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Preface

Water and air, the two essential fluids on which all life
depends, have become global garbage cans

Jacques-Yves Cousteau

Earth’s surface and ground waters are severely affected by the discharge of contam-
inants. Organic pollutants originate from industrial effluents, domestic sewage,
water treatment plants, urban turn-off, agriculture, aquaculture, pulp and paper
making, food processing, tannery, and various industries. Massive point-source
pollution such as industrial pollution during fabrication, storage, processing, and
transportation is of particular concern because the amount of discharged pollutants is
usually high, thus inducing immediately severe health impact on ecosystems.
Whereas, diffuse pollution such as low pesticide and drug levels in waters induce
diseases in the long run. As a countermeasure, there is a need for efficient methods
and techniques to remove organic pollutants from wastewater. This book reviews the
occurrence, analysis, toxicity, and remediation technologies of water organic pol-
lutants. Chapters discuss the treatment of pollutants such as hydrocarbons,
microplastics and plastics, phthalates, polycyclic aromatic hydrocarbons, pharma-
ceutical drugs and metabolites, oil spill, petroleum hydrocarbons, personal care
products, tannery waste, and dyes and pigments.
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Chapter 1 by Godoy et al. includes a summary of techniques for sampling,
extraction, purification, and identification of microplastics, a review of publications
on the abundance of microplastics in different aquatic ecosystems around the world,
and a brief synthesis of researches about sorption of chemicals on microplastics.
Chapter 2 by Tahir et al. provides highlights on the nature of plastics, types, sources,
consumption, effects, and pollution caused by excessive use of plastics. Techniques
used for the identification of plastics present in water and the different remediation
techniques such as primary, mechanical, chemical treatment, and recycling are
elaborated. Finally, the chapter focuses on the health impact and utilization of
degradable plastics. Chapter 3 by Muneer et al. discusses water pollution caused
by plastics. Three strategies to tackle water pollution caused by nanoplastics,
microplastics, and macroplastics are discussed: scientific methods, community
involvement, and government policies. Chapter 4 by Jain et al. narrates how plastics
and e-wastes contaminate our water system and their hazardous effect on living
beings. All aspects of plastic and e-waste, such as types of plastics and e-waste,
effects on marine and freshwater life, solution for prevention, and prospects are
discussed.

Chapter 5 by Rachna et al. reviews concentrations, impact, and remediation of
polycyclic aromatic hydrocarbons (PAH) in rivers and sediments, with focus on
functionalized nanomaterials to degrade PAHs. Chapter 6 by Ghosh and
Chakraborty presents aerobic granulation as a rapid, eco-friendly, and cost-effective
technology for treatment of recalcitrant, hydrocarbon-rich wastewater. The chapter
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gives mechanisms, factors, characteristics, and techniques of aerobic granulation and
applications to the oil remediation. Chapter 7 by Denaro et al. reviews the use and
synergy of bacteria and algae to degrade petroleum hydrocarbons. Chapter 8 by
Samanta and Mitra presents the types of petroleum hydrocarbons polluting waters
and their abatement by physical, chemical, and biological methods. Chapter 9 by
Mustapha examines aspects of pharmaceuticals such as active metabolites, influxes,
distribution, analysis, fate, and transport routes. Chapter 10 by Saggioro reviews
advanced oxidation processes (AOP) such as heterogeneous processes using TiO2;
homogeneous processes using ozone, ultraviolet, hydrogen peroxide, and the Fenton
reagents; and coupling AOP and other treatment processes for the removal of
personal care products, for example, triclosan and triclocarban, and pharmaceuticals
compounds: carbamazepine, diclofenac, and ibuprofen. Chapter 11 by Othman et al.
reports advanced technologies for the treatment of oily industrial wastewater, such as
flotation, coagulation, biological treatment, membrane filtration, and electrochemi-
cal treatment.

Chapter 12 by Fatehi et al. details the source of oil contaminants and two types of
oil removal technologies: remediation by physical, thermal, and chemical methods
and bioremediation. Chapter 13 by Dheenadayalan and Thiruvengadathan reviews
sources, health effects, and remediation of organic pollutants in waters. Remediation
includes physical, chemical, and biological methods. Chapter 14 by Karim et al.
proposes the application of soil as a heterogeneous Fenton catalyst for the abatement
of organic pollutants. Performance of clay, laterite, and volcanic soils to decompose
hydrogen peroxide in water medium is explained. Chapter 15 by Sun et al. discusses
properties, toxicity, contamination levels, analysis, and treatment of waters contam-
inated by phthalates.

Chapter 16 by Patel et al. discusses adverse effects, treatment technologies, and
management processes of tannery waste. Chapter 17 by Ashraf et al. compares
methods for the treatments of dyes and pigments, such as physical, chemical, and
biological techniques. Chapter 18 by Akram presents the methodologies used for the
treatment of textile waste, with focus on nanomaterials such as silica and iron-based
magnetic materials such as sorbents and photocatalysts. Synthetic and biomaterials-
based composites are also discussed as next-generation materials for wastewater
treatment.

Aligarh, India Inamuddin
Aligarh, India Mohd Imran Ahamed
Aix-en-Provence, France Eric Lichtfouse
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Chapter 1
Microplastic Pollution in Water

V. Godoy, M. A. Martín-Lara , A. I. Almendros, L. Quesada,
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Abstract Microplastics are ubiquitous in almost all environments, including fresh-
water, seawater, and coastal environments. Recently, researches about microplastics
have increased due to their serious ecological and health impacts. In this chapter,
firstly, the sources of microplastics are summarized. Then, the most important
techniques for sampling, extraction, purification, and identification of microplastics
are discussed. Next, abundance of microplastics in different aquatic ecosystems
around the world is synthesized. According to reviewed publications, the rivers
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and coasts of East Asia, the Mediterranean Sea, the Portuguese coasts, the rivers of
England, and parts of the eastern United States were the most polluted areas. The
vast majority of microplastics were composed of polyethylene (PE), polypropylene
(PP), or polystyrene (PS), and the forms that predominated were fibers, fragments,
and pellets. Finally, a brief revision of publications based on sorption of chemicals
on microplastics and their effect on freshwater organisms is also reported.

Keywords Microplastics · Marine debris · Freshwater · Emerging contaminants ·
Sorption · Polymer identification · Risk assessment

1.1 Introduction

In the last years, contamination produced by microplastics has become a concern
problem due to the environmental damage they cause and their harmful effects on
organisms. These particles can be primary, which are manufactured by humans with
some proposal, or secondary, which result from the physical and chemical degrada-
tion of macroplastics in the environment (Cole et al. 2011). Primary microplastics
can be found in some personal care products, drilling fluids for extracting oil or
natural gas, sandblasting for cleaning, some boat paints, or the loss of pellets from a
plastic manufacturing industry (Duis and Coors 2016; Sundt et al. 2014). On the
other hand, secondary microplastics can be produced by the tire wear, the washing of
synthetic clothes, or the physical-chemical degradation of larger macroplastics
(De Falco et al. 2018; Karlsson et al. 2018; Sommer et al. 2018).

Microplastics are found in almost every marine and freshwater environment on
the Earth and also on beaches, sediments, bottled water, or food (Hamid et al. 2018;
Novotna et al. 2019; Vandenberg et al. 2007). Figure 1.1 shows sampling of
sediment on a Spanish beach in order to determine the presence of microplastics.
The amount of microplastics in aqueous media is still increasing due to the growth in
worldwide plastic production, which was 348 Mt in 2017 (Plastics Europe 2018).
Research on these particles and their concentration in the marine and
freshwaterenvironments has not ceased to grow. There are citations of the presence
of microplastics in all types of environments, including those considered to be the
most virgin or distant from the sources of production of these particles, such as the
depths of the oceans or Arctic ice (Obbard et al. 2014; Woodall et al. 2014). Not only
their widespread distribution is important, but they are accessible to consumption by
an extensive diversity of organisms.

One of the most important environmental problems caused by microplastics is
ingestion by aquatic organisms when confused with plankton (Egbeocha et al. 2018;
Fossi et al. 2012; Taylor et al. 2016). The presence of microplastics in the digestive
tract of marine species has been demonstrated in numerous studies. There are a lot of
species that are affected by this problem, such as molluscs, cetaceans, bivalves,
pinnipeds, and zooplankton (Botterell et al. 2019; De Sá et al. 2018; Gallo et al.
2018; Lusher 2015; Nelms et al. 2019). These studies showed that almost all
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commonly used polymers can be ingested by organisms, especially polyethylene and
polystyrene.

Microplastics also have the capacity to adsorb contaminating substances that are
present in the watercourses, i.e., pharmaceuticals, heavy metals, or pesticides (Bakir
et al. 2014; Brennecke et al. 2016; Li et al. 2018). This implies a high risk for marine
fauna and for human health, although the effects are still poorly defined. Some
studies have reported negative effects of these pollutants on feeding behavior,
reproduction, and growth of marine organisms (Anderson et al. 2016; Botterell
et al. 2019; Bouwmeester et al. 2015; De Sá et al. 2018; Schirinzi et al. 2017; Wright
and Kelly 2017; Wright et al. 2013).

The main problems when studying and analyzing microplastics are their small
size, which makes it difficult to choose the right technique to identify them. This
means the absence of a standard method for extracting microplastics from samples
and their quantification. The analysis of microplastics goes through different phases,
in which a different technique must be applied. Collection is the first phase, which
can take place in water or in sediments. Sediment can be dry or wet when
microplastics are going to be removed, whereas in water samples it is common to
use nets, pumps, or sieves (Prata et al. 2019). Microplastics must then be extracted
from water and sediment samples with the objective of being quantified and char-
acterized. This separation usually is based on density, as each polymer has a different
value. Density methods usually used NaCl, NaI, or CaCl2 solutions in water, in order
to increase the density (Masura et al. 2015; Quinn et al. 2017; Sánchez-Nieva et al.
2017).

Finally, when microplastics have been extracted, numerous techniques can be
employed for their identification. Most studies usually make a first visual

Fig. 1.1 Sampling of microplastics on a Spanish beach
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classification, followed by the application of more complex techniques such as
Fourier transform infrared spectroscopy (Fig. 1.2), micro Raman, scanning electron
microscopy, the application of pigments such as Nile red, or gas chromatography-
mass spectrometry (Eriksen et al. 2014; Godoy et al. 2019; Maes et al. 2017; Rocha-
Santos and Duarte 2017). The objectives are to identify the composition of the
microplastics, the presence of additives, and the morphology and determine the size.
The use of one or other technique depends to a great extent on the size of the
microplastic, the type of extraction previously done, the nature of the original
sample, or simply on the techniques available in each laboratory.

In the present chapter, research has dedicated to the distribution of microplastics
in marine and freshwaterenvironments around the world, providing data on concen-
trations and characterization of these particles. Prior to this research, the main
sources of current microplastic emissions have also been described, as well as the
most frequent techniques used in the characterization of these microparticles.

Fig. 1.2 Analysis of microplastics in Fourier transform infrared spectroscopy equipment, in order
to find out their chemical composition
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1.2 Sources of Microplastics

To study microplastic sources, it can be distinguished between two kinds of
microplastics, primary and secondary. According to Cole et al. (2011),
primarymicroplastics are defined as microscopic particles manufactured by humans
with some proposal. Most primary microplastics in the environment are dumped
from products routinely used in households, such as facial or body cleansers,
airblasting media, or drug vectors used in medicine (Li et al. 2016). On the other
hand, secondary microplastics are generated by the disintegration or fragmentation
of macroplastics into particles of smaller size (Ryan et al. 2009). Figure 1.3 shows
the difference between the appearance of primary and secondary microplastics.

Primary microplastics, such as polyethylene beads (with sizes between 10 and
106 μm) pictured (Fig. 1.3a), are typically uniform in shape and composition.
Secondary microplastics are typically much more diverse in size, shape, color, and
composition than primary microplastics, as can be seen in a sample trawled from a
Spanish beach (Fig. 1.3b).

Syberg et al. (2015) reported a complete summary of sources of primary and
secondary microplastic. In personal care products, primary microplastics are usually
composed of thermoplastic polymers such as polyethylene, polypropylene, styrene
copolymers, or polymethyl methacrylate. They are added to provide the personal
care products some interesting characteristics such as ability to form a film, abrasion,
shine, and viscosity (Napper et al. 2015; UNEP 2015). On the other hand, drilling
fluids often contain reinforced Teflon particles, and in recent decades, they have
become more commercially available. The main sources of emissions to the envi-
ronment are sludge wastes, which are not always collected and treated in the
appropriate way to eliminate these microparticles (Sundt et al. 2014).

Microplastics are also present in pressure sandblasting for cleaning, in the form of
acrylic polymers, melamine, or polyester to remove rust and paint on machines,
engines, and boat hulls. The problem arises when these products are not used in

Fig. 1.3 (a) Primary microplastics from a cosmetic product; (b) secondary microplastics from a
beach (Source: Original production)

1 Microplastic Pollution in Water 5



closed systems with subsequent fluid recovery, making it very easy for them to end
up in the environment through wastewater (Duis and Coors 2016). Microplastics can
also be part of paints used for ships, increasing the emission of microparticles into
the environment as the paint degrades and chip (Sundt et al. 2014). Pellets of virgin
polymers can also be a source of primary microplastics. These pellets can be lost
unintentionally during transport. Also, a loss of these pellets can be performed in the
polymer processing facilities (Van Cauwenberghe et al. 2013). In fact, large ports
and local plastic industries near the coast are the main sources of pellet contamina-
tion of the ocean and seawaters.

The main sources of secondary microplastics are tire wear and the washing of
synthetic textile apparel. Tire wear accounts for approximately 5–10% of the world’s
total amount of microplastics ending up in the oceans (Kole et al. 2017). On the other
hand, the washing of synthetic garments results in the release from two sources.
Detergents may contain microplastics, and if there are no adequate filters for
wastewater or water vapor, release to the environment occurs. In addition, a standard
garment with some polymer can release up to 100 fibers per wash into the environ-
ment, and some garments have been shown to release up to 1900 fibers per wash
(Browne et al. 2011).

Another source of secondary microplastics is the generation through the frag-
mentation of larger plastics. This happens when larger plastic waste is deposited on
beaches or floating in water, exposed to solar radiation and weathering agents.
Gradually, these wastes lose their mechanical and structural properties; their surfaces
break down and decompose into smaller pieces until they reach the size of a
microplastic (Auta et al. 2017).

It is hard to identify specifically how all these microplastics reach the water, but
plastic debris can easily enter the different watercourses and oceans in different ways
that include dumping or littering, effluents of water treatment plants, ineffective
waste management, and even stormwater drainage systems. In Fig. 1.4, a schematic
diagram shows the key sources and drive pathways.

1.3 Overview of Methods Used for the Sampling,
Extraction, Purification, and Identification
of Microplastics in the Environment

1.3.1 Sampling

Water Samples

Nets of different mesh sizes are the preferred technique used for sampling
microplastics in waters. Particularly, bongo nets, plankton nets, and near-bottom
trawls are extensively used for water column sampling, while manta trawls and
neuston nets are used for surface water sampling (Wang and Wang 2018). Other

6 V. Godoy et al.



tools used in water sampling are vessels or plankton traps (Crawford and Quinn
2017; Silva et al. 2018).

Some of the main factors that influence the sampling with nets and, therefore, the
results of each study are the mesh size used and the network area that acts as a filter.
According to the data collected in the literature, the nets usually have a length of
3–4.5 m, and most of the meshes are 300 μm size. It implies that not all microplastics
are collected in commonly used sampling techniques. In addition, other techniques
are occasionally used to evaluate microplastics in water. Particularly, the use of a
cascade of filters is a very promising technique developed by -4H-JENA engineering
GmbH, yet under development.

Sediment Samples

In the case of sediments, sampling is relatively easy. However, currently there is no
official procedure for the sampling in terms of sampling depth, amount of collected
sample, or location. Therefore, the comparison between data produced by different
authors is restricted. At present, sediments of beaches are more often studied.
Sampling work is performed on the whole beach. With respect to the location of
the sample on the beach, the applied sampling strategies include random sampling in
several sites, following perpendicular (vertically from the water edge) and parallel
(horizontally to the water) lines. Transects are a common approach when conducting
a beach sampling using quadrats of various sizes (Hanvey et al. 2017).

With regard to sampling depth, taking samples in the first 5 centimeters is the
most common technique, although sampling at a greater depth has also been found in
published works (Claessens et al. 2011). Authors as Hanvey et al. (2017) think that

Fig. 1.4 Diagram of the main sources of microplastic emissions and their distribution flow through
the marine environment; (1) microplastics from beaches; (2) and (3) microplastics from river
estuaries and from maritime human activities, respectively, and their possible ingestion by organ-
isms; (4) microplastics emitted to the air (Source: Original production)
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this procedure underestimates the levels of plastics, as sampling is only centering on
the surface layer. Another point of interest is the quantity of sample, because some
works collected less than 500 g of sediments, whereas others can reach about
10 kilograms (Hidalgo-Ruz et al. 2012).

As a general rule, the sampling is performed with the following instruments: (1) a
sampling tool of a nonplastic material (usually a small spoon or shovel), (2) a frame
that specifies the sampling area, and (3) a container also of a nonplastic material in
which the collected sample is stored are required.

Biological Samples

The schemes for the biological sampling are diverse and strongly determined by the
organism that will be analyzed. Normally, zooplankton, fish species, or crustaceans
are getting by nets or traps. Also, smaller invertebrate organisms can be collected
directly by hand. Generally, the interest is in the digestive system, tract, or excretions
of the organism. Then, a dissection to release the intestinal content or the entire
digestive system is performed (Lusher et al. 2013).

1.3.2 Extraction and Purification of Microplastics

Density Separation

The flotation technique is the most used for the extraction of microplastics from
sediment samples. The objective is to take advantage of the difference in density
between the most common plastic polymers, which range from 0.28 to 1.47 g�cm�3,
and the sedimentary matrix, which has a density of approximately 2.55 g�cm�3.
Particularly, a concentrated salt solution is prepared and put into contact with the
sediment sample. The solid-liquid mixture is agitated during a certain time and then
is left to decant. The plastic particles remain in suspension while grains of sand
decant. Afterward, the microplastics are recovered from the supernatant by filtration.

Despite being a cheap and environmentally friendly procedure, not all common
polymers are extracted using a concentrated salt solution. For example, high-density
polymers as polyvinyl chloride or polyethylene terephthalate (PET), among others,
end up settling with the sediment because the salt solution has a low density of
approximately 1.2 g�cm�3. Therefore, high-density solutions are used to overcome
this drawback, for example, sodium iodine solution (1.8 g�cm�3), zinc chloride
solution (1.5–1.7 g�cm�3), or sodium polytungstate solution (1.4 g�cm�3) (Nuelle
et al. 2014; Imhof et al. 2012; Liebezeit and Dubaish 2012; Corcoran et al. 2009).

The flotation technique is adequate to extract high-size microplastics reaching
recoveries of 80–100% (Fries et al. 2013); however, microplastics with a particle
size lower than 500 μm are more difficult to extract. In this sense, consecutive
extraction stages are suggested to get better recoveries.
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Matrix Removal and Purification of Microplastic Samples

For a correct identification of the microplastics, it is necessary to eliminate all the
organic and inorganic compounds adhered to the surface thereof. In addition,
particularly matrix removal, it is necessary to remove microplastic from biological
samples. The softest method to clean samples is washing with fresh water
(McDermid and McMullen 2004). Other purification techniques have also been
used in the literature, for example, ultrasonic cleaning, treatments with hydrogen
peroxide, and treatments with mineral acids (Andrady 2011; Cooper and Corcoran
2010; Liebezeit and Dubaish 2012).

Other authors have used mainly 37% of hydrochloric acid (HCl), various con-
centrations of sodium hydroxide (NaOH), and 30% of hydrogen peroxide (H2O2) or
a specific mixture of them, for the tissue digestion of biotic samples (Claessens et al.
2013; Davidson and Dudas 2016; Dehaut et al. 2016; Löder and Gunnar 2015;
Lusher 2015; Zhao et al. 2017). However, special care must be taken in the use of
these techniques because some plastics can react especially to strong acid or alkaline
solutions (Liebezeit and Dubaish 2012; Claessens et al. 2013). It notably restricts the
applicability of these reagents. In this sense, the most promising technique is the use
of enzymatic digestion which has shown good preliminary results (Cole et al. 2014;
Catarino et al. 2017).

1.3.3 Quantification and Identification of Microplastics

Manual Counting by Visual Identification

The use of microscopes is widely extended to identify microplastics (Hanvey et al.
2017). The main drawbacks of this technique are the limitation in the identification
of particles below a certain size and an excessive slowness. Another major drawback
is that the quality of the data produced depends to a large extent on the microscope
used, the characteristics of the person performing the study, and the sample matrix
(i.e., sediment or intestinal content). Finally, mistakes by counting nonplastic parti-
cles as plastic can be made. According to all the limitations mentioned, the error rate
of the visual classification increases with decreasing particle size and can fluctuate
from 20% to 70% (Eriksen et al. 2013; Hidalgo-Ruz et al. 2012). This is the reason
why it is important to analyze then the particles by other methods for a correct
identification of plastics (Dekiff et al. 2014; Hidalgo-Ruz et al. 2012).

Norén (2007) suggests the following criteria for the visual identification of larger
microplastics: (1) in the plastic particle, no structure of biological origin should be
distinguished, (2) the plastic fibers must have a folded three-dimensional shape and a
similar thickness to assure that there is no biological origin, (3) the particles should
be of homogeneous color, and (4) those transparent or whitish particles should be
inspected with the support of fluorescence at high magnification to exclude an
organic origin.
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Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy is applicable to a wide variety of chemical
applications, such as the case of polymers and organic compounds. It is the most
used technique to identify polymer in sediment samples. It uses the infrared spec-
trum of emission or absorption generated using infrared radiation to excite the
sample, which allows to identify the type of plastic accurately (Frias et al. 2010;
Harrison et al. 2012; Ng and Obbard 2006; Reddy et al. 2006; Thompson et al. 2004;
Vianello et al. 2013). When the infrared radiation reaches a sample, part of the
radiation is absorbed by the sample, and another part passes through it. The resulting
information is a characteristic spectrum associated to the chemical structures
presented in the sample. In microplastic identification application, one important
advantage of Fourier transform infrared spectroscopy is it allows the analysis of
polymers without destroying the sample.

Pyrolysis-Gas Chromatography in Combination with Mass Spectrometry

Another technique that allows evaluating the chemical composition of plastic parti-
cles is pyrolysis-gas chromatography in combination with mass spectrometry. Cur-
rently, this technique is widely applied to synthetic and natural polymers. In this
technique the polymers are converted to products of lower molecular weight by the
action of heat. The composition and relative abundance of the products obtained in
the pyrolysis are characteristic for a given polymer. The correct determination of this
information allows the identification of materials that cannot be determined in any
other way. Then, this technique is based on the analysis of thermal degradation
products generated during the thermal processing of the sample (Fries et al. 2013;
Nuelle et al. 2014).

The main disadvantages of this technique are that particles must be placed
manually in the pyrolysis tube and lower particles cannot be manipulated manually.
In addition, the method lets the analysis of only one sample per test, and, therefore,
large quantities of sample are not suitable for processing. Finally, compared with
spectroscopic methods, the major disadvantage is that it is destructive.

Raman Spectroscopy

Raman spectroscopy, together with the Fourier transform infrared spectroscopy, is
another important and commonly used spectroscopy technique that provides chem-
ical information of microplastics (Araujo et al. 2018; Cole et al. 2013; Imhof et al.
2012, 2013; Murray and Cowie 2011; Van Cauwenberghe et al. 2013). The analysis
is based on the examination of light dispersed by sample when a monochromatic
laser source (between 500 and 800 nm) impacts on it. The result is a characteristic
Raman spectrum that allows the identification of each type of polymer. It is a
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nondestructive technique allowing the recovery of the sample for further analysis
(Shim et al. 2017). In microplastic identification, one of the great advantages of this
technique is that it can be coupled with microscopy which lets the identification of
smaller microplastics (Strungaru et al. 2019).

Scanning Electron Microscopy and Energy-Dispersive X-Ray
Spectroscopy

Scanning electron microscopy generates an image of the surface of the microplastic
based on interaction of an electron beam with the sample (Rocha-Santos and Duarte
2015). The scanning electron microscopy technique provides full information about
the shape, size, and topography of the plastic particles. According to the provided
images, the source of the microplastics, i.e., decomposed fragments of larger plastics
or primary microplastics, can be predicted (Zbyszewski and Corcoran 2011). Also,
scanning electron microscopy can be combined with energy-dispersive X-ray spec-
troscopy to determine elemental composition and identify inorganic additives in
microplastics fragments. For example, scanning electron microscopy-energy-disper-
sive X-ray method was used by Fries et al. (2013) to analyze the existence of
aluminum, barium, carbon, oxygen, titanium, sulfur, and zinc on microplastic
particles.

1.4 Microplastics in Freshwater Environments

Microplastic pollution has gained considerable attention in freshwater systems,
despite the fact that a large number of works are still devoted to the study of the
marine environment. Freshwaterenvironments are a recognizable way to carry
microplastics from land-based sources to the aquatic environment. Studies about
microplastics in freshwaterenvironments are increasing in attention due to the great
quantities of plastic found in lakes, rivers, and even drinking water and because of its
harmful effects on the environment and human health.

1.4.1 Global Microplastic Concentration and Distribution
in Different Freshwater Ecosystems

Microplastics vary geographically, depending on environmental factors, especially
hydrodynamic conditions and anthropogenic factors (Besseling et al. 2017; Imhof
et al. 2017; Kim et al. 2015; Sarafraz et al. 2016). In this section, the most important
concentrations of microplastics present in the literature over the last decade have
been collected and selected. These data are presented on maps of different locations,
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in Asia, Africa, Europe, and North America, in order to determine their geographical
distribution. This information is presented in Figs. 1.5, 1.6, 1.7, and 1.8.

The samples found in rivers and lakes mainly from freshwater sources contain a
large amount of microplastics, which is then reflected in the amount of microplastics
found in the seas and oceans, as rivers are one of the main transport routes. Based on
the sediment typology, it can be observed how in Europe, in Sweden (Lysekil), 8360
items per kg were found (Magnusson and Noren 2014), while in North America, in
Canada (St. Lawrence River), 13,832 items per m2 were found (Castañeda et al.
2014). On the other hand, with focus on the microplastics found in water samples,
the highest concentrations are found in North America. In the United States (Los
Angeles River), 12,932 items per m3 were obtained (Moore et al. 2011), while in
Chicago River 6.69E6 items per m2 were obtained (McCormick et al. 2014).

Figure 1.5 represents the microplastic abundance and distribution in Asia. This
continent contains the largest contamination by microplastics. The biggest concen-
trations of these particles are present along river and lakes. Studies have reported
high concentrations of microplastics in Wei River, where 360–1320 items per kg of
sediment were found (Ding et al. 2019), or Beijing River, where 178–544 items per
kg of sediment were counted (Wang et al. 2017a). Other studies have reported high

Fig. 1.5 Abundance of microplastics in sediment and water samples from different freshwater
systems, i.e., rivers or lakes, across Asia. The abundances present in sediments are expressed in
items per m2 or items per kg, while the abundances in water are expressed in items per m3 (Sources
of data: Di and Wang (2018), Free et al. (2014), Peng et al. (2018), Sruthy and Ramassamy (2017),
Su et al. (2016), Wang et al. (2017a, b), Zhang et al. (2016), Ding et al. (2019). Source of figure:
Original production)
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concentrations of microparticles in lakes, i.e., in the Nan Lake, where more than
5745 items per m3 were found (Wang et al. 2017a). Lake Hovsgol and those lakes
within the Siling Lake basin (northern Tibet) were studied showing significant
concentrations of microplastics, 0.02 items per m2 and 8–563 items per m2 (Zhang
et al. 2016), respectively, although these locations have little human activity. This
may be due to inappropriate waste management in low-density populations.

Figure 1.6 represents a map of Europe with the main accumulations of
microplastics. The most contaminated areas were Lysekil (Sweden), where quanti-
ties of 8360 items per kg in sediments and 8.25 items per m3 in water were estimated
(Magnusson and Noren). In Meuse River (Netherlands), 1400 items per kg (sedi-
ments) were estimated (Leslie et al. 2017), whereas in Itchen River (UK), 1155 items
per m3 (water) were estimated (Gallagher et al. 2016).

North America is represented in Fig. 1.7, with the main areas where microplastics
accumulate. The most contaminated areas are Canada and the United States. Chicago
River (USA) contained about 6.69E106 items per m2 (McCormick et al. 2014), while
St. Lawrence River (Canada) contained 13,832 items per m2 (Castañeda et al. 2014).
There are also other rivers, such as Los Angeles River, that have high concentrations

Fig. 1.6 Abundance of microplastics in sediment and water samples from different freshwater
systems, i.e., rivers or lakes, across Europe. The abundances present in sediments are expressed in
items per m2 or items per kg, while the abundances in water are expressed in items per m3 (Sources
of data: Fischer et al. (2016), Gallagher et al. (2016), Horton et al. (2017a, b), Imhof et al. (2013),
Lechner et al. (2014), Leslie et al. (2017), Magnusson and Noren (2014), Mani et al. (2015),
Schmidt et al. (2018), Vaughan et al. (2017). Source of figure: Original production)
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of microplastics around 12,932 items per m3. On the other hand, lakes have lower
amounts of microplastics than rivers, which may be mainly due to the currents.

Figure 1.8 represents the microplastic abundance and distribution in Africa; there
is a great lack of data and studies on microplastics in fresh water. Nel et al. (2018)

Fig. 1.7 Abundance of microplastics in sediment and water samples from different freshwater
systems, i.e., rivers or lakes, across North America. The abundances present in sediments are
expressed in items per m2, items per km2, or items per kg, while the abundances in water are
expressed in items per m3 (Sources of data: Anderson et al. (2017), Ballent et al. (2016), Castañeda
et al. (2014), Corcoran et al. (2015), Eriksen et al. (2013), McCormick et al. (2014), Moore et al.
(2011). Source of figure: Original production)
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carried out a study along the Bloukrans River of South Africa and found microplastic
densities in beach sediments between 6.3 � 4.3 items per kg in summer season and
160.1 � 139.5 items per kg of sediment in winter season. Higher concentrations
were obtained in winter, associated with the flow of the river, and this in turn
associated with the transport of microplastics.

Microplastics are not only found in rivers and lakes, but there are also studies
where significant amounts of microplastics have been detected in potable water.
Novotna et al. (2019) collected results of some important studies that found signif-
icant amounts of plastic in both the public supply and the bottled water. The public
source that contains more microplastics is treated water in Czech Republic with
628 microplastics by liter (Pivokonsky et al. 2018). On the other hand, the bottled

Fig. 1.8 Abundance of microplastics in sediment and water samples from different freshwater
systems, i.e., rivers or lakes, across Africa. The abundances present in sediments are expressed in
items per kg (Source of data: Nel et al. (2018). Source of figure: Original production)
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water where more microplastics were found in account 6298 microplastics by liter
(Oßmann et al. 2018). Also, Schymanski et al. (2018) found 117 microplastics by
liter in returnable plastic bottles, and Mason et al. (2018) estimated a concentration
of 932 and 1411 microplastics by liter in plastic bottles of brand Nestle Pure Life and
Gerolsteiner, respectively.

1.4.2 Type, Size, and Morphology of Microplastics
in Freshwater

With respect to microplastic sizes, they can be distributed into six different groups:
category 1 (0.5 mm), category 2 (0.5–1 mm), category 3 (1–2 mm), category
4 (2–3 mm), category 5 (3–4 mm), and category 6 (4–5 mm). Figure 1.9 shows
the size distribution of the samples both on the water surface and in sediments of the
samples collected at Wei River, China.

The most abundant microplastics were of category 1 in all samples including
water and sediment samples. Category 2 and category 3 were the second and third
most important, while samples belonging to group 4, 5, and 6 were insignificant.
Similar results have been obtained in other freshwater locations such as in Qinghai
Lake (China), Lake Garda (Italy), Three Gorges (China), Laurentian Great Lakes
(USA), and Taihu Lake (China) (Di and Wang 2018; Eriksen et al. 2013; Imhof et al.
2016; Su et al. 2016; Xiong et al. 2018). The most abundant fraction was the size
lower than 0.5 mm in all the mentioned locations, especially in water surface. Some
of them realized that the predominant fraction in sediments was 0.5–1 mm. In sum,
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Fig. 1.9 Size distribution of the samples both on the water surface and in sediments of the samples
collected in Wei River, China. The data are expressed as a percentage of microplastics within each
size group (Source: Modified after Ding et al. (2019))
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the most abundant microplastic particles in freshwater had a size less than 1 mm,
while it is insignificant with the presence of microplastics greater than 2 mm.

