement or lime,
reducing their mobility

Prevents leaching and
environmental spread

Does not degrade the
pollutant.

Increases waste volume.
Long-term stability
concerns

Solvent extraction

Uses organic solvents
to dissolve and extract
PAHs from soil or
sediment

Useful for compact or
clay-rich soils

Toxic solvents pose
additional hazards.
Solvent recovery and
disposal issues

Utilizing live organisms, mostly microbes, fungi, or plants, bioremediation is a
biological treatment method that breaks down, detoxifies, or eliminates danger-
ous chemicals from the environment. It is seen as an affordable, sustainable, and
environmentally beneficial substitute for traditional physical and chemical restora-
tion techniques. The biodegradation of complex aromatic chemicals into simpler,
non-toxic end products like carbon dioxide (CO,), water (H,O), and in the field
of PAH bioremediation, the process of converting biomass receives the name

bioremediation.
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Bioremediation Strategies and Mechanisms

The core principle of bioremediation is to encourage the microbes natural
metabolic process for making use of PAHs (Salimnezhad et al. 2021). An esti-
mated 7-9 billion tonnes of trash are produced annually by various businesses
in the majority of industrialised and developing nations (Chen et al. 2020), with
organic waste accounting for around 80% of the total. Currently, the food produc-
tion industry in the UK is responsible for a significant portion of waste. In most of
the African countries, the majority of these wastes are organic in origin and have
no recorded history (Omoni et al. 2025).

In situ and ex-situ methods are important techniques for remediation of PAHs.
Contaminants are applied directly on the site without excavation in ex-situ pro-
cess, employing techniques such as bioventing and biosparging to stimulate native
microbial activity through the controlled supply of oxygen and nutrients (Vidali
2001). In constrast, off-site method is used in ex-situ bioremediation for elimi-
nation of soil and water contaminants by using technologies like bio piles and
land farming, which allow for enhanced environmental control and microbial
management (Ghosal et al. 2016).

The mechanism of PAH bioremediation typically involves four key steps. First,
contaminant bioavailability is critical, as PAHs must be accessible to microbes for
effective degradation. This bioavailability can be improved through the addition
of chemical surfactants or naturally derived biosurfactants that increase solu-
bility. Second, microorganisms uptake the PAHs via transport across their cell
membranes. In the third step, enzymatic degradation occurs through the action
of oxygenase enzymes, such as monooxygenases and dioxygenases, which cat-
alyze the initial oxidation of PAHs, leading to ring cleavage and conversion
into simpler intermediates like catechol. Finally, these intermediates undergo
either mineralization complete breakdown into carbon dioxide, water, and biomass
or transformation into less toxic compounds via microbial metabolic pathways
(Ausuri et al. 2021). This integrated biochemical process highlights the potential of
microorganisms to detoxify and eliminate PAHs from contaminated environments.

Microorganisms Involved in PAH Bioremediation

The most practical bioremediation techniques include Verm remediation and
enzyme-mediated bioremediation, along with phytoremediation/rhizoremediation
and bioreactors and bioaugmentation, and biostimulation according to Abdel-Shafy
and Mansour (2016). The purpose of bioaugmentation is to enhance degrada-
tion efficiency while potentially extending the catabolic abilities of native bacteria
using inoculated microorganisms or microorganism groups that degrade pollutants
(Abdel-Shafy and Mansour 2016).

Researchers have extensively studied how both bacterial and fungal organisms
decompose PAHs. Scientists operate in present times on developing methods to
bioremediate PAHs through fungal processes (Abdel-Shafy and Mansour 2016;
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Lee 2010). The two primary types of fungi used in PAH bioremediation are
white-rot fungi, known as lignolytic fungi, and non-lignolytic fungi (Haritash
and Kaushik 2009). A diverse range of microorganisms, including bacteria,
fungi, and actinomycetes, play a crucial role in the biodegradation of polycyclic
aromatic hydrocarbons (PAH) (Haritash and Kaushik 2009). Among bacteria,
Pseudomonas spp. are highly efficient in degrading compounds like naphthalene,
phenanthrene, and pyrene, while Mycobacterium spp. specialize in breaking down
high-molecular-weight PAHs such as benzo[a]pyrene (BaP). Sphingomonas spp.
can metabolize a wide array of aromatic hydrocarbons, and Rhodococcus spp. are
particularly effective under cold and nutrient-deficient conditions. Additionally,
Acinetobacter spp. are commonly employed in bioreactor-based PAH treatment
systems. Fungal species also contribute significantly; Phanerochaete chrysospo-
rium, a white rot fungus, utilizes ligninolytic enzymes like laccase and manganese
peroxidase to degrade complex PAHs, whereas Aspergillus niger is more adept at
degrading low-molecular-weight PAHs (Johnsen et al. 2005). Trametes versicolor
exhibits strong potential in cleaving stable aromatic ring structures. Furthermore,
actinomycetes such as Streptomyces spp. produce extracellular enzymes that are
effective in degrading high-ring PAHs (Sudaryanto et al. 2007).

PAHSs convert into biphenolic intermediates through the action of laccases, man-
ganese peroxidases, and lignin peroxidases that peroxidases that degrade lignin in
fungi (Lemaire et al. 2013).

PAH Remediation Strategies

In situ, solid phase, and bioreactor operations are the fundamental techniques for
treatment of PAHs polluted soil and groundwater (Breckenridge et al. 1994; Bates
et al. 2000). Each PAH bioremediation method possesses its distinct features. It can
be affirmed that bioslurry reactors are the most efficient and widely used method
for PAH biodegradation, followed by solid phase applications and in situ strategies.
PAH bioremediation applications are accessible (Sahle-Demessie et al. 2000).

Solid Phase Bioremediation

Standard soil management techniques are used in a contained, aboveground sys-
tem to treat contaminated soil or other solid material and improve the microbial
degradation of organic contaminants through solid-phase bioremediation.

The composting and landfarming methods are combined to create the designed
soil cell. In essence, engineered soil cells are made to resemble aerated compost
piles. Some technical constraints to solid-phase PAH bioremediation are present.
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Bioreactor Operations

In reactors, bioremediation is the process of treating contaminated water or solids
(soil, silt, or sludge) using a contained, designed system. Bioreactors can be fab-
ricated for maximizing biological degradation and reducing the abiotic losses, by
modifying physical and chemical features of the contaminated matrix. Soil slurry
reactors are essentially the only method available for treating PAH-contaminated
soil in a reactor setting. Last but not least, bioreactors can be more success-
fully inoculated with carefully chosen microorganisms that are frequently better
able to quickly and thoroughly degrade specific contaminants due to this enclosed
environment.

In Situ Remediation

In situ bioremediation generally seeks to supply necessary co-reagents to the
native microorganisms to boost the breakdown of organic substances. This system
will guarantee the efficient breakdown of organic pollutants while also containing
polluted groundwater. Bioremediation techniques is depicted in Fig. 12.3.

Bioremediation Techniques
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Fig.12.3 Bioremediation treatments (published in an open open-access journal). (https://creati
vecommons.org/licenses/by/4.0/) (Alori et al. 2022)
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Norris Robert (2017) recent reviews of in situ bioremediation technology are
great resources for references and case studies for a wide range of in situ biore-
mediation applications. Early bioventing reports showed how well the procedure
stimulated the removal of hydrocarbons from refined petroleum (Chen et al. 2015).

Thermal Management Technologies

For the remediation of PAHs, the thermal method is a fast and effective technique.
The foundation of thermal remediation strategies is the mobilisation of PAHs into
gaseous flow through the use of heat. This process either destroys the pollutants
(i.e., incineration), breaks them down into simpler compounds (i.e., pyrolysis),
or immobilises them through stabilisation or vitrification (Vidonish et al. 2016).
High elimination efficiency of total petroleum hydrocarbons is achieved by the
thermal process (Fig. 12.4). Despite these benefits, high temperatures are necessary
for thermal treatment, which can lead to several issues. According to Vidonish
et al. heating contaminated locations to high temperatures requires a lot of energy
and is therefore expensive. In order to remove organic pollutants, mostly through
thermal desorption, microwave irradiation works by dispersing the electromagnetic
field energy into the irradiated substances that have absorbed the energy and then
converting it into heat (Eldos et al. 2020). In microwave heating, the water dipoles
and other polar materials, such as PAHs, rotate due to the electromagnetic field
penetrating the contaminated matrix. During the microwave heating, soil moisture
is progressively converted into water vapour, resulting in pollution desorption by
condensation that helps in pollutant degradation processes.

The key role in elimination of pollutants is moisture level, polarity of matrix,
mineral constituents (Vidonish et al. 2016; Eldos et al. 2020). At the microwave
heating sediment moisture is progressively converted to water vapour. Table 12.3
presents the summary of various PAH bioremediation techniques (Mohan et al.
2006).

Factors Affecting the Bioremediation of PAHS

Bio-piling and composting are approaches that have successfully applied bioreme-
diation (Reddy et al. 2010) technologies for contaminated site.

Temperature

To cultivate bacteria that break down hydrocarbons, an ideal temperature envi-
ronment is needed. Temperatures between 20 and 300 degrees Celsius are said
to be the most efficient for the breakdown of hydrocarbons [99]. Temperature
has an impact on not just the soil’s moisture content but also its capacity to
retain moisture. Rise of temperature is inversely proportional to biodegradation
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Fig.12.4 Degradation of PAHs mechanism by microwave irradiation heating (published in an
open open-access journal). (https://creativecommons.org/licenses/by/4.0/) (Eldos et al. 2020)

Table 12.3 Technologies used for bioremediation of PAHs

Origin of contaminants | Procedure Process Reference
PAH-contaminated soil | Ex situ composting | Composting (Lau et al. 2003)
with spent
mushroom
PAH-contaminated Ex situ, composting
alkaline soil with soot waste
Coal tar-contaminated | Ex situ, soil slurry Bioreactors (Lee et al. 2003)

soil

bioreactor, solvent
pre-treatment

Ex situ, soil slurry
bioreactor, solvent
pre-treatment

(Lee et al. 2001)

PAHs-contaminated
sand

Ex situ, ozone
oxidation integrated
bioremediation

Combined treatment

(Choi et al. 2001)

Pyrene-contaminated
soil

Phytoremediation

In situ, nine plant
species

(Liste and Alexander
2000)
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(Tudararao-Aherobo and Mesogboriwon 2020). Furthermore, as the temperature
rises, oxygen solubility falls, lowering aerobic microbes metabolic activity. Most
of the literature is available for mesophilic temperature in contrast different range
of temperatures (Siron et al. 1995).

Oxygen

The most of the bioremediation literature is found for aerobic metabolism of PAHs
in contrast to anaerobic metabolism. Perchlorate (Coates et al. 1999), sodium
nitrate, and hydrogen peroxide (Pardieck et al. 1992) have been used. Aerobic
biodegradation is found to occur faster in contrast to anaerobic biodegradation.
Furthermore, anaerobic PAH breakdown rates under denitrifying circumstances,
however, have also been reported to be similar to aerobic settings (McNally et al.
1998).

pH

The pH of many PAH-contaminated locations is not ideal for bioremediation. For
instance, large amounts of demolition debris, such as brick and concrete, are fre-
quently found on abandoned gasworks sites. An acidic nature is developed by
sulphides oxidation by the leaching of coal spoil by the emission and oxidation of
sulphides. For the variation of pH, lime can be added (Alexander 1995). Phenan-
threne breakdown in liquid culture has been studied in pH range 5.5-7.5, using
Burkholderia cocovenenae, a bacterium isolated by polluted soil from petroleum.
Phenanthrene elimination was 40% only at pH 5.5 after a duration of 16 days,
whereas it was 80% at circum-neutral pH levels, even though bacterial growth
was not substantially impacted by pH. Sensitivity of Sphingomonas paucomibilis
is highly sensitive to pH media with breakdown of PAHs (Kistner et al. 1998).
For a period of 28 days, pH degradation is found to be 2 in acetic soil with
decreased concentration of naphthalene, phenanthrene, and anthracene (Stapleton
et al. 1998). PAHs from both acidic and alkaline environments might be beneficial
for future research.

Salinity

Ward and Brock (1978) observed that in a series of hypersaline evaporation ponds
at the Great Salt Lake in Utah, USA, the rate of hydrocarbon metabolism decreased
as salinity levels increased from 3.3 to 28.4%. Another study by Minai-Tehrani
et al. (2009) found that the breakdown of PAHs was more effective in a medium
with 0% NaCl compared to one with 5% NaCl. Common strategies to address
high salinity include dilution to lower salinity, reverse osmosis, ion exchange, or
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electrodialysis before biological treatment, though these methods can be costly
(Margesin and Schinner 2001).

Bioavailability

One of the most important features in bioremediation (Davletgildeeva and
Kuznetsov 2024) is found to be bioavailability, which has an impact of physic-
ochemical and microbiological parameters on the pace and degree of freedom.
PAH chemicals are categorized as hydrophobic organic pollutants and have
poor bioavailability (Fewson 1988). These substances are resistant to chemical,
biological, and photolytic degradation, and have less water solubility.

The PAH’s solubility decreases with increasing molecular weight, which lowers
the PAH’s accessibility for microbial cell metabolism. Furthermore, organic mate-
rials and mineral surfaces can be rapidly absorbed by PAHs in soil (Miller and
Bartha 1989).

The desorption is more irreversible, and the contaminant’s (Hatzinger and
Alexander 1995) chemical and biological extractability decreases, with more in
touch of soil with PAH. Surfactants produced by microbes helps in fixation of soil
structure (Miller and Bartha 1989). Harmful effect on the environment is caused
by new contaminants are fabricated by synthetic surfactants (Wang and Brusseau
1993; Makkar and Rockne 2003; Pacwa-Plociniczak et al. 2011). Application of
some surfactants enhances the PAHs compounds solubility, desorption in liquid
medium, but this may not always increase the rate and effectiveness of degradation.
(Makkar and Rockne 2003).

Hatzinger and Alexander (1995) however, took a more representational tech-
nique, extracting the pollutants using mild organic solvents to represent the soil’s
bioavailable fraction. Water-based solvents are also being employed since microor-
ganisms can typically only reach pollutants that are in the aqueous phase.to more
precisely forecast the portion of organic pollution in bioavailable soil. Further-
more, HPCD does not seem to inhibit lux-type microbes, bioavailability can be
accessed chemically and biologically (Reid et al. 2000).

Biosurfactants

Amphiphilic compounds known as biosurfactants can be utilised in industrial, agri-
cultural, therapeutic, and environmental settings to reduce surface tension. They
can help improve petroleum bioremediation (Ahmed et al. 2022; Adeoye et al.
2024; Issaka 2024).

In a study, Das et al. (2008) and Pacwa-Plociniczak et al. (2011), they are highly
reactive, biodegradable, safe, environment friendly, and active at extremes of salin-
ity and temperature. According to Nguyen et al. (2008) and Nievas et al. (2008),
biosurfactants can be to classified on the basis of molar mass, action method,
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physical and chemical properties, and microbiological derived (Bezza and Nkha-
lambayausi Chirwa 2016; Pacwa-Plociniczak et al. 2011). Susceptibility for the
environment enhances by bioavailability (Maier and Soberén-Chavez 2000). By
using two methods, the encouragement of biodegradation of hydrocarbons can be
made (Pacwa-Plociniczak et al. 2011).

Pseudomonas sp. Generated biodegradative features of the biosurfactants. The
LP1 strain was examined on diesel and crude oil (Pacwa-Plociniczak et al. 2014).
In another study, Reddy et al. explained the biodegenerative properties of Brevibac-
terium sp. (Reddy et al. 2010) Additional PAHs as anthracene and fluorene, can be
broken down by strain and can also break down 93.92% of phenanthrene. There are
several ways to apply biosurfactants, that is favourable for in situ process. In other
cases, because native microorganisms usually do not show moderate efficiency,
introducing appropriate microbes might lead to the production of biosurfactants
(Perfumo et al. 2017).

