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6Polycyclic Aromatic Hydrocarbons 
in Industrial Wastewater 

Amanpreet Kaur, Aayasha Negi, Neha Bhatt, Man Vir Singh, 
Jitendra Pal Singh, and Santosh Kumar Verma 

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 m3 every 
ton of pulp produced. Medium-sized mills produce roughly 2000 m3 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 (García 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 
weight 

Structure References 

Anthracene C14H10 178.2 Ansari et al. 
(2023) 

Acenaphthene C12H10 154.2 Ghasemi 
et al. (2017) 

Acenaphthlene C12H8 152.18 He et al. 
(2020) 

Benzo (a) 
anthracene 

C18H12 228.3 Kuppusamy 
et al. (2017) 

Benzo (a) 
pyrene 

C20H12 252.3 Ansari et al. 
(2023) 

Benzo (b) 
fluoranthene 

C20H12 252.3 Dai  et  al  .
(2022) 

Benzo (k) 
fluoranthene 

C20H12 252.3 Ghasemi 
et al. (2017)

(continued)
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Table 6.1 (continued)

PAHs Formula Molecular
weight

Structure References

Benzo (ghy) 
perylene 

C22H12 276.3 Ansari et al. 
(2023) 

Chrysene C18H12 228.2 Gupta and 
Gupta 
(2016) 

Dibenz (a,h) 
anthracene 

C22H14 278.3 He et al. 
(2020) 

Fluoranthene C16H10 202.2 Abdullah 
et al. (2020) 

Naphthalene C10H8 128.91 Sun et al. 
(2019) 

Phenanthrene C14H10 174.2 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 C5H5N 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 Na2S 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 H2O2 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 Sánchez 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). 

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
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PAHs Removal 
methods 

Physical & Chemical 
treatment method 

Membrane 
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Emerging mul -
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PAHs 
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by-products 
Combined treatment 

method 

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 
exposure 

62 Qiao et al. (2018) 

Pyrene Adsorption 40 Zhao et al. (2021) 

16 PAHs Anaerobic anoxicoxic 
biological treatment 

99–100 Alao and Adebayo 
(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 
material 

76.20–105.60 Zhao et al. (2021) 

16 PAHs Bioremediation 42–77 Qiao et al. (2019) 

Phenanthrene Green-derived sorbent 
material 

76.20–105.60 Zhao et al. (2021) 

Acenaphthene Green-derived sorbent 
material 

76.20–105.60 Zhao et al. (2021) 

Fluoranthene Green-derived sorbent 
material 

76.20–105.60 Zhao et al. (2021) 

Pyrene Green-derived sorbent 
material 

76.20–105.60 Zhao et al. (2021) 

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 
degradation 

80 Gupta and Gupta 
(2016) 

Pyrene Absorption and 
degradation 

65 Gupta and Gupta 
(2016) 

Benzo (a) pyrene Absorption and 
degradation 

65 Gupta and Gupta 
(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 
microextraction 

82 Patel et al. (2020) 

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) 
fluoranthene 

Adsorption 59–91 Ren et al. (2019) 

15 PAHs Dispersive 
liquid–liquid 
microextraction 

90 Krishnan et al. 
(2017) 

PAHs Electrochemical 
advanced oxidation 

99.9 He et al. (2020) 

PAHs with low and 
high molecular 
weights 

Biodegradation 86 Ghasemi et al. 
(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. 