The most studied shapes were fragments, fibers, film, foam, or pellet, but beads,
lines, spherules, sheets, flakes, paint, foil, and nurdle can also be found. For example,
the results of a study carried out by Ding et al. (2019), which analyzed the
morphology of different samples obtained in Wei River in China, are shown in
Fig. 1.10.

The difference between the samples obtained in surface water and sediments can
be due to the reaction that samples produce in the outdoors with the organic
products. Fibers and films were the most dominant, whereas pellets and foams
were the less abundant types of microplastics in Wei River. Fiber was the dominant
species in surface water and sediment samples, where it represented approximately
half of the samples studied. The origin of these microplastics was attributed to the
decomposition of agricultural plastics and wastewatereffluents containing fibers
from clothes (Claessens et al. 2011). Similar results were obtained in other freshwa-
ter locations such as in Tibetan Plateau lakes (China) or in Three Gorges (China),
where fiber was dominant, accounted for 28.6–90.5% in water surface and
33.9–100% in sediments (Di and Wang 2018; Zhang et al. 2016).

With respect to microplastic colors, the most common were blue, green, red,
transparent, and white (Di and Wang 2018). With regard to the composition of
microplastics, the different polymers found in freshwater are due to two main
factors: the demand for plastics and the density of the polymers. The annual demand
of plastics in Europe is presented in Fig. 1.11, where it can be seen that the most
consumed plastics are polyethylene and polypropylene.
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Fig. 1.10 Morphology distribution of the samples both on the water surface and in sediments of the
samples collected in Wei River, China. The data are expressed as a percentage of microplastics
within each morphology (Source: Modified after Ding et al. (2019))
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Polyethylene and polypropylene have densities below 1 g per cm3; polystyrene
has a density close to that of 1 g per cm3; polyvinyl chloride and polyethylene
terephthalate have densities of 1.3–1.7 g per cm3. The higher the density, the easier
the sedimentation occurs, which is the main reason why less polyvinyl chloride and
polyethylene terephthalate are found (Koelmans et al. 2019). Table 1.1 shows the
different polymers found in some freshwater studies. The most commonly found
polymers are polyethylene, polypropylene, and polystyrene.

1.5 Microplastics in Marine Environments

Microplastics are found in almost every marine environment on the Earth. Both
research on these particles and concentrations in the marine environment have not
ceased to grow. There are citations of the presence of microplastics in all types of
environments, including those considered to be the most virgin or distant from the
sources of production of these particles, such as the depths of the oceans or Arctic ice
(Obbard et al. 2014; Woodall et al. 2014). Microplastics are present in the marine
and coastal environments and accessible to ingestion by a wide variety of organisms.

Although the harmful effects of microplastics into the food chain are not yet well
known, it has been demonstrated that one of the main problems is the capacity of
these particles to absorb hydrophobic compounds on their surface, accumulating
them and entering the living organisms that consume them including humans
(Brennecke et al. 2016; Llorca et al. 2018; Li et al. 2018; Wu et al. 2019). An
important environmental effect derives from the fact that microplastics not only
adsorb pollutants from water but they also release additives or persistent organic
compounds into the environment (Bakir et al. 2014; Moore 2008). These compounds
have been described by the US Environmental Protection Agency as a risk to human
health, as they enter and accumulate in the food chain.

Fig. 1.11 Distribution of
demand for different types
of plastics in Europe in 2017
(Source: Modified after
Plastics Europe (2017))
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Table 1.1 Summary of polymers found in different freshwater locations

Country Location Composition References

China Shanghai PP, PE, rayon, cotton+viscose, phenoxy resin, poly
(vinyl stearate)

Peng et al.
(2018)

China Three
Gorges
Reservoir

PE, PP, PS Di and Wang
(2018)

China Beijing
River

PE, PP, copolymer, paint particle Wang et al.
(2017a)

China Taihu Lake CP, PET, PE, PA, PP Su et al. (2016)

China Hanjiang
River

PA, PE, PET, PP, PS Wang et al.
(2017b)

China Yangtze
River

PA, PE, PET, PP, PS Wang et al.
(2017b)

China Sha Lake PA, PE, PET, PP, PS Wang et al.
(2017b)

China Nantaizi
Lake

PA, PE, PET, PP, PS Wang et al.
(2017b)

China Nan Lake PA, PE, PET, PP, PS Wang et al.
(2017b)

China Siling, Tibet PE, PET, PP, PS, PVC Zhang et al.
(2016)

India Vembanad
Lake

HDPE, LDPE, PS, PP Sruthy and
Ramasamy
(2017)

UK River
Thames
basin

PP, PES, PET, PS, PE Horton et al.
(2017a, b)

UK Itchen River PE, PP, CP Gallagher et al.
(2016)

UK Hamble
River

PE, PP, CP Gallagher et al.
(2016)

Italy Lake
Bolsena

PE, PP, PET, PVC Fischer et al.
(2016)

Italy Lake Chiusi PE, PP, PET, PVC Fischer et al.
(2016)

Italy Lake Garda PA, PE, PP, PS, PVC Imhof et al.
(2013)

Sweden Lysekil PE, PP Magnusson
and Noren
(2014)

Germany Rhine PA, PE, PP, PS, PVC Mani et al.
(2015)

Canada Ontario
Lake

PE, PS, PUR, PP, PVC, PET, PMMA, polyvinyl
acetate, PMMA-PS, ABS, nylon, phenoxy or epoxy
resin, polymethylsiloxane

Ballent et al.
(2016)

Canada St. Law-
rence River

PE, PP, nitrocellulose Castañeda et al.
(2014)

ABS acrylonitrile butadiene styrene, CP cyclopentadienyl complex, HDPE high-density polyethyl-
ene, LDPE low-density polyethylene, PA polyamide, PE polyethylene, PET polyethylene tere-
phthalate, PMMA polymethyl methacrylate, PP polypropylene, PS polystyrene, PSS poly
(styrenesulfonate), PUR polyurethane, PVC polyvinyl chloride



1.5.1 Global Microplastic Concentration and Distribution
in Different Marine Ecosystems

The first study that reported the presence of microplastics in seawater was conducted
by Carpenter and Smith (1972). They estimated average microplastic concentrations
of 3500 items and 290 g per km2 in the western Sargasso Sea. With this discovery,
the scientists tried to alert society about the problem of that contamination, but their
warning was ignored. At present, microplastics are much more abundant and
distributed all over the seas, oceans, and beaches, as revealed by numerous studies
over the last decade (Auta et al. 2017; Cole et al. 2011; Guo and Wang 2019; Hamid
et al. 2018; Hidalgo-Ruz et al. 2012; Kane and Clare 2019).

Microplastics have low density in general, which means that they can easily float
on the water surface or in the water column (Piperagkas et al. 2018). Microplastics
with density higher than that of seawater tend to sink down in sediments, where they
accumulate, while those with low density float on the sea surfaces (Alomar et al.
2016; Suaria and Aliani 2014). Density can change when microplastics are degraded
by the action of external agents or when biofouling caused by organisms occurs. In
addition, Eriksen et al. (2014) verified that the movement of microplastics is also
controlled by marine currents and oceanic gyres. According to that study, ocean
margins are zones of plastic migration, while subtropical gyres are areas of accu-
mulation. Therefore, the distribution of microplastics in marine environments is
controlled by a wide range of causes.

In this section, the most important concentrations of microplastics present in the
literature over the last decade have been collected and selected. These data are
presented on maps of the continents of the world, in order to determine the geo-
graphical distribution of microplastics. Figure 1.12 represents the microplastic
abundance and distribution in Europe. This continent contains the largest contami-
nation by microplastics, along with East Asia. The biggest concentrations of these
particles are present along the coast of Algarve (Portugal), in the lagoon of Venice,
and in the Rhine estuary (Frias et al. 2016; Vianello et al. 2013; Mani et al. 2015).
This can be due to the fact that microplastic particles tend to accumulate in areas
characterized by lower water movement, such as an estuary or a lagoon.

Other studies have reported high concentrations of microparticles in beaches, for
example, in Canary Islands, where more than 1600 items per m2 in the beach of
Lambra were found (Herrera et al. 2018). The authors reached the conclusion that
debris accumulation depended mainly of coastline orientations and meteorological
conditions. In addition, the subtropical oceanic gyre affects the way in which the
currents vary from the coast to the open ocean during the year (Navarro-Pérez and
Barton 2001). The same occur to some remote areas where high amounts of
microplastics are recorded, i.e., Scapa Flow (UK), which accounted between
730 and 2300 items per kg of sediment, or Vik (Iceland), with 792 items per kg
(Blumenröder et al. 2017; Lots et al. 2017). This is mainly caused by the oceanic
currents. Other factors that can affect the pollution distribution are the salinity,
temperature, shape of the coast line, or coastal activities (Cincinelli et al. 2019).
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The first study that reported the abundance of floating plastic debris in the
Mediterranean Sea was conducted by Morris (1980), who determined a concentra-
tion of about 1300 items per km2 near Malta. A similar study was conducted later by
Turner and Holmes (2011), who reported a concentration of 1000 items per m2 in the
Maltese beaches. The average plastic concentration in Mediterranean surface waters
is 243,853 items per km2 (Cózar et al. 2015). This concentration is much lower in the
water column, where a limited number of studies have reported low concentrations
of microplastics (Cincinelli et al. 2019; Fossi et al. 2012; Xiong et al. 2018).

Figure 1.13 represents a map of Asia with the main accumulations of microplastic
debris. The most contaminated areas are, as in Europe, the estuaries of the rivers
Yangtze, Nakdong, and Pearl, where quantities of 4137 items per m3 in water,
27,606 items per m2 in sediments, and 5959 items per m2 in sediments were
estimated, respectively (Fok and Cheung 2015; Lee et al. 2013; Zhao et al. 2014).
Compared to European marine ecosystems, Asia is much more contaminated with
microplastics. China is the third major producer of plastic waste in the world
(Plastics Europe 2018). Therefore, it is not surprising that their coastlines are so

Fig. 1.12 Abundance of microplastics in sediment and water samples from different marine
systems, i.e., beaches, estuaries, or marine water, across Europe. The abundances present in
sediments are expressed in items per m2 or items per kg, while the abundances in water are
expressed in items per m3 (Sources of data: Blumenröder et al. (2017), Fastelli et al. (2016), Frias
et al. (2016), Herrera et al. (2018), Lots et al. (2017), Mani et al. (2015), Martins and Sobral (2011),
Tunçer et al. (2018), Turner and Holmes (2011), Vianello et al. (2013). (Source of figure: Original
production)
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polluted by microplastics. Despite this, Kang et al. (2015) have shown that the
release of microplastic is higher in raining season than in waterless season.

Beaches in India are not so polluted by microplastics. It was found between 2 and
178 items per m2, in contrast to the results obtained for the Maldives Islands, where
more than 600 items per m2 were reported (Imhof et al. 2017; Karthik et al. 2018).
The origin of the contamination in this isolated island could be generated in the
nearby islands in Maldives, where tourism is more frequent. Debris can also enter
this island from many coastal areas of the Indian Ocean. Eriksen et al. (2014)
estimated the amount of microplastics in surface waters along the Indian Ocean
between 7000 and 8000 items per km2.

On the other hand, average concentrations in open seas have also been measured.
Isobe et al. (2015) investigated the concentrations of microplastics in the East Asian
Seas around Japan and obtained a total particle concentration of about 1.72 million

Fig. 1.13 Abundance of microplastics in sediment and water samples from different marine
systems, i.e., beaches, estuaries, or marine water, across Asia. The abundances present in sediments
are expressed in items per m2 or items per kg, while the abundances in water are expressed in items
per m3 (Sources of data: Chen et al. (2018), Fok and Cheung (2015), Heo et al. (2013), Imhof et al.
(2017), Lee et al. (2013), Naji et al. (2017), Zhao et al. (2014), Zhu et al. (2018). Source of figure:
Original production)
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items per km2. Another study conducted in the northwestern Pacific (Pan et al. 2019)
recorded about 10,000 items per km2, a very lower concentration than that obtained
in Japanese seas. Compared to Mediterranean data, seas in Asia are much more
contaminated.

North and South America are represented in Fig. 1.14, with the main areas where
microplastics accumulate. The most contaminated area is the coast along North and
South Carolina, where microplastics can account for more than 400 items per kg of
sediment (Yu et al. 2018). Authors considered that nearby urbanization core and the
presence of large rivers that discharge water into that area are factors that influence
the amount of microplastics found. North and South America are bordered by oceans
Pacific and Atlantic on the west and the east, respectively. These oceans exhibit
strong currents, wave and hurricane action, tides, and in general a high dynamic
action, which determine microplastic distribution.

Another contaminated area is the Gulf of Mexico, which accounts for more than
110 items per m2 in sediment (Wessel et al. 2016). Authors determined that the
microplastic composition and abundance were related to the exposition to marine
currents. Therefore, the areas more exposed to marine currents have bigger and

Fig. 1.14 Abundance of microplastics in sediment and water samples from different marine
systems, i.e., beaches, estuaries, or marine water, across North and South America. The abundances
present in sediments are expressed in items per m2 or items per kg, while the abundances in water
are expressed in items per m3 (Sources of data: Desforges et al. (2014), Gomes de Carvalho and
Baptista (2016), Hidalgo-Ruz and Theil (2013), Kanhai et al. (2018), Retama et al. (2016), Yu et al.
(2018). Source of figure: Original production)
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denser microplastics than that found in locations less influenced by marine activity.
On the other side of the Gulf of Mexico is Huatulco Bay, whose beaches exhibit a
moderate to high microplastic concentration (Retama et al. 2016). Authors reported
that microplastics in these beaches are mostly resulting from intensive tourist
activities. With respect to the western coast of North America, Desforges et al.
(2014) carried out a quantification of microplastics in the Pacific Ocean and coastal
British Columbia. The authors found that the highest concentrations were located in
Vancouver Island and nearby locations, whereas Pacific offshore waters exhibited
less number of particles per m3 of water.

Hidalgo-Ruz and Thiel (2013) found an extensive contamination of microplastics
along the coast of Chile, in South America. This area presents an average contam-
ination of 30 items per m2, although in some beaches 200 items per m2 can be
reached. The sources of origin are, as in most beaches and coastal areas, the
proximity of urban cores and economic activities such as aquaculture. Easter Island
has an abundance of microplastics higher than the rest of the Chilean coast. This is
due to the transport of particles by ocean currents, a phenomenon that generates an
accumulation zone in the center-east of the South Pacific (Abreu and Pedrotti 2019).
On the eastern coast of South America, Gomes de Carvalho and Baptista (2016) and
Olivatto et al. (2019) determined the contamination caused by microplastics in
beaches and surface water, respectively, of Guanabara Bay (Brazil). During the
summer, microplastic concentrations at the beaches ranged from 12 to 1300 items
per m2, whereas this concentration decreased in winter. This is caused by the great
inputs of water entering the estuary during the rainy season in summer.

In Africa (Fig. 1.15), there is a great lack of data and studies on microplastics in
coasts and marine environments, with the exception of South Africa. This country
has a wide plastic manufacturing industry, but recycling is limited and insufficient
(Verster et al. 2017). Therefore, it has a huge proportion of waste managed improp-
erly entering the environment. Nel and Froneman (2015) carried out a study along
the southeastern coastline of South Africa and found that microplastic densities in
beach sediments were between 688 and 3308 items per m2, whereas in the water
column ranged from 257 to 1215 items per m3. Kanhai et al. (2017) estimated the
average amount of microplastics in water of the offshore of Namibia and the west
coast of Morocco, but contamination was very scarce in comparison to other areas of
the world (between 6 and 8 items per m3).

1.5.2 Type, Size, and Morphology of Microplastics in Marine
Ecosystems

The main composition of microplastics present in marine environments is based on
polyethylene, polypropylene, and polystyrene, as they represent the majority of the
plastic waste generated in the world (Plastics Europe 2018). Thus, it is expected that
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these are the most plastic waste generated and, consequently, the main composition
of microplastics. However, the vast majority of microplastic fibers are composed by
polyamide or polyester, since they come from the synthetic clothing that people use
(Cesa et al. 2017). For example, chlorinated polyethylene, polyamide, and polypro-
pylene predominate (76%) in Arctic sediments (Bergmann et al. 2017). Polyester
and acrylic fibers are the most abundant polymers in sediments from the North
Atlantic, Mediterranean, and southern Indian Ocean (Woodall et al. 2014). Polyeth-
ylene and polypropylene are the predominant polymers in the northern Pacific Ocean
(Pan et al. 2019).

Fig. 1.15 Abundance of microplastics in sediment and water samples from different marine
systems, i.e., beaches, estuaries, or marine water, across Asia. The abundances present in sediments
are expressed in items per m2, while the abundances in water are expressed in items per m3 (Sources
of data: Kanhai et al. (2017), Nel and Froneman (2015). Source of figure: Original production)
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These compositional variations reflects not only the wide variety of land and
marine sources that can originate microplastics but also the differences in the
transport processes caused by the marine currents (Peng et al. 2018), as it is detailed
in Sect. 1.4.1. Also important is that PE and PP are polymers with a low relative
density, which float in water, unlike polyethylene terephthalate or polyvinyl chlo-
ride. This is the main reason why these floating polymers are identified in greater
proportion than the others, with higher density. Below are diagrams of the most
frequent composition and morphology of microplastics for each continent
(Figs. 1.16, 1.17, and 1.18). The data of each diagram are based on information
obtained from 10 studies carried out in each continent.

Figure 1.16 represents the most abundant morphologies and composition of
microplastics analyzed in seawater and sediments from Europe. Fibers and frag-
ments are the most abundant morphologies, while polyethylene stands out as the
main component of these microplastics. Rayon is a semisynthetic fiber used in textile
elements and is the most abundant microplastic on the beaches of the Algarve
(Portugal) (Frias et al. 2016). On the other hand, granulated pellets come from
plastic manufacturing industries. Polyethylene and polypropylene fragments usually
come from industrial areas or from the degradation of larger plastic containers
(GESAMP 2019). Harbors and vessels have also been identified as sources of fibrous
plastic particles (Gewert et al. 2017).

In terms of particle sizes, the smallest detected were 0.06 mm, and the largest
were up to 5 mm. Most particles were in the range of 0.1–1 mm, although there are
studies that managed larger sizes of 2–5 mm (Martins and Sobral 2011; Turner and
Holmes 2011). Increased temperature as a result of prolonged exposure to solar
radiation could justify faster disintegration of terrestrial microplastics. Microplastics

Fig. 1.16 Main shapes and compositions of microplastics from marine ecosystems in Europe. (a)
Percentage of studies that found fibers, fragments, and pellets as the main shapes among
microplastics; (b) percentage of studies that found polyethylene (PE), polyether sulfone (PES),
polystyrene (PS), and rayon as predominant composition in microplastics (Source: Original
production)
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floating in water do not experience the same temperature increase for the same sun
exposure due to the thermoregulatory effect of water. Therefore, size differences
between studies can be found (Cooper and Corcoran 2010).

Figure 1.17 shows the main shapes and compositions of microplastics found in
waters and coasts along the Asia continent. In contrast to Europe, in Asia fragments
are the predominant forms, while polyethylene was once again the most abundant,
followed by the polystyrene. At the estuaries of China’s main rivers, it is not

Fig. 1.18 Main shapes and compositions of microplastics from marine ecosystems in North and
South America. (a) Percentage of studies that found fibers and fragments as the main shapes among
microplastics; (b) percentage of studies that found polyethylene (PE), polyethylene terephthalate
(PET), and polypropylene (PP) as predominant composition in microplastics (Source: Original
production)

Fig. 1.17 Main shapes and compositions of microplastics from marine ecosystems in Asia. (a)
Percentage of studies that found fibers, fragments, and pellets as the main shapes among
microplastics; (b) percentage of studies that found polyethylene (PE), polystyrene (PS), and
polyethylene terephthalate (PET) as predominant composition in microplastics (Source: Original
production)
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surprising that the main composition of microplastics is polystyrene, because
expanded polystyrene is widely used in cork boxes for the transport of food in
southern China and Hong Kong (Fok and Cheung 2015). When this waste is not
managed properly, these boxes can be transported to the oceans, seas, and beaches
by means of rivers and stormwater drainage systems. The fragments are usually
microplastics resulting from the physical-chemical degradation of larger plastics
exposed to the action of heat, wind, and waves (Andrady 2015). On the other
hand, polyethylene terephthalate is also a fiber very common in textile industry, as
polyamide (nylon).

All particle sizes were in the range of 0.1–5 mm. In some areas the smallest
microplastics (between 0.5 and 1 mm) were more abundant, as is the case in the
northwest Pacific (Pan et al. 2019). In other locations, such as beaches in southern
India, larger microplastics between 1.2 and 4.5 mm were more abundant (Karthik
et al. 2018). On the other hand, equal abundance of fragments and fibers was found
in studies carried out in both North and South America, and the preferred compo-
sition is polyethylene, followed by polyethylene terephthalate and polypropylene in
equal proportions (Fig. 1.18).

In some areas of North America, the presence of rayon fibers was also detected
(Yu et al. 2018), as was the case on the beaches of the Algarve (Portugal). As
mentioned above, polyethylene terephthalate is a synthetic fiber widely used in the
textile industry. The release of textile fibers into the environment is frequent and
abundant, due to the large number of household and industrial washes carried out
every day. A standard wash of 5 kg of synthetic clothing can release 6,000,000 fibers
into the environment, although it depends on the type of washing machine and
detergents used, making it a very difficult source to quantify (De Falco et al. 2018).

Other authors suggested that microplastics in North American waters may also
come from fishing, recreational boating, and wastewater effluent (Desforges et al.
2014). On the other hand, in Guanabara Bay, microplastics are mainly fragments,
which come from the degradation and breakage of larger plastics on the coast
(Gomes de Carvalho and Baptista 2016). Most of the small plastic debris found on
beaches from Guanabara Bay possibly come from fishing, rivers, harbor activities,
and other local sources. The predominant particle size in these studies is lower than
1 mm, although larger microplastics can be found, especially fragments, with sizes
exceeding 2–3 mm (Wessel et al. 2016).

In Africa, the few available studies show a dominance of fibers over other
morphologies. The predominant composition in the area of Morocco and Namibia
is EPS and PA, probably coming from the detachment of synthetic textile garments
(Kanhai et al. 2017).

In sum, the most frequent polymer found in the studies reviewed was polyethyl-
ene, which corresponded approximately to 60% of those studies. Polystyrene was
the second representative in Europe and Asia, with 14.3% and 28.6%, respectively.
It is important to take into account that polypropylene was the second polymer found
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in almost every reviewed study on every continent. Other components such as rayon
or polyether sulfone (PES) were also representative in certain sites such as Portu-
guese coast, sediments in South Carolina, or coast from Turkey, Greece, Iceland, or
France (Lots et al. 2017). These results agreed with the fact that PE, PP, and PS are
three polymers very common and account for approximately 90% of the 348 million
tons of plastics produced annually (Edo et al. 2019).

1.6 Interactions Among Microplastics and Other Pollutants
Presented in Aquatic Environments

Microplastics can adsorb and concentrate a significant number of environmental
toxins, which can be transferred to organisms (Mato et al. 2011; Leon et al. 2018).
Particles do not only adsorb, but they can also desorb emitting into the environment
toxic compounds such as additives or plasticizers, which negatively affect the
organisms exposed (Cole et al. 2011; Neves et al. 2015).

There are some environmental factors that affect the balance between chemicals
and microplastics as well as accumulation and transport of these pollutants (Murphy
et al. 2016). These factors are exposure to sunlight, pH, residence time, and
temperature, among others. Between pollutants that microplastics can accumulate,
metals are the most studied (Hodson et al. 2017; Brennecke et al. 2016). They are
frequently added as catalysts, pigments, and stabilizers during plastic manufacturing
(Fahrenfeld et al. 2019; Nakashima et al. 2012). They can also adsorb organic
pollutants, especially pharmaceuticals (Li et al. 2018; Llorca et al. 2018). This
accumulation of contaminants mainly occurs in freshwater systems, where the
concentrations of these chemicals are expected to be higher due to proximity to
the sources that produce and discharge them (Horton et al. 2017a, b).

As mentioned above, concentrations of metals in freshwater are generally higher
than in coastal areas. These concentrations depend mainly on location, sampling
time, and anthropogenic activities (Guo and Wang 2019). Some authors studied
the concentration of heavy metals in freshwater from the Beijing River, China
(Wang et al. 2017a, b). The average results of this work are shown in Table 1.2.

Table 1.2 Mean concentra-
tions of metals in the
microplastics and surface sed-
iments from Beijing River
littoral zone

μg per g (mg element per g sample)

Microplastics Sediments

Nickel 1.326 � 0.543 0.039 � 0.012

Cadmium 8.271 � 5.442 1.146 � 0.811

Lead 78.975 � 28.609 41.47 � 13.007

Copper 258.9 � 153.654 36.738 � 23.139

Zinc 8242.525 � 4020.627 183.863 � 86.186

Titanium 22841.05 � 8329.956 20718.913 � 5836.971

Source: Wang et al. (2017a, b)
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The concentrations of cadmium and zinc on microplastic surface get hold of
22841.05 � 8329.96 μg per g and 8242.52 � 4020.63 μg per g, respectively.

Organic contaminants such as antibiotics are widespread in aquatic environments.
The affinity of these contaminants for microplastics is conditioned in many cases by
their polarity and hydrophobicity. The sorption capacities of nonpolar organic
contaminants are higher on nonpolar than polar polymers (Hüffer and Hofmann
2016). Some authors synthesized concentrations on freshwater in order to study the
adsorption of organic contaminants in microplastics. Some of the published results
are shown in Table 1.3.

The sorption capacity of organic compounds on microplastics is high, although
the sorption capacities of different antibiotics on a specific type of plastic differed
greatly. Sorption of antibiotics studied on microplastics decreased in the following
order: ciprofloxacin > amoxicillin > trimethoprim > tetracycline (Li et al. 2018).

Sorption affinities vary depending on the polymer type and the nature of the
pollutants. Thus, different types of polymers have different adsorption behaviors for
the same pollutant. This could be attributed to the differences in the polarity and the
functional groups of each polymer (Guo et al. 2012).

1.6.1 Effects of Microplastics on Freshwater Organisms

There is reasonably extensive evidence related to the harm caused by plastic waste in
aquatic ecosystems. This can have a range of negative impacts on infrastructure and
fishing. In addition, this could affect a wide range of freshwater organisms as a
consequence of entanglement and ingestion. According to Scherer et al. (2017),
there are some freshwater species that ingested microplastics with demonstrated
effects on them, such as L. varigatus, C. riparius, G. pulex, Gammarus fossarum,
P. acuta, or D. magna. Some studies on fish have shown that microplastics and
associated toxins are bioaccumulated and cause problems such as intestinal damage
and changes in metabolic profiles or are even lethal. Some of these effects on
freshwater organisms are presented in Table 1.4.
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Abstract Plastics are major assets for mankind due to their widespread applications
in all spheres of life. The major drawbacks are their after-use handling, as it may take
hundreds and thousands of years for its biodegradation. While major advancement
has been made in the development of nontoxic and eco-friendly plastics, the
accumulation of plastics in the environment has been a major concern in landfills,
natural ecosystem, and oceans. The deleterious effects of plasticizers, additives, and
dioxins from plastic pollutions on human health include endocrine disruption,
reproductive disorders, and breast cancer. A well-managed plastic production,
consumption, and disposal system must be put in place, to address this global
problem. The development and application of biocompatible plastics and incentives
on plastic reuse and recycle, within circular economy framework, must be
implemented and enforced. This chapter will provide information about plastic; its
types, nature and chemistry, consumption, and pollution impact; and the solutions
and remedies. Different techniques to process various types of plastic wastes are
discussed. Primary recycling of plastic wastes is a low-impact process. Mechanical
recycling is widely used due to its effectiveness, where the waste is firstly converted
into appropriate shapes and sizes through different processes. Chemical recycling
involves the breakdown of polymers by heating in the absence of oxygen. Plastics
are also degraded by means of ultraviolet light because these are not naturally
degraded even by biotic means. The 3R scheme, which represents reduction, reus-
ability, and recycling of plastic wastes, and the alternative measures through incen-
tives to promote eco-friendly plastic products and a safer environment will be
elaborated.

Keywords Plastics · Pollutions · Contaminants · Environmental impacts · Water
pollution · Plastic degradation · Biodegradability · Additives · Remediation · Eco-
friendly products

Abbreviations

ATR Attenuated total reflectance
BBP Butyl benzyl phthalate
BFR Brominated flame retardants
BPA Bisphenol A
BTBPE 1, 2-Bis(2,4,6-tribromophenoxy)ethane
CNS Central nervous system
DBP Dibutyl phthalate
DEHP Diethylhexyl phthalate
DEP Diethyl phthalate
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DMP Dimethyl phthalate
END Endocrine disruption
EPS Extended polystyrene
FTIR Fourier transform infrared spectroscopy
GC/MS Gas chromatograph/mass spectrometer
HBB Hexabromobiphenyl
HDPE High-density polyethylene plastic
LDPE Low-density polyethylene plastic
MSW Municipal solid waste
NaCl Sodium chloride
NPE Nonylphenol ethoxylates
PAE Phthalic acid esters
PBDE Polybrominated diphenyl ethers
PET Polyethylene terephthalate
PSW Plastic solid waste
PVC Polyvinyl chloride
TBBPA Tetrabromobisphenol A
WPO Wet peroxide oxidation

2.1 Introduction

Before the discovery of plastics, elephant ivory (teeth and tusks) obtained from the
remains of elephants have found applications in the manufacturing of billiard balls,
combs, and many products. To meet the market demand for elephant ivory, the kill-
ing of the elephants has become widespread such as in the African continent that the
elephant population has dramatically decreased. The ivory products consequently
become prohibitively expensive. Thus, the alternative material was invented by J. W.
Hyatt and his brother from cotton cellulose and named as “Celluloid” (National
Museum of American History, Estate of Catherine Walden Myer). The word “Plas-
tic” was coined from the Greek word “Plastikos” which means “moulded or
shaped by heat” for the celluloid-like product easily moulded into different shapes.
A big disadvantage in the preparation of the cellulose-based products is the exother-
mic reaction of the mixture which produces high energy and releases heat making it
potentially highly flammable and risky.

An American chemist, L. Baekeland, considered as “the Father of the Plastic
industry,” has successfully synthesized bakelite, prepared using phenol from coal tar
and formaldehyde and reacted together. Bakelite has a good property for insulation.
The invention of bakelite opens up a new avenue for the development of plastics, its
derivatives, and composite materials for specialized applications in most areas in the
fields of material sciences. Plastics are durable and sometimes inert, which can
withstand very harsh conditions of temperature and weathering. These properties
of plastics make it a burden to the environment later, after use.
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Plastics have become vital parts of human life and provide many advantages and
ease the activities and the interactions with the surroundings and ecosystem
(Hahladakis et al. 2018). These are due to the diverse properties of plastics which
are easily incorporated into a wide range of applications, from domestic to major
components in industries, as shown in Fig. 2.1. The production of plastic has
increased from 2 to 382 metric tons between 1950 and 2015, with the total of
7800 metric tons in 65 years. Globally, 50% of the plastic manufacturers are located
in the Asian region, while only 18–19% are in Europe and North America (Lam et al.
2018). The thermoplastics, which include polypropylene, polyvinyl chloride, and
high-density polyethylene, have found diverse applications worldwide; but the ther-
mosetting plastics, such as polystyrene and polyethylene terephthalate,
receive higher demand. The plastic polymers are extensively used to make foams,
synthetic fibers, adhesives, and coatings for different applications, resulting in
increasing global plastic demand annually (Brems et al. 2012). However, plastics
are resistance to decomposition and degradation, and can exist for a long time. As a
consequence, plastic wastes are filling up the landfills and the municipal solid
wastes, and may cause accidental fires and pollution. Made up of many different
chemicals and additives, plastics can be the main source of cadmium and lead
poisoning. The heterogeneity of the plastic composition may limit the recycling
process as it may be costly to produce pure plastics or single polymer composites.
Despite these limitations, the application of plastics in everyday human activities is
set to continue. Plastics are less bulky and light and more suitable for use in
transportation and automobiles as the load and fuel consumption are much

Fig. 2.1 The main market sectors of plastic. 39.9% of plastic is used in packaging; 19.7% in
building and construction; 10% in automotive; 6.2% in electrical and electronics; 4.2% in house-
hold, leisure, and sports; 3.3% in agriculture; and 16.7% in various other sectors. (Reprinted with
permission of [The history of plastics: from the Capitol to the Tarpeian Rock, Chalmin, Attribution
3.0 Unported (CC By 3.0)] from Chalmin 2019)
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reduced (Clark et al. 1999). This chapter describes the different types of plastics, the
sources and wastes generated, the impacts on human health, environment and marine
life, and the different techniques used for the detection and removal of the plastic
wastes and toxins.