Limitations and Future Prospects

The characteristics of the contaminants, the poor performance of microbial com-
munities in specific situations, and the low bioavailability of the contaminants are
some of the drawbacks of biodegradation programmes. Certain sectors are vul-
nerable to contamination by PAHs. When used on a field scale, these therapeutic
techniques are highly effective. This is because certain techniques are not viable
in locations with limited permeability or mixed contaminants. The selection of
mitigation techniques is also affected by advantages, limitations, in contrast to
cost of other mitigation techniques, viability, and potential environmental effects.
Therefore, choice of most efficient mitigation technique for field application for
elimination of PAHs from the polluted locations is crucial.

Future research must focus on understanding and identifying the PAHs degra-
dation method in soil and marine environment. Black-clayish carbon particles and
coal tar frequently trap the emitted PAHs beneath the soil environment, greatly
lowering their bioavailability. Consequently, it is among the primary obstacles to
the effective bioremediation of PAHs. The PAHs mitigation techniques outcomes
can be measured by the ratio of available nutrients, concentration of dissolved oxy-
gen, co-contaminants, and abiotic factors. The degradation process of synergistic
hydrocarbon is important to understand for proper application of process of in situ
biostimulation and other bioaugmentation techniques.

Conclusion

A large amount of trash about 7-9 billion tonnes is produced by industrialised
and developed countries along with 80% of organic waste. In African countries
the majority of waste is organic. Hydrocarbon pollutants are important because
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they are difficult to break down due to their low reactivity and require sol-
vents to be hydrophobic. These pollutants effects human health and ecosystem.
Reducing the impact of petroleum hydrocarbons in contaminated environments
requires biodegradability. These pollutants effect the environment in different ways
and breakdown slowly. It has been suggested that bioremediation is a useful,
affordable, and flexible treatment method. The technique of bioremediation is
interdisciplinary that is affected by professional from different fields, including
chemistry, engineering, ecology, microbiology, and geology. For the better under-
standing of physiology, genetics, evolution, microbial ecology, and biochemistry,
the recovery of microbial metabolites comes before the bioremediation. Oleophilic
bacteria can be applied single or in groups for eliminating pollutants from envi-
ronment. The anaerobic and aerobic catabolic pathways involved in biodegradation
provide a way for creation of efficient bioremediation techniques of environment
contaminants originating from petroleum hydrocarbons.

References

Abdel-Fatah, M. A.: Nanofiltration systems and applications in wastewater treatment: review arti-
cle. Ain Shams Eng. J. 9(4), 3077-3092 (2018). https://doi.org/10.1016/j.asej.2018.08.001
Abdel-Shafy, H.I., Mansour, M.S.M.: A review on polycyclic aromatic hydrocarbons: source, envi-
ronmental impact, effect on human health and remediation. Egypt. J. Pet. 25(1), 107-123
(2016). https://doi.org/10.1016/j.ejpe.2015.03.011

Abdullah, S.R.S., Al-Baldawi, I.A., Almansoory, A.F., Purwanti, L.LF., Al-Sbani, N.H., Sharuddin,
S.S.N.: Plant-assisted remediation of hydrocarbons in water and soil: application, mechanisms,
challenges and opportunities. Chemosphere. 247, 125932 (2020). https://doi.org/10.1016/j.che
mosphere.2020.125932

Adeoye, J.B., Tan, Y.H., Lau, S.Y., Tan, Y.Y., Chiong, T., Mubarak, N.M., Khalid, M.: Advanced
oxidation and biological integrated processes for pharmaceutical wastewater treatment: A
review. J. Environ. Manag. 353, 120170 (2024). https://doi.org/10.1016/j.jenvman.2024.
120170

Ahmed, M., et al.: Recent developments in hazardous pollutants removal from wastewater and
water reuse within a circular economy. npj Clean Water. 5(1), 12 (2022). https://doi.org/10.
1038/s41545-022-00154-5

Alexander, M.: How toxic are toxic Chemicals in Soil? Environ. Sci. Technol. 29(11), 2713-2717
(1995). https://doi.org/10.1021/es00011a003

Alori, E.T., Gabasawa, A.L, Elenwo, C.E., Agbeyegbe, O.0.: Bioremediation techniques as
affected by limiting factors in soil environment. Front. Soil Sci. 2 (2022). https://doi.org/10.
3389/f50i1.2022.937186

Ausuri, J., Vitale, G.A., Coppola, D., Palma Esposito, F., Buonocore, C., de Pascale, D.: Assess-
ment of the degradation potential and genomic insights towards Phenanthrene by Dietzia psy-
chralcaliphila JI1D. Microorganisms. 9(6), 1327 (2021). https://doi.org/10.3390/microorganis
ms9061327

Bates, E.R., Grosse, D.W., Sahle-Demessie, E.: Treatment technology for remediation of wood pre-
serving sites: overview. Remediat. J. 10(3), 35-49 (2000). https://doi.org/10.1002/rem.344010
0305

Bezza, F.A., Nkhalambayausi Chirwa, E.M.: Biosurfactant-enhanced bioremediation of aged poly-
cyclic aromatic hydrocarbons (PAHs) in creosote contaminated soil. Chemosphere. 144, 635—
644 (2016). https://doi.org/10.1016/j.chemosphere.2015.08.027


https://doi.org/10.1016/j.asej.2018.08.001
https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1016/j.chemosphere.2020.125932
https://doi.org/10.1016/j.chemosphere.2020.125932
https://doi.org/10.1016/j.jenvman.2024.120170
https://doi.org/10.1016/j.jenvman.2024.120170
https://doi.org/10.1038/s41545-022-00154-5
https://doi.org/10.1038/s41545-022-00154-5
https://doi.org/10.1021/es00011a003
https://doi.org/10.3389/fsoil.2022.937186
https://doi.org/10.3389/fsoil.2022.937186
https://doi.org/10.3390/microorganisms9061327
https://doi.org/10.3390/microorganisms9061327
https://doi.org/10.1002/rem.3440100305
https://doi.org/10.1002/rem.3440100305
https://doi.org/10.1016/j.chemosphere.2015.08.027

12 Bioremedial Treatment for the Decontamination of Polycyclic ... 307

Bostrom, C.-E., et al.: Cancer risk assessment, indicators, and guidelines for polycyclic aromatic
hydrocarbons in the ambient air. Environ. Health Perspect. 110(suppl 3), 451-488 (2002).
https://doi.org/10.1289/ehp.110-1241197

Breckenridge, R.P., Keck, J.F., Williams, J.R.: Characterizing soils for hazardous waste site assess-
ments. Environ. Monit. Assess. 30(2), 113—138 (1994). https://doi.org/10.1007/BF00545618

Chen, D.M.-C., Bodirsky, B.L., Krueger, T., Mishra, A., Popp, A.: The world’s growing municipal
solid waste: trends and impacts. Environ. Res. Lett. 15(7), 074021 (2020). https://doi.org/10.
1088/1748-9326/ab8659

Chen, M., Xu, P, Zeng, G., Yang, C., Huang, D., Zhang, J.: Bioremediation of soils contaminated
with polycyclic aromatic hydrocarbons, petroleum, pesticides, chlorophenols and heavy metals
by composting: applications, microbes and future research needs. Biotechnol. Adv. 33(6), 745—
755 (2015). https://doi.org/10.1016/j.biotechadv.2015.05.003

Cheng, M., Chen, D., Parales, R.E., Jiang, J.: Oxygenases as powerful weapons in the microbial
degradation of pesticides. Ann. Rev. Microbiol. 76(1), 325-348 (2022). https://doi.org/10.1146/
annurev-micro-041320-091758

Choi, H., Kim, Y.-Y., Lim, H., Cho, J., Kang, J.-W., Kim, K.-S.: Oxidation of polycyclic aromatic
hydrocarbons by ozone in the presence of sand. Water Sci. Technol. 43(5), 349-356 (2001).
https://doi.org/10.2166/wst.2001.0323

Coates, J.D., Michaelidou, U., Bruce, R.A., O’Connor, S.M., Crespi, J.N., Achenbach, L.A.: Ubig-
uity and diversity of dissimilatory (per) chlorate-reducing bacteria. Appl. Environ. Microbiol.
65(12), 5234-5241 (1999). https://doi.org/10.1128/AEM.65.12.5234-5241.1999

Das, P, Mukherjee, S., Sen, R.: Improved bioavailability and biodegradation of a model polyaro-
matic hydrocarbon by a biosurfactant producing bacterium of marine origin. Chemosphere.
72(9), 1229-1234 (2008). https://doi.org/10.1016/j.chemosphere.2008.05.015

Davletgildeeva, A.T., Kuznetsov, N.A.: Bioremediation of polycyclic aromatic hydrocarbons by
means of bacteria and bacterial enzymes. Microorganisms. 12(9), 1814 (2024). https://doi.org/
10.3390/microorganisms12091814

Dehnavi, S.M., Ebrahimipour, G.: Biostimulation of petroleum-contaminated soils with synthetic
and natural sources of NPK fertilizer. Soil Sediment Contam. Int. J. 33(4), 416-429 (2024).
https://doi.org/10.1080/15320383.2023.2209186

Dendooven, L., Alvarez-Bernal, D., Contreras-Ramos, S.M.: Earthworms, a means to acceler-
ate removal of hydrocarbons (PAHs) from soil? A mini-review. Pedobiologia. 54, S187-S192
(2011). https://doi.org/10.1016/j.pedobi.2011.08.006

Eldos, H.I., Ashfaq, M.Y., Al-Ghouti, M.A.: Rapid assessment of the impact of microwave heating
coupled with UV-C radiation on the degradation of PAHs from contaminated soil using FTIR
and multivariate analysis. Arab. J. Chem. 13(11), 7609-7625 (2020). https://doi.org/10.1016/j.
arabjc.2020.08.031

Fewson, C.: Biodegradation of xenobiotic and other persistent compounds: the causes of recal-
citrance. Trends Biotechnol. 6(7), 148—153 (1988). https://doi.org/10.1016/0167-7799(88)900
84-4

Garcia-Diaz, C., Ponce-Noyola, Ma.T., Esparza-Garcfa, F., Rivera-Orduiia, F. and Barrera-Cortés,
J.: PAH removal of high molecular weight by characterized bacterial strains from different
organic sources. Int. Biodeterior. Biodegradation. 85, 311-322 (2013). https://doi.org/10.1016/
j-ibiod.2013.08.016

Ghosal, D., Ghosh, S., Dutta, T.K., Ahn, Y.: Current state of knowledge in microbial degradation
of polycyclic aromatic hydrocarbons (PAHs): a review. Front. Microbiol. 7 (2016). https://doi.
org/10.3389/fmicb.2016.01369

Gupta, H.: Photocatalytic degradation of phenanthrene in the presence of akaganeite nano-rods and
the identification of degradation products. RSC Adv. 6, 112721-112727 (2016). https://doi.org/
10.1039/C6RA24602H

Gupta, H.: Anthracene removal from water onto activated carbon derived from vehicular Tyre. Sep.
Sci. Technol. 53(4), 613-625 (2018). https://doi.org/10.1080/01496395.2017.1405038


https://doi.org/10.1289/ehp.110-1241197
https://doi.org/10.1007/BF00545618
https://doi.org/10.1088/1748-9326/ab8659
https://doi.org/10.1088/1748-9326/ab8659
https://doi.org/10.1016/j.biotechadv.2015.05.003
https://doi.org/10.1146/annurev-micro-041320-091758
https://doi.org/10.1146/annurev-micro-041320-091758
https://doi.org/10.2166/wst.2001.0323
https://doi.org/10.1128/AEM.65.12.5234-5241.1999
https://doi.org/10.1016/j.chemosphere.2008.05.015
https://doi.org/10.3390/microorganisms12091814
https://doi.org/10.3390/microorganisms12091814
https://doi.org/10.1080/15320383.2023.2209186
https://doi.org/10.1016/j.pedobi.2011.08.006
https://doi.org/10.1016/j.arabjc.2020.08.031
https://doi.org/10.1016/j.arabjc.2020.08.031
https://doi.org/10.1016/0167-7799(88)90084-4
https://doi.org/10.1016/0167-7799(88)90084-4
https://doi.org/10.1016/j.ibiod.2013.08.016
https://doi.org/10.1016/j.ibiod.2013.08.016
https://doi.org/10.3389/fmicb.2016.01369
https://doi.org/10.3389/fmicb.2016.01369
https://doi.org/10.1039/C6RA24602H
https://doi.org/10.1039/C6RA24602H
https://doi.org/10.1080/01496395.2017.1405038

308 R.Verma et al.

Gupta, H., Dhiman, S., Kumar, A., Paliwal, S.K., Khan, G., Singh, H., Mishra, A., Mishra, A.K.:
Photo-and bio-degradation of selected persistent organic pollutants. Sep. Purif. Rev. 54(1), 3—
16 (2025). https://doi.org/10.1080/15422119.2024.2332953

Gupta, H., Gupta, B.: Photocatalytic degradation of polycyclic aromatic hydrocarbon
benzo[a]pyrene by iron oxides and identification of degradation products. Chemosphere
138, 924-931 (2015)

Gupta, H., Gupta, B.: Adsorption of polycyclic aromatic hydrocarbons on banana peel activated
carbon. Desalin. Water Treat. 57, 9498-9509 (2016). https://doi.org/10.1080/19443994.2015.
1029007

Gupta, H., Kumar, R.: Distribution of selected polycyclic aromatic hydrocarbons in urban soils
of Delhi India. Environ. Technol. Innov. 17, 100500 (2020). https://doi.org/10.1016/j.eti.2019.
100500

Haritash, A.K., Kaushik, C.P.: Biodegradation aspects of polycyclic aromatic hydrocarbons
(PAHs): A review. J. Hazard. Mater. 169(1-3), 1-15 (2009). https://doi.org/10.1016/j.jhazmat.
2009.03.137

Hatzinger, P.B., Alexander, M.: Effect of aging of chemicals in soil on their biodegradability and
extractability. Environ. Sci. Technol. 29(2), 537-545 (1995). https://doi.org/10.1021/es0000
2a033

Huang, L., Batterman, S.A.: Multimedia model for polycyclic aromatic hydrocarbons (PAHs) and
nitro-PAHs in Lake Michigan. Environ. Sci. Technol. 48(23), 13817-13825 (2014). https://doi.
org/10.1021/es503137b

Issaka, E.: From complex molecules to harmless byproducts: electrocoagulation process for water
contaminants degradation. Desalin. Water Treat. 319, 100532 (2024). https://doi.org/10.1016/
j-dwt.2024.100532

Jie, H., Khan, 1., Alharthi, M., Zafar, M.W., Saeed, A.: Sustainable energy policy, socio-economic
development, and ecological footprint: the economic significance of natural resources, popu-
lation growth, and industrial development. Util. Policy. 81, 101490 (2023). https://doi.org/10.
1016/j.jup.2023.101490

Johnsen, A.R., Wick, L.Y., Harms, H.: Principles of microbial PAH-degradation in soil. Environ.
Pollut. 133(1), 71-84 (2005). https://doi.org/10.1016/j.envpol.2004.04.015

Kastner, M., Breuer-Jammali, M., Mahro, B.: Impact of inoculation protocols, salinity, and pH on
the degradation of polycyclic aromatic hydrocarbons (PAHs) and survival of PAH-degrading
bacteria introduced into soil. Appl. Environ. Microbiol. 64(1), 359-362 (1998). https://doi.org/
10.1128/AEM.64.1.359-362.1998

Kastner, M., Miltner, A.: Application of compost for effective bioremediation of organic contam-
inants and pollutants in soil. Appl. Microbiol. Biotechnol. 100(8), 3433-3449 (2016). https://
doi.org/10.1007/s00253-016-7378-y