Adsorbents 
for removal 

of PAHs 

Conven onal 
materials 

Carbon 
nanomaterials 

Polymer 
nanomaterials 

Layered 
nanomaterials 

Nanopar cles 

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) 
AOPs 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,  Cl2,  H2O2, and Fenton reagents, 
such as UV/H2O/Fe3+ 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 Włodarczyk-Makuła 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 (Rosińska and Dąbrowska 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 Włodarczyk-Makuła (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 
oxidation 

Removal 
efficacy 
(%) 

Industry Source 

Point source 
PAHs 

Coking 
wastewater 
treatment 
plant 

Ozone and 
ultraviolent 

75 Coking 
industry 
wastewater 

Sun et al. (2019) 

8PAHs Coagulant 
water 

Hydrogen 
peroxide 
and 
ultraviolent 

76 Steel industry 
wastewater 

Martínez-Álvarez 
et al. (2021) 

8PAHs Electro 
coagulated 
water 

Hydrogen 
peroxide 
and 
ultraviolent 

70 Petrochemical 
and oil 
refining 
industries 

Ramesh et al. 
(2022) 

8PAHs Groundwater Hydrogen 
peroxide 
and 
ultraviolent 

76 Textile and 
dyeing 
industries 

Ijah et al. (2022) 

Fluorene Treated water 
produced 
water 
synthetic 
wastewater 

Hydrogen 
peroxide 
and 
ultraviolent 

98 Phosphate 
fertilizer 
industry 

Ramezanzadeh 
et al. (2020) 

Dibenzofuran Treated water 
produced 
water 
synthetic 
wastewater 

Hydrogen 
peroxide 
and 
ultraviolent 

99 Pulp and 
paper industry 

Han et al. 
(2022b) 

Dibenzothiophene Treated water 
produced 
water 
synthetic 
wastewater 

Hydrogen 
peroxide 
and 
ultraviolent 

99 Coal 
processing/ 
combustion 

Shen et al. (2020) 

15 PAHs 
hydrocarbons 

Water 
treatment 
landfill 
leachate 

Fenton 
reaction 

100 Wood 
preservation 
plants 

Jinadasa et al. 
(2020) 

6 PAHs Cooking 
wastewater 
treatment 
plant 

Hydrogen 
peroxide 
and 
ultraviolent 

70 Aluminum 
smelting and 
metal 
foundries 

Ansari et al. 
(2023)
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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, 
compact modules, 
environmentally sustainable, 
adaptable method, and 
recyclable and recoverable 
adsorbent 

Regular regeneration is 
required, influenced by 
salinity, elevated 
temperature, maximum 
retention duration, costly 
adsorbent restoration, and 
detrimental excess 
adsorbent 

Sher et al. 
(2023) 

Advanced 
oxidation process 

Effortless operation, 
significant degradation and 
solubilize oil minerals 

Proficient labour necessary, 
optimisation, oversight, and 
preparation processes 
needed 

Wang et al. 
(2018) 

Bioremediation Access to inexpensive 
microorganisms, a 
straightforward method, and 
complete mineralisation result 
in the generation of CO2, 
H2O, and biomass 

Prolonged deterioration 
Time and task optimisation 
is an excessive undertaking 

Sher et al. 
(2023) 

Chemical 
oxidation 

Brief treatment duration and 
environmentally sustainable 

Maximum operational and 
maintenance costs 

Wang et al. 
(2018) 

Chemical 
precipitation 

Energy-efficient procedure, 
user-friendly, economical, and 
optimal recovery 

Demand for chemicals, 
production of sludge, and 
ancillary waste 

Sher et al. 
(2023) 

Electrochemical 
technologies 

Advantageous byproduct, 
environmentally sustainable, 
and devoid of chemical 
requirements 

Essential skilled labour and 
challenges in scaling 

Riley et al. 
(2018) 

Flotation The operation is 
straightforward, the 
integration enhances process 
efficiency, it is sturdy and 
durable, and has no moving 
components 

Retention period of 
4–5 min, maximum air 
production, and skim 
volume 

Wang et al. 
(2018) 

Membrane 
filtration 

Cost-effective, reduced 
likelihood of membrane 
fouling, compact modules, 
appropriate for saline water 

Mineral scaling, membrane 
pore wetting, and 
membrane fouling 

Sher et al. 
(2023)

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 O2 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−1 on days 3–30 under 
acidogenic settings, whereas biomethane production peaked at 140 ml gVS−1 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 (Smetanová 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 μg/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 μg/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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