2.1.1 The Plastic Consumption per Person

Figure 2.2 shows the total plastic production per person without taking into account
the waste management and recycling. The figure represents the daily basis of plastic
wastes generated by a person, measured in kilogram unit per individual. It can be
seen that the plastic consumption per individual basis is ten times higher in countries
including Guyana, Ireland, Kuwait, the Netherlands, and the United States (US) than
other countries like India, Tanzania, and Bangladesh.

Fig. 2.2 The plastic waste production per person worldwide. The overall plastic waste gener-
ated per person before the waste management protocols, or recycling, but not indicating the effects
of water pollution. (Reprinted with permission of [Plastic Pollution, Hannah Ritchie, Attribution 4.0
International (CC By 4.0)] from Hannah Ritchie 2018)
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2.1.2 The Top 20 River Sources into the Oceans

The total production of plastics globally has been on the rise since the 1950s, with
311 million tons production in 2014, and predicted to be nearly 1800 million tons in
2050. Figure 2.3 illustrates the plastic production worldwide in million tons. China,
North America, European Union, and Asia are the biggest cause of plastic pollution.
Developed countries like the United States, Europe, Japan, Australia, and
New Zealand are the top manufacturing and high consumption countries, but with

Fig. 2.3 The plastic
production worldwide in
million tons. China, North
America, European Union,
and Asia are the biggest
cause of plastic pollution.
(Reprinted with permission
of [Marine litter plastics and
microplastics and their toxic
chemicals components: the
need for urgent preventive
measures, Gallo et al.,
Creative Common
Attribution (CC by 4.0)]
from Gallo et al. 2018)
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excellent waste disposal sytems in place. Many low- to middle-income countries in
South Asia and sub-Saharan Africa are facing 80–90% of the plastic pollution with
underdeveloped waste management system, resulting in high incidence of river and
ocean pollution, and increasing water contamination. The top 20 polluted rivers
contribute above 2/3 of the total river wastes and most of these are present in Asia.
River Yangtze is at the top for causing pollution, with 333,000 tons of plastic in
2015, contributing up to 4% of the annual marine pollution, as shown in Fig. 2.4.
There are different ways that contribute towards the entry of plastics into the aquatic
ecosystem such as from the pollution on the beaches, plastic debris floating on the
ocean surface, and deposition at the seabeds. One important source is the river that
carries plastic effluents from the mainland to the offshore areas.

2.1.3 Classification of Plastics

Polymers are long-chained molecules, having unique structures and consisting of
repeated subunits called monomers (“mer” means part). The single monomer struc-
ture is specifically used to identify chemically or specify any homopolymer. The

Fig. 2.4 Plastic input in the ocean of top 20 polluted rivers across the world. The river with its
location and estimated annual input of plastics (in tons) to the oceans are shown. (Reprinted with
permission of [Plastic Pollution, Hannah Ritchie, Creative Common Attribution (CC by 4.0)] from
Hannah Ritchie 2018)
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structure of single monomer (-CH2-CH2-)n describes polyethylene.When the number
of repeated units “n” are in hundreds, its consistency becomes like a soft wax or a
sticky fluid. When the repeated units are in thousands, it becomes the valuable solid
plastic (Andrady 2017). In plastic polymer, the long hydrocarbon chains mainly
consist of carbon and hydrogen atoms to form the basic structure. Carbon provides
the main backbone of the polymer as it naturally has the ability to attach four other
groups. Polymers such as polyethylene, polypropylene, polystyrene, and polymethyl
pentane all have the carbon backbone, but there are some polymers that contain other
than the carbon backbone including nylon which contains nitrogen atom, and
polycarbonates and polyesters which mainly consist of oxygen atom. A few inor-
ganic polymers contain silicon or phosphorus backbone (Vanapalli et al. 2019).
The molecular arrangements of polymers can be in the form of amorphous or
crystalline structure. The amorphous plastic does not have specific arrangements
of atoms in the structure, and are randomly arranged. The amorphous polymer can be
formed by controlling the polymerization process and quenching the molten poly-
mer. They are generally transparent and have many applications in food wrappings,
windows, contact lenses, and headlight lenses. The crystalline polymer has distinct
pattern of atoms and molecules, and through quenching, the polymer structure is
crystallized, and the degree of crystallinity controlled. Crystallinity provides
strength, chemical resistance, stability, and stiffness. With increase in crystallinity,
less light has the ability to pass through and this controls the degree of opaqueness.
The work on polymers has increasingly shifted towards exploiting the unique
properties for specific applications whilst making them more environmentally-
friendly and less polluting to the environment.

Based on the applications, plastics can be classified into different classes:

Thermosetting Plastics

Thermoset plastics conserve their shapes when cooled and cannot be moulded back
into their previous state. They are hard and long-lasting. The examples are poly-
urethanes and epoxy resins.

Thermoplastics

Thermoplastics are flexible as compared to thermosets and can be moulded back to
its parent form. They are mostly used in packaging. The examples include polyeth-
ylene and polyvinyl chloride.

Plastic Composite

Polyethylene terephthalate or “stomach” plastics are used in the manufacturing
of plastic bottles for juice, soft drinks, and liquids. These plastics can be made
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phthalate free, soft and lightweight-carrying, transparent containers for packaging
purposes. It is harmless but, after a long time and at high temperature, may produce
carcinogens.

Plastic containers based on polyvinyl chloride are the flexible type of plastics.
Phthalates used for its flexibility are harmful chemicals, in addition to bisphenol A,
lead, and dioxin. High-density polyethylene plastic has high density and high tensile
strength, suitable in the manufacturing of refrigerators and large containers and bags.

Low-density polyethylene plastic is heat resistant and highly brittle, has low
tensile strength, may be transparent or opaque, and is used for packaging frozen
foods. Polypropylene is a strong, semitransparent, and heat-resistant polymer, usu-
ally used for packaging of yogurt, and medicine. Polystyrene is a petroleum-based
plastic polymer made from styrene monomer, and is also widely used for food
packaging and insulation.

Long exposure to high temperature may produce neurotoxic, hematological,
cytogenetic, and carcinogenic by-products.

The plastic material may be composed of different synthetic materials that are
malleable when heated, and hardened upon cooling. These include various types of
resins, polymer, derivatives, and proteins used instead of the traditional materials
such as metals, wood, and glass. Because of this flexible characteristic, the use of
plastics is ubiquitous. This has largely contributed to the plastic waste disposal
problems seen today that have polluted the marine ecosystem, ocean and seabeds.

2.1.4 Types of Industrial Plastic Wastes

The different types of plastic wastes generated by the plastic industries include
macroplastics, microplastics, nanoplastics, platic toxins, and the additives.

Macroplastics

Plastic particles with diameter ranging from 1 to 5 mm are defined as macroplastics.
These plastics when ingested by marine animals get stuck in their guts and can
be lethal. This type of plastic waste has contaminated the freshwater systems,
shorelines, and oceans (Li et al. 2016).

Microplastics

These plastic particles are less than 1 mm. Because of smaller sizes, microplastics
can penetrate the body of aquatic life or easily ingested and run through the digestive
track, circulatory, or excretory system, and eventually interfere with the proper
functioning of the body system. Once settled inside the body and not excreted out,
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these particles start trickling down the food chain and entering the human body
(Li et al. 2016).

Microplastics, though do not seem to be fatal to the livings organism, could still
cause acute chronic toxicity. The toxic effects of microplastics can be a result of
several mechanisms. Primarily, the toxicity can be caused by the polymeric materials
used in the specific plastic goods. For example, polystyrene, commonly utilized as
protective packaging, can easily circulate in the blood and induce chronic reproduc-
tive disorders in the suspension-feeding animals in the marine water. Microplastics
can cause allergy and itchiness due to their tiny sizes with possibly the pointed ends
as these materials penetrate into the body tissues. The intake may cause
malnourishment and reproductive disruption (Sun et al. 2019). Microplastics are
obtained from two different sources: primary and secondary sources. Primary
microplastics are synthesized by industrial processes directly, while secondary
microplastics are produced from primary microplastics by degradation under the
extreme environment of moisture and heat (Li et al. 2016).

Primary Microplastics

This type of microplastic is manufactured on an industrial scale as microbeads of
various sizes and shapes. They are mainly used in toiletries and commonly as
“exfoliates” in sandblasting media, or as the “plastics pellets” or the raw materials
for the manufacturing of these products. These pellets enter and pollute the ecosys-
tem via industrial leakage, transportation, or during utilization. As illustrated in
Fig. 2.5, there are different types of chemical structures present in the plastic wastes.
Plastic resins are utilized mostly in the packaging, with short life span and found
extensively as a part of litters or municipal solid wastes. The major types of
thermoplastics that are commonly present in the microplastics are polyethylene,

Fig. 2.5 Different types of structures present in the industrial plastic wastes. Carbon provides the
backbone to nearly all plastic polymers (Modified from Vanapalli et al. 2019).
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polypropylene, polystyrene, polyethylene terephthalate, and polyvinyl chloride.
With the increased production rate of around 7–8% annually worldwide between
1950 and 2012, polyethylene and polypropylene have become the major
microplastics found in the marine ecosystem (Li et al. 2016).

Secondary Microplastics

Secondary microplastics are derived from the large plastics, converted and
fragmented into smaller debris, resulting in the different structures as shown in
Fig. 2.5. The estimated lifetime of plastics ranges from months to many thousands
of years. As conventional plastic has been produced from the past 60 years, the
approximate figure of plastic longevity is unknown (Li et al. 2016). The physical,
chemical, and biological factors in the environment affect and reduce the structure,
strength, and other properties of the plastics (Li et al. 2016).

Nanoplastic Wastes

There is less knowledge about the threats and risks to humans from nanoplastic
wastes ranging from 1 to 100 nm in sizes, as the focus has been those ranging in sizes
below 1 mm. Both have different structural makeup and sizes which will influence
the rate of uptake and deposition in the living organisms. Once entering the systemic
circulation of human body, nanoplastics may be transported to the liver, placenta,
brain, heart, and kidney, upset the central nervous system, and could lead to
physiological and behavioural changes (Waring et al. 2018).

Plastic Toxins

Additives are defined as the chemicals that are added into plastics to promote specific
characteristics and functionalities. These are incorporated during the manufacturing
or processing of plastics. These are mainly plasticizers, stabilizers, or flame retar-
dants. Plasticizers are most probably added in comparatively excessive proportion,
about 10–50%, to secure the functionality of the plastic. Plastic additives are
basically monomers of different polymeric chain but utilized as a stabilizer too.
Brominated flame retardants is the monomeric unit of polycarbonate, added as a
stabilizing agent in various polymers as shown in Table 2.1. These additives are used
mainly to confer stability, antioxidant activity, fire resistance, plastic property, and
pigmentation. These additives could be found in the microplastics, originating from
the compound plastics (Andrady 2017).

Brominated flame retardants and phthalates are added to the plastics to increase
their plasticity and fire-retardant properties. But, these are regarded as endocrine
disruptors, which could bioaccumulate in the human body (Sun et al. 2019).

2 Identification and Remediation of Plastics as Water Contaminant 55



Brominated flame retardants, alkylphenols, and phthalates, are also extremely
toxic to the ecosystem when released into seas, oceans, rivers, and lakes, from
the industrial and municipal wastewater, or from the sewage sludge for agricultural
purposes. Additives leaking from plastics also contribute to the debris addition
in the marine ecosystem and as another major plastic pollution in the oceans
(Hermabessiere et al. 2017).

Brominated Flame Retardants

Brominated flame retardants are used to reduce the plastic flammability.
These include polybrominated diphenyl ethers, hexabromocyclododecane, and
tetrabromobisphenol A. Brominated flame retardants such as 1, 2-bis(2,4,6-
tribromophenoxy)ethane, dibutyl phthalate, and hexabromobiphenyl have been
found in the ecosystem, organisms, food, and humans. Due to their weak interactions
with the polymer, they can readily leak out. Tetrabromobisphenol A however forms
strong chemical interaction to the polymeric matrix. Penta-brominated diphenyl
ethers, octa-brominated diphenyl ethers, and deca-brominated diphenyl ethers are
extremely toxic, persistent, and can accumulate in the ecosystem and pose serious
threats to the human health (Hermabessiere et al. 2017).

Phthalates

These additives are also known as phthalic acid esters. Added as plasticizers which
can be between 10 and 60% of the plastic content, especially in polyvinyl chloride,
additives such as phthalic acid esters could leach into the ecosystem during the
manufacturing process, usage, and disposal. Phthalic acid esters exist in a variety of

Table 2.1 Statistical data of marine litter (Hannah Ritchie 2018)

Location Approach

Approximate
coverage over the
location

Approximate
litter density

Global
estimate
(tons)

Floating Sea surface sampling data and
modeling

361 m/km2 0.74 kg/km2 0.27
million

Beach Beach sampling data by length
of coastline

1.4 m/km 1013 kg/km2 1.4 million

Under
beach
sand

Proportion of beach surface to
the buried litter

0.52 m/km 110 kg/km 0.057
million

Seafloor Seafloor sampling data col-
lected by the area of sea
surface

361 m/km2 70 kg/km2 25.3–65
million

Total 27–66.7
million
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environments, and some of them disturb the endocrine system in even minute
concentration (Hermabessiere et al. 2017).

Nonylphenols

Nonylphenols are a class of alkylphenols. These are liberated as the degradation
intermediates of some surfactants and antioxidants named as nonylphenol
ethoxylates. Both nonylphenol ethoxylates and nonylphenols are mainly used in
paints, detergents, pesticides, and toiletries. In the production of plastic, they can
also be used as plasticizers and antioxidants. Leaching of nonylphenols from many
plastic bottles into the water system may be contributed mainly by the effluents from
the wastewater treatment plants. Nonylphenols can seriously disturb the endocrine
system, and due to the harmful impacts on the ecosystem and human health, the
utilization is banned in the European Union (Hermabessiere et al. 2017).

Antioxidants

Antioxidants are employed as additives in various artificial polymers such as
polyolefin (polyethylene and propylene) which may constitute 60% of the total
requirement of the antioxidant worldwide. These are meant to increase the shelf-
life of plastics and to prevent oxidation. However, these also leach out like other
additives of plastic packaging, thus causing various environmental threats and safety
concerns (Hermabessiere et al. 2017).

Table 2.2 shows the common additives (brominated flame retardants, phthalates,
bisphenol A, nonylphenols, and various antioxidants), their functions, and impacts
on health.

Table 2.3 shows the use of additives in general types of plastic such as polyeth-
ylene terephthalate, polyvinyl chloride, polystyrene, and many other resins that
cause pollution, and also impart toxic effects from the untreated from industrial

Table 2.2 Most common polymers with their plasticadditives (Hermabessiere et al. 2017)

Polymers name
Additive
types

Polymer amount (%
w/w) Hazardous chemicals

Polypropylene Antioxidant 0.05–3 Bisphenol A, Octylphenol,
Nonylphenol

High-density
polyethylene

Antioxidant 0.05–3 Brominated flame retardant;
Boric acid

Low-density
polyethylene

Antioxidant 0.05–3 Nonylphenol

Polyvinylchloride Plasticizer 10–17 Phthalate

Polyurethane Flame
retardant

12–18 Brominated flame retardant;
Boric acid
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plastic wastes, when discarded into the marine environment (Hermabessiere et al.
2017; Vanapalli et al. 2019).

2.1.5 How Plastic Is Getting into Our Environment

The increased use of plastics, has resulted in uncontrolledwaste generation, especially
in the developing countries, whose facilities are not able to cope. The availability of
different food items in the plastic bags has become a norm, and a lot of plastics
end-up flushed into the drainage and water system. Figure 2.6 shows the plastic
production by industrial sector, and Fig. 2.7 shows the different forms of plastics
introduced into the environment.

The most amount of polluting plastics recorded is the microplastic, produced
from the weathering of plastics into smaller particles. This makes the management of
plastic becoming more difficult, with the noticeable increase in the amount of
microplastics on the surface of the oceans in the last four decades. The aquatic
organisms can ingest the microplastics, get accumulated in their bodies, help in the
transport of pathogens, and adsorb the toxic substances. Microplastics ingestion
could lead to cancer, retard the reproductive ability, and destroy the immune system.
The contamination of an aquatic environment by the microplastics may pose seri-
ous economic consequences, as their removal is difficult, if not impossible due to
their small sizes. The World Economic Forum 2016 postulates that the presence
of plastics as pollutants to be more than the fishes in the aquatic ecosystem, in 2050
(White 2016).

Eunomia Research and Consulting has reported that the production of
microplastics ranges from 0.5 to 1.4 million tons annually, with an average estimate
of 0.95 million tons. The report describes that 94% of plastic ends up on the oceanic
floor at a mean of 70 kg/km2 of plastics. It is reported that only 1% plastic is found
floating over the ocean, at the concentration of 1 kg/km2, with the highest concen-
tration at the North Pacific Gyre at 18 kg/km2. The amount is 5 times greater on the
beaches at 2000 kg/km2 as illustrated in Fig. 2.8.

Table 2.3 Some plastic additives with the functions and hazardous effects (Hermabessiere et al.
2017)

Additives Functions Effects

Brominated flame
retardants

Reduce flammability in plastic Potential endocrine disorders

Phthalates Plasticizer mainly in polyvinyl chloride Endocrine and developmental
disorders

Nonylphenol Antioxidant and plasticizer Endocrine disturbance

Bisphenol A Synthesis of polycarbonates, plastics,
and epoxy resins

Endocrine disturbance and
estrogen mimic
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Fig. 2.6 Plastic production by industrial sector. Packaging industry contributes 146 million tons,
building and construction 65 million tons, textiles 47 million tons, consumer and industrial products
42 million tons, transportation 27 million tons, electrical and electronics 18 million tons, industrial
machinery 3 million tons, and by various other sectors 59 million tons. (Modified from Hannah
Ritchie 2018)

Fig. 2.7 Different forms of plastics introduced into the environment. Maximum contribution of
the plastic waste is conributed by the chips and confectionary bags, bottle/caps/lids, polyethylene
terephthalate (PET) bottles, supermarket/retail bags, straws, garbage bags, packaging, food bags,
and cling wraps. (Modified from White 2016)



2.1.6 Sources of Water Pollution

The major source of water pollution is the transfer of different household and
industrial wastes into the water ways, and then into the oceans. An estimated
2 million tons of different pollutants are flushed into the water systems per day.
The situation is more critical in countries where almost 90% of wastes and 70% of
industrial wastes are disposed off into the water ways (Wu and Chen 2013).

There are two main classes of water pollution sources – the point and non-point
sources. The point sources are simple to detect and easy to control which include
the pollutants released by the municipal waste management plant, modern treatment
plants, wastewater treatment plants, and also from industries. The industrial
wastes can pollute water from any group and of any size. The pollutants change
the chemistry of water, alter the oxygen level and temperature, and the population of
microorganisms. These can affect the aquatic water bodies and create critical situ-
ations (Wu and Chen 2013). The pollution from the non-point sources is not released
from any specific source, and can start from many points and places. The toxic
substances may be caused by the indiscriminate use of fertilizers, oils, and trash, the
horticultural waste movements, the wastes from domesticated animals and the
mineralization of soil as shown in Table 2.4. The pollutants can be transferred to
the local water sources by drains, or from the rain that flows onto the different

Fig. 2.8 The concentration of plastic per km2. Oceanic floor has a mean of 70 kg per km2 of
plastics, oceans have around 18 kg per km2, and beaches have 2000 kg per km2, of plastics
(Modified from Li et al. 2016)
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sidewalks and lawns, bringing along the particles, dirt, and various pollutants. In
many countries, the polluted water runoff is the greatest threat to the supply of fresh
water (Wu et al. 2018).

2.1.7 Sources of Plastic Contamination in the Ecosystems

Terrestrial

Most plastic contamination from the terrestrial areas is due to the human activities.
Plastics on land may come from the open landfills, wastes from houses, debris by
blown wind, plastic bags and boxes. These are macroplastics which upon degrada-
tion will release smaller particles into the ecosystem.

In marine ecosystem, 80% of the plastic wastes come from the land populated by
humans, or with plastic industries, and with high plastic consumptions. Most of
the drifting and stranded plastic flotsam and jetsam, may come from the beach front,
and the recreational activities, especially in the northern part of South China Sea.
Substantial amounts of trash from the crude assembling wastes are shifted to the
shorelines with inadvertent leakages. Others come from the wastewater and site
leachate. Plastics from the sources also enter the stream networks and may reach the
household, even with the water purification in place, through other indirect means.
The climate and weather changes from typhoons could transfer the wastes and
pollutants into the ocean. The small-scale plastic contaminants in Californian aquatic
ecosystem has been found to increase from 10 to 60 particles (Li et al. 2016), as
aresult of these rapid changes in the ecosystem.

Other sources of pollutants may come from indiscriminate dumping of garbages
in the municipalities and residential areas, which are released through downpours,
floods, or wind (Sheavly and Register 2007).

Aquatic

Rivers transport 70–80% of the plastic wastes or discharged from the fertilizer
factories and wastewater treatment plants. Marine plastics may originate from the

Table 2.4 Comparison of the point and non-point sources

Point sources Non-point sources

Pollutants from municipal and industries
Filtrate from waste management areas
Runoff from animal farms
Waste from oil fields
Population from sewage waste
Waste from construction areas

Effluents from agricultural fields
Waste from pastures
Waste from drained localities or may be undrained
Pollutants from deserted mines
Different activities of land that produce contaminants

Modified from Wu and Chen (2013)
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transportation and activities of the gas and oil, and fishing industries. Samples
obtained from the Ross Sea in the Antarctica is found to have plastic particles of
0.3–22 nm in size.

Plastics constitute 20% of the wastes in the sea contributed by the marine flotsam
and jetsam, and angling activities. The disposed angling items include the thin single
filamentous lines, and the nylon net, which could endanger the aquatic life (Li et al.
2016).

Other marine garbages may originate from the business or military vessels,
recreational watercrafts and ships, and oil tankers. Some of the wastes are unlawfully
released or extracted from the junks to recover nets, ropes, trawl skims, and other
angling-related items (Sheavly and Register 2007).

All plastic products are mostly disposed off after us. As shown in Fig. 2.9,
indiscriminate dumping of plastics into the waterways and aquatic ecosystem has
reached catastrophic level, especially in the developing world. Among the plastic
products produced in the last century, 9% of them are recycled, 12% burned, and

Fig. 2.9 Marine plastic
pollution affecting the life of
humans and other marine
organisms contributed by
indiscriminate dumping of
plastic garbage and litter
in the aquatic environment.
(Reprinted with permission
of [Planet geography,
Codrington, Attribution 2.5
Generic (CC by 2.5)] from
Codrington 2005)
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79% disposed off by burying in the land or dumped in the landfill. There are no exact
calculations of total marine plastic wastes in comparison to the overall plastic
production. However, it has been calculated that 10% of plastic is annually dis-
posed off into the seas and oceans (Mendenhall 2018). Aquatic pollutants can adsorb
easily onto the surface of small particles, and persistent organic pollutants are con-
centrated onto the mats of microplastics. These high concentrations can cause
endocrine disorder, and have negative impacts as the combination of the microbial
and chemical carriers increases the risk of fish contamination, which would eventu-
ally enter the human and animal food chain.

Atmosphere

Polypropylene particles can be transported by the wind. These may come from the
cloth fibers, abrasive tires, plastic sheets, and can be breathed in by humans or
animals. In urban areas and big cities the air may contain about 200 particles/m3/day.
Polypropylene particles are carcinogens and can concentrate in the brain, lungs, and
gastrointestinal track and cause serious problems if present in high amount (Waring
et al. 2018). The details of the sources and the amount of plastics released are shown
in Table 2.5.

2.2 Techniques for the Identification of Plastic as Water
Contaminant

Plastic contaminants are widely distributed in the water systems including in the
surface water and groundwater, and marine environment. In order to devise strate-
gies to control plastic pollution, issues related to the plastic degradation, sampling,
analysis, migration pathways, and factors influencing the distribution, must be

Table 2.5 Details of the source and the amount of plastic released

Region Composition Source of debris Quantity

Worldwide Metal, glass, and plastic
containers

Shipping fleet
(metal) (glass)
(plastic)

Containers
4.8 � 106/day
3 � 105/day

Bays and offshore waters of the
United States

“Garbage,” including
plastics

Sport fishing
boats

34,000 t/year

Off Alaska Gear used to catch
fish thrown in water

Commercial fish-
ing ships

1635 t/year

Globally Broken and discarded
fishing gear

Commercial fish-
ing ships

135,000 t/year

Globally Plastic packaging
materials

Commercial fish-
ing ships

>23,000 t/year

Modified from Rezania et al. (2018)
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understood. Plastic materials in the ecosystem, with the passage of time, are circu-
lating between the different environmental components – from land to fresh water
(ponds, rivers, lakes, or streams), and from fresh water to marine (seas and oceans).
This movement will be determined by the distance of travelling within the system
such as the river, between the components such from the river to the sea, and the
types of land and distanced covered. Plastic trashes on the roadside may be
disintegrated by the moving vehicles or grass-cutting equipment. The microplastics
are then drained off towards the river system, and are easily distributed among
the environmental components, as compared to the macroplastics, before entering
the marine environment (Lambert 2018). Many hydrophobic pollutants, such as
polychlorinated biphenyls, dichlorodiphenyltrichloroethane, and dioxin, may get
adsorbed on the microplastic particles, either by physisorption or chemisorption.
This eventually influence the movement and bioavailability of these pollutants, but
at the same time, concentrate all the potential toxic components in one area or
location. Microplastics are formed in a variety of freshwater matrices, and in organic
samples and sediments, the detection and identification can be highly challenging.
In fresh water monitoring, the surface water, rivers, beaches, lakes, and sediments of
rivers and reservoirs have all been shown to contain an almost consistent concen-
tration of microplastics. The ecotoxicological studies have explored the ingestion of
microplastics by different organisms and the side effects on their lives and habitats.
Over a short term of exposure, most of the research use primary microspheres of
polystyrene and polyethylene at high concentration, to show some evidences that
microplastics indeed cause diseases in the freshwater systems. For identification, sen-
sitive detection, and analytical confirmation of the microplastic residues and com-
position, the combination of physical and chemical techniques with the application
of sophisticated equipments, are required (Lambert 2018).

2.2.1 Physical and Chemical Techniques

The conventional physical techniques for preliminary identification of plastics
involve sieving, filtration, and density separation. The visual examination of the
sample and the isolation of the desired ones may require an in-depth understanding
and experience in dealing with the samples containing plastic materials. There are
three major sampling techniques – volume reduction, selection, and bulk sampling.
Oftentimes in the study of marine eco-system, the sediment samples are collected
from the coastlines, and the water samples from the seashores. Sample separation
can be achieved through density gradient, sieving, filtering, and optical sorting of
the microplastics. The mesh size sieves and filters could estimate the size distribu-
tion. The two main size ranges of the microplastics that have been reported are
500 μm–5 mm based on the 500 μm sieve/net; and 1–500 μm or fractions retained on
the filter. The optical sorting helps in determining the type, shape, degradation, and
color of plastic particles. Most of the studies have identified that the plastic frag-
ments found in abundance in marine environment are polyethylene and
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polypropylene (Hidalgo-Ruz et al. 2012). In the density separation, sodium chloride
is present. The wet peroxide oxidation mixture is added to isolate the plastic debris
by the process of floatation. Density separator helps to separate the denser
undigested mineral components from the floating solids, by using a custom
0.3 mm filter. The plastic material, after separation, is then weighed to calculate
the microplastic concentration. To determine the weight of the separating material,
the gravimetric analysis can be used.

For chemical method, the plastic waste in the sample is collected as suspended
particles in water. These plastic wastes can be hard plastics and soft plastics like
foam, sheets, fibers, lines, and films. Solids can be filtered using 0.335 mm surface
sampling net to collect the material of suitable sizes. The separated material is then
dried to identify the solid mass, and the microscopic examination is performed with
the stereomicroscope (normally with magnification of 40X). Many common plastics
can be determined using this technique as a preliminary identification including
polyvinylchloride, polyethylene, polystyrene, and polypropylene. The type of
microplastics examined normally are in the range 0.3–5 mm, as illustrated in
Fig. 2.10 (Nudo 2017). The wet peroxide oxidation is carried out on the dried
sample, in the presence of Fe(II) catalyst, to digest the organic matter. There will
be no change to the plastic debris, which is collected and analyzed. The physical and
chemical methods are simple and easy to execute, but the major limitations are that
they can be time consuming and a lot more samples may be wasted than is necessary,
whilst the accuracy of the interpretation may be compromised. Advanced technique
is a necessity to yield better and accurate analyses, in a shorter period of time (Lehner
et al. 2019).

2.2.2 Advanced Instruments

Raman spectroscopy has been used to identify microplastics in microfibers.
The monochromatic laser is applied as a source of light, where the sample is
illuminated at 500 and 800 nm wavelength. The light interacts with the sample
molecules and atoms (low-frequency interactions) and is backscattered, resulting in
the frequency differences as compared to the incident light. This is called Raman
shift, which is easily identified, and generates the Raman spectra. The large
microplastic polymer spectra can be easily identified by comparing with the refer-
ence one, called “surface technique.” When Raman spectroscopy is coupled to the
microscopy, the particle size of few micrometers can also be determined (i.e., below
1 μm) (Cole et al. 2015; Löder and Gerdts 2015).

Microplastics from different packaging released into mineral water have been
analyzed by micro-Raman spectroscopy. The spectra obtained from the blue nitrile
gloves, halogen blue, and polypropylene blue bottle cap exhibit almost the same
spectra. The main polymers identified are polyethylene terephthalate, polyethylene,
polystyrene, and polypropylene. Some of these particles also decompose and disap-
pear due to the high-energy laser. The plastic particles are present at different
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percentages from different sources but are difficult to differentiate as appeared in
the Raman spectroscopy (Fig. 2.11) (Schymanski et al. 2018).

Infrared technique can also be utilized for the determination of plastic particles by
visualizing their distinctive infrared spectra. Fourier transform infrared spectroscopy
and Raman spectroscopy are also used to provide complementary details of micro-
particles. Infrared radiations strike with the molecule of the sample and cause
vibrational excitations, and these excitations depend upon the molecular structure
and composition of the molecules at the specific wavelength. Infrared radiation
energy depends upon the wavelength absorbed, which can be used for the determi-
nation of characteristic spectra. For the identification of microplastics, plastic poly-
mers possess specific spectra and bands. Fourier transform infrared spectroscopy can
be used for the identification of intensity of oxidation that provides information of
physiochemical weathering of the sample molecules. Large particles can be

Water Sample 

>0.3 mm fraction

Wet Sieve 

>5 mm fraction

Mass of total solids

Wet peroxide oxidation

Density separation 

Microscopic
examination

Gravimetric analysis

Discarded  

Fig. 2.10 Chemical method for the identification of plastic water contaminants. The type of
microplastics examined are normally in the range of 0.3–5 mm (Modified from Nudo 2017)
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identified by Fourier transform infrared spectroscopy technique with high accuracy.
For the identification of small size particles, Fourier transform infrared spectroscopy/
microscopy technique is used. But this technique cannot analyze particle less than
20 μm (Löder and Gerdts 2015).

Mass spectroscopy when combined with the pyrolysis-gas chromatography is
used to get the chemical arrangement of the microplastics by investigating their
thermally-degraded products (Fries et al. 2013). This can be used to determine the
type of polymer, by correlating their combustion product with a reference (Fries
et al. 2013). Additives can be examined concurrently using a pyrolysis-gas chroma-
tography/mass spectrometry runs, if the thermal desorption occurs before the last
step of the pyrolysis. This is suitable for the lower-sized microparticles. The analysis
of one particle per run can be done by this technique but not for the bulky particles
(Löder and Gerdts 2015). Different techniques can be used to quantify the marine
water plastic contaminants (Fig. 2.12) (Kroon et al. 2018), which include the
microscopic photography, Fourier transform infrared spectroscopy, stereomicro-
scopic visual sorting, and attenuated total reflectance.