Khiadani Hajian, M., Amin, M., Beik, F., Ebrahimi, A., Farhadkhani, M., Mohammadi-
Moghadam, F.: Determination of polycyclic aromatic hydrocarbons concentration in eight
brands of black tea which are used more in Iran. Int. J. Environ. Health Eng. 2(1), 40 (2013).
https://doi.org/10.4103/2277-9183.122427

Kim, K.-H., Jahan, S.A., Kabir, E., Brown, R.J.C.: A review of airborne polycyclic aromatic hydro-
carbons (PAHs) and their human health effects. Environ. Int. 60, 71-80 (2013). https://doi.org/
10.1016/j.envint.2013.07.019

Kotoky, R., Singha, L.P.,, Pandey, P.: Draft genome sequence of polyaromatic hydrocarbon-
degrading bacterium Bacillus subtilis SR1, which has plant growth-promoting attributes.
Genome Announc. 5(49) (2017). https://doi.org/10.1128/genomeA.01339-17

Lau, K.L., Tsang, Y.Y., Chiu, S.W.: Use of spent mushroom compost to bioremediate PAH-
contaminated samples. Chemosphere. 52(9), 1539-1546 (2003). https://doi.org/10.1016/
S0045-6535(03)00493-4

Lee, B.-K.: Sources, distribution and toxicity of Polyaromatic hydrocarbons (PAHs) in particulate
matter. In: Air Pollution Sciyo (2010). https://doi.org/10.5772/10045


https://doi.org/10.1080/15422119.2024.2332953
https://doi.org/10.1080/19443994.2015.1029007
https://doi.org/10.1080/19443994.2015.1029007
https://doi.org/10.1016/j.eti.2019.100500
https://doi.org/10.1016/j.eti.2019.100500
https://doi.org/10.1016/j.jhazmat.2009.03.137
https://doi.org/10.1016/j.jhazmat.2009.03.137
https://doi.org/10.1021/es00002a033
https://doi.org/10.1021/es00002a033
https://doi.org/10.1021/es503137b
https://doi.org/10.1021/es503137b
https://doi.org/10.1016/j.dwt.2024.100532
https://doi.org/10.1016/j.dwt.2024.100532
https://doi.org/10.1016/j.jup.2023.101490
https://doi.org/10.1016/j.jup.2023.101490
https://doi.org/10.1016/j.envpol.2004.04.015
https://doi.org/10.1128/AEM.64.1.359-362.1998
https://doi.org/10.1128/AEM.64.1.359-362.1998
https://doi.org/10.1007/s00253-016-7378-y
https://doi.org/10.1007/s00253-016-7378-y
https://doi.org/10.4103/2277-9183.122427
https://doi.org/10.1016/j.envint.2013.07.019
https://doi.org/10.1016/j.envint.2013.07.019
https://doi.org/10.1128/genomeA.01339-17
https://doi.org/10.1016/S0045-6535(03)00493-4
https://doi.org/10.1016/S0045-6535(03)00493-4
https://doi.org/10.5772/10045

12 Bioremedial Treatment for the Decontamination of Polycyclic ... 309

Lee, P.H., Doick, K.J., Semple, K.T.: The development of phenanthrene catabolism in soil amended
with transformer oil. FEMS Microbiol. Lett. 228(2), 217-223 (2003). https://doi.org/10.1016/
S0378-1097(03)00751-1

Lee, P.-H., Ong, S.K., Golchin, J., Sam Nelson, G.L.: Use of solvents to enhance PAH biodegra-
dation of coal tar. Water Res. 35(16), 3941-3949 (2001). https://doi.org/10.1016/S0043-135
4(01)00115-4

Lemaire, J., Bues, M., Kabeche, T., Hanna, K., Simonnot, M.-O.: Oxidant selection to treat an aged
PAH contaminated soil by in situ chemical oxidation. J. Environ. Chem. Eng. 1(4), 1261-1268
(2013). https://doi.org/10.1016/j.jece.2013.09.018

Liste, H.-H., Alexander, M.: Plant-promoted pyrene degradation in soil. Chemosphere. 40(1), 7-10
(2000). https://doi.org/10.1016/S0045-6535(99)00216-7

Logeshwaran, P., Megharaj, M., Chadalavada, S., Bowman, M., Naidu, R.: Petroleum hydrocar-
bons (PH) in groundwater aquifers: an overview of environmental fate, toxicity, microbial
degradation and risk-based remediation approaches. Environ. Technol. Innovation. 10, 175-193
(2018). https://doi.org/10.1016/j.eti.2018.02.001

Mabhjoubi, M., Cappello, S., Souissi, Y., Jaouani, A., Cherif, A.: Microbial bioremediation of
petroleum hydrocarbon—contaminated marine environments. In: Recent Insights in Petroleum
Science and Engineering. InTech (2018). https://doi.org/10.5772/intechopen.72207

Maier, R.M., Sober6n-Chavez, G.: Pseudomonas aeruginosa rhamnolipids: biosynthesis and poten-
tial applications. Appl. Microbiol. Biotechnol. 54(5), 625-633 (2000). https://doi.org/10.1007/
$002530000443

Makkar, R.S., Rockne, K.J.: Comparison of synthetic surfactants and biosurfactants in enhancing
biodegradation of polycyclic aromatic hydrocarbons. Environ. Toxicol. Chem. 22(10), 2280—
2292 (2003). https://doi.org/10.1897/02-472

Malawska, M., Wilkomirski, B.: An analysis of polychlorinated biphenyls (PCBs) content in soil
and plant leaves (faraxacum officinale) in the area of the railway junction Itawa Gtéwna. Tox-
icol. Environ. Chem. 70(3—4), 509-515 (1999). https://doi.org/10.1080/02772249909358773

Margesin, R., Schinner, F.: Biodegradation and bioremediation of hydrocarbons in extreme envi-
ronments. Appl. Microbiol. Biotechnol. 56, 650-663 (2001). https://doi.org/10.1007/s00253
0100701

McNally, D.L., Mihelcic, J.R., Lueking, D.R.: Biodegradation of three-and four-ring polycyclic
aromatic hydrocarbons under aerobic and denitrifying conditions. Environ. Sci. Technol.
32(17), 2633-2639 (1998). https://doi.org/10.1021/es980006¢

Medina-Herrera, N., Martinez-Avila, G.C.G., Robledo-Jiménez, C.L., Rojas, R., Orozco-Zamora,
B.S.: From citrus waste to valuable resources: a biorefinery approach. Biomass. 4(3), 784-808
(2024). https://doi.org/10.3390/biomass4030044

Miller, R.M., Bartha, R.: Evidence from liposome encapsulation for transport-limited microbial
metabolism of solid alkanes. Appl. Environ. Microbiol. 55(2), 269-274 (1989). https://doi.org/
10.1128/aem.55.2.269-274.1989

Minai-Tehrani, D., Minoui, S., Herfatmanesh, A.: Effect of Salinity on Biodegradation of Poly-
cyclic Aromatic Hydrocarbons (PAHs) of Heavy Crude Oil in Soil. Bull. Environ. Contam.
Toxicol. 82, 179-184 (2009). https://doi.org/10.1007/s00128-008-9548-9

Mohan, S.V., Kisa, T., Ohkuma, T., Kanaly, R.A., Shimizu, Y.: Bioremediation technologies for
treatment of PAH-contaminated soil and strategies to enhance process efficiency. Rev. Environ.
Sci. Biotechnol. 5(4), 347-374 (2006). https://doi.org/10.1007/s11157-006-0004-1

Nguyen, T.T., Youssef, N.H., Mclnerney, M.J., Sabatini, D.A.: Rhamnolipid biosurfactant mix-
tures for environmental remediation. Water Res. 42(6-7), 1735-1743 (2008). https://doi.org/
10.1016/j.watres.2007.10.038

Nievas, M.L., Commendatore, M.G., Esteves, J.L., Bucald, V.: Biodegradation pattern of hydrocar-
bons from a fuel oil-type complex residue by an emulsifier-producing microbial consortium. J.
Hazard. Mater. 154(1-3), 96-104 (2008). https://doi.org/10.1016/j.jhazmat.2007.09.112

Norris, R.D.: Handbook of bioremediation (1993). CRC Press, Boca Raton (2017). https://doi.org/
10.1201/9780203712764


https://doi.org/10.1016/S0378-1097(03)00751-1
https://doi.org/10.1016/S0378-1097(03)00751-1
https://doi.org/10.1016/S0043-1354(01)00115-4
https://doi.org/10.1016/S0043-1354(01)00115-4
https://doi.org/10.1016/j.jece.2013.09.018
https://doi.org/10.1016/S0045-6535(99)00216-7
https://doi.org/10.1016/j.eti.2018.02.001
https://doi.org/10.5772/intechopen.72207
https://doi.org/10.1007/s002530000443
https://doi.org/10.1007/s002530000443
https://doi.org/10.1897/02-472
https://doi.org/10.1080/02772249909358773
https://doi.org/10.1007/s002530100701
https://doi.org/10.1007/s002530100701
https://doi.org/10.1021/es980006c
https://doi.org/10.3390/biomass4030044
https://doi.org/10.1128/aem.55.2.269-274.1989
https://doi.org/10.1128/aem.55.2.269-274.1989
https://doi.org/10.1007/s00128-008-9548-9
https://doi.org/10.1007/s11157-006-0004-1
https://doi.org/10.1016/j.watres.2007.10.038
https://doi.org/10.1016/j.watres.2007.10.038
https://doi.org/10.1016/j.jhazmat.2007.09.112
https://doi.org/10.1201/9780203712764
https://doi.org/10.1201/9780203712764

310 R.Verma et al.

Omoni, V.T., Bankole, P.O., Semple, K.T., Ojo, A.S., Ibeto, C., Okekporo, S.E., Harrison, L.A.:
Enhanced remediation of polycyclic aromatic hydrocarbons in soil through fungal delignifi-
cation strategy and organic waste amendment: a review. Indian J. Microbiol. 65(2), 775-797
(2025). https://doi.org/10.1007/s12088-024-01383-7

Ou, Y., Wu, M., Yu, Y, Liu, Z., Zhang, T., Zhang, X.: Low dose phosphorus supplementation
is conducive to remediation of heavily petroleum-contaminated soil-from the perspective of
hydrocarbon removal and ecotoxicity risk control. Sci. Total Environ. 929, 172478 (2024).
https://doi.org/10.1016/j.scitotenv.2024.172478

Pacwa-Plociniczak, M., Ptaza, G.A., Piotrowska-Seget, Z., Cameotra, S.S.: Environmental appli-
cations of biosurfactants: recent advances. Int. J. Mol. Sci. 12(1), 633-654 (2011). https://doi.
org/10.3390/ijms 12010633

Pacwa-Plociniczak, M., Plaza, G.A., Poliwoda, A., Piotrowska-Seget, Z.: Characterization of
hydrocarbon-degrading and biosurfactant-producing pseudomonas sp. P-1 strain as a poten-
tial tool for bioremediation of petroleum-contaminated soil. Environ. Sci. Pollut. Res. 21(15),
9385-9395 (2014). https://doi.org/10.1007/s11356-014-2872-1

Pandolfo, E., Barra Caracciolo, A., Rolando, L.: Recent advances in bacterial degradation of
hydrocarbons. Water. 15(2), 375 (2023). https://doi.org/10.3390/w15020375

Pardieck, D.L., Bouwer, E.J., Stone, A.T.: Hydrogen peroxide use to increase oxidant capacity for
in situ bioremediation of contaminated soils and aquifers: a review. J. Contam. Hydrol. 9(3),
221-242 (1992). https://doi.org/10.1016/0169-7722(92)90006-Z

Perera, F.P,, et al.: Effect of prenatal exposure to airborne polycyclic aromatic hydrocarbonson neu-
rodevelopment in the first 3 years of life among Inner-City children. Environ. Health Perspect.
114(8), 1287-1292 (2006). https://doi.org/10.1289/ehp.9084

Perfumo, A., Rudden, M., Marchant, R., Banat, I.M.: Biodiversity of biosurfactants and roles
in enhancing the (bio) availability of hydrophobic substrates. In: Cellular Ecophysiology of
Microbe, pp. 1-29. Springer International Publishing, Cham (2017). https://doi.org/10.1007/
978-3-319-20796-4_35-1

Ravindra, K., Sokhi, R., Van Grieken, R.: Atmospheric polycyclic aromatic hydrocarbons: source
attribution, emission factors and regulation. Atmospheric Environment, 42, 2895-2921 (2008).
https://doi.org/10.1016/j.atmosenv.2007.12.010

Reddy, M.S., Naresh, B., Leela, T., Prashanthi, M., Madhusudhan, N.C., Dhanasri, G., Devi, P.:
Biodegradation of phenanthrene with biosurfactant production by a new strain of brevibacillus
sp. Bioresour. Technol. 101(20), 7980-7983 (2010). https://doi.org/10.1016/j.biortech.2010.
04.054

Reid, B.J., Jones, K.C., Semple, K.T.: Bioavailability of persistent organic pollutants in soils
and sediments—a perspective on mechanisms, consequences and assessment. Environ. Pollut.
108(1), 103-112 (2000). https://doi.org/10.1016/S0269-7491(99)00206-7

Sahle-Demessie, E., Grosse, D.W., Bates, E.R.: Solvent extraction and soil washing treatment of
contaminated soils from wood preserving sites: bench-scale studies. Remediat. J. 10(3), 85-109
(2000). https://doi.org/10.1002/rem.3440100308

Salari, M., Rahmanian, V., Hashemi, S.A., Chiang, W.-H., Lai, C.W., Mousavi, S.M., Gholami,
A.: Bioremediation treatment of Polyaromatic hydrocarbons for environmental sustainability.
Water. 14(23), 3980 (2022). https://doi.org/10.3390/w14233980

Salimnezhad, A., Soltani-Jigheh, H., Soorki, A.A.: Effects of oil contamination and bioremediation
on geotechnical properties of highly plastic clayey soil. J. Rock Mech. Geotech. Eng. 13(3),
653-670 (2021). https://doi.org/10.1016/j.jrmge.2020.11.011

Shahsavari, E., Adetutu, E.M., Anderson, P.A., Ball, A.S.: Necrophytoremediation of phenanthrene
and pyrene in contaminated soil. J. Environ. Manag. 122, 105-112 (2013). https://doi.org/10.
1016/j.jenvman.2013.02.050

Singh, S., Parveen, N., Gupta, H.: Adsorptive decontamination of rhodamine-B from water using
banana peel powder: a biosorbent. Environ. Technol. Innovation. 12, 189-195 (2018). https://
doi.org/10.1016/j.eti.2018.09.001


https://doi.org/10.1007/s12088-024-01383-7
https://doi.org/10.1016/j.scitotenv.2024.172478
https://doi.org/10.3390/ijms12010633
https://doi.org/10.3390/ijms12010633
https://doi.org/10.1007/s11356-014-2872-1
https://doi.org/10.3390/w15020375
https://doi.org/10.1016/0169-7722(92)90006-Z
https://doi.org/10.1289/ehp.9084
https://doi.org/10.1007/978-3-319-20796-4_35-1
https://doi.org/10.1007/978-3-319-20796-4_35-1
https://doi.org/10.1016/j.atmosenv.2007.12.010
https://doi.org/10.1016/j.biortech.2010.04.054
https://doi.org/10.1016/j.biortech.2010.04.054
https://doi.org/10.1016/S0269-7491(99)00206-7
https://doi.org/10.1002/rem.3440100308
https://doi.org/10.3390/w14233980
https://doi.org/10.1016/j.jrmge.2020.11.011
https://doi.org/10.1016/j.jenvman.2013.02.050
https://doi.org/10.1016/j.jenvman.2013.02.050
https://doi.org/10.1016/j.eti.2018.09.001
https://doi.org/10.1016/j.eti.2018.09.001

12 Bioremedial Treatment for the Decontamination of Polycyclic ... 31N

Singh, S., Gupta, H., Dhiman, S., Sahu, N.K.: Decontamination of cationic dye brilliant green
from the aqueous media. Appl Water Sci. 12, 61 (2022). https://doi.org/10.1007/s13201-022-
01596-5