Fig. 2.11 Spectrum of unknown particles and its closest comparison to the databases. Plastic
particles are difficult to differentiate and appear as unknown particles in the given Raman spectrum.
(Reprinted with permission of [Analysis of microplastics in water by micro-Raman spectroscopy:
Release of plastic particles from different packaging into mineral water, Schymanski et al., Elsevier]
from Schymanski et al. 2018)
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2.3 The Impacts of Plastic Ingestions

2.3.1 Effects on Human, Wildlife, and the Environment

Many chemicals from which plastics are synthesized, are toxic, and have negative
effects on human health. The drinking water bottles are commonly made of polyeth-
ylene terephthalate, and these may have the chemicals leached out and mixed with
the water (Schymanski et al. 2018). The high-density polyethylene used in the

Visual sorting by microscopy

Apparent non-biological material

Chemical characterization by FTIR

Spectra searched against commercial library

Spectra interpretation and interrogation

Spectra searched against in-house library

Visual comparison of physical characteristics

Chemical type assignment

Natural material Anthropogenic plastic material 

Biological 
material

Measurement
and photograph

Fig. 2.12 Advanced methods for the analysis of plastic water contaminants. Materials are classified
into either natural materials or anthropogenic plastic materials (FTIR Fourier transform infrared
spectroscopy) (Modified from Kroon et al. 2018).
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packaging of milk, detergent, and oil, when trashed, could cause pollution and emit
harmful chemicals. Furthermore, although cheap and therefore easily available, plas-
tics do not decompose easily (Smith et al. 2018). These toxic chemicals, which
include phthalates, bisphenol A, and other by-products or compounds of plastic deg-
radations, may be ingested, or taken up through skin contact. When a plastic particle
is introduced into the atmosphere, there is a possibility that other contaminants may
get attached to the particles and act as carriers because of their large surface areas. To
understand the impacts of plastics, the exposure to plastics and the diverse exposure
pathways that affect human health must be understood (Fig. 2.13). Figure 2.14 shows
the impact of plastic pollution which can cause the pollution of soil, air, and water
and eventually affects human health. The harmful effects of plastics may depend
upon the plastic types and shapes, the sizes such as the macro-, micro-, and
nanoplastics, the degree of hydrophobicity and the source of exposure. Nanoplastics
for example can penetrate the digestive tract, affect the reproductive system, nervous
system and the lung, leading to respiratory diseases or cancer (Isangedighi et al.
2018). The microplastics are not degradable and could remain in the body
until secreted. When penetrating the gastrointestinal tract, microplastics could dam-
age the epithelial human cells, affect the immune system and enhance the inflam-
mation in the gut (Waring et al. 2018). The contamination in aquatic environment

Fig. 2.13 Effect of microplastic and nanoplastic. Plastic due to weathering via mechanical or
photodegradation sediments as well as taken up by aquatic life which will affect human health.
(Reprinted with permission of [Research highlights: impacts of microplastics on plankton, Lin, RSC
publisher] from Lin 2016)
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leads to the generation of reactive oxygen species, with the capacity to damage the
internal organs, liver, and circulatory systems in the fishes and other marine organ-
isms. The consumption of the contaminated seafood by humans, consequently paves
the way for the interaction of the toxic elements with the human body and his
surroundings. The more concentrated plastic particles are exhibiting more harmful
effects (Hahladakis et al. 2018), as there are higher possibilities for the common addi-
tives such as Bisphenol A (BPA) or Phthalates to leak out in higher doses in specific
tissues or organs. BPA has been first prepared in 1891, and the commercial produc-
tion starts in the 1950s. It has found large scale applications in the manufacturing of
engineering plastics, food cans, metal equipment, dental items, cosmetics, toys,
and as additives in polyvinyl chloride (Table 2.6). BPA may be leached out during
the washing processes, and when kept in the containers, the BPA may get mixed
with the food. The main pathway of interaction with BPA is therefore through food,
although inhalation is also a possibility, which can all lead to fatality if absorbed in
high doses (Halden 2010). BPA is an endocrine disruptor (END), affects the repro-
ductive system and immune system, and damages the neurological developmental

Fig. 2.14 Plastic pollution which causes the pollution of soil, water, and air that affects
human health. (Reprinted with permission of [Toxic effects of plastic on human health and
environment : A consequences of healthrisk assessment in Bangladesh, Proshad et al., Attribution
3.0 Unported (CC by 3.0)] from Proshad et al. 2017)
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especially during early prenatal developmental stages when organs are forming, or
causing hormonal imbalance and low fertility (Proshad et al. 2017). Phthalates is
another additive, used as plasticizer. There are three isomers – ortho-isomer
isophthalic acid, meta-isomer phthalic acid, and terephthalic acid of phthalic acid.
The well-known phthalates, their source of exposure, and the health-related issues
are shown in Table 2.7 (Benjamin et al. 2015), and the structural formulas are
illustrated in Fig. 2.15. Phthalic acid esters are commonly added during the
manufacturing of polyvinyl chloride, terephthalic acid esters are used in the making
of bottles for drinks and juices, and isophthalic acid esters are used in resins (Pecht
et al. 2018). These may also later find wide application in cosmetics and personal
care, food packaging, plastic pipes, raincoats, vinyl flooring, and adhesives.
Phthalates can get into the human body through ingestion and also contaminated

Table 2.6 Concentration of Bisphenol A (BPA)

Food items Food composite BPA (ng/g)

Dairy Milk (evaporated, canned), cheese, butter 15.3, 2.24, 0.53

Meat Meat, canned 10.50

Vegetables Baked beans, canned 23.5

Fish Fish, canned 106.00

Modified from Almeida et al. (2018)

Table 2.7 The well-known phthalates, their source of exposure, and health-related issues (Kumar
2018)

Phthalates Source of exposure Health-related issues

Dimethyl
phthalate

Industrial-scale production of
petroleum
In bug sprays, plasticizer

Acute toxicity (fetal)
Musculoskeletal system disturbance
Ear and eye anomalies

Diethyl
phthalate

Toiletries, e.g., soaps, shampoos,
beauty creams, and cosmetics
Medicines
Industrial solvent
Insects killer

Growth rate reduction
Minimize food intake ability

Dibutyl
phthalate

Adhesives
Toiletries
Industrial solvents
Medicines

Lower sperm production (until exposed to
additives and returned to near normal
after closure)
Rashes, itchiness, redness

Butyl benzyl
phthalate

Vinyl composition tiles
Viscous binders and adhesives
Toiletries
Artificial leather

Testicular toxicity
Defects of the male genital tract
Less anogenital distance
Accentuate steroid hormone levels

Diethylhexyl
phthalate

Soft plastics for household items,
toys, and lightweight floor tiles
(velvety touch)
Blood bags
Utensils for food storage and
packing

Liver cancer
Testicular toxicity
Polycystic ovary syndrome (PCOS)
Intrauterine growth restriction (IUGR)
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soil and air. Phthalates are carcinogenic and can affect the immune sytem, reproduc-
tion and development in the human body. The well-known endocrine disruptor is
diethylhexyl phthalate (Lu et al. 2018), and the compounds causing endocrine
disruption, including BPA, have also been linked to causing hormonal imbalance
and increased breast cancer incidence (Shafei et al. 2018). The tubes and cathe-
ters used during hemodialysis are often made up of polyvinyl chloride and additives
are used to enhance the utility of the polymer. As a result, dialysis patients may
interact with phthalates because the tubes and containers used during the blood
transfusion also contain considerable amount of phthalates (Tereshchenko and
Posnack 2018). Fig. 2.16 shows the types of diseases caused by various plastic
additives. These additives mainly target reproductive/endocrine, brain/nervous, and
pulmonary cardiovascular organs (Shafei et al. 2018).

Fig. 2.15 Different types of phthalates with their structural formulas (BzBP, benzyl butyl phthal-
ate; DMP, dimethyl phthalate; DEP, diethyl phthalate; DnBP, di-n-butyl phthalate;
DiNP, diisononyl phthalate; DEHP, diethylhexyl phthalate; DiBP, di-isobutyl phthalate). (Modified
from Pecht et al. 2018)
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Living organisms and animals may ingest plastics like active feeding or through
the foods containing plastic. Macroplastics are harmful for large animals like turtles
as they eat the plastic bags and sheets which later block their intestinal track. The
animals may be entangled and unable to free themselves. The slow degradation of
plastic may be helpful in the surgical implantation of different tools in the bones of
rat and bone marrow, coated with radioactive material, which have resulted in less
problem after 8–12 months, and 25% losses over 2 years of life span (Waring et al.
2018). Plastic wastes have direct impact on the fishing and tourism industries (Mee
et al. 2007). The unused nets from fishing industries have become plastic wastes
which are floating on the water source, and later colonized by the marine organ-
isms and other alien species (Barnes 2005; Brown and Macfadyen 2007; David et al.
1985; Gregory 2009; Moore 2008). The ingestion of plastic wastes by the sea birds
may eventually cause the extinction of the species (Thompson et al. 2009).

2.3.2 Effects on Marine Life

Different water samples taken from different sources show that the distribution of
plastics may also depend upon the area where there are air and water currents even in
the absence of wastewater disposal system nearby (Hidalgo-Ruz et al. 2012; Van

Fig. 2.16 Types of diseases caused by various plastic additives. These additives mainly target
reproductive/endocrine, brain/nervous, and pulmonary cardiovascular organs. (ECD Erdheim-
Chester disease, PCBs polychlorinated biphenyls, IQ intelligence quotient). (Modified from Shafei
et al. 2018)
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Cauwenberghe et al. 2015). Marine animals are active feeders of plastic as shown in
Fig. 2.17 (Machovsky Capuska et al. 2019; Wright et al. 2013).

Plastic waste materials have been ingested by small organisms to larger animals
of the aquatic ecosystem like whales. It causes many problems like reduced repro-
duction and growth of the aquatic life and reduced eating and feeding rates, and
eventually death. Table 2.8 describes the impacts of plastics on the aquatic life.

Microalga are the primary food source of some marine organisms. The effects of
2 μm particle size of polystyrene on microalgae (Tisochrysis lutea, Heterocapsa
triquetra, and Chaetoceros neogracile) have been investigated where the combina-
tions of the cells with the polystyrene particles have been observed. Microparticles
of the plastic and lead may also be ingested by the aquatic life (Long et al.
2017; Lagarde et al. 2016).

Zooplankton are the aquatic animals which feed on the plants in the aquatic
ecosystem which is called the phytoplankton. They all have a significant role in the
recycling of carbon and nitrogen. The microplastics may affect the recycling process
by disturbing the tiny food web. The microplastics have impacts on the growth,
feeding, and the reproduction of Calanus helgolandicus (Cole et al. 2013; 2015).

When the plastics are in contact with human food web, this could directly or
indirectly affect human health as illustrated in Fig. 2.13.

When plastics are in the depth or on the surface of water bodies, they are
converted into smaller particles and go to the sediments of the water bodies and
are ingested by the plants through their root system. These microparticles have been
detected in the plant tissues (Auta et al. 2017; Carbery et al. 2018).

The aquatic animals and birds may take up the plastic particles by drinking water
or through the food chain. Then plastics become an integral part of the living
organisms associated with the aquatic food web.
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Fig. 2.17 Plastic ingestion in wild aquatic organism through active feeding or the foods containing
plastics (NGF Nutritional Geometric Framework). (Reprinted with permission of [A nutritional
perspective on plastic ingestion in wildlife, Machovsky et al., Elsevier Publisher] from Machovsky
Capuska et al. 2019)
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Table 2.8 Effects of different polymers on the aquatic organisms

Organisms
Type of
polymer Effects References

Daphnia magna Polystyrene Small plastic particles are present in the
intestine and transferred to the oil storages

Rosenkranz
et al. (2009)

_ Polyethylene It increases their life span but decreases
their recovery

Jemec et al.
(2016)

_ Polyethylene
terephthalate

Intake of microparticles causes inactivaty
with time

Rehse et al.
(2016)

_ Polystyrene Their body size reduced, reproduction
level changed, and also causing a decrease
in size and formation of neonates

Besseling
et al. (2014)

Daphnia magna
(planktonic
crustacean)

Methyl
methacrylate

Ingestion and removal of significant
amount of nanoparticles

Booth et al.
(2016)

Copepod and
decapod crusta-
ceans
Calanus
helgolandicus,
Oithona similis

Polystyrene
Polyethylene
Nylon

Energy deficit in all species except
O. similis

Cole et al.
(2013)

Marine copepod
(Paracyclopina
nana)

Polystyrene Developmental delays and delayed
molting, increased reactive oxygen spe-
cies (ROS) levels

Jeong et al.
(2017)

Euryhaline wheel
animalcules
(B. plicatilis)

Polystyrene Reduction in growth, reproduction and life
span

Jeong et al.
(2016)

Warm-temperate
copepod
(C. helgolandicus)

Polystyrene Changes in feeding and reproduction Cole et al.
(2015)

Tigriopusa
japonicus

Polystyrene Death and reduction in fertility Lee et al.
(2013)

Amphipod
(Hyalella azteca)

Polypropylene Reduction in reproduction and growth Talley et al.
(2015)

Platorchestia
smithi

Polyethylene Taking longer time to change their habitats Tosetto
(2016)

Arenicola marina Polyethylene,
polyvinyl
chloride

Metabolism rate increased,
decreased biomass

Green et al.
(2016)

Barnacles
(Megabalanus
azoricus)

Polyvinyl
chloride

Reduced oxygen consumption Hentschel
(2015)

Artemia
franciscana

Polystyrene Inactivitiy and long-lasting microparticle
retention time

Bergami
et al. (2016)

Blue mussel
(Mytilus edulis)

Polystyrene Increase in urine and reduction in filtration Wegner
et al. (2012)

Pacific oyster
(Crassostrea
gigas)

Reduced number of oocytes and repro-
duction from affected parents

Sussarellu
et al. (2016)

(continued)
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The microplastics have been found in the scats of the seal Arctocephalus
tropicalis as well as in Arctocephalus gazella which are eating the pelagic fish
Electrona subaspera that has ingested the microplastic (Eriksson and Burton
2003; Van Cauwenberghe and Janssen 2014).

The aquatic animals eaten up by humans without removing the digestive
track, may also inadvertently ingest the microplastic as in the case of eating
Nephrops norvegicus, a crustacean from the Glyde Sea (Alomar and Deudero
2017; Murray and Cowie 2011; Wang et al. 2019).

2.4 Remediation

2.4.1 Primary Recycling

For recycling and reprocessing of plastic litter, the four main techniques are mechan-
ical reprocessing (primary and secondary), thermal recuperation, and chemical
depolymerization. It is actually difficult to recycle plastic technically and econom-
ically due to the poor waste separation, high cost of energy, lack of fiscal incentives,
contamination by several other materials, and unstable market outlook (Hahladakis
et al. 2018). For industrial-scale production of recycled industrial plastic, the ther-
moplastic waste is recycled through mechanical recycling process. This method
gives reliable quality control, and consistent source of feedstocks. The propylene
wastes have been mechanically recycled into propylene granules as shown in
Fig. 2.18. Melt spinning process is another production process to recycle the
industrial plastic wastes as illustrated in Fig. 2.19. The recycled plastic pellets are
melted in a special compartment called extruder where the temperature ranges from
218 to 235 �C (Tuladhar and Yin 2019). Molten filaments from the extruder are then
cooled and solidified using cold-water bath. At 120–150 �C, these fibers are
converted into tiny cross-sectional parts through an oven. These monofilament fibers
are further processed by passing through the rollers, and their surfaces are fur-
ther processed using the special indent roller. These indents improve the character-
istics of the fibers such as the compatibility (bonding ability) with the concrete
matrix. When the indentation process is completed, the fibers are then sliced into
appropriate length of 50 mm. Through the melt spinning process, the polypropylene

Table 2.8 (continued)

Organisms
Type of
polymer Effects References

Ostrea edulis Polyethylene,
Polylactic
acid

Total number of living organisms
decreased

Green
(2016)

Shore crabs
(Carcinus maenas)

Polystyrene Microparticles present in gills, Na ion
concentration is less than normal, and Ca
ion concentration is increased

Watts et al.
(2016)
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granules from the industrial plastic wastes are 100% recycled into the polypropylene
fibers (Tuladhar and Yin 2019). Essential recycling is also called re-expulsion,
which means re-modeling the waste materials into a new shape. Different methods
of plastic moulding into its original shape, or giving the new version of the used
plastics having the same characteristics. In the United Kingdom, about 250,000 tons

Industrial Plastic 
Waste Collection

Sorting: Manual,
Near Infrared, 

X-ray Techniques
Shredding

Ballistic Separator 
and Electrostatic 

Sorting

Float-sink Sorting 
of different Resin 

types 
Extrusion

Recycled 
Propylene 
Granules 

Fig. 2.18 Mechanical reprocessing of industrial plastic wastes into propylene. This method gives
reliable quality control, and the polypropylene wastes are 100% recycled. (Modified from Tuladhar
and Yin 2019).

Fig. 2.19 Production of recycled plastic fiber by melt spinning. Recycled PP (polypropylene) are
extruded by extruder with a spinning pack and then cooled and solidified before forming cross-
sectional fibers in the oven and are further processed by indent roller and fiber cutter. (Reprinted
with permission of [Production of recycled polypropylene fibers from industrial plastic waste
through melt spinning process, Tuladhar et al., Attribution 3.0 Unported (CC by 3.0)] from
Tuladhar and Yin 2019)
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of used plastic have been made to be re-used especially for the used-plastics from
shopping. The challenge is in getting the family and community units to develop
collection centre with waste segregation in place especially when involving mixed
plastic wastes from various sources. A workable framework can be devised consid-
ering the social, economic and environmental benefits as a whole that can be
gained (Al Salem et al. 2009; Pruter 1987).

2.4.2 Mechanical Recycling

Mechanical recycling methods have been used to reduce the time in getting the
recycled fresh-products and the resources required which are the old plastics. The
three important steps involved are processing, granulating, and cutting. The homo-
geneous plastic wastes are used to produce the products with almost similar or
slighly lower in terms of durability and mechanical strength, than the original prod-
uct. During cutting process, bigger plastics are broken down into smaller plastics
using a saw or shear. Strong blower is used to remove impurities from plastics. The
plastic drops are separated in a skimming container based on sizes and thickness.
Those plastics which consist of only one type of polymer are further ground. The
plastics are washed and dried as to the form required. In the synthesis process,
washing is done in specific cases with different chemicals for that special surface
characteristic of the plastic. With the appearance of colors, the whole batch is ready
to be marketed. Otherwise, the recycled plastics can turned into pellets and beads,
packed and sold (Putun et al. 2008). Mechanical recycling is a green but can
be expensive due to the high energy requirement for cleaning, transportation, and
raw material or product sorting (Panda et al. 2010).

The polyethylene terephthalate wastes have been converted into smaller particles,
washed several times with water, before being put into the centrifugal machine. The
waste products like dust are removed in several steps. During crushing, particle sizes
of 10–14 mm, and powdered forms of plastics are formed. Then, heating at the
prescribed conditions further remove all the pollutants. In the vibratory separator,
extra water is removed and a few modifiers and chemicals are added to get the
specific plastic properties. The recycled plastic materials are cooled in the air, and the
smaller particles are removed by using a sifter (Saikia and de Brito 2012).

2.4.3 Degradation of Thermoplastic Polyolefin and Additives

Generally, polyolefin cannot be decomposed by microorganisms as they are hydro-
phobic in nature, and their breakdown in the absence of water cannot take place. The
antioxidants introduced during the manufacturing prevent the plastics from being
broken down into smaller particles. Furthermore there are additives that could
further confer mechanical strength to some plastics. Those compounds which can
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cause oxidation can convert the plastics to be water-loving carbon chains. In the
presence of water, polyolefin is broken down. Polyethylene for example is broken
down easily in the presence of oxidative agents at the right conditions (Zheng et al.
2005). The removal of bisphenol A from the environment can be carried out using
the nonthermal plasma technique, for the degradation and breaking the chemical
bond and functional groups. Solution plasma process is reported to be an effective
way and implementable in the industrial scale to degrade bisphenol A, and the
byproducts are simple (MubarakAli et al. 2019).

2.4.4 Photodegradation and Biodegradation

Plastics are resistant to breakage and biodegradation due to the long-chain hydro-
carbons with not so many functional groups. Due to the lack of double bonds and
other functionalities, plastics cannot be used as the source of food by microorgan-
isms. However, photooxidation can convert plastics into smaller fractions, from
macroplastic to microplastic and then to nanoplastic (Mason et al. 2018). With the
passage of time, the ultraviolet light could also convert plastics into simpler frag-
ments. The photodegradation of plastics nonetheless could affect the land fertility as
the plastic fragments pollute the environment, soil and water (Jambeck et al.
2015), especially so in the marine ecosystem (Lambert 2018).

Biodegradable plastics could reduce the pollution caused by the non-biodegradable
plastics. Environment-friendly plastics like biosynthesized polyhydroxyalkanoate,
starch-based, or cellulosic polymers should be developed as alternatives to fossil-
based plastics. Biodegradable plastic utilization and safety, at the end, requires proper
waste management and community involvement (Rujnic Sokele and Pilipovic 2017).
Some microorganisms such as fungi as well as bacteria could degrade both bio-based
and fossil-based plastics, utilizing enzymes such as lipases, proteases, and cutinases.
The microorganisms convert the plastic polymers into monomers or simpler units.
These monomers can be further utilized in various reactions and proved less harmful
to the environment than the untreated plastic polymers (Ahmed et al. 2018). Phthalates
can be degraded by both biotic and abiotic systems. The abiotic degradation involves
photochemical degradation and hydrolysis which are quicker. Biodegradation can also
efficiently degrade phthalates in the environment but at slower rate. Many bacteria,
some fungi, algae, and yeast are proven to be effective for phthalate degradation under
both aerobic and anaerobic conditions. Diethylhexyl phthalate is another harmful
additives which may find its way through air, water, and packaged food products.
The alternative to diethylhexyl phthalate is the use of polyvinyl chloride-free prod-
ucts or softeners that are flexible without any leaching, or toxicity, but higher
durability (Rowdhwal and Chen 2018).

2 Identification and Remediation of Plastics as Water Contaminant 79



2.4.5 Solutions to Marine Plastic Debris

To solve the marine plastic debris in the long term, policies must be formulated,
implemented, monitored, and applied in different areas of management and daily life
such as law and regulation on use of safe chemicals, product design, coastal
management, waste management, and consumer whistle blowing and protection.
To minimize or reduce plastic garbage in the marine ecosystem, concerted efforts
must be made to lessen the quantity of plastics entering the ocean, reduce the damage
caused by plastics, and clean up the plastic debris already present in the ocean and
the coastlines. Further research in the greener production, consumption, disposal,
and impacts of plastics on the surrounding areas, and the environment, must be
stepped-up. Latest technology can be harnessed for the reduction of harms caused by
plastics, or for the collection, identification and cleaning of plastics to mitigate any
potential hazards.

The origin of aquatic plastic wastes is the customer products and plastic packing
and containers. Production-consumption-waste chain is a linear, one way track,
which ends in the ocean. A significant surge of interest can be seen in the recycling
of wastes and plastics, but the recycled material is perceived as having inferior and
substandard quality when compared to the new or virgin material. The shift of focus
to the development of biopolymers that are biodegradable and as alternatives to
plastics is one of the strategy. There is however a genuine concern about the
economics of the bioplastic production. Also the possibility of the by-products
from the degradation of the bioplastics into micro- and nano-bioplastics later may
also pose a threat to the living organisms and eco-system, especially if exceeding the
threshold levels. Hence, the emphasis should be on the biocompatible, non-toxic and
degrable plastics. Another potential route is to change the design of products, such
that it will lower the plastic content, but with increased durability, reusability and
recyclability. The product design should incorporate those elements without affect-
ing the product quality and usability, such as producing textile that sheds less fibers
and dyes in the washing process to reduce the environmental load.

Putting a complete ban or limiting the availability of plastic goods, or imposing
high taxes on plastic products are the best methods to lessen the plastic debris. The
use of microbeads, plastic straws, and non-environmentally-friendly shopping
begs and utensils should be met with some form of economic penalties, on the
producers and the customers alike. Incentives should be provided for the recovery,
recycling, and deposition of the used plastic products such as the plastic containers
and bottles, at the community-based collection centers. The monitoring and evalu-
ation standards should be put in place on waste segregation and the scale of the debris
inputs. Research on the waste control before and after the product ban, the use of
definite sampling and statistics, with record and documentation, should be promoted
and supported, to ensure the success of the policy implemented.

80 Z. Tahir et al.



2.4.6 Plastic Waste Management

Plastics have become an essential part of our lives, but the marine plastic pollution
are now slowly taking its toll with great potential for the global ecological, social,
and economic disaster, if not handled properly (Beaumont et al. 2019). To make the
environment free of plastic toxicity, it is necessary to use proper disposal methods
and to spread awareness regarding the toxicity and proper plastic handling. Wastes
of anthropogenic origin, especially plastics, dumped into the water bodies, directly
and indirectly, disturbs the marine organisms and marine ecosystem. The first step
towards remediation and control measures is the knowledge and understanding of
the impacts and damage caused by the marine litter (Barboza et al. 2019). Most of the
household organic waste and plastic wastes may be buried in landfills or incinerated,
and recycling constitutes only a small percentage, or probably better in the devel-
oped world. Landfilling is no longer practical as some facilities can no longer cope
with the high volume to weight ratio of the wastes generated on the daily basis. There
are associated hazards with the production of greenhouse gases and methane
released into the atmosphere, unpleasing odour, and the leachates that may seep into
the groundwater and small rivers. The facilities as shown in Fig. 2.20, for the
disposal of municipal and industrial plastic debris based on energy recovery, chem-
ical recovery, and reprocessing (Panda et al. 2010), should be developed to replace
landfilling, taking into account plastic sorting and recycling.

Simple and immediate daily practices on Reduce, Reuse, Recycle (3R) concept
should be promoted and popularized. These include avoiding food items and
beverages that are available in plastic bottles/packing; using products having min-
imum or recyclable packing; purchasing in whole sum to lessen the nessity for
extra packaging; purchasing recycled products and using recyclable shopping bags;
and bringing own mug and container, instead of using disposable items (Wabnitz
and Nichols 2010). There is a significant scope for plastic recycling, especially for
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Fig. 2.20 Different paths for the management of plastic litter such as landfilling, mechanical
recycling, biological recycling, and thermochemical recycling (Modified from Panda et al. 2010).
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the manufacturing of materials for utilization in vehicles and electronic equipments,
without compromising the safety and quality aspects. Clear labeling of recyclable
plastics could result in efficient separation by the consumers. This would minimize
expenditures on waste sorting and separation. In this way, the recycling program
efficiency can be enhanced, and the amount that gets recycled can be maximized. In
western Europe, mechanical reprocessing of plastics increases at 7% rate annually
(Thompson et al. 2009). Scientific data from the field can provide estimation on the
thresholds of the ecosystem disturbance, as evidence-based strategy for the creation
of binding international agreements with broad acceptability to tackle the plastic
crisis (Mendenhall 2018). Measures such as restriction on entering highly polluted
areas, control of the sea border, and outreach program to raise ecological awareness
of the local populations are now a must to safeguard the ecosystem (Tursi et al.
2018). Some oceanic mammals are bioindicators that could provide clues on the
extent of pollution and for eventual steps to be taken in the marine ecosystem
remediation and conservation (Germanov et al. 2018). General public must
be engaged for them to be aware of the seriousness and extent of the marine plastic
pollution, and also on issues related to the chemical pollution and ocean acidification
(Panti et al. 2019).

2.5 Conclusion

Plastics play a crucial role in our daily life. However, uncontrolled use and human
consumption and activities have generated problems with plastic pollution,
impacting human health, environment, and marine ecosystem. The harmful,
toxic effects of plastics are dependant upon the sizes, shapes, and source of exposure.
Nanoplastics could penetrate and cause disruption to human body functions. Plastic
additives such as bisphenol A and phthalates can cause endocrine disruption, leading
to many deadly diseases. The remedies may lie in turning to a more biodegradable
and biocompatible plastics based on biopolymers that are safer and nontoxic to the
environment. Proper plastic disposal methods must be put in place and greater
awareness should be made with regards to the toxicity and handling of plastics.
Plastic recycling and reuse must be promoted and minimizing the use of plastics
must be encouraged. Clear policy should be formulated, implemented, and enforced
with the incentives for plastic reduction, reuse and recycle, within circular economy
framework. This small ripple on creating awareness about plastic pollution and
remediation could hopefully turn into small waves, the small waves into big
waves, the big waves into giant waves, and the giant waves later turn the tides,
and wash the pollutants and contaminants away.
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Abstract The global production of plastic has raised to 330 billion tons per year,
which is a huge concern in terms of environmental crisis and health issues. Currently
there are no devised mechanisms available on industrial scale and in nature by which
plastics can be degraded completely into harmless residues. Water constitutes
two-thirds of the planet, and almost 70–80% of it is polluted by plastic debris.
Marine organisms are facing alarming situations and awful scenarios due to the
water pollution caused by plastics. Micro- and macroplastics are the main entities
involved in polluting the water bodies, which besides the generation of different
health issues are a direct threat to the destruction of natural habitats to marine and
fresh water flora and fauna. Human activities, industrialization, and population burst
in recent years has contributed to high demands of plastics for the manufacturing of
different products most of which end up in oceans and fresh water bodies resulting in
their pollution.

We have reviewed that a three domains solution strategy can be employed to fight
plastic pollution and for the remediation of water pollution by plastics, which
includes (1) the implementation of science and technology to produce bioplastics
to replace the synthetic plastics saving our oceans and lakes from becoming plastic
repositories, (2) biodegradation of plastics using different microorganisms which
produces plastic degrading enzymes to degrade plastics is another excellent strategy,
and (3) community awareness and governmental policies. International agencies,
nongovernmental organizations, universities, and research institutes can help create
awareness in our society to combat water pollution by helping governments around
the globe to effectively formulate and implement new policies to counter water
pollution by plastics.

Keywords Biodegradation · Plastic pollution · Macroplastics · Microplastics ·
Nanoplastics · Bioplastics · Polyethylene terephthalate · Mono-(2-hydroxyethyl)
terephthalate · Biorefinery · Marine organisms

3.1 Introduction

Plastics are organic polymers which are synthesized or derived from natural sources
like organic substances for example crude oil, natural gas, and coal by polymeriza-
tion processes (Dang et al. 2018). The finding of first synthetic plastic, i.e. Bakelite
in 1907, revolutionized our understanding of polymer science and technology, by
initiating the development of a number of polymers or plastic formulations and
techniques for their development (Frias and Nash 2019). Plastics are the top most
commonly used products in our daily life. Hand bags, shopping bags, water bottles,
and different products are all packed in some types of plastics; hence, our daily
encounter with plastic is far more than any other specific material (Porta 2019).
Invention of plastic was once seen as a marvelous victory, which has now turned into
an environmental crisis by causing pollution not only on land but also in our water
reservoirs such as lakes, ponds, rivers, seas, and oceans. Packaging, construction,
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automobile, and electronics together makeup the largest sectors that almost require
70% of the world’s plastic (Dang et al. 2018). In Europe, packaging constitutes one
third of the plastic demand annually. Only 10% or less of the plastic is reprocessed;
the remaining plastics are sent to landfills or burnt (Thevenon and Carroll 2015).
Plastics are the most severe and major causes of environmental pollution that have
been evident by the present research conducted around the globe.

Water is a universal solvent; almost all the biological and chemical reactions
within the body of living organisms need water. Up to 60% of the adult human body
is water. We cannot survive without water for a longer duration; however, we can
somehow manage to live without food for a longer period of time as compared to
water. The survival of biological species in the biosphere is impossible without the
availability of water. Agricultural and industrial progress are vital for economic
growth; however, poor water supplies, water scarcity, or polluted water can lead to
serious economic challenges such as poor infrastructure development, low income
per capita, and other factors that hinder and affect grand domestic product of a state
facing these problems that resulted just because of water pollution (Lamb et al.
2018). It has been well estimated that two-thirds of the surface of planet Earth is
covered by water while the remaining is land. Oceans make up 98% of the total water
of the globe which cannot be used for drinking purposes without treatments such as
filtration at water filtration facilities which no doubt cost a lot to fulfil the growing
demand of population. Today, as much as 40% of our seas are intensely affected by
human activities. Fresh water constitutes about 2% of the total water available on
earth. This water, however, is still limited to only 0.4% in freely usable form as the
rest 1.6% is locked as glaciers and polar ice caps, which are beyond our access to use
which indicates us for a dark future if we don’t save these water resources. Today,
human activities such as plastic pollution have intensely affected as much as 40% of
our seas and oceans.

Pollution caused by plastics in the world’s oceans is at record levels and it is
rising to an alarming level day by day. If urgent action is not taken, the problem will
become progressively more dangerous over the coming years. Plastic litter is already
damaging many aquatic species and may probably have an impact on human health
in ways we do not yet fully understand (Villarrubia-Gómez et al. 2018). The initial
scientific articles highlighting the plastic pollution in our seas and oceans first
appeared in 1969, which discussed the presence of plastics in the bodies of seabirds
and other marine species (Pietrelli et al. 2018).

3.2 Water Pollution

Water pollution means that one or more substances have built up or exceeded their
normal levels in water such that they can cause problems for aquatic organisms,
animals, plants, and human beings (Mrowiec 2017). Plastics have been located
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worldwide in the marine environment. It has been estimated through a number of
studies that approximately 5 trillion plastic debris (over 250,000 tons) stay afloat on
the seas (Barboza et al. 2018). United Nations department for the environment
estimates that approximately 800 species are affected by ocean debris globally and
nearly 75–80% of which is plastic or products derived from plastics. It is measured
and evaluated that almost 67% of marine plastic is coming from land-based sources
while the remaining comes from ocean-based sources (Karbalaei et al. 2018). It is
calculated that nearly 13 million metric tons of plastics enter the ocean every year.
Seabirds, fish, sea turtles, and sea mammals can ingest plastic debris, which ulti-
mately results in suffocation, starvation, and drowning of these marine creatures.
Scientists have estimated that nearly 60% of all the seabird species have eaten
fragments of plastics at some point in their life. The point of concern here is a
study that foresees this figure to increase to 99% by 2050 (Sharma and Chatterjee
2017).

Different states around the globe are taking strict measures to diminish the
adverse impacts caused by plastic pollution. For this purpose, governments have
banned single use of plastics, shifting petroleum-based plastics to alternative
bio-benign products such as glass, paper, or biodegradable plastics and enhance
waste collection systems to confirm that all waste is properly collected and recycled
or carefully disposed of. The United Nation’s environmental program gives guid-
ance on actions that the private, public sector entities, and governments can take to
minimize the use of single-use plastics and production (Godfrey 2019). These
guidelines and directions include;

(i) Improvement of the waste management systems.
(ii) Voluntary decline strategies and agreements.
(iii) Public pressure and social awareness.
(iv) Promotion of eco-friendly replacements.

According to the Ocean Unite website, approximately 8 million tons of plastics
enter into the ocean every year, and at this rate, we will see more plastics in the ocean
as compared to fish by 2050. The global production rate of plastics has been
continuously increasing for the last five decades at a speed far more than estimated.
In spite of the recent economic crisis, the amount of plastic waste is rising year by
years. Nearly 4.8–12.7 million metric tons of plastics that entered into the oceans
comes from land-based sources in 2010 alone (Geyer et al. 2017). It is estimated that
about 4–5% of the global annual production of petroleum is converted into plastics,
whereas the same amount of energy resources i.e. petroleum, electricity is used for
the production of these plastics. The worldwide production of plastics is now about
320 billion tons per year. Pollution can be a result of either point source or nonpoint
source when pollution originates from a single source, it is called point source
pollution. For example, wastewater (also called effluent) is released legally or
illegally by a manufacturer, oil refinery, or wastewater treatment plants. Point
sources of pollution include wastewater effluent (both industrial or municipal) and
storm sewer release that affect mostly the zone nearby it (Sigler 2014). While point
source pollution initiates from a specific place, it can affect miles of waterways and
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ocean. Nonpoint sources of pollution are those which comes from different sources
of origin and number of ways by which pollutants enter into groundwater or surface
water and reach the environment from diverse nonidentifiable sources. These may
include storm water runoff or agricultural or debris that is blown into waterways
from the land. Nonpoint source pollution is the prime and undeniable cause of water
pollution in the United States waters, but it’s difficult to regulate since there’s no
single, identifiable culprit.

3.3 Causes of Water Pollution

Water pollution is caused by multiple factors such as untreated industrial waste,
municipal waste, and leaching of heavy metals from soil into the ground water.
Ocean and most of the land-based water systems are polluted mainly because of
human activities. Industrialization has resulted in the development of products that
have turned to pollutants due to their overproduction, use, and nondisposable
conditions. Plastic is one of the major causes of water pollution around the globe.
This chapter is concerned with the water pollution caused by plastics, so we will be
concerned here in detail about how plastics pollute our marine and fresh water
sources. The solutions and remedies to counter water pollution are also discussed.

3.3.1 Plastic as a Water Pollutant

The term plastic came from the Greek word “plastikos”, meaning ability to change
into different shapes (Shah et al. 2008). Plastics consist of various elements such as
carbon, oxygen, nitrogen, hydrogen, chlorine, and sulfur. Plastics are synthetic
organic polymers similar to naturally existing biopolymers such as wool or wood
which are chemically large molecules called polymers composed of repetitive units,
called monomers, with carbon backbones. To produce polymers, petrochemicals,
and their derivative products are heated under controlled conditions and broken
down into simpler residues or small molecules known as monomers (Halden 2010).
Different types of monomers make plastic resins with different characteristics, such
as molding capability or strength. That monomers can be extracted from oil, natural
gas, or coal. The five major classes of plastics (90% of polymer production) more
common in the ocean comprise polypropylene, polyvinyl chloride, polystyrene,
polyethylene, and polyethylene terephthalate (Thevenon and Carroll 2015).

On the basis of thermal properties, plastics can be divided into two major
categories: thermoplastics and thermosets. Thermoset plastic hardens or sets irre-
versibly when heated at a considerable temperature. These plastics are important for
their strength and durability. Therefore, they are used primarily in automobiles and
construction applications. Plastic also finds some applications in adhesives, inks, and
coatings. On the other hand, molecules in thermoplastic polymer have weaker bonds,
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hence the plastic softens when heated on flame and restores its original shape at room
temperature; hence, these plastics can easily be molded and shaped into products
such as carpet fibers, credit cards, milk jugs, and floor coverings (Halden 2010).
Plastic fragments vary in size which further classifies them as macrofragmented,
with size 5 mm, microfragmented with size range of 1 μm to 5 mm, and
nanofragmented with size <2 mm. All these are briefly discussed below.

Macroplastics

Macroplastics are the larger units of plastics found especially in marine environment
typically more than about 5 mm. Andrady 2011 showed that the time that
macroplastics stays in the ocean can differ, for example, plastic bag (50 years),
polyethylene bottle (450 years), cigarette ends (1–5 years), polystyrene cups
(50 years), plastic six-pack rings (400 years), and fishing lines (600 years).

Microplastics

Microplastics like most of the other synthetic plastics are solid particles. These
synthetic polymers might have an organized or random shape with size limits
ranging between 1 μm to 5 mm. These are not soluble in water (Frias and Nash
2019). Sharma and Chatterjee 2017 separated microplastics, based on their sources,
into primary and secondary microplastics. The primary microplastics have micro-
scopic dimensions while the plastic formed as result of plastic degradation of larger
particles to smaller ones is known as secondary microplastics. According to the
definition of the joint group of experts on the scientific aspects of marine environ-
mental protection, “plastic particles <5 mm in diameter, which includes particles in
the nano-size range i.e. 1 nm are termed as microplastics” (Beaumont et al. 2019).

Ogunola et al. 2018; Andrady 2011 stated that marine microplastic pollution is
due to primary and secondary sources. Primary microplastics are coming from
different sources, like daily life products, such as toothpaste, cosmetic products,
detergents, cleaning and maintenance products for commercial and industrial use,
shampoos, shower gels, and fibers from the laundry. About 90% of microplastics
might be reserved in wastewater treatment plants (Law 2017; Rhodes et al. 2018)
Within a very short time frame microplastics have tremendously spread into several
different ecosystems such as terrestrial habitats to the depth of the mighty ocean. The
polar regions have also shown positive results for the presence of microplastics. A
number of marine species are at risk of getting entangled in microplastics owing to
their small size which eventually results in physical trauma, starvation, and suffo-
cation. As a result the huge environmental concerns and growing threats to flora and
fauna are raised. Secondary microplastics arise due to the breakdown of larger plastic
materials. Most of the secondary microplastics come from the degradation of larger
plastic substances into microscopic pieces when exposed to high solar radiations and
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abrasion by process of physical, chemical, and biological decay, which results in the
direct transfer of these particles into the marine environments (Wang et al. 2018).

Nanoplastics

Nanoplastics are defined as the particles formed as a result of degradation of plastic
objects within a size range of 1 nm to 1 μm (Frias and Nash 2019). The plastic
breakdown process does not stop at the micro level, instead it will continue to
become smaller in size turning into nano-sized plastic particles. Almost all the
microplastics coming from washing clothes or microbeads present in make-ups
(cosmetics) are further broken down into nanoplastics. Limited research and scien-
tific studies are available on nanoplastics which are currently unclear with respect to
their health risks for aquatic organisms. A number of long-term scientific studies in
oceanic environment have shown that the plastic particles can get ingested by a
number of different marine organisms including fish and tortoises which can pass
from the intestines reaching into the animal’s circulatory system eventually gener-
ating an immune response (Barboza et al. 2018; Ivanova et al. 2018).
Bioaccumulation as a result of ingesting these nano size particles is possible. As a
result of bioaccumulation of plastic particles in different organisms inhabiting a wide
range of water bodies the food web can get disturbed. Bioaccumulation usually starts
from simpler microorganisms and reaches higher animals in the food web, for
example, algae to zooplankton and then to fish. It has been studied that these nano
sized plastic particles that are accumulated inside the bodies of different organisms
can get access to the brain and incite behavioral disorders. In nature, however, many
animals throughout their life time are rarely exposed to nanoparticles. Most com-
monly used plastics are enlisted in Table 3.1 (Rhodes et al. 2018).

Plastics and Marine Debris as Pollutants

Plastic waste is a long-lasting contaminant or pollutant that is resistant to environ-
mental degradation. It can easily adhere with water repellent organic pollutants
which are persistent and are highly associated with fatality in many aquatic animals
(Karbalaei et al. 2018). The huge debris piles around us are evidence of their excess
in modern society. Marine or aquatic debris consists of solid materials that are
released into the aquatic habitat, for example, glass, metallic particles, paper, textile
products, wood, rubber, and plastics. Some of these materials are biodegradable,
whereas the rest are persistent and long-lived in the marine environment. Sunken
wooden vessels and their artifacts made up of ceramic material are non-plastic debris
in water bodies with limited effects (Ahmed et al. 2018). Plastics on the other hand
are different in that they are persistent to biodegradation and readily transportable by
wind and water due to their light weight (Law 2017).

Production of plastics has increased around the globe. The prevalence and risks of
plastics in the sea environment possess serious threats to aquatic life which
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Table 3.1 Most commonly used plastics with their general structure and common uses

Sr.
No Plastics Structure Uses

1. Polycarbonate Medical, electronic, packaging,
cars, optical storage

2. Polyester Used in film, rope, and also in
making a variety of textile
products such as sarees, dress
materials, curtains.

3. Polyamides Fibers, toothbrush bristles, tub-
ing, gun frames, or engine parts.

4. Polystyrene Ovens, microwaves, vacuum
cleaners, air conditioners,
refrigerators, foodservice, and
electronics

5. Polyurethanes Home furnishings furniture,
bedding and carpet underlay.

6. Polyvinyl
chloride

Water pipes, doors, frames and
windows, flooring material, and
shower curtains

7. Acrylonitrile
butadiene
styrene

In computer monitors, printers,
drain pipes, keyboard, and the
plastic face-guard on wall
sockets

8. Polyethylene Cheap packaging wrapping
materials, plastic bottles, and
shopping bags

9. Polyethylene
terephthalate

O O

COCH2CH2OC

Beverage bottles, jars, plastic
films, and packaging used for
microwaving purposes.

(continued)

96 F. Muneer et al.



encourages new research not only to quantify plastic pollution and its economic,
ecological, biological, and social impacts but also to unmask its remedies. Urban
beaches and coastal waters can be seen full of plastic debris. Microplastics are found
in every habitat including surface waters, beaches, the deep seafloor and the water
column. Impacts of plastic on the environment include habitat damage, health risks
and effect on aquatic life (Bråte et al. 2017).

Microplastics and Microorganisms

Microorganisms such as bacteria and archaea are natural biodegraders and recyclers;
they could also play a role in breaking down chemical residues of plastics (Yu et al.
2018). Microorganisms can break down plastics by converting the carbon that
constitutes the plastics into carbon dioxide (CO2), water, and biomass. Microplastics
floating on water have the capability of providing raft substrates for various epifauna
and microbes i.e., bacteria, algae, and diatoms and moving them to zones where they
were not present before; this in turn can change the marine ecosystem by disturbing
the natural habitat of these microbes which eventually effects food chain (Mrowiec
2017).

3.4 Plastic Pollution in Oceans

Coastlines of some developed countries like China and the United States are
responsible for the most of plastic pollution. Nearly one-third of the plastic waste
is mishandled, as a result of which its movement into the oceans becomes feasible. It
is estimated that approximately 90% of this plastic waste came only from 10 rivers in
the world out of which 8 rivers, i.e. the Yangtze, Yellow, Mekong, Indus, Ganges,

Table 3.1 (continued)

Sr.
No Plastics Structure Uses

10. Polypropylene For manufacturing caps for
bottles, straws, containers, dif-
ferent appliances, chairs tables,
and bumpers for vehicles.

11. Polycaprolactone Implants and controlled drug
release applications

12. Polybutadiene For manufacturing car tires, as a
mixture with other plastics such
as styrene and for making golf
balls
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Pearl, Hai He, and Amur, are in Asia and two, the Niger and Nile, are in Africa
(Godfrey 2019).

Three main industrial sectors are responsible for the most plastic waste produc-
tion which are textiles (13.9% of total plastic waste), packaging (46.7%), and the
consumer-institutional product (12.3%). It is estimated that each year, approximately
0.11 million metric tons of waterborne plastic garbage comes from the United States
which is heavily polluting our environment and oceans (Wang et al. 2018).

3.4.1 How Plastics Enter into Oceans

Plastic from various sources enter into oceans through different paths; however, the
diverse sources that result in ocean pollution remain unknown. It is impossible at the
moment to produce trustworthy quantitative contrasts between plastic input loads,
bases, and originating sectors, and this indicates a significant knowledge gap
(UNEP, 2016). Among the land-based sources, plastics usually enter the oceans
from shorelines, wastewater pipelines, or rivers. Waste management process and
certain weather conditions such as storms and high-speed winds can also take a huge
amount of plastic materials into the oceans and such problems are difficult to be dealt
with. Ocean-based sources at sea may be from normal accidental losses, from
shipping operations such as cargo ships that transport goods, oil tanker, and other
sea liners or vessels or deliberate discarding of plastic wastes during sea- or ocean-
based journeys (Bråte et al. 2017).

Food, packaging, tourism, household goods, constructions, and drink containers
are the land-based sources of macroplastics. A large amount of aquatic plastic
contamination that occurs in ocean and sea arises from sources based on land
which is approximately 4.8–13 million metric tons per year. Marine-based causes
of macroplastics consist of shipping sectors and fisheries. Moreover, aquaculture
structures are mainly made up of plastic materials and if structures are not managed
or are spoiled by the environmental conditions, they can result in plastic contami-
nation of water (Haward 2018).

3.4.2 Effects of Plastic Pollution

Plastic pollution has the most adverse effects on the marine biodiversity and habitat
about tens of thousands of aquatic animal species like turtles, whales, seals, and birds
that feed on these creatures are killed each year due to rising plastic pollution. Plastic
bag litter in the marine environment is seen in the dead body of these animals washed
off by the oceans at the coast. The presence of plastic debris in water causes damage
to aquatic environment and natural habitats of organisms living in such ecosystems.
As a result of these factors economic repercussions for tourism and life threats to the
marine animals is at the height of its maximum value (Avio et al. 2017). Many
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aquatic organisms such as molluscs, birds, fish, crustaceans, and mammals mix up
microplastics with diet or selectively feed on them instead of food. This not only has
a direct effect on the creatures feeding on microplastics but also seriously disturbs all
trophic levels in food web. Studies have shown that due to mistreatment and
misperception of some sea animals like whales, fish, seabirds, and turtles they feed
on plastic particles present in their habitat, which results in adverse side effects on
their normal physiology and sometimes prove fatal to their lives. Plastic consump-
tion can be either direct or indirect. For example, in case of direct consumption
plastics like polyethylene bags that float in water look like jellyfish and are misun-
derstood by turtles as their natural prey. While a mussel feeds on plastics resulting in
direct plastic consumption, but when a crab feeds on the same mussel, it will end up
having the plastic inside its gastrointestinal canal resulting in indirect consumption.
It has been confirmed that only a fraction of consumed plastic pass through the
digestive tract, while the rest is stored or retained in the body resulting in a number of
health issues (Lamb et al. 2018).

Microplastics that are taken up by living organisms hinder or effect normal
physiological functions of an organism. For example, the ability of an animal to
feed might be affected, which eventually results in malfunctioning of normal growth
and reproduction. Experiments performed in controlled environment have shown
that ingestion of microplastics by different aquatic organisms has serious health
concerns. Oysters have shown a sharp reduction in energy uptake, offspring perfor-
mance, and reproduction as result of polystyrene microparticles. Egg hatching
success and algal feeding was shown to diminish in copepods due to polystyrene
ingestion with negative consequences for its survival. Polyvinylchloride
microplastics have affected soil-dwelling worms by reducing their energy reserves
and normal physiology and functions (Eerkes-Medrano et al. 2015) Hence our
discussion here clearly shows the impact of synthetic plastics on organisms which
can completely alter the functioning of marine ecosystem.

3.4.3 Species Affected by Plastic Pollution

Plastic pollution has endangered the lives of different organisms both on land and in
water, and the results are alarming for the sea life. The reason that sea ecosystem is
affected worse than the land is the fact that almost 80% of the land-based plastic is
destined to enter water resources. Once in the water the plastic breaks apart into
fragments and particles of a wide range of residual sizes due to water currents and
other marine water factors. Different organisms have been studied for the effects of
plastics on their normal life, physiological activities and also its impacts on their
habitat in the water. We will discuss here some of the sea animals in order to grasp
the idea of the bad consequences the sea life is facing and how difficult is the war of
survival between the life and plastics in the oceans.
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Sea Turtles

Sea turtles are widely studied for the estimation of adverse effects of the plastic
possess for the sea life. A large number of autopsies and biological samples have
clearly shown that the most common and basic culprits behind stress and nonnatural
death of sea turtles are plastic and tar which are ingested by the living organisms
living in polluted water resources, mainly in oceans. Plastic debris present in water
such as plastic bags, polyethylene terephthalate bottle fragments, and plastic ropes
have been found in turtles’ digestive tract. Studies have also shed light on the
phenomenon that the sea turtles usually mistake polyethylene bags with jelly fish,
which is their natural prey. This misunderstanding leads plastic into the digestive
system of turtles, which ultimately counts for the death (Sigler 2014).

The international union for conservation of nature has placed leather back sea
turtles on its critically endangered organisms list because of a sharp reduction in its
population over the last two decades. In a research, autopsies were conducted on
leatherback turtles which showed that out of 371 turtles that were collected from
their natural habitat sites 137 had plastic in their alimentary canal but it was not
confirmed beyond doubt that the ingested plastic was the sole cause of death or were
there any other factors involved. It has been evaluated through studies that 8.7% of
the turtles that died due to plastic pollution had a plastic or polyethylene bag
blocking the esophagus and preventing the food passage to stomach which eventu-
ally resulted in the death (Vegter et al. 2014) Apart from the treats possessed to sea
life, a sharp reduction has been seen in the reproduction of these animals. Some
studies on female turtles have clearly shown plastic to block the passage of female
eggs. Researchers have isolated and recovered 14 different types of plastic pieces
from a turtle female cloaca which eventually resulted and enabled it to lay the eggs
(Sigler 2014).

Fish

Different species of fish like Squalus acanthias, Mullus barbatus, Chelidonichthys
lucerna, and Sardina pilchardus have been studied by Avio et al. 2017 to evaluate
and discover the presence of microplastics in their bodies, the results were positive
for all these species. Polyethylene particles constituted 65% of the total plastics in
their stomachs. Mrowiec 2017 showed that in the gastrointestinal tracts of 504 fish
that were studied in an experiment, 36.5% had plastic pieces in their stomachs. Data
collected as a result of studies conducted in the North Pacific region of central Gyre
gathered some results according to which almost 38% of nearly 700 fish tested had a
sum of 1380 plastic particles in their body tissue and stomachs, which means that
each fish had an average of 2.5 plastic pieces. It should be noted here that most of the
plastic pieces ingested by fish had colors white, blue, or transparent nature as
exhibited by plankton, this causes a misinterpretation to fish whose primary food
source is planktons. Knowledge about the effects of plastics eaten and ingested by
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the fish is of great concern because the small pieces of plastic may become part of the
food chain as a result of bioaccumulation and biomagnification in higher organisms
that feed on these smaller fish (Sigler 2014).

Humans

Sea food is considered a delicacy around the globe and people like to eat different
types of sea foods like lobster, crabs, oysters and fish. Almost 19% of the global
population depend on sea food in order to meet their animal protein intake
(Beaumont et al. 2019). Human beings hold the highest level in food web and
trophic level hence they consume plastics indirectly for example by consuming
seafood more commonly shellfish and small fish which are eaten as a whole
including their gut on the other hand larger fish has more flesh hence human
consume only their meat and are therefore less affected by them. It has been
estimated and evaluated through experiments that nanoplastics have more mobility
rates in the tissues of living organisms as compare to other types hence their larger
surface to volume ratio increases their concentration in the tissue causing mass
concerns of health and reproduction if such sea food is taken which ingest
nanoplastics, humans can damage the overall general health with some unknown
and uncharacterized effects. Plastic nanoparticles are widely distributed in marine
environment with relatively unknown sources of origin. As a result of plastic
pollution in aquatic reservoirs as indicated by a large number of studies human
beings have to be conscious about their love for the delicious seafood (Rhodes
2018).

3.5 Measurement of Water Pollution

In order to measure the water pollution chemical, physical and biological methods
can be used. In the physical testing process, solid concentrations, temperature,
turbidity, color, odor and taste are measured. Fresh water has no taste and odor but
sea water has a bitter taste due to higher concentration of different salts, the presence
of any plastic on any level can be detected using physical tests, for this purpose
samples from different sources are compared with standard samples for their phys-
ical characteristics any difference or variation from the normal limits indicates the
contamination level. Color can also help to physically judge the samples. Turbidity
is the haziness or cloudiness of a liquid caused by large number of particles present
in the liquid, hence if the water is turbid it gives indication that water is polluted
while clear water absorbs light and is free of pollutants. Chemical methods use,
analytical chemistry principal for testing the concentrations of different pollutants in
water samples, it can also determine the types and qualities of such contaminants. If
the concentration of chemicals like industrial dyes, heavy metals like lead, chro-
mium, or plastic is too high it can affect aquatic life or those who consume it for
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drinking purposes. Some chemical indicators can be used to determine the water
purity and quality. These indicators include pH measurement, chemical oxygen
demand and biochemical oxygen demand. In the biological methods, we use differ-
ent animals, plants and microbes as biological indicators to monitor different
parameters of a marine or fresh water ecosystem. The quality is likely to be very
good, if many different types of organisms can live in a river, and if the fish can’t live
or survive in the river, then the quality is very poor. Which shows the presence of
different pollutants that can affect a wide variety of organisms living in or depend on
such water resources.

3.6 Solution and Remedies for Water Pollution Caused
by Plastics

In December 2017 the United Nations Environment Assembly gathered in Nairobi,
Kenya, to discuss the significant issues of water pollution caused as a result of plastic
debris in the seas and oceans. Eleven resolutions were taken up at the meeting for
effective discussion, one of the main being the pollution of ocean and water bodies
due to synthetic plastics. A ministerial declaration was adopted unanimously during
the meeting. It was noted and agreed by all the participants that each year at least 5 to
13 million tons of plastic is dumped into oceans (Haward 2018). This huge amount
of plastic that is being washed away into the oceans and other water bodies is an
alarming situation that needs to be addressed as soon as possible without any further
delay.

Plastic pollution has serious effects on the environment and the atmosphere. It has
disturbed not only the ecosystem but also the whole biosphere. Although plastic
pollution has affected land, air, and water, we will discuss here only the solutions
and remedies for water pollution caused by plastic, as it is the main purpose of this
chapter. But the solutions given here can be somehow applied to all types of
pollutions caused by plastics. The United Nations sustainable development goals
put forward certain actionable plans which involve 17 sustainable development
goals. It further includes an active agenda to prevent, eliminate and effectively
reduce marine pollution including ocean debris and solid waste. The goal 6 is related
to clean water and sanitation whose target 6.3 is to deal with untreated water so that
our water reserves don’t get exhausted with pollutants. Similarly, point 14 is related
to life below water whose target 14.1 aims for the reduction of waste generation so
that we can use the oceans and other water resources in a more sustainable and
efficient way (Löhr et al. 2017).

Plastics can pollute both fresh and marine sources of water. Rivers, lakes, and
ponds are the worst affected water bodies as human activities directly affect them.
These fresh water sources are polluted by plastics because these are surrounded by
populations. People throw garbage like plastic bottles of different beverages and
products in rivers and ponds. Untreated municipal waste of developing cities carries
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a large number of plastic particles or even the whole plastic products into such
sources of water; all this happens mostly in underdeveloped or third-world countries
which have either poor or no sanitation system at all. The ocean is the ultimate sink
for all types of water pollutants that may be heavy metals, toxic chemical com-
pounds, industrial waste, or plastics because almost all the major rivers empty in
oceans (Haward 2018). The ocean acts as a repository for increasing quantities of
plastics and microplastics. There is a widespread recognition of the fact that these
pollutants of the ocean must be addressed in a sustainable way (Avio et al. 2017). In
2010 alone the estimated plastic that entered oceans was somewhat between 4 to
13 million tons (Van Sebille et al. 2016). Plastic pollution has not only endangered
more than 250 marine species but it has also put the future of this planet at risk.
Marine litter ingestion by aquatic life has seriously affected the ocean biodiversity.
Therefore, there is a serious demand to tackle plastic pollution in oceans and seas.
The solution and remedies for water pollution caused by plastics are mentioned in
Fig. 3.1 which shows that there are three main strategies or solution domains that can
be adopted to counter plastic pollution in oceans and fresh water reservoirs. The first
strategy used is science and technology, the second being education and community
awareness, and the last is government policies and laws implementations. All these
strategies employed together can give a positive solution for this problem. We will
discuss here briefly all these strategies one by one; however, our main approach shall
be the use of science and technology to find sustainable solution to water pollution
caused by plastics.

Fig. 3.1 Science and technology, community awareness, and effective policy making can help to
ensure a sustainable environment by remediating water pollution caused by plastics
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3.7 Scientific Solutions of Plastic Pollution in Water
Reservoirs

Science and technology have a vital and active role in our daily lives. The modern
development is all due to the science and its applicable form – technology. Plastics
that were produced by the man using his scientific knowledge of chemistry and
synthetic polyesters has now a strong demand to stop the same destroying our
environment, therefore, the first strategy that we shall apply to degrade plastic
pollutants in the environment most importantly in water bodies such as rivers,
lakes, ponds, seas, and oceans should be the same—science and technology. A
few methods that we can employ to tackle plastic pollution in water are discussed
below.

3.7.1 Bioplastics Can Be a Replacement for Synthetic Plastics

Bioplastics are natural biopolymers obtained from biomass and are biodegradable.
These can be produced from a number of biological sources such as plants, agricul-
tural residues, and microorganisms. These sustainable plastics or bioplastics can
therefore replace the synthetic versions of plastics that affect the seas and oceans and
speaking on a broader term - the whole atmosphere (Bhat et al. 2017). Bioplastics are
produced more easily using plant sources and using their biomass such as lignin
from wood, starch from potatoes, and rice. There are a number of studies that are
successful in creating different types of bioplastics from plant and microbial sources
some of these studies along with their brief description are given in the tabular form
in Table 3.2.

There are a number of feedstocks with a wide variety of methods that had been
and are currently being investigated for the production of biopolymers used to form
bioplastics. The reason that these polymers can extinguish the pollution caused by
synthetic polymers or plastic is their closeness in properties however, with an
advantageous difference that these are derived from biomass and are biodegradable
unlike plastics which are the petrochemical derivatives and are nearly impossible to
degrade. The plastics if incinerated or burnt to generate electricity, energy or other
useful products they still create a huge problem in terms of their toxic gases; hence if
we want to save our land, air, and most importantly water sources like seas and
oceans, we need to replace synthetic plastics with bioplastics. This strategy can help
us to reduce plastic litter in oceans as well as in land saving our planet and natural
habitat.

A comparison between the properties of bioplastics and synthetic plastics
(Table 3.3) gives us the knowledge on how we can replace these plastics with
their natural alternatives such as bioplastic, so that we can replace the pollution-
causing plastic but not the services it provides us.
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Table 3.2 Production of bioplastics from different types of biomass that can reduce the use of
fossil fuel-based synthetic plastics and help in water pollution reduction

Biomass Brief summary of the study Bioplastic Produced Reference(s)

Switchgrass Transgenic transformants of
switchgrass were studied for
the production of
polyhydroxybutyrate. The
plants produced 3.72% dry
weight of polyhydroxybutyrate
in leaf tissues while 1.23% dry
weight of polyhydroxybutyrate
was obtained from whole
tillers.

Polyhydroxybutyrate Somleva
et al. (2008)

Starch Starch from potatoes, rice,
maize is rendered in granular
form by blending it with mois-
ture or gelatinizing it at 65 to
70 �C with 45% moisture it is
then blended with a minute
quantity of conventional plas-
tic to get desired properties.

Polymeric film Kumar and
Thakur
(2017)

Cassava
starch

The potential of cassava starch
waste water towards
Polyhydroxyalkanoates pro-
duction was determined.
Bacillus tequilensis MSU
112 was seeded to the system
which provided a great benefit
in enhancing the production of
Polyhydroxyalkanoates.

Polyhydroxybutyrate Chaleomrum
et al. (2014)

Soybean Soy protein and oil are used to
manufacture bioplastics with
high stiffness thermoset poly-
mers. These are replacement
for urea formaldehyde.

Thermoset polymer with char-
acteristics of synthetic plastics
like urea formaldehyde and
bio-based polyurethane.

Coles et al.
(2010)

Agricultural
wastes

Flax fibers and cotton linters
are used to produce a biopoly-
mer called cellulose acetate
biofiber. The yield obtained
was nearly 80% and 55% for
flax fibers and cotton linters
respectively.

Cellulose acetate biofiber Mostafa et al.
(2018)

Bacillus
megaterium

Polyhydroxybutyrate is stored
in the cytoplasm of the Bacil-
lus megaterium under stressed
conditions which was isolated
and purified by different
methods.

Poly (3-hydroxybutyrate) Luengo et al.
(2003)
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It will be the best step towards the development of ecofriendly and sustainable
products if we focus on natural polymers such as wool from Angora rabbit, Alpaca,
and Mohair to produce keratin, which is a natural polymer and can be used to
produce different types of plastics. Similarly, biomass feedstock from plant, fungi,
algae, and other microbes can help us to accomplish sustainable goals. One such goal
as proposed by United Nations is the use of sustainable materials such as bio-
polymers and biomass so that we can ensure a proper sanitation of water (Haward
2018). We can replace the synthetic plastics with bioplastics not just on the similar-
ities between their physical properties but also for their common uses as mentioned
in Table 3.4.

Hence, by using biotechnological knowledge to produce biopolymers for
bioplastic synthesis we can effectively remove a large amount of plastics such as
polyvinyl chloride, polyurethane, polystyrene, acrylonitrile butadiene styrene, poly-
carbonate, polyethylene terephthalate, polyethylene, and polypropylene from our
daily use and hence save our cities and oceans becoming depositories of plastic
dump sites and eventually saving our land and aquatic ecosystem (Arikan and Ozsoy
2015).

Table 3.3 Similarities between bioplastics and synthetic plastics (Siracusa et al. 2008)

Bioplastic/Biopolymer
Synthetic plastic/
Synthetic polymer Similar properties

Aliphatic polyesters Polyethylene and
polypropylene

Elasticity, decomposing temperatures, percent
crystallinity

Polylactide aliphatic
copolymer

Polystyrene and
polypropylene

Hardness and flexibility

Polylactic acid Polyethylene Almost similar physiochemical properties like
melting temperature, tensile strength.

Polyhydroxyalkanoates Polypropylene and
polyethylene

Similar melting temperatures, water vapor
transmission rate, oxygen permeability rate.

Table 3.4 Common uses of biopolymers/bioplastics

Biopolymers/Bioplastics Common use

Polyhydroxyalkanoates
Polyhydroxybutyrate
(from microorganisms)

Bioplastic production that is similar to polyethylene, poly-
propylene and can be used for purposes like packaging of food
products (Haward 2018)

Polylactic acid (from
microorganisms)

Bioplastic development (Benn and Zitomer 2018)

Cellulose (from plants mostly)
Keratin (from animal wool, cot-
ton, birds, feathers)

Antimicrobial packaging films.
Bioplastics to make different products, (Reiniati et al. 2017;
Bhagowati et al., 2017).