Sinha, R.K., Agarwal, S., Chauhan, K., Chandran, V., Soni, B.K.: Vermiculture technology: reviv-
ing the dreams of sir Charles Darwin for scientific use of earthworms in sustainable devel-
opment programs. Technol. Invest. 01(03), 155-172 (2010). https://doi.org/10.4236/ti.2010.
13019

Siron, R., Pelletier, E., Brochu, C.: Environmental factors influencing the biodegradation of
petroleum hydrocarbons in cold seawater. Arch. Environ. Contam. Toxicol. 28(4) (1995).
https://doi.org/10.1007/BF00211621

de Souza Pohren, R., Rocha, J.A.V., Horn, K.A., Vargas, V.M.E.: Bioremediation of soils contam-
inated by PAHs: mutagenicity as a tool to validate environmental quality. Chemosphere. 214,
659-668 (2019). https://doi.org/10.1016/j.chemosphere.2018.08.020

Stapleton, R.D., Savage, D.C., Sayler, G.S., Stacey, G.: Biodegradation of aromatic hydrocarbons
in an extremely acidic environment. Appl. Environ. Microbiol. 64(11), 4180—4184 (1998).
https://doi.org/10.1128/AEM.64.11.4180-4184.1998

Sudaryanto, A., et al.: Levels and distribution of organochlorines in fish from Indonesia. Environ.
Int. 33(6), 750-758 (2007). https://doi.org/10.1016/j.envint.2007.02.009

Tudararao-Aherobo, L., Mesogboriwon, S.: Bioremediation of spent engine oil contaminated soils
using indigenous fungi species. Int. J. Sci. Res. Sci. Technol., 445-461 (2020). https://doi.org/
10.32628/1JSRST207156

Ukaogo, P.O., Ewuzie, U., Onwuka, C.V.: Environmental pollution: causes, effects, and the reme-
dies. In: Microorganisms for Sustainable Environment and Health, pp. 419-429. Elsevier,
Amsterdam, Netherlands (2020). https://doi.org/10.1016/B978-0-12-819001-2.00021-8

Varjani, S.J.: Microbial degradation of petroleum hydrocarbons. Bioresour. Technol. 223, 277-286
(2017). https://doi.org/10.1016/j.biortech.2016.10.037

Vidali, M.: Bioremediation an overview. Pure Appl. Chem. 73(7), 1163-1172 (2001). https://doi.
org/10.1351/pac200173071163

Vidonish, J.E., Zygourakis, K., Masiello, C.A., Sabadell, G., Alvarez, P.J.J.: Thermal treatment
of hydrocarbon-impacted soils: a review of technology innovation for sustainable remediation.
Engineering. 2(4), 426-437 (2016). https://doi.org/10.1016/J.ENG.2016.04.005

Wang, X., Brusseau, M.L.: Solubilization of some low-polarity organic compounds by
hydroxypropyl-.Beta.-cyclodextrin. Environ. Sci. Technol. 27(13), 2821-2825 (1993). https://
doi.org/10.1021/es00049a023

Ward, D.M., Brock, T.D.: Hydrocarbon biodegradation in hypersaline environments. Appl. Envi-
ron. Microbiol. 35(2), 353-359 (1978). https://doi.org/10.1128/aem.35.2.353-359.1978

Ye, S., et al.: The effects of activated biochar addition on remediation efficiency of co-composting
with contaminated wetland soil. Resour. Conserv. Recycl. 140, 278-285 (2019). https://doi.org/
10.1016/j.resconrec.2018.10.004

Zhang, X., et al.: Assessing approaches of human inhalation exposure to polycyclic aromatic
hydrocarbons: a review. Int. J. Environ. Res. Public Health. 18(6), 3124 (2021). https://doi.org/
10.3390/ijerph18063124


https://doi.org/10.1007/s13201-022-01596-5
https://doi.org/10.1007/s13201-022-01596-5
https://doi.org/10.4236/ti.2010.13019
https://doi.org/10.4236/ti.2010.13019
https://doi.org/10.1007/BF00211621
https://doi.org/10.1016/j.chemosphere.2018.08.020
https://doi.org/10.1128/AEM.64.11.4180-4184.1998
https://doi.org/10.1016/j.envint.2007.02.009
https://doi.org/10.32628/IJSRST207156
https://doi.org/10.32628/IJSRST207156
https://doi.org/10.1016/B978-0-12-819001-2.00021-8
https://doi.org/10.1016/j.biortech.2016.10.037
https://doi.org/10.1351/pac200173071163
https://doi.org/10.1351/pac200173071163
https://doi.org/10.1016/J.ENG.2016.04.005
https://doi.org/10.1021/es00049a023
https://doi.org/10.1021/es00049a023
https://doi.org/10.1128/aem.35.2.353-359.1978
https://doi.org/10.1016/j.resconrec.2018.10.004
https://doi.org/10.1016/j.resconrec.2018.10.004
https://doi.org/10.3390/ijerph18063124
https://doi.org/10.3390/ijerph18063124

®

Check for
updates

Green Technologies 1 3
for the Decontamination
of Polycyclic Aromatic Hydrocarbons

Shubhangee Agarwal, Priyanka Rani, and Himanshu Gupta

Abstract

Polycyclic aromatic hydrocarbons (PAHs) are dangerous microscopic contam-
inants which are organic in nature and characterized by the presence of two
or more phenyl rings, which are notably resistant to degradation. PAHs orig-
inate from man-made as well as natural sources including volcanic eruptions
forest fires, petroleum, coal, and oil-based products such as gasoline, as well
as improper disposal of industrial and domestic waste, crude oil extraction, and
spills. They are potentially a threat to human health, plants, animals, and the
environment as a whole. Environmental scientists are exploring numerous meth-
ods for treating PAH-contaminated water and soil, which encompass biological,
chemical, physical, and thermal technologies. The conventional approach to
PAH decontamination typically involves the use of harsh chemicals and a
process that consumes significant energy, leading to a push for more sus-
tainable and eco-friendly alternatives. This chapter reviews recent progress in
green technologies for PAH decontamination, including bioremediation, elec-
trokinetic remediation, phytoremediation, adsorption (utilizing adsorbents like
zeolites, biomass derivatives, geosorbents, silica, and graphene-based materi-
als), advanced oxidation processes, enhanced remediation through biocatalysts,
and nanotechnology.
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Introduction

In recent years, the environmental existence of the pervasive organic contaminants
PAH has come to an attention. PAHs are widely distributed, resilient, and haz-
ardous organic pollutants, consisting of two or more fused phenyl rings arranged
in clustered, angular or linear formations, and characterized by less solubility in
water (Johnsen and Karlson, 2005; Gupta and Gupta, 2016). They primarily origi-
nate from the incomplete burning of carbon-based materials. PAHs can be present
in variety of environmental matrix structures, including air, water, and soil (Ansari
et al., 2023; Gupta and Dhiman, 2023). PAHs are categorized into two groups:
lower molecular weight (LMW) compounds having two or three ring structures
that are generally less hazardous, such as phenanthrene, naphthalene, anthracene,
and fluorene, and higher molecular weight (HMW) compounds with four to seven
ring structures that are less susceptible to deterioration, mutagenic, and capable of
causing tumors, such as pyrene, benz[a]pyrene, and chrysene (Kuppusamy et al.,
2016) (Fig. 13.1). The potential for carcinogenicity in persistent organic com-
pound increases with their molecular weight (Eisler, 1987). PAHs that are bound
to particles pose significant health risks to humans. Benz[a]pyrene contributes sig-
nificantly to the total carcinogenic potential, accounting for 51-64% (Ohura et al.,
2004). While they exhibit less solubility in water, PAHs are more soluble in organic
solvents. Their partial volatile and lipophilic characteristics lead to a strong ten-
dency for absorption and capture by biological matter and soil minerals, resulting
in reduced mobility for microorganisms and other degrading agents in the upper
layer of soil (Shanker et al., 2017). When PAHs are released into the atmosphere,
they experience a variety of mechanisms including physical, chemical, and bio-
logical reactions through metabolic and microbial pathways, which are commonly
referred to as weathering or degradation processes (Ossai, 2020). These weather-
ing processes are significantly influenced by two non-biotic factors: the ecological
characteristics and the composition of the contaminants. These persistent pollu-
tants can adsorb on the upper layer of the soil, volatilize into the surroundings,
and dissolve in water (Schwarzenbach et al., 2016). The physicochemical compo-
nents of each organic pollutant affect their fate, behavior, and movement within the
environment. The distribution of these organic hydrocarbons across different envi-
ronmental matrices will differ substantially based on their molecular characteristics
and the surrounding environmental conditions (e.g., temperature). Consequently,
the amount of PAHs in the environment changes depending on the place of origin
(Chen et al., 2020).

Sources of PAHs

PAHs are common environmental contaminants that are produced when carbon-
based materials burn at high temperatures. Both naturally occurring and man-made
sources emit PAHs. PAHs from natural sources are negligible in comparison to
those produced by humans (Charlesworth et al. 2002; Ravindra et al. 2008; Witt



13 Green Technologies for the Decontamination of Polycyclic ... 315

Colec)

Naphathalene Phenanthrene
Anthracene Fluorene

Sogeees

Benzopyrene
Pyrene

Fig.13.1 Chemical structure of few PAHs with lower and higher molecular weights

1995). Oil seeps, volcanic eruptions, thermal geological reactions, and fires in
natural forests and prairies are examples of natural sources (Wright and Wel-
bourn 2002; Hidayat et al. 2019; Hall et al. 2009; Gupta, 2018). Household
waste burning, processing of agricultural products, automobile exhaust, armed
forces operations, fossil fuel conversion, emissions from coal tar, and shale for-
mation, petroleum based products processing, manufacturing of steel and iron,
aluminum manufacturing, coke production, and partial combustion are all exam-
ples of human-induced sources of PAH emissions (Gupta and Gupta, 2018). These
contaminants are extensively utilized in the manufacturing of pigments, dyes,
insecticides, resins, wood maintenance, grease, and pharmaceutical and agricul-
tural products (Abdel-Shafy and Mansour, 2016). The main ways that PAHs reach
the aquatic system are by polluted debris, precipitation absorption, and acciden-
tal leakage. They are present in tar sands, coal, and oil (Blanchard et al. 2004).
Humans come in contact to these persistent aromatic hydrocarbons through a
variety of routes, including atmospheric deposition, and even at low quantities,
they can cause cancer. Inhalation, water (from home and recreational activities),
food, and work environments are among the exposures. One of the main ways
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that humans are exposed is through contaminated water (Wang et al., 2009; Wu
et al., 2011). The harmful consequences of PAHs necessitate constant and careful
monitoring of human intake. According to their sources, PAHs can also be cate-
gorized as biogenic (originating from biological sources), pyrogenic (originating
from combustion processes), or petrogenic (originating from petroleum products)
(Merhaby et al., 2019).

Pathways of Exposure

PAHs are a class of chronic toxic substances that linger in many environments,
such as the air, soil, and water, for a considerable amount of time. Their endurance
is explained by their high thermal stability and poor water solubility (Na et al.,
2021; Kim et al., 2013). Humans are exposed to PAH through a variety of routes,
through breathing in particles that are in air and re-suspended contaminants, ingest-
ing and drinking, and getting into contact with dirt and other substances through
the bare skin (Menzie et al., 1992). The formation and destiny of these pollu-
tants have become a major concern because to their mutagenic, carcinogenic, and
teratogenic properties.

Air

Natural events such as volcanic eruptions and bushfires send PAHs into the sur-
rounding air. However, the main causes of these volatile organic pollutants in the
surrounding air are activities brought on by high temperatures, such as partial
combustion of biomass from wood, garbage from municipalities, and combustion
of petroleum based products (Lammel, 2015). Additionally, chewing tobacco or
employing high-temperature cooking techniques like grilling, deep-frying, roast-
ing, or baking near or directly over a flame might cause it (Wrébel et al.,
2022).

Soil

In terms of soil quality, agricultural productivity, and other aspects, the ecosys-
tem has suffered from the wet or dry accumulation of atmospheric PAHs on upper
layer of soil (Balmer et al., 2019). Forest fires, volcanic eruptions, the degradation
of sedimentary rocks that contain petroleum based chemicals, and the production
of bacteria and algae are all natural sources of organic pollutants. PAHs level in
upper layer of soil is also influenced by human activities including the pyrolysis of
organic matter and inadequate burning of carbon-based fuels. Because of PAHs’
hydrophobic properties and stable chemical composition, which lead to their build
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up in soil, they have mutagenic, teratogenic, and carcinogenic qualities. Addition-
ally, surface soil in crowded urban areas contains a significant concentration of
PAHs (Bortey-Sam et al., 2014).

Water

PAHs primarily enter water sources through leaching from creosote-impregnated
wood, road drainage, waste water from factories, burning petroleum and other
fossil fuels, and wet or dry accumulation (Karyab et al., 2013). Groundwater,
wastewater, potable water, water bodies like lakes and rivers, and wreckages have
all found to contain volatile organic compounds (Mojiri et al., 2019).

Effect of PAHs on Health

Both short-term and long-term health impacts are possible with PAHs. Signs of
asthma, respiratory difficulties, pulmonary problems, kidney and liver impairment,
glaucoma, and immune system suppression are among the long-term complications
(Abdel-Shafy and Mansour, 2016). Short-term or immediate side effects include
gastrointestinal stress, diarrhoea, vomiting, discomfort and pain in eyes, anxiety,
and more (Abdel-Shafy and Mansour, 2016). Air, plants, animal tissues, water
reservoirs, soil, and rocks have also been found to contain a number of PAHs
(Chang et al. 2004a, 2004b; Balati et al. 2015; Liu et al. 2014; Vane et al. 2014).
Due to their persistence and lack of biodegradability, PAHs can penetrate into the
food chain through the soil and reach humans through the respiratory, food, and
skin systems (Abdel-Shafy and Mansour, 2016). The immune system transforms
PAH into epoxide hydrolase and diolepoxides, which react with genetic material
and stop its synthesis, when they reach the human body and may successfully
pass through the plasma membrane and be absorbed by the cells (Kaya et al.,
2013) (Fig. 13.2).

PAH Derivatives and Their Fate

PAHs penetrate into the environment through the air and water, travel through the
marine environment and eventually make their way into the food chain of humans
through marine foods. The amount of time PAHs stay in the atmosphere depends
on a number of factors, including the chemical makeup, pollutant-degrading
microorganisms, their concentration, dispersion, bioavailability, pH, oxygen levels,
soil type, temperature and the availability of nutrients. PAHs are pervasiveorganic
pollutants that have serious negative impact on human beings and environment
(Cai et al., 2017). Inspite of their greater mobility and substantial risk of harm,
polar PAHs are less known and are not often studied. Many types of cancer, includ-
ing those of the skin, bladder, and lungs, are brought on by these carcinogenic
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Fig.13.2 Schematic representation showing the acute and chronic exposure to PAHs

compounds. They can also cause genotoxicity (damaging non-transmissible DNA),
nephrotoxicity (damaging kidney), cytotoxicity (damaging cells), ocular toxicity
(damaging eye disorders), cardiotoxicity (damaging heart muscles), hepatotoxicity
(damaging liver), hemotoxicity (destroying RBCs), teratogenicity (causing mal-
formation of the embryo or fetus), neurotoxicity (damaging brain and nervous
system), immunotoxicity (damaging immune system), and mutagenicity (causing
transmissible genetic alterations) in both animals and human beings (Ossai et al.,
2020). Researchers are very interested in the destination and removal of all those
ubiquitous substances from the atmosphere. Since their presence increases the
potential impact of health risk. According to numerous research factors including
population density, economic development, and meteorological conditions affect
both the concentration and geographical distribution of PAH in the surrounding
atmosphere (Peng et al., 2016; Zhang and Chen, 2017). The concentration of PAH
varies by area, just as these factors do. Therefore, effective measures are needed
to limit the negative effects of prolonged exposure on local residents due to the
elevated PAH burden in diverse parts.