Poly(hydroxybutyrate-co-
hydroxyvalerate)

For increasing the ductility and flexibility of different
bioplastics (Wang et al. 2013).
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3.7.2 Microbial Degradation of Plastics or Biodegradation

Unfortunately, we cannot replace all the available plastics with bioplastics because
of different prevailing limitations. Production of biomass can be a problem as huge
amount of land is required if we use agropolymers that are produced by plants and
this much of land is turning into a dream because of the population big bang and
industrialization. If microorganisms are used to produce bioplastics using polyesters
such as polyhydroxyalkonates and polylactic acid maintaining these cultures on
large scale or on industrial level where bioplastic is to be produced is very difficult
and expensive further more isolation and purification of these polyesters is not an
easy job.

For what we have discussed briefly in the above paragraph we can say that
bioplastics to replace the synthetic plastics is not a sufficient strategy to overcome
plastic pollution in the environment, either on land or in oceans. Scientists have
therefore adopted a more straightforward approach rather than swapping synthetic
plastics with naturally available biopolymers; they are now trying to discover new
sustainable methods to degrade plastics using enzymes present in microbes such as
bacteria and algae. A large number of bacterial strains have been studied to degrade
plastics so that these plastics don’t turn into pollutants of the environment, saving
land and water habitats and reversing its negative effects on the atmosphere.

Palm et al. 2019 has recently shown that polyethylene terephthalate debris that
has been known as an environmental pollutant because of its extreme durability can
now be degraded using a microbial strain Ideonella sakaiensis 201-F6. The poly-
ethylene terephthalate (PET) degradation is a two-step simple process; during the
first step the bacterial enzyme PETase converts polyethylene terephthalate to mono-
(2-hydroxyethyl) terephthalate and in the second step another enzyme known as
MHETase hydrolyzes mono-(2-hydroxyethyl) terephthalate to ethylene glycol and
terephthalic acid both of which are nontoxic and can be used for other useful
purposes. The simple enzymatic degradation reaction is shown in Fig. 3.2a and
Fig. 3.2b.

Polyethylene terephthalate (PET) can be converted to its simple residual forms
(ethylene glycol and terephthalic acid ) which are nontoxic to the environment and
have many useful applications (Palm et al. 2019). From this simple example of
plastic degradation by the microorganisms we can now say that there are a lot of
opportunities out there in environment to degrade plastics using different microbes
or enzymes isolated from them for this purpose. In order to avoid extensive summary
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Fig. 3.2a PETase converts polyethylene terephthalate (PET) to mono-(2-hydroxyethyl) terephthal-
ate (MHET)
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Table 3.5 is given which gives the names of some important bacterial strains that are
shown to degrade plastics (without concerning the fact that how efficient these
strains are in the process of degradation).

The microbial strains mentioned in Table 3.5 are a few examples where we can
use microbes to degrade plastics. One important thing to bear in mind that these
microbial strains that has been studied until are not available on commercial scale to
degrade large garbage dump sites in land, or to degrade plastic litter in oceans rather
these studies are just a hope that in near future we might discover some strains or
modify the existing strains using biotechnology, recombinant DNA technology or
our knowledge of protein and enzyme engineering. Scientists are working to
enhance the speed of catalytic activity of enzymes that degrade plastics so that
these modified enzymes can break the strong bonds between the synthetic polymer
chains of the plastics and convert them into simpler residues that might be less toxic
or can be used in making a diverse range of other useful products. Hence we can say
with confidence that in near future we can come up with new versions of plastic
degrading enzymes that will help us to counter plastic pollution not only in land but
also in ocean and other water bodies like rivers, lakes, and ponds.
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Fig. 3.2b MHETase hydrolyzes MHET to Terephthalic acid and ethylene glycol

Table 3.5 Microbial degradation of synthetic plastics

Microbial strain Type of plastic degraded Reference(s)

Pseudomonas sp. Polyethylene,
Polypropylene,
Polyvinyl chloride.

Wilkes and Aristilde (2017)

Aspergillus flavus,
Mucor circinilloides,

Low density polythene,
Polyvinyl chloride films

Urbanek et al. (2018)

Alcaligenes faecalis
Clostridium
botulinum

Polycaprolactone Caruso (2015)

Micrococcus sp. Polyvinyl chloride Patil and Bagde (2012)

Ideonella sakaiensis
Flavobacterium sp.
Pseudomonas sp.

Polyethylene terephthal-
ate,
Nylon

Ahmed et al. (2018) and Palm et al. (2019)

Thermophilic Bacillus Low-density polyethyl-
ene,
High density polyethylene

Dang et al. (2018)

Bacillus magaterium
Strain B1

Polyvinyl chloride Luengo et al. (2003)
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3.7.3 Applying the Concept of Biorefinery: Converting
Plastics to Fuel

We don’t know exactly when we will be able to replace plastics with bioplastic
counterparts or to completely degrade synthetic plastics within a reasonable time, it
means that we have to carry on with plastics for a while but what we can really do is
to make them more useful by applying the concept of biorefinery which turns the
plastics to a value added products. Synthetic polymers or plastics can be treated or
recycled in such a way that they yield products that are economically beneficial
(Owusua et al. 2017). One such concept that is in practice in some parts of the world
is to convert used plastics to generate energy see Fig.3.3.

Millions of tons of plastics that are annually feed into the oceans we can set up
instalments to gather plastic waste from our environment and take them to these
industrial treatment plants where they can be treated to produce value-added prod-
ucts. One of the economically feasible and important solution for the plastic waste is
the process of converting it into value-added products such as fuel. It is not only a
beneficial recycling of plastics but also a technique for saving our cities and oceans
to become loaded with tons of garbage and plastic pollutants that are a serious threat
to the life of thousands of species in oceans and on land (Patil and Bagde 2012).
Plastics can be converted into fuel that can be used for the purpose of electricity
generation or other energy purposes. This not only help us to tackle the plastic waste
but also help us to cope with electricity or energy generation problems and shortages.

Fig. 3.3 Representation of a simple mechanism to generate energy by utilizing plastic wastes by
converting them to industrially important products such as fuel
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Thermochemical processes such as depolymerization, pyrolysis, catalytic cracking,
and fractional distillation of plastic waste can be employed to obtain different value-
added fuels which include petroleum products such as petrol, kerosene, diesel, lube
oil, furnace oil, and coke. Different catalysts can be used for this purpose such as a
zeolite, clay, alumina, and silicates. A simple schematic representation is shown in
Fig. 3.3.

In the processes of fuel generation using thermal cracking of plastics, the plastic
waste is first crushed into reasonable size and is added to a melter that melts the
plastics. In next step in the pyrolysis chamber high temperature is given in an inert
environment so that the plastic does not catchup fire the reaction than continues to
flow in a chain of treatment finally reaching at a fractionating tower where different
type of fuel is obtained. Steel reactors with temperature ranges between 100 to
400 �C are used for the thermal degradation of plastics. The normal yield of the
process ranges between 80–90% which shows that almost the entire plastic is
degraded in the process (Sarker et al. 2014). Fuel is produced from different types
of plastics, for example, polyethylene whose global consumption is 33.5%, the
highest among all other types of plastic and the main contributor of plastic waste
pollution in ocean and water reservoirs so if we produce fuel from only this single
type of plastic we are actually removing the same percent of this plastic from our
environment and saving our seas and oceans (Cleetus et al. 2013).

Apart from the above discussed practical solutions to counter the side effects of
plastic in oceans and on land, there are two other broader sections of the globe and
society that can help us to save our beloved planet Earth. These two broader classes
for the solution of plastic pollution are:

(i) Education, community awareness, and role of nongovernmental organizations.
(ii) Effect government policies regarding the production regulation, use, and dis-

posal of plastics. These are briefly discussed in coming paragraphs.

3.7.4 Education and Community Awareness

Science and scientific discoveries alone cannot help us to tackle water pollution or
environmental pollution caused by plastics. Community awareness and education
are the two most important aspects to spread information of plastic pollution, talk
about the problems, and seeking their solutions. Making people aware of the
problem is the first step to solving it. Public awareness using social media platforms,
advertisement, and local campaigns can spread out messages at a faster rate and with
more efficiency so that a large number of people in different localities and geo-
graphical regions will become aware of the problem and can help and support those
who are finding out the solutions for the problem (Ogunola et al. 2018).

It is the reason that educational institutes, research universities, and organizations
can play a vital role in this regard. Universities and research institutes can organize
seminars on the issue while experts of the field can talk with the community on such
platforms to share their ideas about controlling plastic pollution in all of its localities
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either land or oceans. Community action can include initiatives that can effectively
reduce and eliminate to a reasonable extent the amount of plastic entering the water
bodies such as lakes and oceans. Recycling and reusing plastics is of the prime
importance as it will diminish the production rate. Community awareness about the
adverse effects of water pollution as a result of plastic debris can lead to the local use
of practical mechanisms to stop water pollution caused by plastics such as litter traps
(Haward 2018).

Nongovernmental organizations are playing a vital role in almost all of the
aspects of this planet. There are nongovernmental organizations working for diverse
agendas such as human rights to social justice and liberties. The role of such
organizations is important because they speak, work, and campaign for a single or
multiple closely related causes; therefore, such organizations can work more effi-
ciently to create awareness in the community about the problems. Environmental
organizations have diverse platforms; some work for forests or green revolution
while others are related to anti-pollution works, some save whales in the ocean while
other try to save the ocean itself; hence, we can use these platforms to spread our
message everywhere in less time. Plastic pollution can therefore be stopped effec-
tively by the services the nongovernmental organizations provide us.

3.7.5 Government Policies Regarding the Production,
Regulation, Use, and Disposal of Plastics

New rules and regulations for plastic production can be formed in order to reduce or
control plastic pollution. Policy making bodies can help the national and interna-
tional organizations to draft new and effective laws to control plastic pollution
(Thompson 2015). The government can ban the use of plastics at beachside and
on cargo ships that may throw garbage in oceans. Similarly, government can impose
tax on plastic products to discourage their use and the same money might be used as
funds and research grants to create more ecofriendly plastics such as bioplastics.
Similarly, new industrial setups that are producing sustainable goods like bioplastics
and biopolymers might be given full or maximum tax exemptions to encourage more
investors in the industry of sustainable products that do not pollute the environment.
There are international protocols and conventions to stop and effectively clean our
environment mostly oceans from plastic debris and pollution. For example, disposal
of plastic-based products or goods by the cargo ships in the oceans is prohibited
under the MARPOL (marine pollution) convention which ensures the prevention of
pollution from ships in exclusive economic zones and the waters which are beyond
national jurisdiction (Haward 2018). Similarly, “The Honolulu Strategy” is a policy
and planning framework for the effective prevention and robust management of
marine debris which include solid waste debris, plastics it furthers ensures to tackle
the environmental problems, human health, and economic impacts of marine debris
around the globe (Löhr et al. 2017). United Nations sustainable development goals
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were discussed during the oceans conference in New York, USA. The conference
concluded its meeting agenda with the ideas and suggestions for the development of
communities of ocean action that must be entitled to identify and sought out the
possible solutions that change natural ocean environment as discussed in sustainable
development goals of United Nations. All these steps have saved our water reser-
voirs and habitats (Haward 2018).

3.7.6 Role of International Forums and Agencies

There are international organizations, forums, and agencies that work for the natural
conservation of our environment. These organizations are not just working to
eliminate the environmental pollutants from our atmosphere but also closely work-
ing with the international community to effectively counter such challenges. A brief
account of such international and national forums including other agencies that are
working on a larger scale for the conservation of our natural environment is
presented in Table 3.6.

3.8 Some Facts about Water Pollution

Given below are some of the most important facts on water pollution:

• Approximately 14 billion pounds of plastic is annually dumped into the oceans.
• Environmental Protection Agency estimates that each year 1.2 trillion gallons of

industrial waste and untreated water is discarded into the oceans and waters
surrounding U.S.A.

• Approximately 700 million people drink polluted water around the globe.
• The extinction rate of marine animals is five times higher than that of terrestrial

animals.
• 30 billion tons of municipal and urban waste water or municipality waste water is

released into fresh water and oceans each year.
• British Petroleum oil spill in 2010 resulted in the death of approximately 1000

animals.
• United Nations Children’s Fund reports that each year more than 3000 children

die due to the consumption of contaminated drinking water.
• Water pollution has affected over 100 million people in the world.
• Diseases like cholera, malaria, and diarrhea are all somehow waterborne.
• 300 million tons of new plastic is used every year.
• An estimated 4.8–12.7 million tons of plastic end up in the world’s oceans and

seas (Ocean Care. 2017).
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3.9 Conclusion

Plastic pollution has serious environmental threats to planet earth. It is not just an
alarming situation for human beings but also for the whole life in the biosphere.
Increased production rate and continuous use of a wide range of plastic products is

Table 3.6 Role of different organizations to reduce plastic pollution

Organization Description of Work Online web address

United Nations
Environment
Assembly

Innovative solutions for environmental
challenges and sustainable consumption
and production

https://web.unep.org/
environmentassembly/

Coastwatch
Europe

Its goal is the protection and sustainable
use of coastal resources. It ensures pub-
lic participation in environmental plan-
ning and management. It is driven by
public participation.

http://coastwatch.org/europe/

International
Coastal
CleanUp

Its work and aim are to ensure trash-free
seas and ending the flow of trash into
seas and oceans.

https://oceanconservancy.org/
trash-free-seas/international-
coastal-cleanup/

Marine Conser-
vation Society

It is a marine charity based in UK. It
works to ensure plastic-free oceans.

https://www.mcsuk.org/

The Ocean
Cleanup

The Ocean Cleanup creates advanced
technologies to rid world’s oceans of
plastics.

https://theoceancleanup.com/

Surfers Against
Sewage

It works to inspire and empower com-
munities to protect oceans, beaches, and
wildlife to create sustainable oceans and
biodiversity.

https://www.sas.org.uk/

World Ocean
Council

Bring together the industry leaders to
work for oceans’ sustainable
developments.

https://www.oceancouncil.org/

Coalition for
plastic
pollution

It is an alliance of different organiza-
tions and policymakers that cooperates
to counter plastic pollution and its haz-
ardous effects on humans, animals,
waterways, oceans, and the
environment.

https://www.
plasticpollutioncoalition.org/

International
ocean
governance

It works for the sustainable management
of oceans, coasts, transboundary, and
marine ecosystems.

https://www.iucn.org/theme/
marine-and-polar/our-work/interna
tional-ocean-governance

Parley for the
Oceans

Parley is a platform where creators,
inventors, philosophers, and leaders
come together to raise awareness about
the oceans, its beauty, fragility, and the
raising concerns of its destruction such
as pollution.

https://www.parley.tv/
#fortheoceans

5 Gyres It works to empower action against the
global plastic pollution through science
and technology.

https://www.5gyres.org/
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increasing the plastic pollution at precedent levels. Plastic has not just damaged our
land but also our water resources like rivers, lakes, and oceans. Serious struggles are
needed to control plastic pollution. Concluding in a nutshell we can say that to save
our water resources such as oceans, seas, lakes, rivers, and ponds from plastic
pollutions we need to adopt a three domains solution strategy system; First strategy
or solution domain is science and technology which can enable us to create
bioplastics that are naturally degradable and ecofriendly and can replace synthetic
plastics which will diminish their production eventually decreasing their pollution
effects on our environment on land or in oceans. The second strategy or solution
domain is the effective education and community awareness because a more edu-
cated, informed, and aware community can support and help government,
nongovernmental organizations, and other scientific organizations to effectively
adopt methods, protocols rules of law that are made to counter plastic pollution.
Moreover, a well-informed community will be more conscious of its actions that
might affect their environment than a community lacking such knowledge and
destroying the environment unknowingly. The last and the most important strategy
or solution domain is effective government policies, rules, laws, protocols, and
conventions that are developed by national or international bodies to conserve our
environment. In one single statement we can say that in order to save our water
resources from plastic pollution we have to work in all three solution domains being,
science and technology, education, and community awareness and at last the
national and international policies made in this regard.
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Abstract Plastics and e-waste are major emerging problems in developed and
developing countries around the globe. Annual production of plastics is 300 million
metric tonnes and that of electronics goods is 50 million tonnes in the world. As per
latest survey, it is estimated that approximately 8.3 billion tonnes of plastic has been
produced since the early 1950s. About 60% of that plastic has ended up in either a
landfill or the natural environment. Accumulation of plastics and electronic plastics
in environment generally occurs by release of small particles from our daily chores,
that is, use of cosmetics, textile fabrics, carry bag, disposal utensils, bottled water,
mobiles, electronic gazettes, television, refrigerator, etc. Every bit of plastics and
e-waste ever made will always remain and pollute the environment. We reviewed the
overall scenario, which comprises a multitude of components with valuable mate-
rials, some containing toxic substances that can have an adverse impact on human
health. Pollutants of this kind can affect the land, water, and air. Microplastics and
e-wastes are extensively distributed in both fresh and sea water system. Once mixed
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in water, they leach toxic chemicals and ultimately change the quality of water.
Plastic and e-waste debris from big to tiny size (micro) particles are continuously
increasing in marine water system due to modern life style.

Complete removal of microplastics from water is a difficult task, but we can
minimize it by our wise behavior. Knowing with precision where litter is generated
is important to target priority areas for the implementation of mitigation policies.
Even the growth in plastic and e-waste can be reduced if developing economies
significantly invest in waste management infrastructures as their gross domestic
product grows in the future and if efforts are made internationally to reduce the
fraction of plastic and e-waste in municipal solid waste. In this chapter, we demon-
strate how plastics and e-wastes contaminate our water system and point out their
hazardous effect on our health and describe how we can resolve it.

Keywords Plastics debris · e-waste · Fresh and marine water system · Pollution

4.1 Introduction

In the last 50 years, plastics and electronic devices especially mobiles and computers
have become unavoidable elements of our daily lives. Furniture, grocery bags,
vehicle parts, toys, television, washing machines, microwave, and refrigerator are
now very essential components of our lives, which involve the use and generation of
plastics and e-wastes. Plastics and e-waste have already been a great threat due to
their omnipresence and we need to take their destruction and recycling very
seriously.

Accumulation of plastic waste on the earth including plastic bottles, chips
wrappers, etc., is known as plastic pollution, while e-waste is an electronic product
that turns into non-working and reaches the end of the useful life. The rapid
development of technology offers new and modern devices with better options and
choice. Consequently, after few times of uses, many electronic devices become
“trash” (Kontrick 2018; Koelmans et al. 2015; Zhang et al. 2012). Plastics are
classified into micro-, meso-, or macrodebris, based on size of the pollutants
(Kammer et al. 2012). Plastics and e-waste are durable, and as a result, the amount
of pollutants produced by man is very high. They exhibit resistance to many natural
processes. The degradation process becomes very slow because of their unique
chemical structure (Webb et al. 2013). The percentage of e-waste also experiences
a sharp increase in the whole world through export from developed to developing
countries (Breivik et al. 2014). Despite making up only 2% of the trash in landfills,
e-waste contains nearly 70% of the toxic heavy metals in these landfills. Plastics and
e-waste are nonbiodegradable in our lifetime, but break down into small particles
that persist in the ocean and river, adsorb toxins, and enter the food chain through
fish, sea birds, and other aquatic life. These together show a high visibility of
pollution in the environment. It is calculated that 1.1–8.8 million metric tonnes of
plastic waste enters the ocean every year (Wagner et al. 2014). About 380 million
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tonnes of plastics are produced worldwide in 2018. From 1950 to 2018, approxi-
mately 6.3 billion tonnes of plastics have been manufactured worldwide, of which
only 9% has been recycled and 12% has been incinerated (Velzeboer et al. 2014).
Notwithstanding the fact that water bodies are also greatly affected by heavy metals
that are found in e-waste. Our main concern is that such exposures are limited and
will affect the diversity of aquatic organisms. There have also been alterations in the
abundance and biomass of surviving species and changes in food chains. In addition
to the hazardous effects on marine life, cleanliness of our living environment has
decreased and has been contributing to climate change. Water pollution is affected
by the production, use, and disposal of these wastes (Andrady 2011; Bhattacharya
et al. 2010).

Presence of microplastics is one of the biggest problems for plastic pollution.
These micro-/nanoplastic particles are either fabricated by human being for the
production of other useful products or some time nature creates it by breaking
down larger plastics into small by erosion or heat obtained by sun. Pervasive form
of the microplastic is microfiber, which is usually used in the production of synthetic
fabrics: nylon, polyester, etc. It is made of tiny strands of plastics. A recent study
confirms that in a single wash of these fabrics, approximately 250 thousand fibers
can be released (Hidalgo-Ruz et al. 2012). Their worst effect is dependent on their
size and efficiency to avoid most filters. These microfibers enter into the blood-
streams of various organisms through which they are consumed. A recent analysis
reveals that 83% microplastics are present in tap water of big cities and 93% from
world’s top brand bottled water (Pico and Barcelo 2019). Many researchers have
studied the effect of plastics on human health (Wright and Kelley 2017; Smith et al.
2018). The presence of plastic contamination in the environment has been inferred to
affect the ecosystem, and it has been crucial to develop a perfect and focused way to
remove it (Parrales et al. 2018).

E-waste contaminates water by two ways: (a) e-waste dumped into landfill
without proper disposal management; and (b) unawareness of recycling and scrap-
ping of e-waste. E-waste contains precious metals and polymers, which make it
lucrative for recycle and reuse. Due to continuous advancement in electronic
devices, the extraction requires shredding, burning, leaching, and other processing
techniques that release toxic byproducts into air, water, and soil. Chemical processes
used to extract precious metals like gold, platinum, and copper from electronic
devices highly affect surface water. Various technologies and methods have been
developed to reuse or reduce the effect of e-waste (Hsu et al. 2019).

4.2 Effects of e-Waste

A. On ecosystem

The greatest impact on ecosystems through water sources contaminated by e-waste
is through acidification of surface waterways. It kills marine and freshwater organ-
isms, disrupts biodiversity, enables some species to dominate over others, and
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disrupts ecosystems. China is highly affected by this: for instance, Guiyu, a city of
China, where local water streams get polluted and become black due to acidification
of e-waste. If allowed to persist, acidification conditions can damage ecosystems to
the point that recovery is unlikely or even impossible.

B. On animals

By the improper recycling and disposal, heavy metals can also enter surface waters.
Such as its ingestion in fish leads to neurological damage, permanent disabilities and
damage to the immune system. Presence of heavy metals also leads to tissue and gill
damage with erratic movement. Heavy metals can impact not only fish but all other
aquatic organisms.

C. On human beings

Effect of heavy metals extends well beyond fish, above and beneath fish on the food
chain, ultimately extending to human beings and public health. If e-waste contam-
inates surface water, those drinking such water and bathing and recreating in this
water are impacted. In extreme worst cases, toxic heavy metals can enter into
the earth and leave groundwater nondrinkable. Bioaccumulation of heavy metals
in fish leads to contamination up the food chain, all the way to humans and is the
primary route of exposure for many people to heavy metals. Heavy metals are also
persistent in the environment and do not degrade upon exposure to sunlight or other
environmental conditions. As a result, they persist in surface water and can make
their way down into groundwater tables, creating exposure risks to many both close
to and miles away from the original point of contamination. Toxic metals, such as
mercury, lead, and cadmium, which are found in printed circuit boards and other
electronics, affect the nervous and reproductive systems and other organs. These
impacts are particularly pronounced in children and the elderly. Instead, it is the
cumulative effect of heavy metals, which severely affects the human health. These
adverse effects of e-waste on all phases of life in the world should be removed as we
delete data in our computer system “alt+ctrl+delete” (Li et al. 2015).

4.3 Types of Plastics and Its Effect

Plastic is a synthetic and semisynthetic polymer with malleable property and there-
fore can be molded into different solid objects. The addition of different additives to
plastic gives desirable properties to the end product (Chen and Patel 2012). Food and
beverage packing is the single largest category among plastics. Plastics are classified
into two classes on the basis of heat resistance: (A) thermoplastic: it softens on
heating and can be remolded again, (B) thermosetting: it cannot soften on heating
and cannot be remolded again due to cross-linking in the polymers. Even plastics can
be classified based on their hazardous ranking (Table 4.1).

Plastics are also classified on the basis of their recycling. There are mainly 7 types
of plastics on the basis of recycling ability:
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A. Polyethylene terephthalate – It is a recyclable plastic and marked by 1, soda
bottles, comb, water bottles, rope, bean bags, etc., are made up of polyethylene
terephthalate.

B. High density polyethylene – It is also recyclable and marked as 2. Most of the
shampoo bottles, grocery bags, trash bags, toys, etc., are fabricated by high-
density polyethylene material.

C. Polyvinyl chloride – Polyvinyl chloride is a chlorinated plastic. It can release
toxic chemicals into nearby soil. It can leach into groundwater or other nearest
water bodies and affect the ecosystem. Chlorinated water causes serious threat to
the species, which drink such chlorinated water. Landfill areas have many kinds
of plastics.

D. Low-density polyethylene – Frozen food bag, flexible container lid, cling rap,
etc., are made up of low-density polyethylene. We can recycle it but need proper
recycling route. We cannot recycle so many times and after repeated recycling at
a stage, it will lose its properties. Its products are marked as “4.”

E. Polypropylene – Polypropylene was discovered by J. Paul Hogan and Robert
L. Banks of Phillips Petroleum Company in 1951 during conversion of propyl-
ene into gasoline; surprisingly, they prepared plastics. Only a very small portion
of polypropylene is recycled. Its products are marked as “5.”

F. Polystyrene – It is the most lightweight and simplest to make plastic materials. It
can break very easily, making environment more harmful. All beaches are filled
with small pieces of polystyrene, which put marine animals in danger. Examples
include disposal coffee cups, glasses, plastic food packets, etc.

G. Others – Rest includes all other plastics: polylactide, polycarbonate, acrylonitrile
butadiene, acrylic, nylon, styrene, and fiberglass. Medical storage containers,
baby bottles, eyeglasses, etc., are included in it.

Table 4.1 Plastics and their hazardous ranking (Zhang et al. 2019)

Plastics Hazardous ranking

High-density polyethylene/low-density polyethylene 11

Polypropylene 1

Polystyrene 1628-30

Polyamide 63-50

Polyethylene terephthalate 4

Polyvinyl chloride 10551-5001
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4.4 Plastics in Water System

A. Plasticsin marine

Just like on land, ocean area has also negative impact of plastic on marine life. Every
year, nearly 12.7 million tonnes of plastic wastes flows into the ocean. Marine litter
poses a big problem for our ocean (Rochman 2013). Approximately 51 tril-
lion microplastics are already present in the ocean as estimated by the United
Nations Environment Programme and oceans find more microplastics even reaching
Arctic water than ever thought (Costa and Barletta 2015). Source of ocean contam-
ination by plastics come from land and sometimes, due to mismanagement of waste
disposal, as well as the ships and offshore oil and gas platforms leakage (Chin and
Fung 2019). This tiny plastic in the ocean distort the complete bio-geo cycle, which
creates harmful problems to the marine ecosystem (Ding et al. 2019). The water life
from small fish to bigger mammals is greatly affected by these tiny plastics through
different ways. Plastic ingestion kills millions of seabirds and 100,000 marine
mammals every year. Unfortunately, consumption of these plastics by marine
species forces them to the verge of extinction. It creates intense digestive issues,
which are mainly untreated. Consumption of plastics by fishes is very high; some-
times it goes to tonnes for a year (Fig. 4.1). Additionally, intestinal injury and fish
death spread the risk across the food chain to bigger fish and marine mammals
(Wagner et al. 2017). Apart from fishes, amphipods are the other unlucky target of
plastic contamination in water. Other marine animals also consume plastic waste and
eventually succumb to it (Jamieson et al. 2019). Ocean ruination is also created by
excess use of plastic bags, bottles, and the fishing net. These plastic wastes affect the

Fig. 4.1 Effect of improper disposal of plastic bags in fish
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marine life by choking life forms and are called “Ghost Nets.” The process by which
all kinds of marine creatures are being caught in them is known as “Ghost Fishing”
(Stelfox et al. 2016). On the basis of food requirement, plastic waste in the oceans
also terrorizes the life of birds, which depend on the oceanic life for their food need.
These birds mostly suffer because of ingestion of plastic and suffocation. They are
tricked by the beautiful colors of plastic debris. Sometimes they get caught in the
debris and die due to suffocation: 44% of all sea bird species, sea turtle, and
cetaceans have plastic junk inside or outside of their body. Plastic pollution in the
marine also affects human life in other ways. Consumption of marine food, for
example, fish, by people in turn affects their health, because ingestion of plastics by
fish ultimately enters into the human body. During the fishing activities, there is high
chance that fishes infected by such toxic matter might get their route into our daily
chores to create health issues to the end consumers. A study reveals that toxic matter
present in plastics creates severe health issues such as cancers, problem in immune
system, and birth defects (Thompson and Napper 2019; Millet et al. 2018).

B. Plasticsin fresh water

Due to various environmental factors, plastics enter into the environment and persist
with degradation and fragmentation to smaller particles. These microplastics and
nanoplastics having larger surface area are likely to have a higher environmental
risk. They are highly sensitive to adsorb organic pollutants and pathogens (Strungaru
et al. 2019; Wang and Wang 2018; Blettler et al. 2018). Rivers receive important
loads of litter by visitors and terrestrial runoff, but the particular sources of river in
litter have not been identified. Presence of plasticcontaminants in fish of freshwater
and its impacts on aquatic life and human beings are interlinked (Pinheiro et al.
2017). In ecosystems, plastics can have harmful effect for the local fauna. Nano- or
microplastics are generally ingested by fish. It is believed that ingestion of plastics in
fish is more often intentional, because they are attracted by their beautiful appearance
in water. Sometimes accidently plastics may be ingested with their food (Peters and
Bratton 2016; Lonnstedt and Eklov 2016). Even more concern is that microplastics
are present in drinking water, in beer, food. Recent studies also reveal that water
contamination by microplastics mainly comes from high consumption of bottled
water (Ward et al. 2009; Oslon 1999; Raj 2005; Jain et al. 2019).

4.5 Impact of Plastics Present in Water

There is a noticeable correlation between the presence of plastic matter in the blood
and certain health problems. These health problems incorporate reproductive abnor-
malities, cancer, early puberty, obesity, blood pressure, etc.

Our drinking water supply is highly contaminated with small particles of plastics.
Those who are victims of plastic contamination have surely faced certain severe
health problems. Nanoplastics highly affect the photosynthesis process of green
algae. Ultimately, they affect the complete food chain. They harm aquatic life,
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plant, animals such as cow, buffalo, goat, and human beings by disturbing
ecosystem.

4.6 Solution to Reduce Plastics and e-Waste Pollution

From the point of improving the quality of drinking water, we have to concentrate on
three things:

A. Prevention – Controlling the concentration of plastic and electronic devices that
reach any water body.

B. Innovation – Searching for new route to clean plastics and e-wastes that are
already present in our water supply.

C. Activism – People should promote activities in reducing consumption of plastics
by creating a culture where people actively think and create a path for this. Long-
term use of electronic devices or manufacturing electronic devices with low
toxicity metals may also help.

Several countries in Europe have stopped the use of certain plastics in food
packaging that comes in contact with food and drink. Policies have been made to
control the distribution and consumption of various single-use plastics, and disposal
of e-waste. People should be aware of the potential risks of their drinking water and
governments, national and local bodies, must come up with innovative solutions to
overcome these problems. Microplastics and e-wastes are a compelling problem in
water system. While systematic solutions are being developed, we can do few things
to reduce our own contribution to the problem of drinking water contamination and
to limit the risk of health issues:

A. Proper disposal –We should inhibit the fabrication of micro- and nanowastes by
proper disposal of plastic and electronic products and be careful not to dispose
these products around beaches, waterways, and in open places. Whenever we see
wastes/garbage especially in ponds, streams, rivers, and beaches, if possible, we
should bring up and dump or put in trash box. Around 90% of the plastic things
in our daily life are used once and then dumped. For example, grocery bags,
plastic wrap, disposable food plates, glasses, straws, cup, and electronic items
are used for 6 months to 2 years with higher rate of consumption. We can make it
a habit to carry our own bags to the store, and take our own mug/glass to coffee
house.

B. Campaigns– Participate and organize clean-up activities as much as we can in
our surroundings.

C. Use brain – Before purchasing, we may Google the product and gather the
information. After that we may purchase products having fewer microbeads. We
need to select products. which have natural exfoliates instead.
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D. Minimal use of synthetic clothes – We should try to focus on changing the way
we wash our clothes to reduce the release of microfibers. These include the
following:

• To wash less frequently synthetic clothes.
• To use fiber filter during washing process of synthetic clothes.
• Try to use more liquid laundry soap rather than powder soaps, since powder

soap loosens more microfibers.
• To use bags or other devices in washing machine to accumulate microfibers.
• Not to wash floss from dryer down the drain. Throw it out into the bin.

E. Shopping – Always carry a cotton bag during shopping.
F. Minimal use of bottled water – Avoid use of bottled water, to stop single use of

plastic and protect environment. Every year, around 20 billion polyethylene
terephthalate bottles are disposed in the debris. This amount can be reduced by
our little efforts. We can always bring usable bottle with us and avoid dumping
used polyethylene terephthalate bottles anywhere in open land. If we are scared
about the quality of our local tap water, we should use filter attached to our tap.

G. Use of filter – We search for a filter, which can eliminate or separate all
microplastics from drinking water via simple filtration process.

H. Recycling – It looks obvious, although we are not doing a perfect job. We are
confused about what can and can’t go into the bin. We have lack of knowledge
about different kinds of plastics and e-waste. In case of plastics, we can find out
the number on the basis of the plastic canister and in case of e-waste, we need to
categorize it to separate it for recycling.

I. Organization fighting to save ocean fromplasticsande-wasteaccumulation – A
hazardous risk of plastics and e-waste in drinking bottled water was also
reviewed by World Health Organization. It was reported that bottled water
contains more than 90% tiny pieces of plastic. Even researchers also found
high levels of microplastics in tap water. These e-plastics may be converted
into energy to make them useful (Chandrasekaran et al. 2018).

4.7 Challenges During Detection of Microwaste
and Nanowaste

A variety of issues may arise during the use of nanoparticles in aquatic tests or whole
sediment toxicity tests in the presence or absence of cocontaminants. It is not
possible to identify nanoparticles in the environment or to isolate adequate amounts
from the environment for research. This reveals that manufactured nanoparticles
need to be used and only commercially available types can be tested. Nanoparticles
present in the environment include different polymers of varying sizes and shapes.
Manufactured nanoparticles will thus show different behavior of environmental
nanoparticles. Synthesized nanoparticles come with various additives, monomers,
or oligomers of the plastics. Commercial nanoparticles are useless for toxicity test,
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because they are often provided with a biocide to stop bacterial growth during
delivery and storage. Various dispersants such as sodium dodecyl sulfate are also
used to stop agglomeration of nanoparticles. Concentration of the surfactant should
be maintained very less to toxicity thresholds and should be included in the control.
Nanoparticles can also be used for wastewater treatment to reduce the concentrations
of unwanted chemicals. Efficiency of nanoparticles can be increased by modifica-
tion/functionalization of surface; some other exposure conditions also affect the
properties of nanoparticles. A free dispersion may lead to reduced particle size
without agglomeration. Thus, aggregation should be monitored during the tests.
Similar other challenges relating to the nanoparticles are similar to those for
nonpolymer manufactured nanomaterials. Thus, detection test for nano- or
macroplastics in environment is a major problem.

4.8 Conclusion

Plastic and electronic pollution are creating problems that place worst effect to the
globe. Our water systems have severe impacts from such pollution on marine and
river life, the increased uncleanness of our surrounding environment, and climate
change, and the manufacturing, application, and expulsion of plastics and e-wastes
containing lead, cadmium, beryllium, and other heavy metals. The lack of govern-
ment policy action and unawareness of people in this realm are appalling. Govern-
ment did not set any regulation for plastic leaching or presence of microplastic in
bottled water ,which affects human health and e-waste in water stream. We need to
place more emphasis on removing existing plastics and various forms of e-waste
from water.
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Abstract Polycyclic aromatic hydrocarbons, most commonly found organic con-
taminants in considerable amounts in various water bodies are persistent, cause
severe health and environmental problems. Various strategies have been employed
in the removal process of polycyclic aromatic hydrocarbons, but all have certain
limitations associated along with them. In recent times, modification of basic
materials through their coupling, pairing, or functionalization with other materials
has been explored in order to get desired results. Degradation of polycyclic aromatic
hydrocarbons has been also explored with these functionalized materials where it
can be carbon nanotubes, graphene oxide, or metal-based materials.

Incorporated metal oxides have tendency of oxidizing as well as degrading the
polycyclic aromatic hydrocarbons through the support of various reactive species
(superoxide or hydroxyl radical). Most of the materials have shown good results, but
the metal-based materials were explored vastly. Functionalization introduced addi-
tional energy levels in semiconducting phenomena and enhanced the surface activity
of the catalysts. However, most of the studies were devoted to the three-ring
membered polycyclic aromatic hydrocarbon degradation, namely, phenanthrene,
anthracene, and naphthalene. This chapter will provide readers a good quality of
information of recent trends of functionalization of nanocatalysts as well as various
degradation strategies of polycyclic aromatic hydrocarbons.

Keywords Polycyclic aromatic hydrocarbons · Water · Pollution · Carcinogenic ·
Nanoparticles · Functionalization · Photodegradation

5.1 Introduction

A lot of environmental problems nowadays are found to be originated from polycy-
clic aromatic hydrocarbons owing to its carcinogenicity and potential ruinous effects
on life. Polycyclic aromatic hydrocarbons belong to the class of the compounds
containing two or more coupled benzene rings in different conformations (Chefetz
et al. 2000). Polycyclic aromatic hydrocarbons generally originate from the unfin-
ished burning of organic materials including coal, petroleum products, tobacco, and
agricultural by-products. Anthropogenic activities leading to the formation of poly-
cyclic aromatic hydrocarbons are military invention, household waste burnings, and
seepage of petroleum from refineries and combustion of engines (Cerniglia 1984;
Ravindra et al. 2008). Textile dye sludge was reported to contain a small amount of
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polycyclic aromatic hydrocarbons in it. In China, around ten dyeing factories were
found to contain a significant polycyclic aromatic hydrocarbons level in its sludge
(Ning et al. 2014). It has been reported that in most of the industrial areas of world,
thousands of gallons of exploited motor oil including polycyclic aromatic hydrocar-
bons s are disposed untreated into soil (Irland et al. 1995). Most of the polycyclic
aromatic hydrocarbons have high stability and lipid solubility causing its accumu-
lation in organism including mankind above all. The US Environmental Protection
Agency has included 16 polycyclic aromatic hydrocarbons into its most toxic
organic pollutants (Callahan et al. 1979). In eastern Asia, the concentration of
polycyclic aromatic hydrocarbons in soil ranges between 10 and 20 g kg�1 with
highest proportion of 102 and 104 g kg�1 in critical areas. It was concluded through
aerial examination of polycyclic aromatic hydrocarbon content in various cities of
United States that highest level of polycyclic aromatic hydrocarbons occurs during
the winter months (Sawicki et al. 1960).

Nitrogen- and oxygen-containing derivatives of polycyclic aromatic hydrocar-
bons are reportedly mutagenic, carcinogenic, and estrogenic (Lundstedt et al. 2007;
Dipple 1985). Derivatives of polycyclic aromatic hydrocarbons are generally formed
through homogeneous/heterogeneous photooxidation of parent polycyclic aromatic
hydrocarbons with natural oxidants and photodecomposition along with heat
exchange (Cochran et al. 2016). It is noteworthy that few of the derivatives of
polycyclic aromatic hydrocarbons are more poisonous and possess greater danger
to human health (EHC 2003).

In view of the above facts, a simple and economic strategy is needed to be
developed for the removal of polycyclic aromatic hydrocarbons. One of the oldest
effective methods of polycyclic aromatic hydrocarbons removal is bioremediation,
where variety of microorganisms have been categorized and injected in affected soils
(Kuppusamy et al. 2017). However, bioremediation is linked to certain limitations,
such as lack of environmental support to microbial growth, little bioavailability of
desired contaminants, involvement of various unwanted contaminants, and time
consumption (Liu et al. 2017). Other well-known techniques include photo and
chemical oxidation, adsorption, filtration, volatilization, discharge, and
microorganism-based degradation (Wild and Jones 1995). Recently, heterogeneous
catalysis has exhibited successful performance in wastewater treatment owing to its
high activity and cheapness and use natural light source like sunlight (Saad Hassan
et al. 2015). Semiconductor involved in photocatalysis causes the excitation of
electron from lower energy level to higher energy level, creating a vacancy behind.

In the presence of a source of light, oxidation and reduction can take place
resulting into degradation of contaminants in relatively short time (Zhang et al.
2008). Most of such nanomaterials exhibit outstanding properties such as mechan-
ical strength along with chemical confrontation for a broad range of pH. However,
their hydrophobic nature limits their use in water purification techniques. In recent
times, modification of nanomaterials through their surface functionalization has
gained a great attention worldwide owing to its simple fabrication, hydrophilicity,
and better dispersion (Hebbar et al. 2016; Pereira et al. 2015).
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5.2 Classification of Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons have been grouped in accordance to their toxico-
logical potential (IARC 1998). However, most of the scientific literature is based
upon the 16 Environmental Protection Agency’s priority polycyclic aromatic hydro-
carbons. Structure of such polycyclic aromatic hydrocarbons is as shown in Fig. 5.1.
Detailed discussion of some of the widely studied polycyclic aromatic hydrocarbons
is as below.

5.2.1 Naphthalene

Naphthalene having molecular formula C10H18 is the simplest of all the polycyclic
aromatic hydrocarbons. The US Environmental Protection Agency has labeled it as a
semi-volatile compound with International Agency for Research on Cancer and
listing as almost carcinogenic to life (USEPA 1999; WHO 2002). Various studies
have been focused upon the respiratory tract toxicity of naphthalene in rodents
through tumor formation in mouse lungs and nasals (Van Winkle et al. 1995;
National Toxicology Program 2000).

Acenaphthene Acenaphthylene Fluorene Naphthalene Anthracene

Fluoranthene Phenanthrene Benzo[a]anthracene Benzo[b]fluoranthene

Benzo[k]fluoranthene Chrysene Pyrene Benzo[ghi]perylene

Benzo[a]pyrene Dibenzo[ah]anthracene Indeno[123-cd]pyrene

Fig. 5.1 Structures of 16 polycyclic aromatic hydrocarbons as listed by US Environmental
Protection Agency. Popularly known for their hazardous effect on environment as well living
species. (With permission through rightslink; Rani and Shanker 2018)
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5.2.2 Acenaphthene

Acenaphthene is a crystalline white color compound that spreads into the environ-
ment via exhaust of fuels, gasper smoke, and metropolitan atmosphere (Severson
et al. 1976; Grimmer et al. 1977; Cleary 1962). It has been found in residues of
pesticides, plastics precursors, coloring agents, and oil refinery effluents and sup-
posed to increase the risk of lung tumor deaths (Warshawsky 1999).

5.2.3 Fluorene

Fluorene is generally detected in environmental samples of soil, river sediments, and
aquatic regions because of its involvement in most of the complex of polycyclic
aromatic hydrocarbons. Structures similar to fluorine have been found in different
mutagenic and or carcinogenic polyarenes such as 2-aminofluorene, 2-nitrofluorene,
and 2-acetyl-aminofluorene (Garon et al. 2002). Fluorene has gained attention of
environmentalist because of its xenobiotic behavior and its presence in oil spills,
urbanization clear, and waste burns (Lu and Zhu 2007).

5.2.4 Phenanthrene

Phenanthrene having C14H10 molecular mass is a white/yellow tricyclic crystalline
polycyclic aromatic hydrocarbons with the aromatic rings arranged in an angular
manner. It lies in the low molecular weight class of polycyclic aromatic hydrocar-
bons and is isomeric with the anthracene (Young and Cerniglia 1995). Large
proportion of coal and fossil fuels contain phenanthrene as a major component
(Supaka et al. 2001).

5.2.5 Anthracene

Anthracene is one of the three ring-membered polycyclic aromatic hydrocarbons
with serious toxicity and high pollution potential. It is a non-polar and hydrophobic
compound and is found in other high molecular weight polycyclic aromatic hydro-
carbons through repetition of its basic structure (Das et al. 2008). Anthracene is often
present in organic polluted river remains, soils, and other scrap sites because of its
utilization in bio-treatment studies (Jacques et al. 2005). Photooxidation of anthra-
cene was reported to be toxic toward soil fungi with high threat to aquatic bodies
(Larson and Berenbaum 1988; Bonnet et al. 2005).
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5.2.6 Fluoranthene

Fluoranthene is a four-benzene ring containing high molecular weight compound. It
has been classified as priority pollutant by Environmental Protection Agency
(Abdel-Shafy and Mansour 2016). It is believed to be quite immiscible in water
with solubility of 0.25 mg L�1 and, hence, is less bioavailable (Okere and Semple
2012). It has been used as a model complex, because of its presence in other high
molecular weight carcinogenic polycyclic aromatic hydrocarbons (Pothuluri and
Cerniglia 1994).

5.2.7 Pyrene

Pyrene is a four-ring-membered recalcitrant contaminant (Wang et al. 2012). It is
less bio-available and highly opposing to biological attack (Dissanayake et al. 2010).
Because of its wide distribution in water bodies, it creates threat to aquatic life and
humans owing to its toxicity (Oliveira et al. 2012).

5.2.8 Benzo[a]anthracene

Benz[a]anthracene is a four-benzene ring containing high molecular weight polycy-
clic aromatic hydrocarbons classified priority pollutant by the Environmental Pro-
tection Agency. It has been called as carcinogenic owing to its high chemical
stability (Agency for Toxic Substances and Disease Registry 1995). Due to its
higher condensed form, it is relatively unmanageable.

5.2.9 Chrysene

The Environmental Protection Agency has included chrysene in to its priority
pollutant record due to its mutagenic and carcinogenic effects (Agency for Toxic
Substances and Disease Registry, Nwaichi et al. 2016). The prolonged being of
chrysene in the atmosphere is due to its low water solubility lying between 1.6 and
2.2 mg L�1 and high molecular weight (May et al. 1978).
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5.2.10 Benzo[a]pyrene

Out of all the polycyclic aromatic hydrocarbons, benzo[a]pyrene is the prime
suspected carcinogen. Its presence in non-aqueous phase is because of its extremely
small solubility of 3.8 μg L�1 with a large partition factor (Ko/w: 6.04) (Manoli and
Samara 1999). It is considered as the most potent carcinogenic as well as genotoxic
complex and has been widely studied until now (Kot-Wasik et al. 2004).

5.2.11 Indeno(1,2,3,c,d)pyrene

It is a six-benzene ring containing polycyclic aromatic hydrocarbons and defined as a
main concern pollutant by the Environmental Protection Agency (Lawal 2017; Ping
et al. 2017a). The World Health Organization has suggested its maximum value of
200 ng L�1to be adopted as allowable concentration in drinking water (Ping et al.
2017b).

5.2.12 Dibenzo[a,h]anthracene

It is a white-yellow crystalline polycyclic aromatic hydrocarbon composed of five
fused aromatic rings. It is commonly found in smoke and oil spills. It was not
detected in humans, but its content in smoked meat was quite high with level of
0.0024mg kg�1 day�1. It was found to be most dosed polycyclic aromatic hydro-
carbons in aquatic species (Taiwo et al. 2019).

5.2.13 Benzo[g,h,i]perylene

It has been found to be one of the most clustered benzene rings containing com-
pound. There is very limited information about this polycyclic aromatic hydrocar-
bon, making its exploration even important to make the environment safe and free
from it. Its content found in the sludge of China was less than 5000 ng g�1 (Sun et al.
2019a, b).
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5.3 Sources

In environment polycyclic aromatic hydrocarbons are detected in all the regions
through different ways such as via industrialization, farming, oil spilling, pollution,
and burning of organics. Production of these is related with the partial burning of
organic contents such as coal, woods, oil, and fuels. The combustion is incomplete
because of the limited availability of oxygen and low temperature. This caused the
production of neutral species which trigger fabrication of hydrocarbons. High
molecular weight polycyclic aromatic hydrocarbons are formed through the free
radicals of similar molecular weight. A few of these are released into the environ-
ment naturally via combustion of woods and volcanic eruption (Baek 1991; Harvey
1998). Anthropogenic supplies of polycyclic aromatic hydrocarbons consist of
immobile and mobile sources. Immobile sources include housing smoke, industrial
production, incineration, and power production. Ninety seven percentages of the
polycyclic aromatic hydrocarbons emissions are occurred through stationary sources
(Gaga 2004; Pikes 1992). Global annual polycyclic aromatic hydrocarbon atmo-
spheric emission in year of 2007 was around 500 and 4 gigagram having 60% of
suburban/industrial, while organic burning is 13.6% and fuel consumption through
vehicles is 12.8%. The percentage of high molecular weight polycyclic aromatic
hydrocarbons was 6.2% in these emissions (Shen et al. 2013). Cigarette butts are
another wide source of polycyclic aromatic hydrocarbons. According to World
Health Organization, one billion smokers had consumed over 5.4 trillion cigarettes
worldwide (WHO 2017). These are found in every corner of an area including bus
stops, roads, parking, streets, and in homes (Novotny et al. 2011). The total content
of the carcinogenic polycyclic aromatic hydrocarbons in crude oils and coals ranged
from less than 1–260 mg per kg (Wang et al. 2017). A few of the most common and
widespread sources of polycyclic aromatic hydrocarbons is oil spilling. Polycyclic
aromatic hydrocarbons are found to be most persistent in the oil spills. Some of the
polycyclic aromatic hydrocarbon-related oil spilling incidents has been listed in the
Table 5.1. Industrialization, particularly mining, has also contributed in spreading
the polycyclic aromatic hydrocarbons in the environment. Coal gangue formed as a
by-product of mining contains large content of polycyclic aromatic hydrocarbons in
it depending on the rank of coal (Zhang and Zhao 2007). The residential areas
around mines have been reported of soil contamination of polycyclic aromatic
hydrocarbons. The Luling Coal Mine in China had maximum amount of polycyclic
aromatic hydrocarbons, while the Zhangji coal mine had least concentration. In
addition to this, the low molecular weight polycyclic aromatic hydrocarbons were
found in greater amount (Wang et al. 2010a, b).

The particle-bound polycyclic aromatic hydrocarbons were also detected in the
Angren industrial area of Uzbekistan from the coal combustion. However, it was
found that places way from the point sources had lesser concentration of polycyclic
aromatic hydrocarbons in the soil. Reports have suggested the convey space dimin-
ished with escalating weight as amount bound among the quick mending environ-
mental elements raised (Musa Bandowe et al. 2010). Soil has been considered as

138 Rachna et al.



exceptional well arsenal along with transmit deposition drop for polycyclic aromatic
hydrocarbons. These are spread in to the plane soil via dry as well as wet deposition.
Such contamination also leads to the other contamination of vegetation and hence
into the human beings (Wang et al. 2010a, b; Liu et al. 2012).

5.4 Concentration of Polycyclic Aromatic Hydrocarbons

Many studies suggest that the proportion of polycyclic aromatic hydrocarbons was
found to be lowest during summer days than that of winter. This appearance is due to
the fact that inversion days in winters decrease along with their resource and
inhabited oil burning for heat (Hussain et al. 2016). Another observation was that
the risk of individual’s contact with polycyclic aromatic hydrocarbons is more in
developed places because of the large inhabitants, traffic, and inadequate distribution
of contaminants (Rockens et al. 2000). Amount of polycyclic aromatic hydrocarbons
in water and river sediment of various countries as reported by the studies is shown
in the Table 5.2.

5.5 Environmental Concern of Polycyclic Aromatic
Hydrocarbons

Exposure of polycyclic aromatic hydrocarbons to the humans has raised increased
risk of various tissues cancer such as stomach, skin, bladder, and lung. Moreover, to
what extent the cancer is severe, it depends upon the mode of exposure and kind of
the polycyclic aromatic hydrocarbons (Kim et al. 2013). Polycyclic aromatic

Table 5.1 Polycyclic aromatic hydrocarbon-related oil spilling incidents occurred around the
world with their impact on environment

Site Place Year Causes

Lakeview
Gusher

California,
United States

1910–1911 1200 tonnes of crude oil released

Kuwaiti oil lakes Kuwait 1991 3409–6818 tonnes of crude oil released

Kuwaiti oil fires Kuwait 1991 136,000 tonnes of crude oil released

Rhodamine Dye
Spill

Boston 2007 2436$ lab cleaning cost

MT Hebei Spirit
oil spill

South Korea 2007 10,800 tonnes of crude oil released

Deep
WaterHorizon
oil spill

United States 2010 11 deaths, instant killing of aquatic species,
accumulation

Sundarbans oil
spill

Bangladesh 2014 Captain of the ship died, 1,000,000,000
Bangladeshi taka (currency) was lost

Ennore oil spill Chennai 2017 More than 70 tonnes of crude oil released
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Table 5.2 Concentration of polycyclic aromatic hydrocarbons in river water and sediments
worldwide

Place Concentration
% of polycyclic
aromatic hydrocarbons

Evoikos Gulf, Greece 0.0009–0.14 μgL�1 68.6

Malliakos Gulf, Greece 0.002–0.05 μgL�1 75.0

Surface water of northern Greece 0.001–0.68 μgL�1 85.2

Kor River water, Iran 0.0003–0.24 μgL�1 81.6

Water resources in Mahasarakham University,
Thailand

0.001–0.009 μgL�1 13.4

Reclaimed and surface water of Tianjin, China 1.80–35 μgL�1 95.9

Suez Canal, Egypt 0.01–0.5 μgL�1 16.2

Shallow Lake, Zeekoevlei, South Africa 0.00001–0.01 μgL�1 95.0

Mvudi River water, South Africa 126–7510 μgL�1 25.3

Lakes and rivers around Johannesburg/Preto-
ria in South Africa

0.021–0.62 μgL�1 86.6

Petroleum produced water, Sergipe, Brazil 3.50–44.30 μgL�1 52.4

West Mediterranean Sea (French Riviera,
Corsica, Sardinia)

1.5–20,440 μgKg�1
–

The Czech Republic (Industrial) 3500–61,700
μgKg�1

–

Inshore coastal areas around Malta 0–14,990 μgKg�1
–

Gulf and the Gulf of Oman, UAE 0.6–9.4 μgKg�1
–

Coastal of Bushehr, Persian Gulf 41.7–227.5 μgKg�1
–

Industrial Port Area of Southern Kaohsiung
Harbour

4425–51,261
μgKg�1

56.3

Mumbai Harbour Line, India 17–134,134 μgKg�1
–

Gulf and the Gulf of Oman, Qatar 0.55–92 μgKg�1
–

Khure-Musa Estuarine, Persian Gulf 703–3302 μgKg�1 80.9

Gulf and the Gulf of Oman, Bahrain 13–6600 μgKg�1
–

Marine Environment, Korea 8.80–18,500 μgKg�1
–

Coastal and estuarine areas of the northern
Bohai and Yellow Seas, China

52.3–1871 μgKg�1 78.3

Gulf and the Gulf of Oman, Oman 1.6–30 μgKg�1
–

Delhi, India 920–19,321 μgKg�1 62.4

Kor River, Iran 167.4–530.3 μgKg�1 82.5

Kyeonggi Bay, Korea 10–1400 μgKg�1
–

Middle of Muggah Creek Estuary, Sydney
(Australia)

142 μgKg�1
–

South San Francisco Bay ~120–9560 μgKg�1
–

Gulf of Naples and nearby Coastal Areas, US 0.34–31.77 μgKg�1
–

Casco Bay, Maine, Texas 16–20,798 μgKg�1 93.6

Kitimat Harbour, Canada 310–528,000
μgKg�1

–

Fore River and Portland Harbor, Maine 2953–278,300
μgKg�1

69
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hydrocarbons can easily bind the endogenous receptors and are also called as
endocrine disrupting compounds (Wattiau 2002). Other than this, polycyclic aro-
matic hydrocarbons can cause genetic alterations, effect growth and tissue alter-
ations, and harm the immune system (Delistraty 1997). Polycyclic aromatic
hydrocarbons can create distortions in the chromosomal deoxyribonucleic acid,
and even a 0.002 mg Kg�1 amount present in mice can cause liver tumors (Jung
et al. 2013; Tongo et al. 2017). Some of the polycyclic aromatic hydrocarbons have
similar structure with that of steroid hormones can induce estrogenic activity (Yin
et al. 2017a, b). Polycyclic aromatic hydrocarbons are activated by the microsomal
cytochrome P450 monooxygenases and can form biologically dynamic products
(Peltonen and Dipple 1995). Daily intake of acenaphthene by humans has been
reported in recent study indicating its presence in the diet (Taiwo et al. 2019). The
ozonated product of some of the polycyclic aromatic hydrocarbons such as phenan-
threne has been found to be more hepatotoxic, and nephrotoxicity is one of the
apparent effects (Kasumba and Holmen 2018). Cooking of meat with some of the
style such as grilling, roasting, and frying can lead into the formation of polycyclic
aromatic hydrocarbons. Moreover, it is found in content in meat having higher fat
content, thus directly affecting the humans consuming these (Rogge et al. 1991). A
lot of people, residing near coastal areas, consume seafood as their main daily diet
source. However, regardless of its profits toward human health, daily ingestion of
water species can raise the risk of contaminant exposure (Moon et al. 2010). The

Table 5.2 (continued)

Place Concentration
% of polycyclic
aromatic hydrocarbons

San Francisco Bay, California 36–6273 μgKg�1 87.5

Todos Santos Bay, Mexico 7.6–813 μgKg�1
–

Bagnoli Surface Sediment (industrial side of
the Gulf of Naples)

0.1–2947 μgKg�1
–

Tabasco state, Mexico 454–3120 μgKg�1
–

Northwest Coast Mediterranean Sea 86.5–48,090 μgKg�1
–

Suez Canal, Egypt 103.41–238.76
μgKg�1

76.2

Central South Africa (industrial, residential,
and agricultural)

44–39,000 μgKg�1
–

Lakes and Rivers around Johannesburg/Pre-
toria in South Africa

61–45,281 μgKg�1 52.3

Rivers in Thohoyandou, Limpopo Province,
South Africa

111.6–61,764
μgKg�1

–

Taylor Creek, Southern Nigeria (non-tidal
freshwater – Bayelsa)

1.781 � 108–
1.266 � 109 μgKg�1

–

Mvudi River water, South Africa 266–21,600 μgKg�1 55.3

Nzhelele River water, South Africa 206–13,710 μgKg�1 87.4

Tema Harbour, Ghana 28,600–190,300
μgKg�1

–
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European Food Safety Authority concluded that the in general food disclosure of
polycyclic aromatic hydrocarbons by a person of 60 kg is around 235 nanogram per
day (benzo[a]pyrene), 641 nanogram per day (benzo[a]pyrene + chrysene), around
1100 nanogram per day (benzo[a]pyrene + chrysene + benz[a]anthracene), and
approximately 1700 nanogram per day (benzo[a]pyrene + chrysene + benz[a]anthra-
cene + indeno(1,2,3,c,d)pyrene) (EFSA 2008). Polycyclic aromatic hydrocarbons
are able to cause mutagenic cancerous activities as well as noncancerous health
effects like cardiovascular illness, lung failure, liver damage, and pulmonary disease
(Lakhani 2012). Polycyclic aromatic hydrocarbons are known to be soluble in
non-polar solvents and, hence, are easily captivated through the alimentary canal
of mammals. Once entered inside the human, polycyclic aromatic hydrocarbons can
quickly disperse in various tissues with a striking capacity of localizing in internal
hydrocarbon molecules (Abdel-Shafy and Mansour 2016). Persistency of polycyclic
aromatic hydrocarbons in the environment is well known along with their
bioaccumulation. Studies have shown that the content of polycyclic aromatic hydro-
carbons observed in fish as well as in shellfish was surprisingly higher than their
amount in their environmental source (Tudoran and Putz 2012). The cell damage
caused by the polycyclic aromatic hydrocarbons can cause mutations, tumors, and
developmental malformations. The immune-potentiating produces higher secretion
of cytokines through immune cells that results into inflammation (Burchiel and
Luster 2001). All the above facts clearly indicate that the irregular use of polycyclic
aromatic hydrocarbons is harmful to human life as well as environment.

5.6 Functionalized Nanomaterials

Environmental cleanup is one of the most challenging tasks to be done to make the
resources of water safe for use. Till date, numerous conventional wastewater treat-
ment processes have been employed, like coagulation (Lin et al. 2017),
photocatalytic oxidation (Berberidou et al. 2017), Fenton oxidation (Cristóvão
et al. 2014), filtration (Noor et al. 2017), and adsorption (Caprariis et al. 2017).
Among the different removal technologies, adsorption is known to be most popular
owing to its effectiveness and easiness (Xiao et al. 2019). Besides this advanced
oxidation is another kind of technology that can show advanced removal perfor-
mance. The advanced oxidation is associated with high level of security, better
oxidation tendency, and minimum toxicity. It is based upon consumption of
hydroxyl radicals generated in situ by the electrochemical process. Studies based
upon adsorption and oxidation have shown higher degradation and mineralization of
the contaminants (Shanker et al. 2017a, b).

Nowadays, the term heterogeneous catalysis based upon solar light or artificial
light source has been quite famous for environmental applications; wastewater
treatment, contaminantremediation, and water disinfection are some of it (Priya
et al. 2016; Sudhaik et al. 2018). Various transition metal oxides, polymers, carbon
nanotubes, graphene-based nanostructures, and other metal-based nanomaterials
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have been used for the waste treatment (Raizada et al. 2017a, b; Raizada et al. 2019;
Jun et al. 2018; Mahto et al. 2015). Despite of their high activity, majority of
nanomaterials have certain limitations restricting utilization of 100% of their ten-
dency. Firstly, recombination of the charge carriers has a negative impact on
photodegradation; secondly, potential effect on human health, reusability, and
restricted selectivity of nanocatalysts; and lastly, their reliability upon environmental
circumstances (Rani and Shanker 2018a, b).

So as to overcome these limitations, surface modification is believed to have an
important role in improving the overall activity of nanocatalysts (Yin et al. 2017a, b).
In recent times surface functionalization has drawn attention of researchers owing to
its potential benefits such as enhanced chemical reactivity, improved adsorption
capacity, low charge recombination, and better semiconducting properties (Rachna
and Shanker 2018, 2019a, b). List of some of the reported functionalized
nanomaterials is listed in Table 5.3.

Degradation of polycyclic aromatic hydrocarbons using some of the commonly
used functionalized nanomaterials is as described below.

5.6.1 Degradation Using Functionalized Carbon-Based
Nanomaterials

Carbon-based materials have some fascinating electronic and mechanical properties
like surface area and semiconducting behavior. Functionalization of these with other
acidic or basic groups can increase their activity in treatment of polluted water. The
decoration of carbon nanotubes with tungsten oxide significantly improved the
number of surface active sites and lowered the combination of charges. Conse-
quently, the nanocomposite degraded the naphthalene into smaller and safer prod-
ucts by the attack of reactive species on the first and second position of naphthalene
(Rani and Shanker 2018). Overall degradation strategy has been given in Fig. 5.2.