Decontamination Techniques of PAH

Concern over the immediate and long-term hazards linked with PAH emissions has
spread around the world due to the fact that their presence might result in irrepara-
ble harm to the environment and living things. In last few decades, numerous
decontamination techniques have been created to detect and handle these environ-
mental contaminants. To maintain a sustainable ecosystem, the cleaning methods
should be both inexpensive and effective (Abdel-Shafy and Mansour, 2016). Both
the qualitative and quantitative content, as well as the degree of contamination,
influence the technique (Cunningham, 1996). Chemical and physical procedures
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are among the different approaches used for decontamination. However, these
methods are expensive and introduce a number of harmful substances into the
chemical, physical and biological treatments are among the various methods used
to degrade PAH (Ossai et al., 2020). Every treatment has pros and cons, but choos-
ing the best one for a contaminated site requires a thorough case analysis that
takes into account the features of the site, the pollutants’ characteristics, and the
possible treatment method. In 2018, Gitipour et al. Therefore, the best course of
action is to employ green technologies, which are more appropriate, sustainable,
effective, and economical. Physical therapy techniques such as electrokinetic reme-
diation and solvent extraction are simple to use and typically require non-toxic
materials. However, the requirement for follow-up care is the primary drawback
of this kind of treatment. Degradation of high molecular weight (HMW), per-
sistent and hazardous pollutants is the primary benefit of chemical interventions
like catalytic degradation and oxidation via chemicals. The most environmentally
friendly method that produces no trash is biological treatment. These methods are
the most effective, but they take longer. This chapter goes into great length into a
number of green and traditional (physical, thermal, and chemical) methods, includ-
ing advanced oxidation processes (AOPs), bioremediation, phytoremediation, and
hybrid green technologies.

Physical Degradation

Pollutant transfer throughout geochemical cycles and pollutant accumulation on
soil or water is examples of physical processes (Ansari et al., 2023). While pollu-
tant transit can happen by condensation or dispersion, retention can happen through
adsorption or aggregation in the intergranular area. Numerous variables, such as
soil media, temperature, moisture content, soil salinity, or water pH, influence these
interactions.

Thermal Degradation

Because of their speed and effectiveness, thermal technologies and incineration
are regarded as excellent remediation methods for PAH-contaminated areas. High
total petroleum hydrocarbon elimination efficiency is the outcome of the thermal
process. Despite these benefits, thermal treatment necessitates elevated tempera-
tures, which may result in several problems. High temperatures at contaminated
sites need a lot of energy, which is expensive (Vidonish et al., 2016). High temper-
atures have the capacity to completely destroy organic matter or site composition
and leading to structural degradation that makes it difficult to return the environ-
ment to its initial state. Although it’s evident that thermal approaches are capable
of efficiently eliminating pollution, little is known about how high temperatures
affect ecosystems, including soil and sediment organisms, and restoration initia-
tives (Buttress et al., 2016). As a result, the necessity to develop a approach to
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maximize thermal treatments with sustainable objectives like ecosystem preserva-
tion and energy saving is developing. A thorough approach to thermal treatment
is necessary to guarantee that environmental cleanup initiative programs do not
unnecessarily damage our planet but rather support worldwide endeavors to
enable a sustainable development in the future. According to research, one of the
most effective thermal techniques for quickly and affordably cleaning up PAH-
contaminated areas is microwave irradiation (Falciglia et al.. 2013; Robinson et al.,
2012; Buttress et al., 2016).

Chemical Oxidation Degradation

Another popular technique for breaking down resistant organic contaminants (such
PAHs) is chemical oxidation. PAHs can be eliminated from contaminated water
using standard chemical oxidation techniques such ozonation, photolysis, and chlo-
rination. More harmful by-products, however, may result from the actual treatment.
For instance, natural organic matter in water can react with the classic oxidant
chlorine to form harmful halogenated hydrocarbons (Amor et al., 2019). Ozona-
tion has been proposed by a number of authors as a way to eliminate PAHs from
water (Ates and Argun, 2018). Ozone can oxidize the pollutant in two ways: (a)
the pollutant is directly oxidized by ozone via chemical bonds between electrons
or atomic nuclei. (b) By generating radicals that oxidize pollutants to minus-
cule molecules, metal oxides or organic materials indirectly destroy ozone. pH
plays a major role in these degradation processes. Basic pH facilitates the indirect
pathway for the breakdown of O3 and the generation of OH radicals. A direct
approach is preferred because ozone becomes more stable and deteriorates the
contaminants in an acidic pH. The benzene ring is cleaved by chemical reactions
between ozone and PAHs, producing intermediate molecules that are like carboxy-
late and hydroxylated benzene. Subsequently, intermediate chemicals may directly
or indirectly compete with the pollutants being targeted for O3 and OH™ radicals
(Rubio-Clemente et al., 2014). Oxidation limits, such as the existence of OH™
scavengers in water that is contaminated and the generation of hazardous products,
may adversely impact PAH decomposition (Miller and Olejnik 2001).

Green Technologies for Decontamination of PAHs

Biodegradation

Biodegradation is a remediation technique that enables organic contaminants to
be eliminated through the substrate’s natural biological activity (Ghosal et al.,
2016; Ansari and Rafatullah, 2023; Sivasamy et al., 2025; Gupta et al., 2025).
Microorganisms, plants, and enzymatic reactions are used to detoxify or degrade
environmental pollutants (Ansari and Rafatullah, 2023; Kaur et al., 2023). The
microorganisms used for biodegradation are bacteria, algae, fungi and yeast (Al-
Hawash et al., 2018). The microbes utilized for biological degradation ought
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to be native to the site or contaminated area (Das and Chandran, 2011). In
order to accelerate the biodegradation process, it is crucial to consider the
bioavailability of the contaminant to microbial attack, the availability of micro-
bial consortia can degrade the pollutant, and particular environmental factors
(oxygen level, soil type, soil nutrient content, pH, electron acceptor agents and
temperature) that encourage microbial growth (Moghaddam et al., 2024). Many
scientists believe that certain bacterial isolates can degrade PAHs. Under aero-
bic conditions, PAHs can be broken down by microorganisms belonging to the
genera Mycobacterium and Pseudomonas (Motteran et al., 2024). A recent study
found that Serratiamarcescens, Bacillus megaterium, Raoultellaornithinolytica, and
Aeromonashydrophila decomposed PAHs with above 90% efficiency for acenaph-
thene and fluorene. The effectiveness of bioremediation methods was found to be
significantly impacted by a few environmental factors, including pH and temper-
ature. According to Moscoso et al. (2013), temperatures between 30 and 38 °C,
which are higher than room temperature, were found to be ideal for the breakdown
of PAHs due to increased microbial proliferation. Nevertheless, as demonstrated by
a study that was carried out at a slightly higher temperature between 40 and 45 °C
and showed a notable decrease in PAH degradation from 92% (37 °C) to 74%,
bioremediation is not a rigorous and reliable method. As a result of decreased
oxygen solubility brought on by rising temperatures, bioreactors have less dis-
solved oxygen available for microbial Restoring the soil’s capacity to operate as
intended should be the ultimate goal of any remediation operation, in addition to
eliminating contaminants from contaminated substrates (Punnapayak et al., 2009).
The application of laccase, an enzyme obtained from a Genodermalucidum isolate
that causes white rot. It was found that, with or without the use of a redox medi-
ator, G. lucidum totally breaks down anthracene. Additionally, it was discovered
that Thiobactersubterraneus, Alcoligenes sp., and Escherichia coli were effective
isolates used for breaking down anthracene and phenanthrene (Abd-Elsalam et al.,
2009).

Three main elements influence the pace of the bioremediation process: the con-
taminants being degraded, the form of microorganisms, and the natural habitat.
Inherent bioremediation may result from natural decrease or bioattenuation, how-
ever this process may take years (Carolin et al., 2021). Therefore, by altering
various parameters, a number of approaches have been proposed to improve the
natural microbial digestion of all these kind of contaminants. To boost micro-
bial metabolism of PAHs, biostimulation or bioaugmentation have been employed
(Mohapatra and Phale, 2021). According to Zhou et al. (2022), biostimulation is
the process of increasing the metabolic activities of endogenous microorganisms
by electron acceptors, adding nutrients or biosurfactants. In order to remediate
oil-contaminated soil, bioaugmentation technology—which involves introducing
specific functional microorganisms into the intended environment—has been used
repeatedly (Wu et al., 2016). In order to enhance the breakdown of PAHs by
making them more soluble in water and more accessible to microorganisms,
many researchers employ biosurfactants, which are surface-active molecules made
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by microorganisms (Cameotra, 2008). Amphiphilic compounds with both water-
resistant and water friendly components are known as biosurfactants. While the
hydrophilic portion comes in a variety of forms, the hydrophobic portion is usu-
ally a hydrocarbon chain. Molecular weight is used to categorize the microbial
surfactants into two groups. Polysaccharides and lipoproteins are classified as high
molecular weight (HMW), whilst lipopeptides and glycolipids are classified as low
molecular weight (LMW). Biosurfactants’ structural variations also affect how
functional they are (Johnson et al., 2021). LMW biosurfactants are utilized far
more often than HMW biosurfactants due to their significant reduction in surface
tension (Carolin et al., 2021). Because of their numerous functional properties,
such as dispersion, surface activity, foaming, emulsification, wetting, cleansing,
stability under pH, extreme temperature, and salinity conditions, and more, biosur-
factants are a promising choice for biotechnological applications such as biological
remediation, emulsion stabilization, and microbial enhanced oil recovery (MEOR)
(Adetunji and Olaniran, 2021). Table 13.1 lists the often researched biosurfactants
along with the microbes that produce them. Despite the environmental advantages,
the main drawback of producing biosurfactants is their high cost in comparison to
producing synthetic ones. Since synthetic surfactant synthesis uses proven proce-
dures rather than microbial culture, it is believed to be more cost-effective and
efficient (Fig. 13.3).

In situ and ex situ are the two categories of bioremediation approaches. Langen-
bach (2013) further investigated bioremediation methods including composting,
land farming, bioslurry, bioventing, and biosparging. In order to accelerate the in-
situ degrading process, air is injected into a contaminated area, a procedure known
as bioventing. In the saturated zone, bio-sparging is employed to raise the oxygen
content, which improves the biological performance of native microorganisms. In
a controlled bioreactor, contaminated locations can be treated using bioslurry. In
order to achieve maximum removal effectiveness, these bioreactors are designed
to monitor, manage, and adjust a number of parameters, including temperature
and nutrients. The practice of land farming involves sprinkling contaminated soil
over a region. Because the pollutant’s biodegradation takes place at the oil-water
interface, oxygen, moisture, and nutrients—such as fertilizers—had to be added.

Table 13.1 List of types of biosurfactants and the microbes that produce them

Microorganism Biosurfactant type References

Bacillus licheniformis LRK1 Lipopeptide Nayak et al., (2020)
Acinetobacter sp. Alasan Uzoigwe et al., (2015)
Acinetobacter calcoaceticus Emulsan Amani and Kariminezhad, (2016)
PTCC1318

Bacillus subtilis- RSL2 Lipopeptide Sharma et al., (2020)

Bacillus tequilensis MK Surfactin Dutta et al., (2020)

729,017

Brevibacillus brevis Surfactin Krishnan et al., (2019)
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Organic wastes can be turned into compost, a humic substance that can be applied
as soil fertilizer, through a controlled natural microbial degradation process (Ossai
et al., 2020).

Phytoremediation

Phytoremediation also referred to as phytodegradation. It is an ecologically
friendly and economical approach that utilizes plants to reduce soil contamina-
tion through processes such as removal, digestion, assimilation, or absorption
(Wu et al., 2016). The phytoremediation process encompasses various subgroups
aimed at extracting organic compounds and metals from contaminated soil.
These subgroups include phytoextraction, phytodegradation, phytostabilization,
phytofiltration, phytovolatization, and phytostimulation, as shown in Fig. 13.4.
Phytoextraction involves using hyper accumulator plants to gather pollutants from
the soil (Mani and Kumar, 2014). Phytodegradation serves as an effective sec-
ondary treatment for eliminating PAHs from composted soils (Parrish et al., 2004).
Pollutants that enter plant cells frequently undergo enzymatic transformations that
decrease their toxicity (Kvesitadze et al., 2009). Phytostabilization employs plant
cell compartments to sequester toxic substances from critical cellular regions,
including the mitochondria, plastids, cytoplasm, and nucleus. Unlike mammals,
plants possess different excretory mechanisms and lack a conjugated excretory
system. Instead, they store toxic substances within organelles like cell membrane
and vacuoles (Kvesitadze et al., 2009). In the process of phytofiltration, the root
areas and lipophilic discharges help in translocation, mobilization, or adsorption
PAHs in the rhizosphere. Additionally, they promote biodegradation by stimulat-
ing microbial activity and metabolic pathways triggered by compounds released
from roots, as well as direct plant uptake and metabolism (Hussein et al., 2022).
Research indicates that plants are more prone to accumulate low molecular weight
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Fig.13.4 Phytoremediation: the green approach

(LMW) PAHs (Tian et al., 2018). These compounds can exist in vapor form, allow-
ing for easier entry into plants via stomatal openings. This phenomenon explains
the higher occurrence of PAHs in the above ground parts of the plant. LMW PAHs
may volatilize and travel to the leaves (Tian et al., 2018). The leaves are significant
sites for excretion and volatilization processes, contributing to the detoxification
of harmful substances, while leaf space index plays a role in biomass growth by
affecting photosynthesis (Sun et al., 2011). This method utilizes both plants and
soil microbes to remove PAHs at a low cost with least environmental impact.
Phytostimulation, or rhizodegradation, is considered the most effective solution
for eliminating PAHs from soil. Plants naturally synthesize organic substances
such as organic acids, sugars, and secondary metabolites that promote microbial
growth. These microorganisms associated with plant roots aid in breaking down
PAH compounds (Rohrbacher and St-Arnaud, 2016).

Adsorption via Nanomaterials

The use of nanomaterials in technologies aimed at remediating environmental com-
partments like air, water, and soil has been explored (Oluwasanu et al., 2019).
Various types of nanomaterials have been used as nanosorbents to improve the
removal of PAH contamination prior to their reuse (Russo et al., 2020). An
effective adsorbent exhibiting a high adsorption capacity possesses certain charac-
teristics related to its surface area and pore size (Nethaji et al., 2013). Adsorbing
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materials can be divided into natural adsorbents, which include both organic and
inorganic types, and synthetic adsorbents. Natural adsorbents can originate from
biological or earth-based resources, such as food wastes or materials derived from
plants, including vegetable fibers, clay minerals, graphene, straw, sawdust, and
date palm. In comparison to other adsorbents, these natural organic options are
advantageous due to their low cost and easy availability. They have been utilized
to enhance adsorption capabilities and transform waste into valuable substances
known as sorbents (Ndimele et al., 2018). However, a significant drawback of their
use is the challenge in separating the adsorbent for reuse or disposal after it has
been applied in oil spill water (Crini and Lichtfouse, 2019). Synthetic sorbents,
frequently produced in laboratories or available commercially, include materials
like activated carbon, zeolites, graphene, silica, and those based on nanotechnol-
ogy. According to the USEPA, one of the best remediation techniques is activated
carbon (AC) adsorption. According to Okiel et al. (2011), the use of AC for oil-
contaminated water treatment is generally acknowledged as a technically viable
technique for eliminating a variety of organic compounds. However, this adsor-
bent is thought to be costly, particularly in developing nations. The oleophilic and
hydrophobic characteristics of these synthetic adsorbents enable them to absorb oil
media weighing up to 100 times the weight of media (Ndimele et al., 2018). The
diverse scientific applications of graphene and its composites can be attributed
to their extensive specific surface area, high tensile strength, conductance, ther-
mal stability, chemical durability, thin film width flexibility, and charge mobility
(Novoselov et al., 2012). Owing to their fundamental physicochemical character-
istics, including adsorption, high ion exchange capacity, mechanical and thermal
stability, and specific surface area—both naturally occurring and synthesized mate-
rials exhibit these characteristics (Fletcher et al., 2017). Zeolites play an essential
role in the removal of contaminants from soil and water by functioning as molec-
ular sieves, ion exchangers, membranes, and adsorbents. This necessary modified
clay substance has proved to be a practical, affordable and readily available sorbent
(Lee and Tiwari, 2012). Zeolite and its improved forms were used in a sorption
process to extract pyrene, phenanthrene, and benz(a)pyrene from water (Zhang
et al., 2017). Benz(a)anthracene, pyrene, fluoranthene, phenanthrene, and fluo-
rene were all removed from water with an average removal rate of 98% using
organo-zeolite as an adsorbent (Lemic et al., 2007).

Advanced Oxidation Processes (AOPs)

AOPs are chemical oxidative methods employed for addressing PAH contami-
nation in soil and various types of landfills, including industrial and municipal.
These advanced chemical techniques can degrade approximately 90% of PAHs.
The oxidising agents such as activated peroxodisulphate (Huling and Pivetz, 2006),
hydrogen peroxide (Flotron et al., 2005), Fenton’s reagent (Zhang et al., 2019;
Gupta and Gupta, 2015; Gupta, 2016), and ozone (Lian et al., 2017) are uti-
lized in this process. These methods generate highly reactive radicals like OH,
03, SQOq4, along with other activated species such as peroxides and persulfate anion,
which facilitate the disintergration of the aromatic rings in PAH compounds. AOPs
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present several advantages over conventional remediation methods, including the
in situ degradation of contaminants, a relatively shorter treatment time, and the
ability to effectively remediate a diverse array of PAHs due to their highly reac-
tive radicals. Nonetheless, the oxidation of components which are not target such
as particulate organic matter or dissolved can complicate the use of these highly
reactive oxidizing agents, and their corrosive nature makes them unsuitable for
treating potable water (Amor, et al., 2019). AOPs are divided into photochemical
and non-photochemical processes, based on the method used to produce OH radi-
cals. The photochemical process employs a source of light—specifically UV light
in conjunction with oxidising agents or catalysts. The production of OH™ can be
initiated by oxidisers like HyO,, O3, and UV light, as well as by catalysts. The
effectiveness of AOPs is affected by various variables, which include the type and
amount of oxidant used the intensity and type of light, pH levels, the rate at which
free radical are generated, the level of contamination and characteristics of the con-
taminants, and the composition of the water (Rubio-Clemente et al., 2014). TiO; is
a unique metal oxide semiconductor which has high photocatalytic decomposition
property, high efficiency and extremely low price so, it is selected as photocata-
lyst. Its catalytic reaction starts in the presence of UV light. When the material
absorbs UV light it causes formation of electrons and positive holes in the valence
and conduction band. In contrast, electrons can directly oxidize organic pollutants,
such as PAHs, by consuming oxygen molecules through a reduction reaction. Con-
versely, holes can either directly react with PAHs or form an OH radical that can
oxidize PAHs. AOPs represent the most promising approach and offer economic
advantages when leveraging a solar light source. AOPs are associated with rela-
tively high operating costs due to the expensive nature of chemicals like H,O;
and the significant energy utilization is involved. Furthermore, OH radicals are
highly non-selective and can react with non-target pollutants found in the contami-
nated water (Comninellis et al., 2008). Innovative techniques that merge ultraviolet
photo-Fenton and Fenton oxidative-coagulation processes have also demonstrated
considerable effectiveness in removing PAHs from leachates and solid waste (Li
et al., 2016) (Fig. 13.5).

Hybrid Green Technologies

Recent findings indicate that bioremediation and adsorption are currently effec-
tive and cost-efficient remediation methods. Nevertheless, bioremediation has its
limitations, including the potential accumulation of harmful metabolites or degra-
dation byproducts. For instance, dichlorodiphenyltrichloroethane (DDT) and its
metabolic product, dichlorodiphenyldichloroethylene (DDE), can accumulate over
time (ATSDR, 2000). In order to overcome these obstacles integrated technolo-
gies or hybrid methods have been proposed. In the context of treating drinking
water, bioaugmentation is an integrated approach that can be used to clean PAH-
polluted water, given that the bacteria employed are safe for human health or can
be effectively removed through standard chlorination processes. Phytoremediation,
also referred to as plant-aided bioremediation, is one strategy capable of tack-
ling PAH contamination on a large scale. Plants can absorb, store, and chemically
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Fig.13.5 Mechanism of photo catalytic degradation of PAHs using TiO»

alter pollutants, making research into PAH degradation in water valuable. They
can produce enzymes that function as surfactants, which enhance the pollutant’s
availability in solution (Capello et al., 2019). The electrokinetic approach employs
electrical current to decontaminate contaminated soils, and integrating bioreme-
diation with an electrokinetic process enhances the holistic effectiveness of soil
contaminant remediation. Nanoremediation is an emerging tool for soil remedia-
tion, effectively removing contaminants when combined with other methods such
as bioremediation (Ansari et al., 2023). To fully utilize the substantial potential of
nanoremediation in the removal of PAHs, research should be done on the creation
and application of nanofertilizers (biostimulation and bioaugmentation), nanomin-
erals (biostimulation), or green-synthesized nanooxidizers (for PAH oxidation)
(Kuyukina et al., 2021). Furthermore, nanoremediation can be utilized alongside
established PAH bioremediation techniques to enhance remediation efficacy and
facilitate quicker PAH decomposition in practical applications.

Electrokinetic (EK) Remediation

This method has the ability to eliminate non-biodegradable persistent pollutants
like PAHs from soil. It employs electric current to extract contaminants from the
affected soil. A small electric current is applied at the contaminated location to
create an electric field. The main mechanisms by which the electric field facili-
tates the movement and mobilization of pollutants towards the electrodes (anode
and cathode) during the EK process are electromigration and electroosmosis (Gill
et al., 2014). However, the difficulty in dissolving PAHs in water, along with their
hydrophobic nature and low dispersal rate, poses challenges to their removal. The
use of a combination of surfactants can effectively extract hydrophobic organic
compounds from soil with contaminants (Boulakradeche et al., 2015). Integrat-
ing the biological restoration process with the electrokinetic process enhances the
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effectiveness of soil contamination remediation. It represents a physical detoxifi-
cation method that works well for non-biodegradable organic contaminants like
PAHs (Capello et al., 2019). This integration makes nutrients, pollutants and both
electron acceptors and donors easily exposed to active microorganisms that break
them down, thus addressing the limitations of bioremediation and improving its
effectiveness (Capello et al., 2019).

Conclusion

PAHs can originate from both human activities and natural processes. These con-
taminants are dangerous and present serious risks to the ecosystem and human
well being. This study examines the origin, transport mechanisms, dispersion pro-
cesses and fate of PAHs in the environment. Several remediation technologies,
including traditional, advanced, and hybrid or integrated methods, are explored,
such as physical, chemical, thermal, electrokinetic, AOPs, phytoremediation, and
bioremediation. Bioremediation stands out as a promising method for extracting
PAHs. This method evacuates PAHs from the atmosphere by using various kinds of
microorganisms, which involves bacteria, fungi, and algae. Microbes like Serratia
marcescens, Bacillus megaterium, Raoultellaornithinolytica, and Aeromonashy-
drophila decomposed PAHs with above 90% efficiency for acenaphthene and
fluorene. Similarly, Thiobactersubterraneus, Alcoligenes sp., and Escherichia coli
are effective isolates used for breaking down anthracene and phenanthrene.
Moreover, phytoremediation seems to be among the most economical and envi-
ronmentally friendly techniques for lowering PAHs in substrates. Recently, there
has been a trend toward using integrated or combined treatment technologies to
maximize their effectiveness. This approach is a green degradation method that
produces no waste, thus preventing further environmental contamination. Zeo-
lites also proved to be very important in a adsorption process. Benz(a)anthracene,
pyrene, fluoranthene, phenanthrene, and fluorene were all removed from water
with an average removal rate of 98% using organo-zeolite as an adsorbent. Inte-
grated methods represent environmentally friendly green degradation processes
with no waste generation that might lead to further pollution. To determine the
most appropriate treatment techniques, site characteristics are also critical. The cri-
teria for selection are usually based on site attributes, costs, challenges, advantages,
and the type and concentration of pollutants present. Addressing PAH contam-
ination at sites usually presents significant challenges and high costs; therefore,
opting for methods that are adaptable, sustainable, eco-friendly, efficient, rapid,
and economical is a wise choice.
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Abstract

Numerous anthropogenic activities caused by rapid industrialization and urban-
ization release polycyclic aromatic hydrocarbons (PAHs) as toxic environmental
pollutants. The PAHs come from unburnt combustion in residential and com-
mercial properties, garbage burning and activities involving fossil fuels. The
PAHs pollutants are widely distributed and equally present in the atmosphere,
aquatic and terrestrial ecosystems. PAH pollutants directly and indirectly neg-
atively impact human health, well-being, and biodiversity worldwide. The
removal of PAHs is a global challenge because of their inherent characteris-
tics, which make them long-lasting pollutants with a broad range of biological
and chemical toxicity. The global challenges have been caused by adverse PAH
effects, which prompted the remediation strategies that reduce the ecosystem’s
long-term impact, confirm safety and decrease risks to humans and ecosystems.
The sustainable treatment strategy remains challenging to implement for the
remediation of PAH. More recently, various integrated advanced and multidisci-
plinary remediation techniques have been successfully used, including chemical,
biological and physical approaches such as nanomaterial-based technologies,
microbial bioremediation, electrokinetic and adsorption photocatalysis. Com-
bining these techniques shows a comprehensive and long-term strategy to deal
with the problems caused by PAH contamination. The current study primar-
ily examines innovative and multidisciplinary approaches that integrate various
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techniques, which are becoming increasingly popular due to their promise of
more effective remediation of PAH in ecological systems.

Keywords

Polycyclic aromatic hydrocarbons (PAHs) « Physiochemical techniques
Hybrid remediation technologies and degradation + Remediation strategies

Introduction

Industrialization has undoubtedly increased the amount of pollutants liberated into
the atmosphere, causing the general quality of the aquatic, air, and land to dete-
riorate, along with adversely impacting human life (Kicifiska and Dmytrowski,
2023; Venkatraman et al. 2024). The most common organic pollutants that are
present practically everywhere are poly aromatic hydrocarbons (PAHs). These
substances seriously affect human and animal health, including mutagenicity,
carcinogenicity, immunological suppression, teratogenicity, and metabolic inflam-
mation (Almouallem et al., 2023). They can readily integrate into mammals’
digestive tracts because of their lipid-soluble characteristics. To effectively remove
these xenobiotics from the atmosphere, it is crucial to prioritize remediation
techniques.

Since petroleum is the chief energy resource supporting numerous aspects of
everyday life and the global economy, the world’s population growth has increased
industrial activity (Tornero and Hanke, 2016) (Yim et al., 2007). A number of
ecosystems matrices such as air, aquatic, land, sediments and flora & fauna, are
getting industrial PAHs contaminants, coinciding with the growth of the oil, gas,
and petrochemical industries (Ghosal et al., 2016). Numerous petrochemical indus-
tries have been releasing hydrocarbons, grease, lubricants and fuel oils into the
environment as refinery wastes. These pollutants are distinguished by their poten-
tial to affect and their persistence in the environment. Their natural resistance
to oxidation and reduction and chemical stability determine effectiveness of the
deposition of the substrate (Chen et al., 2020). PAHs are a set of organic pollu-
tants with various structures and biological toxicity that are widely distributed and
regularly found in the environment (Eldos et al., 2020). Sixteen PAHs as priority
environmental contaminants due to their widespread presence and toxicity, have
been identified by the United States Environmental Protection Agency (EPA) (Dai
et al., 2022).

Usually, PAHs are categorized into two groups: Low Molecular Weight (LMW-
PAHs) comprising each with less than four rings; acenaphthene, fluorene, phenan-
threne, naphthalene, and anthracene, and High Molecular Weight (HMW-PAHs)
with four or more rings, including pyrene, chrysene, fluoranthene, benzoan-
thracene, benzopyrene, benzofluoranthene, dibenzoanthracene, benzoperylene, and
indenopyrene (Wilson et al., 2023).
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According to (Balmer et al., 2019) (Bright et al., 2023), PAHs are composed of
two or more aromatic rings of carbon and hydrogen grouped in clusters, angular
or linear, as shown in Fig. 14.1. Depending on where they come from, PAHs
can be divided into three classes: biogenic, pyrogenic, and petrogenic. Products
of petroleum produce petrogenic PAHs, combustion processes produce pyrogenic
PAHs, and biological sources produce biogenic PAHs (Merhaby et al., 2019).

PAHs, which come from manmade and natural sources, primarily build up
in road dust and soil (Sun et al., 2022). PAHs in soil sorption and retention,
which are fed by soil surface and organic matter—particularly clay and meso-
and macropores—are crucial. Human caused sources of PAHs include inadequate
waste burning in residential and industrial activities involving fossil fuels (Deka
et al., 2020; Hussain et al., 2019; Kiciriska and Dmytrowski, 2023).

Due to their entry into marine ecosystems, accumulation, and creation of expo-
sure pathways for living species, the extensive dispersion of environmental PAHs,
causes health hazards (Deka et al., 2023) (Banerjee et al., 2022). Remediation
efforts that reduce the impact on the ecosystem in the long term, provide a safety
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Fig.14.1 Chemical structure of some common PAHs
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guarantee, and lower exposure hazards to the public and flora and fauna have
been prompted by the detrimental PAHs effects, which have environmental con-
tamination (Udom et al., 2023; Zhang et al., 2023). They are primarily used as
intermediates in the pharmacological, agronomic, photographic, thermoset plastic
and lubricating material (Abdel-Shafy and Mansour, 2016).

The study combines several techniques, summarizing conventional and new
advanced multidisciplinary strategies based on nanomaterials, genetic plant engi-
neering, and electrochemical sensor detection technology for removing PAH-
contaminated soils, water, and air, focusing on hybrid techniques. This study
proposes advanced remediation strategies to bridge the gap between environmental
sustainability and remediation efficacy. Optimising these technologies, guaran-
teeing profitability, and bridging knowledge gaps remain challenges. Potential
long-term ecological sustainability and innovative remedial expertise may be the
main topics of future research.

Characteristics of PAHs

PAHs are characterized by low vapour pressure and low aqueous solubility, along
with high boiling and melting points, which make them solid, whereas oxidation
and reduction resistance increase as molecular weight increases, while the latter
two features tend to decrease (Masih et al., 2012). As the rings increase, poly-
cyclic aromatic hydrocarbons become less soluble in aqueous solutions and more
soluble in organic solvents due to their high lipophilicity (Masih et al., 2010).
PAHs show various properties, including heat and corrosion resistance, conduc-
tivity, physiological action, light sensitivity and emittivity (Akyiiz and Cabuk,
2010).

Utmost harmful pollutants usually found in the atmosphere are PAHs (Eldos
et al., 2020). These substances are toxic, extremely stable, hydrophobic and
lipophilic, which allows them to build up in biota and raises the risk of exposure to
humans and other species. As PAHs are toxic, genotoxic, mutagenic, and carcino-
genic, they are strictly regulated by law in industrialized and progressed countries.
It is significant that their structure has been shown to exhibit high levels of environ-
mental persistency, toxicity and chemical stability due to higher molecular weights
and a large number of aromatic rings in PAHs, (Botsou and Hatzianestis, 2012).

Each isomer of PAHs has a remarkably distinct UV absorbance spectrum as
a result of every ring structure having a different UV spectrum. It is particularly
helpful when identifying PAHs. Additionally, most PAHs are fluorescent, releasing
distinct light wavelengths upon excitation (when the molecules absorb light).

Physiochemical Properties of PAH

The properties of individual PAHs are determined by their mobility and distribu-
tion in the atmosphere (Mackay and Callcott, 1998). The weathering processes that
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PAHs go through after being released into the environment include physiochem-
ical and biological reactions via metabolic and microbial pathways (Latimer and
Zheng, 2003; Ossai et al., 2020). The two abiotic elements significantly impact-
ing weathering processes are the pollutant’s structure and the environment. The
adsorption of resistant pollutants into soil, volatilisation into the atmosphere, and
dissolving in water are all examples of weathering processes (Schwarzenbach
et al., 2016).

Additional environmental factors and processes, including soil aggregation,
moisture levels, volatilization, transformation, leaching and biodegradation by
organisms, will all play a significant part in PAHs bioavailability in soil. As a
result, PAHs with higher bioavailability and mobility have more detrimental effects
overall. Because of their structure, non-polar PAHs have more long-term negative
health impacts than polar PAHs.

Route of Transport, Exposure and Toxic Effect of PAHs

In the atmosphere, the PAHs are transported through terrestrial and aquatic envi-
ronments in the ecosystem due to several processes. The physical characteristics
such as chemical stability, hydrophobicity and lipophobicity, allow PAHs to travel
great distances through the atmosphere, where they are absorbed earlier by sed-
iments and suspended particles to build up in the biota (Ossai et al., 2020). Dry
deposition, wet deposition and the exchange of vapour between air and water are
the three primary atmospheric processes that lead to the buildup of PAHs in the
land or ocean. Several crucial factors determine the dominant process, such as
temperature, wind speed, the pollutant’s physicochemical characteristics, salinity,
density, precipitation rates, and matrix composition (Latimer and Zheng, 2003)
(Golomb et al., 2001) (Hong et al., 2016).

There are two distinct phases of PAHs in the atmosphere after they are released:
vapour and solid phase, where they are absorbed by particulate matter (Ravin-
dra et al., 2008; Zhang and Tao, 2009) (Wang et al., 2013). Low-vapour-pressure
hydrophobic organic compounds, like PAHs, are more easily sorbed to airborne
particles than higher-vapour-pressure chemicals, like benzene. The individual con-
centrations of PAHs vary in the vapour and other sorbet phases (Kameda, 2011)
due to the variation in vapour pressures of distinct PAH compounds.

Since PAHs’ non-polar structures do not allow them to dissolve in water,
they become slightly immobile once absorbed into sediments. As a result, the
low molecular weight of PAHs can dissolve and enter the pore water, making
them bioavailable. These PAHs tend to adsorb onto organic colloids present in
pore water, which can increase their concentrations beyond their aqueous solubil-
ity. Consequently, PAHs are easily transferred across the sediment’s pore spaces.
This means that the movement and bioavailability in sediments of PAHs can be
enhanced by their adsorption to colloids (Dong et al., 2012).

PAHSs’ toxicity to the ecosystem is affected by photo-oxidation and metabolism,
and is more harmful when exposed to UV light. The concentration of PAHs at
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modest to higher levels is more poisonous to birds and aquatic life. Except in cases
where the soil is highly contaminated, PAHs in soil are not likely to harm terres-
trial invertebrates. Tumours, immunity, development, and reproduction adversely
affect these organisms. Ingestion, skin contact, and inhalation are ways mammals
can absorb PAHs (Beyer et al., 2010; Dong et al., 2012; Veltman et al., 2011).
It is expected that the PAHs concentration in aquatic species will be significantly
higher than the surrounding environment from were collected. However, the PAHs
metabolism is adequate to obstruct biomagnification (Inomata et al., 2012). The
relative toxicity, as well as the concentration and route of exposure of the PAHs,
significantly influence how they affect human health. Symptoms like nausea, vom-
iting, diarrhoea, eye irritation, irritation and inflammation of the skin have been
linked to occupational exposures to pollutant mixtures containing excessive con-
centrations of PAHs (Unwin et al., 2006). Long-lasting PAHs contact can have
several harmful health effects and abnormalities. Skin inflammation and redness
can occur due to frequent contact with the skin. Naphthalene, a specific polycyclic
aromatic hydrocarbon (PAH), can cause red blood cells to break down and be
destroyed if inhaled or ingested in large amounts. The adverse effects of human
exposure to PAHs largely depend on how the exposure occurs (Diggs et al., 2011).
Most PAHs require metabolism to react with DNA, leading to genotoxic damage
by producing diol epoxides. The process of carcinogenicity is significantly influ-
enced by genotoxicity, which may also be present in certain types of developmental
toxicity (Gamboa et al., 2008; Lewtas, 2007).

Advancement and Multidisciplinary Approaches for PAH
Remediation

Remediation techniques involve reducing environmental pollutants through pro-
cesses of deterioration or conversion in the soil, water, and air until acceptable
levels are reached. Effective and economical treatment of industrial effluents
is necessary to develop organizations and a sustainable environment. Several
approaches to eliminate PAHs from polluted soils, streams and the environment
are imposed to lessen the risk to public wellbeing and the environment (Gupta
and Gupta, 2015, 2016; Gupta et al., 2017; Gupta 2018; Kumar and Gupta, 2020).
These approaches come into three categories: biological, chemical, or physical.
Physical options include electrokinetic therapies and thermal remediation (Y.D.
Alazaiva et al., 2022). Ozone, photocatalysis, and oxidation using Fenton’s reagent
are examples of chemical techniques (Samuel et al., 2023).

The biological approaches use phytoremediation, fungi, and bacteria to cause
microbial breakdown (Thacharodi et al., 2023). Despite their effectiveness, phys-
ical and chemical approaches might result in secondary pollutants and are often
expensive, energy-intensive, or chemical-intensive. Because biological technolo-
gies are environmentally friendly and may transform harmful contaminants into
non-hazardous molecules, they are becoming increasingly popular as a safe and
economical solution to these restrictions. The exported research publications are
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Fig.14.2 Bibliography analysis of the number of publications on various PAH remediation tech-
niques (Reprinted from original article by Gupta, et al., (2024) after taking permission from
Elsevier)

followed by the categorization based on remediation approaches, considering sig-
nificance screening criteria, operational quality and field application to ensure
direct linkage to degradation of PAHs in soil. The current research, for treating
PAH-polluted soil, mainly focuses on biological approaches (61%), with hybrid
approaches obtaining less attention (11%) of the hybrid approaches, as shown
in Fig. 14.2, physical-chemical procedures account for the majority (53%), with
chemical-biological approaches following closely behind (37%). The least studied
approaches are physical-biological methods (10%).

However, these approaches have several drawbacks, including complicated
operating procedures and expensive maintenance and investment expenses
(Lamichhane et al., 2016). A sustainable approach considers either an appropri-
ate single method or an integrated approach, integrating several ways to solve the
shortcomings of biological, chemical, and physical therapy. These factors are con-
sidered to efficiently remediate the PAH-contaminated matrix while reducing the
negative environmental consequences.

This study provides a detailed description of several existing and new advance-
ments and multidisciplinary approaches in remediation techniques, including
thermal, chemical, electrokinetic, nano adsorption, microbiological treatment, etc.
Table 14.1 shows the different methods for the removal of PAHs from the air, soil
and water.

Thermal Technologies

Thermal technology is a suitable technique for the relatively high efficiency of
PAH compound degradation (Zhang et al., 2017). This method mainly uses an
external heat source to remove volatile organic contaminants. Accordingly, the two
primary drawbacks of this technology are the potential for air contamination due to
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Table 14.1 Methods for removal of PAHs existing in the air, soil and water

Biological Physicochemical Phytoremediation Thermal
Bioremediation Solvent extraction/soil washing Phytodegradation Heating
Biostimulation Photolysis Phytostabilisation Desorption
Bioaugmentation Adsorption Rhizofiltration Radiation
Bioventing Electrokinetic remediation Phytoextraction Frequency
Bioslurping Solidification/stabilization Thermal

Natural attenuation

Soil vapour extraction

organic compound desorption and its high operating expenses. Thermal technolo-
gies quick and dependable removal standards make them promising techniques
for extracting hydrocarbons from contaminated soils. However, excessive heat and
energy use can harm soil quality (Vidonish et al., 2016). The factors that influence
the proficiency of thermal technologies include temperature, soil makeup, contam-
inant amount and treatment time, composition, overall density of soil, contaminant
vapour pressure, moisture contents and distribution of particle size (Falciglia et al.,
2011). By using thermal technology, the elimination rate of PAHs was improved
by 95% (Bates et al., 2008). Thermal technologies effectively removed PAHs from
soil under various conditions in a different study. They discovered that reducing
heating temperature and residence time led to a reduced elimination rate (Jeon).

Incineration and In-Situ Thermal Desorption (ISTD)

Polyaromatic hydrocarbons are extracted from wood wastes, refinery by-products,
coal tar, and contaminated soils using ISTD, also called conductive heating
(Gan et al., 2009). In contrast, incineration uses a high-temperature range of
900-1200 °C to effectively destroy PAHs in contaminated plumes. Similar to incin-
eration, ISTD uses heating to separate PAHs, but it is considered reasonably safe
as it uses a carrier gas or vacuum for off-site disposal.

Electrokinetic Remediation (EK)

An in-situ method for cleaning up locations tainted with low-permeable PAHs is
called EK remediation (Gitipour et al., 2018). This technique affects the PAH-
polluted soil due to the usage of low direct electric current between the cathode
and anode electrodes. (Lim et al., 2016). This technique is a promising way to
remove PAHs, either when used alone or in conjunction with other methods like
Fenton or bioremediation. The main challenge to employing traditional EK reme-
diation technology is that PAHs from subterranean environments are hydrophobic
and desorb slowly (Pazos et al., 2010). Increasing PAH desorption from the con-
taminated sites and establishing a conducive atmosphere for the transportation of
the electrode chambers are essential for enhancing the EK process.
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Furthermore, the increased electroosmotic flow would promote the removal of
an organic compound when electrolytes existed in the processing fluid and the
pH of electrode chambers was controlled (Alcantara et al., 2008). Since it can be
treated in situ, this method has low operational cost with fast response time. The
kaolin contaminated with a combination of various PAHs (pyrene, benzanthracene
and fluoranthene,) was conducted by EK remediation, According to Alcdntara
(Alcéntara et al., 2010), this technique has an immense potential for remediating
polluted soil by 40%.

Solidification/Stabilization (S/S)

S/S is a based on physical change rectification technique that uses the reagent-
soil reaction to decrease the mobility of the contaminant. This process involves
a chemical reaction between waste from mechanical processes and solidifying
reagents. Therefore, this technique can be applied to physical and chemical meth-
ods to reduce environmental impacts. While the contaminants form a physical link
with the solid matrix during solidification processes, stabilization involves chemi-
cal reactions that transform the pollutant into less mobile species. A new technique
for PAH-contaminated soil was created by (Ma et al., 2018), with the ideal dosage
being 0.02% of sulfonated oil. They discovered that, in comparison to the original
sample, the remediated soil had a 25% leaching content of PAHs.

Supercritical Fluid Extraction (SCFE)

SCFE is a suitable and efficient method that uses heated fluid and then applies
pressure above the critical point. The basis for SCFE’s operation is the high sepa-
ration process and gaseous-liquid characteristics. PAHs can be removed from solid
matrices’ binding sites by using organic solvents, surfactants, or plain water. The
solid is then rinsed into the extraction fluid (Gan et al., 2009). Furthermore, PAHs
require additional biochemical remedies to finish the decontamination process as
they desorb in the liquid phase. For instance, a study found that applying a solvent
mixture of ethanol and pentanol in three steps resulted in over 95% PAH extrac-
tion (Khodadoust et al., 2000). The study also found that the high temperature and
pressure caused low viscosity and diffusivity. Prior research indicates that pollu-
tants like PAHs can be quickly removed from various settings. Furthermore, SCFE
is regarded as a practical technique for forecasting the bioavailability of organic
contaminants based on variables such as molecular weights and concentrations,
application versatility, and water solubility (Riding et al., 2013).



344 M. Rawat et al.

Soil Vapour Extraction (SVE)

SVE eliminates dangerous contaminants like vapours from the soil (Speight, 2017).
This process involves moving vapours toward extraction wells by applying a neg-
ative pressure gradient and progressively volatile pollutants are eliminated from
the subsurface. The gathered vapours are then released into the atmosphere. SVE
applies to organic compounds with low and high volatility. This method is inap-
propriate for low air-permeability soils as the induced air prefers to flow down
pathways with less resistance. The main drawback of SVE is the downstream con-
tamination and sweep gas treatment for additional downstream treatment (Lim
et al.,, 2016). Numerous scientists have applied the SVE method to remove
PAHs from various contaminated locations. For example, SVE effectively removed
BTEX from soil contaminated by wet gasoline (Simpanen et al., 2018). SVE was
used in one more study (Albergaria et al., 2012) to remediate sandy soil polluted
artificially with six different types of PAHs. According to (Soares et al., 2010),
contaminants with lower vapour pressures had a 92% removal efficiency rate, but
longer remediation times were needed.

Chemical Oxidation

Researchers are interested in treating organic pollutants in wastewater by chemical
oxidation. This approach’s primary benefits are its efficacy and speed of remedi-
ation compared to other methods that require excavation treatments both on and
off-site, and its cost is heavily influenced by the chemical agents required. Addi-
tionally, this approach can be considered an appropriate remediation option for
soil-borne PAH contamination, regardless of the toxicity of polluted sources.

Chemical oxidants are primarily used to introduce gaseous substances or liquids
into the ground; this process is straightforward with minimal operating expenses.
Additionally, this method can break down oil pollutants without creating harm-
ful compounds; instead, it can produce more biodegradable ones. A few factors
affects the PAH oxidation rate include temperature, oxidizing agent used, molecu-
lar weight, and the structure of compound (Abdel-Shafy and Mansour, 2016). It is
advised to check for ongoing natural reduction processes at the oil-contaminated
sites before the use of chemical oxidants (Agarwal and Liu, 2015). Ozone and
Fenton techniques are the two popular oxidant methods used to remove PAH from
contaminated areas (Wang and Wang, 2021).

Fenton

For PAHs, Fenton oxidation is a practical remediation technique. Numerous exper-
iments have been performed on the use of Fenton oxidation to remove PAHs from
polluted soils (Agarwal and Liu, 2015; Gupta and Dhiman, 2023). The primary
obstacle for Fenton treatment alone is the requirement for a high oxidant load;
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however, Fenton limitations are addressed by integrating the Fenton procedure
with other treatment techniques. The main constraints, meanwhile, are the lack of
PAHs, the deterioration of the quality of soil, as well as the medium’s and the
microbial community’s acidification. Significant reactions taking place in Fenton’s
reaction are:

In the presence of ferrous ion (Fe**), breakdown of hydrogen peroxide (HyO»)
into hydroxyl radicals (OH"):

Fe’t + H,0, — Fe’* + OH® + OH™

Breakdown of organic molecules (RH or R) by the previously generated unstable
hydroxyl radicals by either hydroxyl addition or hydrogen elimination.

RH + OH® — R® + H,0

R+OH* — R°OH

By using hydroxyl radicals produced by hydrogen peroxide catalysis, this method
exhibits encouraging potential for rapidly degrading PAHs in contaminated areas.
Several chemical reagents, like cyclodextrins, co-solvent, vegetable oil, and surfac-
tant, may make PAHs more accessible in contaminated soils for Fenton oxidation
to occur (Yang et al., 2017). For example, co-solvents make PAHs more soluble
in soils between the aqueous phase and soil components by reducing the surface
tension and increasing the accessibility of PAHs (Usman et al., 2016).

Ozone (03)

One of the most effective chemical oxidation technology by ozone for hydrocar-
bon degradation, as it can be swiftly transported to contaminated areas. According
to Lim et al. (2016), natural metal oxides like Al,O3, MnO, and geothite are
present on the soil surface and help in catalysing the breakdown of ozone into
hydroxyl radicals. This technique reduces the time and treatment cost and is
used to remove various forms of phenanthrene from contaminated soils by swiftly
oxidizing organic molecules (O’Mahony et al., 2006).

Microbial Enzyme-Mediated Bioremediation

The microbial enzyme-mediated bioremediation process uses extracted enzymes to
remove PAHs from fungi, bacteria, and other living things. The enzymatic process
is incredibly effective and specific due to the ability to catalyse reactions across a
broad range of pH and temperature alongwith increased reaction rates. According
to the subsections above, the enzymes that cause PAH oxidation are dehydroge-
nases, oxygenases, phenoloxidases, peroxidase of manganese and lignin. Due to
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their decreased substrate specificity, the oxidative fungal enzymes are more effi-
cient. The unique manganese peroxidase gene isolated from Cerrena unicolour
BBP6 was used to clone Pichia pastoris. This organism exhibited a variety of dye-
decolourising abilities and achieved 80% and 91% degradation activity for fluorene
and phenanthrene within 24 hours, with the highest recorded recombinant enzyme
expression being 154.5 Units/L. The only drawback of this approach is the cost of
producing, isolating, and refining enzymes (Kuppusamy et al., 2017).

Phytoremediation

Using plants, phytoremediation detoxifies soil by allowing pollutants to enter
the roots causing bioaccumulation or biodegradation in above-ground areas. Phy-
toremediation provides a financial benefit (4-40 $/ton), compared to chemical
treatment (100500 $/ton), electrokinetic (20-200 $/ton), landfilling (100-500 $/
ton), and vitrification (75-425 $/ton), which is significantly less when mainte-
nance, recycling, and transportation costs are excluded (Adeoye et al., 2022). Phy-
toremediation uses rhizodegradation, phytoextraction, and plant-fungal/bacteria
interactions to eliminate PAHs while increasing plant growth and tolerance (Fall
et al., 2021). Natural non-ionic surfactants, biochar-amended surfactants, chelating
agents, and bacterial strains all facilitated the breakdown of PAHs.

Bacteria-Mediated PAHs Degradation

Utilizing naturally occurring scavenging bacteria, biodegradation is an economical
and environmentally acceptable method that cleans the environment by consum-
ing organic contaminants. As a biotechnological approach, they have been used
for remediating environmental pollutants. Microbes can use PAHs as solitary car-
bon sources or through co-metabolism (Chattopadhyay and Ghosh Sachan, 2023).
They undergo biodegradation to become simpler metabolites, which are then
mineralized into H,O and CO; or CHy (anaerobic). With species including Enter-
obacter, Pseudomonas, Arthrobacter, Rhodococcus, Bacillus, Mycobacterium, Vib-
rio, Stenotrophomaonas, Corynebacterium, Sphingomonas, and Gordonia, among
others, multiple investigations emphasize how bacteria breakdown PAHs.

Fungi-Mediated PAHs Degradation

Strategies for fungi-mediated remediation, including cytochrome P450-dependent
and ligninolytic-dependent mechanisms, are essential for combating environmen-
tal contamination. Ligninolytic fungi are necessary to break down PAHs because
they produce extracellular and intracellular enzymes. Applications for this process
include pulp and paper, bioremediation, and biofuel generation. It is essential for
the cycling of nutrients.
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The breakdown and metabolism of PAHs depend on intracellular enzymes,
which are only produced by non-ligninolytic fungi. Compared to bacterial cleanup,
fungal cleanup exhibits more promise, especially in mycelial environments,
because its hyphal projections and quick substrate expansion provide better acces-
sibility to pollutants (Omoni et al., 2023). Although decomposition by microbes
has many benefits, including being less costly, environmentally friendly, versa-
tile, and sustainable, it also has some disadvantages, such as a slow degradation
rate, the possibility of incomplete degradation, and the requirement for sporadic
maintenance and monitoring.

Emerging Trends for PAHs Remediation

Some limitations of physicochemical techniques include monitoring issues and
expensive expenses. On the other hand, combining biological techniques with
nanotechnology provides a sustainable and effective way to mitigate PAH
contamination in the surroundings. The new advanced and multidisciplinary
approaches are based on the different characteristics of nanomaterials that con-
tribute to their effectiveness in PAH bioremediation. This study also covered the
methods of nano-bioremediation, including enzyme-enhanced nanomaterials and
nanomaterial-assisted microbial degradation, microbiological activity, microbial
cells immobilized by nanomaterials, electron transfer assisted by nanomaterials,
and even specific environmentally friendly methods of PAH remediation, such as
biogenic nanomaterial for PAHs.

Recently, there has been an increase in interest in using tools based on nanoma-
terials as an emerging technology to remediate different contaminants in polluted
locations. Based on this, a diverse range of nanoparticulate materials have been
released onto the nanosorbant sector market, providing improved capacities for
purifying PAH-polluted water, finally rendering it appropriate for reclamation.
These materials are distinguished from their bulk counterparts by their special
properties, which include a markedly higher surface-to-volume ratio and improved
properties of magnetic and enzymatic (Gupta et al., 2024).

Nano Enzymes for PAHs Remediation

By cross-linking real enzymes, inorganic nanoparticles identified as “nano-
enzymes,” with size ranging from O to 100 nm, may replicate the enzyme
properties in a redox process. These particles also show catalytic activity in
addition to the unique properties of a nanomaterial.

Nanomaterials’ straightforward production process, excellent firmness, budget
friendly, together with potent catalytic activity are benefits of nanozymes over nat-
ural enzymes. It has been discovered that natural enzymes are a very effective way
to degrade PAHs. However, many factors, including these enzymes’ low stabil-
ity, lack of adaptability, and expensive manufacturing, make their widespread use
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challenging. Nanozymes emerge as a viable remedy to address these problems.
For a commercial application, nano-enzymes are favoured over microorganisms
because they offer greater operational conditions and flexibility. Unlike bacteria,
these nanozymes do not need a particular environment or conditions to grow. The
medium of nutrients is unnecessary for nano-enzymes to significantly lower operat-
ing costs over microorganisms. Similarly, in comparison with microbial treatments,
the mass transfer constraints of enzyme treatment are substantially lower. Above
all, it is more suitable for a widespread application for PAHs because of their low
costs, easy scaling up, and lack of harmful byproduct creation from nano-enzymes.
Nanozymes with peroxidase-like catalytic activity are widely employed for the
catalytic breakdown of xenobiotic contaminants. When breaking down organic pol-
lutants in water bodies, nanozymes have demonstrated the best outcomes. (Ramya
et al., 2023).

Nanomaterial-Aided Microbial PAHs Degradation Strategies

A suitable technique for PAHs in contaminated soil is provided by nano-
bioremediation technology, which benefits the environment. Improving soil and
water quality promotes vegetation growth, microbiological survival, and agricul-
tural productivity (Rajput et al., 2023). In Fig. 14.3, several studies have shown to
clarify the possible PAHs degradation mechanisms, which vary depending on the
microbial strain and the structure of the nanoparticle.

Microbial Cell Immobilized NPs

Biofunctionalized NPs with a higher affinity for PAHs are produced by adding
microorganisms, enzymes, or biostabilizers to their surfaces. After PAHs are first
adsorbed onto the surface of NPs, n—r interactions take place, which propel dis-
integration. With successful degradation, NPs can be capably recycled for further
PAHs remediation processes. The best removal rates of grease and total petroleum
hydrocarbons at 83.9% and 85% respectively by Exogenous bacterial consortia
(Enterobacter cloacae and P. otitidis) bound with Fe3O4 NPs were achieved in just
over four hours (Bestawy et al., 2020).

Microbial Enzyme-Immobilized NPs

Bacteria may effectively break down PAHs outside of cells, although using NPs
might increase this effectiveness. The kind and intensity of interactions between
NPs and microorganisms are probably essential variables affecting the improved
biodegradation of PAHs. Although the enzymes used as biocatalysts in bioremedi-
ation are very selective and efficient, instability and short lives limit their practical
use (Shahi et al., 2021). Enzyme stability and efficiency are decreased by oxi-
dation, restricting their use as affordable substitutes for synthetic catalysts. By
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nal article by Gupta et al., (2024) after taking permission from Elsevier)

enhancing the stability, lifespan, and reusability of enzymes, NPs provide a rem-
edy for this problem. Enzymes can be readily separated using a magnetic field
when bound to these magnetic nanoparticles, increasing their activity significantly
from hours to weeks.

Integrated Nano-biodegradation

Bioremediation has limits, particularly in severely contaminated areas containing
HMW-PAHs, due to its high expense, limited bioavailability, and time depen-
dence. To overcome these obstacles, integrated techniques, including chemical
oxidation, solvent extraction, and bioremediation, can be combined in physical-
chemical or physical-biological systems to achieve more successful remediation.
The use of nano-sized materials to alter the physicochemical characteristics of
pollutants has greatly improved integrated remediation techniques thanks to recent
developments in nanotechnology. This approach works with biological processes
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like biodegradation and chemical techniques like adding surfactants to enhance
bioavailability. However, careful consideration is necessary for functionalization,
which includes opting for non-toxic biomolecule nanomaterials and steering clear
of hazardous reducing agents during nanomaterial synthesis. Adopting naturally
and ecofriendly generated nanoparticles (NPs) is a viable way to solve this and
lessen environmental impact (Parthipan et al., 2021).

Nanoparticle-Mediated Electron Transfer

NPs and zero-valent iron (nZVI) are employed in nano-bioremediation of PAHs to
improve electron transport, a vital phase in the procedure of degradation. Because
electron transfer breaks down complex chemicals into simpler ones, it speeds up
the conversion of refractory PAHs into less hazardous intermediates. Microbial
fuel cells (MFCs) provide an environmentally friendly method of producing elec-
tricity and eliminating organic pollutants. The performance of MFC due to their
raised surface area, conductivity and electrochemical capacity boost by carbon
nanomaterials such as graphene, reduced graphene oxide, and carbon nanotubes.
Reduced graphene oxide-modified anodes demonstrated the highest voltage output
(30.60-48.61 mV) and phenanthrene elimination rates of up to 71.2% in sedi-
ment MFC studies. Pyrene degradation was favourably connected with loss on
ignitio degradation, whereas phenanthrene degradation was positively associated
with the abundances of Pseudomonas, Thauera, Diaphorobacter, Tumebacillus, and
Lysobacter. MFCs enhanced with carbon nanomaterials demonstrate the ability
to remove organic pollutants and to effectively produce electricity (Liang et al.,
2020). To achieve more efficient PAH degradation, ongoing research attempts to
improve nano-bioremediation strategies by investigating new methods and NPs.

NPs Enhanced Microbial Activity

By supporting an environment favourable to microorganisms, the ability to
boost microbial activity has been demonstrated by NPs while PAHs are being
biodegraded. Significantly accelerating PAHs breakdown, have been shown to
improve cell adherence by magnetic iron nanoparticles, boost nutritional avail-
ability and ease metabolic processes. In contaminated soil, bioaugmentation using
graphene oxide-immobilized bacterial pellets (GOBP) enhances the breakdown
of PAHs. High-efficiency bacteria that break down Compared to conventional
pellets, Paracoccus aminovorans embedded in graphene oxide alginate-Luria-
Bertani composites exhibit an 18.51% increase in PAH elimination (62.86%
after 35 days). High-molecular-weight PAHs are the target of GOBP, which also
enriches promising native degraders like Pseudarthrobacter and Arthrobacter and
increases the number of embedded bacteria. This novel strategy provides a cutting-
edge bioaugmentation-based organic pollutant remediation method in difficult soil
settings (Ren et al., 2022). Graphene oxide promotes the growth of bacteria and
gene expression related to the two-component system, i.e. microbial mobility (flag-
ellar assembly) and microbial chemotaxis and the phosphotransferase system in
soil, which helps microorganisms break down PAHs. Graphene oxide speeds up
the degradation of PAHs by increasing the number of degrading microorganisms
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during brief exposure. On the other hand, deterioration of saturation could result
from prolonged exposure. In addition to highlighting the significance of micro-
bial mobility and associated genetic processes, this study shows how graphene
oxide affects the breakdown of microbial PAHs, offering insights into efficient
environmental remediation.

Genetic Plant Engineering PAHs Remediation

The purpose of genetic plant engineering is to improve particular characteristics
in microorganisms or plants, increasing their capacity to remove pollutants and
adapt to complex environments. This involves causing gene expression to enhance
plant phytoextraction and increase the capacity of plant-associated bacteria, includ-
ing rhizospheric and endophytic bacteria, to degrade petroleum hydrocarbons.
Superorganisms with enhanced capacities to combat pollutants in areas that are
co-contaminated, such as heavy metals and PAHs, have been created due to recent
developments. According to Ashkanani et al. (2024), modified microbial strains
are more effective in bioremediation and enhance the bioavailability of pollutants.

Still, there are concerns with applying genetic engineering to co-contaminated
soil treatment, including unexpected gene interactions, microbial diversity risks,
and uneven lab and field results, which necessitate further research to guarantee
safe and effective use.

Electrochemical Sensor Detection Technology

Considering the significant risks and difficulties presented by AHCs class pollu-
tants and the concentrations of pg and ng in the aquatic environment, a quick,
delicate, trace detection method is needed. Unlike traditional analytical meth-
ods like chromatography titration and chromatography-mass spectrometry, which
are complex and time-consuming, electrochemical sensors are quick and straight-
forward. Moving toward the direction of electrochemical identification of PAHs,
researchers have conducted in-depth investigations and analyzed information from
numerous electromechanical sensors.

A variety of electrochemical analytical techniques were used, including linear
sweep voltammetry (LSV), square wave voltammetry (SWV), amperometry, cyclic
voltammetry (CV), differential pulse voltammetry (DPV), and stripping voltamme-
try (SV). Researchers have looked into developing rapid, sensitive, field-usable,
and convenient electrochemical sensors using a variety of materials. Its primary
components are metal, metal oxide nanoparticles, graphene, carbon nanomaterials
(CNs), carbon nanotubes (CNTs), and nanoparticles (NPs) (Qu et al., 2024).
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Conclusion

Many technologies for clearing polluted sites with polycyclic aromatic hydrocar-
bons (PAHs) are still in the prototype stage, while others have been implemented
in practice. However, these technologies are not sufficient to fully address the
PAHs problem. This is because each contaminated site is unique, and managing
these sites requires careful consideration of various relevant factors. Additionally,
the process must take into account the constraints imposed by remedy policies,
existing financial resources and public approval.

Several traditional physicochemical techniques, such as thermal, chemical, and
electrokinetic treatment, have been reported as relevant findings, but have some
limitations, including monitoring issues and high expenses. Compared to the phys-
ical, chemical and biological approaches, the hybrid mode of remediation has
a greater choice as the higher number of publications, with physical-chemical
approaches accounting for the majority (53%) and biological-chemical methods
are closely followed by chemical-biological methods (37%) and biological-
physical methods are the least researched (10%). The United Arab Emirates has
a 100% successful removal rate of the phenolic compounds, such as PAHs, from
the water by the electrochemical techniques.

Effective methods for improving the removal of polycyclic aromatic hydrocar-
bons (PAHs) include bioremediation, microbial degradation assisted by nanomate-
rials, the immobilization of microbial cells on nanomaterials and the enhancement
of microbial activity through enzymes and electron transfer. These methods
demonstrate the nanomaterials has versatile role in boosting PAHs removal
processes, thereby improving the efficiency of bioremediation techniques. It is
advisable to pursue treatment options that are adaptive, sustainable, eco-friendly,
efficient, quick, and cost-effective, as addressing PAH-contaminated sites can often
be a challenging and expensive undertaking.
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