Hybrid of carbon dots and fatty acid coated with magnetite nanoparticles were
successfully utilized for the photocatalytic mineralization of benzo[a]pyrene. The
nanocomposite was able to remove 93.9% of the benzo[a]pyrene from the environ-
mental sample. The hydrophilic behavior of carbon dots enhanced the dispersibility
of the catalyst, and the hydrophobic interactions increased the removal benzo[a]
pyrene (Yang et al. 2019). Bai et al. 2017studied the photodegradation of some
polycyclic aromatic hydrocarbons using titanium dioxide-based graphene oxide
polymer. The nanocomposite possessed large surface area as well as high surface
energy sites including various defects, edges, and grooves. The contact of the
polycyclic aromatic hydrocarbons molecules with the nanocomposite was through
the pi-pi interaction. Structural similarity between the grapheme oxide and polycy-
clic aromatic hydrocarbons molecules caused their quick adsorption. Moreover, the
photogenerated holes, O2

•� and •OH, formed the oxygenated and hydroxylated
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Table 5.3 Fabricated functionalized nanomaterials with their enhanced activity results

Nanomaterial
type Functionalization Improved properties Reference

Carbon
nanotubes

Graphene oxide
Ammonia
Heteroatoms (N,
B,P,O)
Polymers
Silicon
Ni-Co alloy
α -Fe2O3/Amino
Tetraethylene
pentamine
Cu nanoparticles
Cu(II) triazole
Schiff base

Surface areas rise to 1900m2g�1

Enhanced the adsorption of
organicspecies from water
Introduces electrocatalytic active sites and
increasessurface hydrophilicity and elec-
trical conductivity
Enhance the chemicalcompatibility,
mechanical strength, and conductivity
and adsorption properties
Quickly responding were photodetectors
formed
Fast-reacting hybrid having co-existence
of radical oxidation and non-radical
pathway
Good adsorption capacity, easy separa-
tion from water, and simple regeneration
procedures
45.5 mg/g bisphenol A was adsorbed at
pH 6.5, 30 �C, and 40 min
Practically well-applicable filter for
drinking water was formed
Endothermic and spontaneous removal of
azo dyes from water

Srinivas et al.
(2012)
Mangun et al.
(2001)
Xue et al.
(2012)
Choi and Ryoo
(2003)
Salvato et al.
(2019)
Kang et al.
(2019)
Wu et al.
(2019)
Naeemullah
and Tuzen,
(2019)
Luan et al.
(2019)
El-Sharkawy
and
El-Ghamry,
(2019)

Graphene and
derivatives

Ag nanoparticles
Zero-valent iron
Polydopamine
Nitrogen doped,
palladium deco-
rated
Polyamine
Nitrogen-sulfur
Glutaraldehyde
Chitosan/nitro-
gen
Cu2O
Fe3O4

Biochar

Enhanced electromagnetic field and
strengthened charge transfer
Self-regenerating prolonged catalyst with
total removal capacity up to 660 mg/g
Spontaneous and endothermic removal of
methylene blue
Doping enhanced both adsorption and
activationprocesses
Hybrid of high surface area of 226 m2 g�1

was formed
Better results under less dosage of the
catalyst
90% monolayer adsorption of chromate
ions from wastewater
Good ability to remove dyes and stability
in supercapacitors
Excellent removal of As (V) and Rhoda-
mine B
Better π-π electron-donor-acceptor
interaction

Alatalo et al.
(2019)
He et al.
(2019)
Li et al. (2016)
Abdi et al.
(2019)
Sun et al.
(2019a, b)
Moghaddam
et al. (2019)
Li et al. (2011)
Ding et al.
(2015)
Huang et al.
(2017a, b)

(continued)
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Table 5.3 (continued)

Nanomaterial
type Functionalization Improved properties Reference

Polymers Ti(IV)oxide
Carbon dot/ZnO
Al2O3

Cobalt ferrite
Zirconium sili-
cate
CdS
Iron/zirconium
Copper ferrite
Ni(OH)2
ZnO-Fe3O4

Great potential for phosphate removal
from the water
Efficient solarenergy-assisted recyclable
photocatalyst
Showed higher water flux
Cost-effective, biocompatible, and poten-
tial adsorbent
Excellent recovery of nitrocompounds
from tap (95.4%), industrial (97.67%),
and sea water (95.77%)
Enhanced photocatalyticactivity in dye
degradation
Simultaneous removal of ammonium,
phosphate, Cd (II)
Easily separable magnetic nanocomposite
Reduction of Cr(VI) to less poisonous Cr
(III) species
Nanocomposite still retains 95% of the
original adsorption

Nie et al.
(2019)
Duarah and
Karak (2019)
Ghaemi and
Daraei (2016)
Mahmoud
et al. (2019)
Alipour and
Lakouarj
(2019)
Zhou et al.
(2018)
Kharazi et al.
(2019)
Bhaumik et al.
(2018)
Rakati et al.
(2019)

Metal and
metal based

ZnHCF/Fe2O3

ZnHCF/ZnO
FeHCF/ZnO
CdO/ZnO
Fe2O3/MnO2

MoS2/TiO2

BiOBr/Ti3C2

MgO/SiO2

Fe/MgO
Fe3O4/Ag/C

Highly surface active, semiconducting
hybrid
Quick degradation of bisphenol a from
water
Biocompatible, better adsorbent, and
photocatalytic agent
Incorporation of CdO into ZnOreduces
the band gap
Excellent degradation toward Rhodamine
B
Photoactive, active catalyst, and environ-
ment friendly
Cr(VI) completely removed with 80min
Nanocomposite exhibited highsurface
area 356.02 m2 g�1

Simultaneously remove Pb(II) and dye
from water
Highly surface active 744.7 m2 g�1 and
ferromagnetic

Rachna and
Shanker
(2018)
Rani and
Shanker
(2018)
Rachna et al.
(2019)
Mahendiran
et al. (2019)
Li et al.
(2019a, b)
Kumar et al.
(2019)
Huang et al.
(2019)
Yue et al.
(2019)
Ge et al.
(2018)
Muntean et al.
(2019)

Silica based TiO2

Fe (0)
•OH radicals rise fast with the intrawall
pore size

Dong et al.
(2019a, b)

(continued)
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derivatives under the ultraviolet irradiation (Bai et al. 2017). The complete degra-
dation pathway of the polycyclic aromatic hydrocarbons is shown in Fig. 5.3.

Under sunlight irradiation degradation of phenanthrene was reported using
nanocomposite of graphene oxide coupled with titanium dioxide and strontium
hydroxide and carbonate. The synergistic interaction between the three parent
materials of the nanocomposite facilitated the use of both ultraviolet as well as
visible light energy from the sunlight. The overall degradation mechanism includes
the shifting of absorption toward higher wavelength by the coupling of two semi-
conductors (titanium dioxide and strontium hydroxide and carbonate) and push the
transfer of photo excited charge carriers (Fu et al. 2018). Graphene oxide/silver
phosphate fabricated through a simple precipitation method was thriving in visible
light induced degradation of two, three, and four ring-membered polycyclic aromatic

Table 5.3 (continued)

Nanomaterial
type Functionalization Improved properties Reference

Cobalt ferrite
Guar gum
Bi2MO6/
graphene
Fe(0)/magnetite

Easilyseparablemagnetic nanocomposite
Adsorbed75.5 � 1.21 mg g�1 of mala-
chite green
Quick adsorption of both cationic dyes
and metal ions
Mesoporous highly surface active
(334.65 m2 g�1) hybrid
0.1 g of adsorbent adsorbed the
11.1 mg g�1 of Cr(VI)

Shukla et al.
(2018)
Amiri et al.
(2017)
Patra et al.
(2017)
Nguyen et al.
(2018)
Kumari et al.
(2018)
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Fig. 5.2 Degradation pathway of naphthalene using carbon nanotubes coupled with oxide of
tungsten nanomaterial having involvement of free radicals in formation of various products
generated through light source. (With permission through marketplace Royal society of Chemistry)
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hydrocarbons. Upon addition of 3 wt% graphene oxide/silver phosphate, complete
phenanthrene degradation was achieved within 7 minutes. Possibly, the cross-linked
bridge formed between the silver phosphate semiconductors and graphene oxide
sheets could initiate the separation and transfer of photogenerated electron-hole pair.
Moreover graphene oxide acted as an electron reservoir that can restrain the charge
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Fig. 5.3 Degradation pathway of polycyclic aromatic hydrocarbons; fluoranthene and benzo[a]
pyrene with the titanium dioxide-modified graphene oxide nanomaterial under ultraviolet light,
formation of different reaction products, and their ultimate mineralization ()
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carriers merge. Consequently, the accumulated electrons can confine the oxygen
present in solution and make different charged oxygen species to support the
polycyclic aromatic hydrocarbon removal (Yang et al. 2018). Composite of reduced
graphene oxide and iron oxides was used to remove naphthalene as well as
contrasted with the multi-walled carbon nanotubes/iron oxide composite. Higher
catalytic activity of graphene oxide/iron oxide composites was based upon its higher
electron donor-acceptor interaction. On the other hand, aggregation in cylindrical
multi-walled carbon nanotubes upon all random orientations resulted into congested
interstitial spaces, which resisted the entrance of aromatic compound (Yang and
Xing 2007; Yang et al. 2013a).

5.6.2 Degradation Using Functionalized Polymers

In recent times, coupling of semiconducting nanoparticles with the polymers are
fabricated in a lot worldwide due to its plenty functions. In a recent study, naphtha-
lene was degraded under light source with the iron-doped zinc oxide and polyvinyl
alcohol nanofibers. Under ultraviolet light, 40 ppm of polycyclic aromatic hydro-
carbons was kept for 4 h at neutral pH. Consequently, 96% degradation of naphtha-
lene was achieved owing to the better semiconducting nature achieved upon doping
of Fe as well as formation of oxygen vacancies that can trap electrons and holes in
interstitial sites to prevent their recombination (Li et al. 2015a, b; Sekar et al. 2018).
Recently, the degradation of phenanthrene was utilized with the polydopamine
functionalized upon zero-valent iron and reduced graphene oxide. It successfully
degraded the 98.7% of phenanthrene at 7.74 pH via formation of SO4•

� and HO•

radicals within the reaction mixture (Gu et al. 2018). A hybrid of zirconium oxide-
acetylacetonate derived from a gel was studied for the oxidative degradation of
phenanthrene in dark. The polymeric hybrid acted like a heterogeneous catalyst in
the absence of light, as the free radicals were generated via charge transfer between
metal and polymer. Moreover, the limitation of charge carriers’ recombination found
in various studies was overpowered here by the oxygen molecule scavenging the
electrons in conduction band. The presence of various radicals such as superoxide,
hydrogen peroxide, and hydroxyl initiated the oxidation and hence mineralization of
organic carbons. The identified end products here were alkanoic acids, alkanols, and
alkanes (Sannino et al. 2014).

5.6.3 Degradation Using Functionalized Metal
and Metal-Based Nanomaterials

Most of the work associated with polycyclic aromatic hydrocarbons degradation is
based upon the metals and metal-based nanomaterials. This is attributed to the vast
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amount of data available on these as it makes the further exploration a bit easy.
Recently, metal oxides of iron, zinc, and titanium-based nanomaterials have been
explored vastly for the degradation of polycyclic aromatic hydrocarbons (Wang
et al. 2016; Gupta and Gupta 2015; Liu et al. 2009a, b). Anthracene degradation was
reported with the zinc oxide and manganese oxide-coupled nanocatalyst under
ultraviolet irradiation. The nanocatalyst degraded the polycyclic aromatic hydrocar-
bons into anthraquinone based upon the high transient time constant at n-zinc oxide
and p-manganese oxide junction (Martínez-Vargas et al. 2019). Coupling of cobalt
oxide with bismuth oxycarbonate was achieved to study visible light-irradiated
degradation of naphthalene. Within 150 min of reaction, 91.02% degradation was
achieved owing to the excellent interaction between the constituents through the
formation of heterojunction and suppressed merging of active species (Guo et al.
2018). As such, heterojunction can affect the charge migration as well as the
separation through the interface (Fig. 5.4). The synergistic effect of titanium dioxide
and titanate nanotubes was thriving in degrading 93.2% of phenanthrene within 4 h
under ultraviolet light (Fig. 5.5).

Otherwise well-known factor of charge carriers recombination of titanate
nanotubes was overcome by the excellent photons absorber titanium dioxide (ana-
tase phase) (Cheng et al. 2019). Naphthalene removal was studied with the nickel-
doped titaniumnanocomposite under visible light. The nanocomposite exhibited
almost double removal efficiency in comparison to titanium dioxide alone. Generally
in the heterogeneous catalysis, energy more than the gap between energy levels is
required, here the nanocomposite generated e�-h+ pairs via irradiation of visible
light. The oxygen molecules present in the reaction mixture scavenged the electrons
trapped by nickel, which in turn generated the superoxide radicals. Other than
superoxide radicals, the presence of hydroxyl radicals through localized holes
caused the degradation/mineralization of naphthalene (Sharma and Lee 2015). The
coupled silicon dioxide and titanium dioxide were demonstrated for the degradation
and mineralization of naphthalene and anthracene. The coupling raised the surface
area to 235 m2g�1, after 240 min of ultraviolet light exposure mineralization of both
the polycyclic aromatic hydrocarbons was achieved. The highest photocatalytic
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Fig. 5.4 Representation of
interface between the two
coupling materials with
migration and separation of
charge carriers at interface
of heterojunction.
Formation of this interface
has a significant role to play
in the activity of
nanomaterials
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activity of the nanocomposite was attributed to superior mass transfer mechanism
along with the diffusion of contaminants upon TiO2 (Grover et al. 2017). Mukwevho
and his co-workers synthesized multi-metal oxide nanocomposite (gadolinium, zinc,
and copper) via co-precipitation method and utilized it for degradation of phenan-
threne under ultraviolet light. Within 180 min of exposure, 99.6% phenanthrene
removal was achieved. The photocatalytic mechanism can be explained by the
equation below.

OH OH

OH OHHO

OO
O

O

O

HO

O
OH O

H
O

H

Phenolic compounds,
esters, alcohols, etc CO2 + H2O

Fig. 5.5 Degradation of
phenanthrene using titanium
dioxide/titanate nanotube
under ultraviolet light and
involvement of hydroxyl
radicals in the ring cleavage
with overall reaction process
showing degradation,
formation of by-products,
and mineralization
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hνþ Gd2O2CO3 ! Gd2O2CO3 holeþ electronð Þ
hνþ CuO� ZnO ! CuO� ZnO holeþ electronð Þ

CuO� ZnO holeþ electronð Þ ! CuO holeð Þ þ ZnO electronð Þ
ZnO electronð Þ þ Oxygen ! �O�

2

CuO holeð Þ þ H2O ! �OHþ Hþ

�O�
2 þ H2O ! �OHþ HO� þ O2

�OHþ Phenanthrene ! Degraded products

Sediment-based polycyclic aromatic hydrocarbons were also degraded with the
magnetic wood biochar incorporated Fe3O4 to catalyze sodium persulfate. Six, five,
and four ring-membered polycyclic aromatic hydrocarbons were successfully
degraded to 90%, 84%, and 87%, respectively. Its mechanism is based upon
involvement of huge amount of O2-based groups. This in turn forms Fe2+ ions,
which initiate electron transfer and generate SO4

�• radicals. Biochar helps in rising
the porosity plus aromatic character, hence, generating large negative surface energy
(Dong et al. 2018). Three polycyclic aromatic hydrocarbons, namely, anthracene,
phenanthrene, and naphthalene, were degraded using copper@zinc oxide brush-like
nanostructures. It converted almost 90%, 50% along with 10% of anthracene,
phenanthrene, and naphthalene, respectively. Other than the effective transport of
electron, coupled copper has great tendency to activate oxygen causing the collec-
tion of negative charge on the surface that results in high catalytic efficiency of
nanocomposite (Chen et al. 2013). It was observed that it is difficult to degrade
multiple ring polycyclic aromatic hydrocarbons in the presence of bare ultraviolet
light. Coupling of titanium dioxide with various metal atoms such as iron, manga-
nese, and chromium can shift the light activity toward naturally available light range
(Khan et al. 2008). Doping of Fe(III) on titanium dioxide resulted in large number of
photogenerated electron-hole pair; Fe(III) also laid the trap for carriers to delay the
charge recombination. Consequently, phenanthrene was degraded into quinone and
phthalic and finally into 9-octadecanoic acid under visible light (Theerakarunwong
and Phanichphant 2018). From the past few decades, metal hexacyanoferrates are
gaining attention worldwide due to its ability to exhibit supreme catalytic property in
remediation of contaminants as well as for their semiconducting properties.
Functionalization of metal hexacyanoferrates with the transition metal oxides can
further enhance these properties and play an essential role in the wastewater treat-
ment. Recently, various nanocomposites of metal hexacyanoferrates with zinc oxide
and iron oxide have been reported to degrade the polycyclic aromatic hydrocarbons
essentially. Zinc hexacyanoferrates encapsulated with the zinc oxide nanoparticles
degraded the high molecular weight containing polycyclic aromatic hydrocarbons,
benz[a]anthracene, and benzo[a]pyrene up to 93% and 90%, respectively, within
24 h of sunlight irradiation at neutral pH. The benz[a]anthracene degradation
followed formation of (E)-2-hydroxy-3-(2-hydroxyanthracen-1-yl)acrylic acid inter-
mediate, which through oxidation and attack of huge amount of hydroxyl radicals
degraded into naphthalene-2,3-dicarboxylic acid. The oxidation of terminal rings

5 Degradation of Polycyclic Aromatic Hydrocarbons by Functionalized Nanomaterials 151



formed various smaller by-products such as but-3-ene-1,1,2-triol, acrylic acid, and
prop-2-en-1-ol (4c; m/z ¼ 59). On the other hand, benzo[a]pyrene being compara-
tively stable formed intermediates of m/z values 246 and 273. However, since
functionalized nanomaterials had better semiconducting properties, large number
of hydroxyl radicals was fabricated. The presence of these radicals helped in
degradation of huge rings into smaller products such propionic acid. The doping
enhanced the photocatalytic activity through the charge transfer mechanism and
suppression of charge recombination process (Rachna et al. 2019). Chrysene
known as persistent carcinogenic polycyclic aromatic hydrocarbon was degraded
under sunlight with the iron oxide@zinc hexacyanoferrate nanocomposite up to 92%
owing to the remarkably enhanced surface area (around 350 m2g�1) as well as
semiconducting nature (2.18 eV) (Rachna and Shanker 2018). The formation of
charge carriers and other reactive species in the nanocomposites are as shown in
Fig. 5.6.

The complete degradation pathways of these three polycyclic aromatic hydrocar-
bons have been shown in Figs. 5.7 and 5.8. Nanocomposite functionalized with zinc,
chromium, and titanium was fabricated to degrade naphthalene under visible light.
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Fig. 5.6 Degradation of chrysene with the iron oxide-coupled zinc hexacyanoferrate
nanocomposite and mechanism of flow of electrons and holes to form charge carriers that eventually
help in the final degradation process
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Nanocomposite having higher specific area and narrower band gap degraded 90.2%
within 240 min (Xia et al. 2015). The mineralization of polycyclic aromatic hydro-
carbons was also confirmed in various studies through total organic carbon analysis.
Rachna et al. (2019) showed around 60% of total organic carbon loss of high
molecular weight polycyclic aromatic hydrocarbons within 24 h of reaction under
sunlight. Whereas, one of the four ring-membered polycyclic aromatic hydrocarbons
lost around 60% and 40% of organic content in reaction mixture after 5 and 24 h
(Rachna and Shanker 2019b). Degradation of polycyclic aromatic hydrocarbons
with various nanomaterials has been listed in Table 5.4.

5.6.4 Mechanism of Degradation

Functionalized nanomaterials have various tempting properties that benefit the
degradation of polycyclic aromatic hydrocarbons. Herein, extensive investigation
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m/z=252

CO2 + H2O +

OH

Fig. 5.7 Degradation pathway of benzo[a]pyrene with the zinc oxide encapsulated zinc
hexacyanoferrate nanocomposite involving formation of an intermediate which upon attack of
hydroxyl radicals ends up into mineralization

OH
COOHCOOH

COOH

OH
OH

O

COOH

COOH

COOHHO

HO

Chrysene
Mol wt =228

H+

OH

COOH

CHO

OH

C
H

CH2OH
OH
CHOH2C

CO2 + H2O

+

+ +

Fig. 5.8 Involvement of hydroxyl radicals formed through excitation of iron oxide-coupled zinc
hexacyanoferrate nanocomposite into the degradation of chrysene to form smaller products
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Table 5.4 Degradation of polycyclic aromatic hydrocarbons with various nanomaterials

Polycyclic
aromatic
hydrocarbon Nanomaterial Process details and result Reference

Anthracene ZnO/MnO Under ultraviolet irradiation
anthracene was converted into
anthraquinone

Martínez-Vargas
et al. (2019)

Naphthalene Co3O4/Bi2O2CO3 Within 150 min of reaction,
91.02% naphthalene was
degraded

Guo et al. (2018)

Phenanthrene TiO2/titanate 93.2% of degradation within 4 h
under ultraviolet light

Cheng et al.
(2019)

Napthalene Ni/TiO2 Composite showed double
removaltendency than TiO2

Sharma and Lee,
(2015)

Napthalene SiO2/TiO2 Complete mineralization Grover et al.
(2017)

Anthracene SiO2/TiO2 Mineralization after 240 min of
reaction under ultraviolet light

Grover et al.
(2017)

Phenanthrene Gd2O2CO3�ZnO�CuO Under ultraviolet exposure 99.6%
phenanthrene was degraded
within 180 min

Mukwevho et al.
(2019)

Six, five and
four ring
membered

Biochar/Fe3O4/
sodium persulfate

Degraded to 90%, 84%, and 87% Dong et al. (2018)

Anthracene Cu@ZnO 90% of anthracene degradation Chen et al. (2013)

Phenanthrene Cu@ZnO 50% of phenanthrene degradation Chen et al. (2013)

Naphthalene Cu@ZnO 10% naphthalene degradation Chen et al. (2013)

Phenanthrene Fe(III)/TiO2 Under visible light
phenanthrenedegraded into qui-
none and phthalic

Theerakarunwong
and Phanichphant,
(2018)

Chrysene Fe2O3@zinc
hexacyanoferrate

Under sunlight 92% degradation
was obtained after 24 h

Rachna and
Shanker (2018)

Benzo[a]
anthracene

ZnO@ zinc
hexacyanoferrate

Under sunlight 93% degradation
was obtained after 24 h

Rachna and
Shanker (2019a)

Benzo[a]
pyrene

ZnO@ zinc
hexacyanoferrate

Under sunlight 90% degradation
was obtained after 24 h

Rachna and
Shanker et al.
(2019a)

Naphthalene Ti/ZnO–Cr2O3 Under visible light 90.2% degra-
dation obtained within 240 min

Xia et al. (2015)

Naphthalene Carbon nanotubes/
WO3

Higher surface area and activity
degraded naphthalene into smaller
and safer products

Farhadian et al.
(2016)

Benzo[a]
pyrene

Carbon dots/fatty
acid/ Fe3O4

93.9% of the targeted pollutant
was removed

Yang et al. (2019)

Phenanthrene Graphene oxide-
TiO2-Sr(OH)2/SrCO3

Nanocomposite facilitated the use
of both ultraviolet as well as visi-
ble light energy from the sunlight

Fu et al. (2018)

(continued)
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was done to understand the mechanism behind the good results found with the
functionalized nanocatalysts. In the presence of light source (ultraviolet or visible),
the electron from the lower energy level gets promoted to the higher level with the
formation of holes of same number. Electron and hole generated in this way migrate
upon the surface of the catalyst, where these participate in the redox reactions to
form various radicals (superoxide, hydroxyl) (Huang et al. 2017a, b). These radicals
are ultimately responsible for the direct oxidation, degradation, and mineralization of
organic pollutants. Upon coupling or functionalization, the photogenerated e� is
transferred to the other materials higher level, causing efficient separation of charge
carriers and, hence, lower recombination rate.

The reactive species facilitate the degradation of polycyclic aromatic hydrocar-
bons by attacking their most active site and disturb the arrangement of electron cloud
of aromatic rings. This disturbance generates various intermediate products of
polycyclic aromatic hydrocarbons; these further get converted into stable/less harm-
ful products (carbon dioxide and water) (Mukwevho et al. 2019). According to
energy band theory, when one material absorbs quanta of energy more than differ-
ence between energy levels, the transfer of electrons takes place to generate holes.
The functionalization helps in shifting the optical properties toward the visible
region that is responsible for the better activity of nanocatalyst for polycyclic
aromatic hydrocarbons degradation (Xia et al. 2015).

Subramanian et al. suggested that nanocomposite of BiFeO3–GdFeO3 showed
reasonably better catalytic activity owing to the various factors. Firstly, BiFeO3

being not completely covered with GdFeO3 makes it available for photo absorption

Table 5.4 (continued)

Polycyclic
aromatic
hydrocarbon Nanomaterial Process details and result Reference

Naphthalene Graphene oxide/
Ag3PO4

Accumulated electrons captured
the dissolved O2 and degraded the
naphthalene

Yang et al. (2018)

Phenanthrene Graphene oxide/
Ag3PO4

Under 7 min impressive degrada-
tion ability of the catalyst was
noticed

Yang et al. (2018)

Pyrene Graphene oxide/
Ag3PO4

Photogenerated e- h + caused the
degradation of polycyclic aro-
matic hydrocarbons

Yang et al. (2018)

Napthalene Fe doped ZnO/poly-
vinyl alcohol

Under ultraviolet light 96% deg-
radation was obtained

Sekar et al. (2018)

Phenanthrene Polydopamine/Fe (0)/
reduced graphene
oxide

98.7% of phenanthrene at 7.74 pH Gu et al. (2018)

Phenanthrene Co/TiO2 Pseudo-first-order rate constant
was 0.39 h�1, under sunlight

Zhao et al. (2016)

Benzo[a]
anthracene

Fe3+-modified
montmorillonite

17% in 6 h Zhao et al. (2017)
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and promotes the development of depletion layer between both semiconductors in
sunlight. Secondly, the greater electronic diffusion between these two forms a
distinct junction. This heterojunction facilitates the transportation of charge carriers.
Further, the tuning between the band gap energies resulted into the overall low
difference between valence and conduction gap of the nanocomposite. In addition to
the functionalization widen the visible light absorption area and enhance the redox
reaction on surface of the catalyst (Subramanian et al. 2019). Involvement of metal-
based nanocatalysts has been seen to be more in these degradation processes as
described above. This is due to the unique nature of semiconductors oxides. The
outermost electrons are mostly in the d orbitals, which are partially filled and permit
the alteration of electronic properties to enable these in visible/solar light (Bouzid
et al. 2015). Generation of defects in the semiconductors, through their
functionalization, results into the trapping of electrons and holes, which result into
the generation of superoxide and hydroxyl radical (Ani et al. 2018).

5.7 Other Factors Affecting Degradation

5.7.1 Concentration

The initial concentration of polycyclic aromatic hydrocarbons has high effect on the
degradation ability of the functionalized catalyst. Rise in concentration results into
the blocking of the active sites on the catalyst surface for further adsorption as well
as lowers the contact between polycyclic aromatic hydrocarbon molecules and the
catalyst owing to the restricted active sites. Moreover, the fall in the path length of
photons lowers the photocatalytic activity of the catalyst (Shanker et al. 2017a, b).
The influence of initial number of molecules of chrysene upon iron oxide@zinc
hexacyanoferrate was studied by Rachna and Shanker (2018) under sunlight. The
polycyclic aromatic hydrocarbon molecules also interacted with the absorbed pho-
tons and, hence, reduced the access of photons for the catalyst that initiates the
reactive radicals (Rachna and Shanker 2018).

5.7.2 Catalyst Loading

Economical aspect of a degradation technology is one of the important factors to be
focused on. Dosage of a photocatalyst plays a vital role in the removal of polycyclic
aromatic hydrocarbons owing to the interaction between its number of molecules
and the number of active sites. Generally it has been noticed that the activity of
functionalized nanocatalysts rises with the rise in its dosage (Rani and Shanker
2018a), but after a particular mount, the activity decreases (Rani and Shanker
2018b). This is because as the catalyst amount increases, the photon energy is
interrupted by the excess catalyst, thus declining in overall activity. After a certain
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amount, agglomeration between catalyst particles reduces the available surface area,
so becoming unfavorable to the system (Rachna et al. 2019).

5.7.3 pH

In the degradation of polycyclic aromatic hydrocarbons, pH of the reaction mixture
can affect the various phenomena occurring in between the system. Some of the
studies have shown that under acidic pH, highest degradation of polycyclic aromatic
hydrocarbons was obtained, while some showed it to be at basic or neutral pH
(Rachna and Shanker 2018, 2019b; Dong et al. 2019a, b). It was suggested that
under low pH, generation of SO4

–• radicals was facilitated in soil. Since in soilthe
chemical oxidation is based upon both the sulfate and hydroxyl radicals (Matzek and
Carter 2016). In a soil degradation study of polycyclic aromatic hydrocarbons by
Fe3O4 � CM/PS, SO4

–• radicals were found as the chief dynamic species formed
though the activation of PS, and it had greater tendency of oxidizing than bare •OH
radicals (Peluffo et al. 2018). On the other hand, under basic conditions, magnetite
showed its property and catalytic stabilities (Li et al. 2019a, b). Under neutral
condition, zinc hexacyanoferrate@zinc oxide was able to degrade some five ring-
membered polycyclic aromatic hydrocarbons owing to their stability in these con-
ditions. The π-electron cloud of the polycyclic aromatic hydrocarbons formed
complexes (“cation-π”) with the nanocatalyst through surface interaction (Rachna
and Shanker 2019b).

5.7.4 Time

Time is another factor playing critical role in degradation of polycyclic aromatic
hydrocarbons. Increase in irradiation time enhances the degradation of polycyclic
aromatic hydrocarbons mainly in water. In real samples there are other contaminants
present along with the polycyclic aromatic hydrocarbons, and those are difficult to
degrade due to competitiveness between them. Moreover, concentration also inhibits
the catalytic activity of the catalysts. Hence, much time is needed to achieve
reasonable degradation of polycyclic aromatic hydrocarbons in wastewater (Khan
et al. 2015).

5.7.5 Temperature

Various studies have suggested that the removal tendency of functionalized
nanocatalysts is affected by the temperature of reaction mixture (Shahrezaei et al.
2012). As the temperature increases up to 45 �C, the degradation is generally
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favored. These trends are attributed to the enhanced kinetic energy of contaminants
molecule that increases the overall collisions and hence electron transfer. Thus the
development of reactive charge carriers increases, which fasten up the overall
process (Shahrezaei et al. 2012). However, further rise in heat can lower the reaction
rate because of the evaporation of water; since the volume of the medium decreases,
concentration of pollutant increases. Certain reports also suggest that the temperature
has negligible effect upon the degradation mechanism as the activation of photons
occurs between the temperature 20 and 80 �C (Diya’Uddeen et al. 2011). All in all
normal conditions of reaction variables are most satisfactory in degradation.

5.7.6 Light Intensity

At a particular range of wavelength, light intensity can predict the amount of light
absorbed by the functionalized material. Light intensity plays an important role in
the excitation of electrons. Inadequate amount of light source surely cannot generate
large number of photo-electrons and photo-holes. Intense beam of light can generate
enough amounts of electrons and holes that could enhance the pace of the experi-
ment. Guozheng et al. (2010) realized that for a carbon fiber-activated titanium
dioxide upon increasing the light intensity of ultraviolet source from ~0.9 to
~3.0 W/L, overall deprivation percentage of an organic pollutant increases. How-
ever, further rise in intensity had no noteworthy impact on degradation. Generally,
this happens for the reason that at low intensity collision, the amount of overall
reactive species is low, while at higher intensity, these can be generated in sufficient
amount. Thus there are more chances that the mobile charge carriers could penetrate
the surface of nanomaterial to eradicate and release the energy via emission that can
enhance the removal rate and lower the combination of charge carriers
(Diya’Uddeen et al. 2011).

5.8 Synergistic Effect

Synergistic effect arises when a common effect exists between two or more compo-
nents of a material resulting into higher overall activity. In nanocatalysis, synergistic
effect has been found to create more active agent having interaction between its
catalyst and a co-catalyst (Ding 2008; Singh and Xu 2013). The close contact
between constituents of a catalyst changes the surface energy, semiconducting
properties, and electronic structure (Chen et al. 2016). Coupling of titanium dioxide
with two or more materials has been observed to gain synergism than single dopant
owing to suitably matched constituents effecting charge carrier transfer and lowering
the recombination of charge carriers. Moreover, enhanced activities help in shifting
the light absorption toward visible region of light (Qui et al. 2018). Better findings
with the carbon or chromium-titanium dioxide-incorporated material than titanium
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dioxide were also due to better synergistic effect. Synergistic effects helped in
effective separation of e�and h+ for better sonocatalytic activity (Shujuan Zhang
2012). The synergism in metals such as iron and palladium enhanced the pollutant
degradation (Li et al. 2015a, b).

5.9 Photocatalysis

In the twenty-first century, involvement of natural processes has been the major
focus of researchers in all the fields. Photocatalysis is one such field that can easily
work on solar energy depending upon the kind of the material used in catalysis
(Kudo and Miseki 2009). Photocatalysis has faced a lot of limitations of thin spectral
responses, low quantum effectiveness, pitiable constancy, and difficulty in reusabil-
ity (Hernández-Alonso et al. 2009; Liu et al. 2009a, b). Functionalization has helped
in overcoming all these limitations of photocatalysis. Transition metal oxides upon
functionalized having all ranges of band gap energy can rely entirely upon ultraviolet
region or visible region of sunlight.

Visible light absorption has been improved in nanocomposites through surface
modification. Generally, formation of the heterophase and homophase junction in
these coupled materials helps in enhancing the degradation activity. Two reasons are
held responsible for better activity; first is wide range of photo-response and second
better activity of photogenerated charge carriers. One such nanocomposite of silver
carbonate@silver oxide with better junction of different phases showed enhanced
photocatalytic degradation activity for organic pollutants. Under sunlight, complete
degradation as well as mineralization of organic material was possible (Yi et al.
2010).

5.10 Conclusions and Future Scopes

In the present review, the main focus was given to the polycyclic aromatic hydro-
carbons, their degradation through the functionalized nanomaterials, and factors
affecting the degradation. Even though many attempts have been made to investigate
the polycyclic aromatic hydrocarbons and their degradation, there is still demand
thriving more light on the degradation of higher polycyclic aromatic hydrocarbons
and its mechanism. Various final points could be concluded drawn from this review:

• Functionalization not only enhances the overall properties of the materials but
also increases its role in the degradation of toxic polycyclic aromatic hydrocar-
bons into safer by-products.
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• A lot of functionalized materials (carbon nanotubes, graphene oxide, metal
oxides, etc.) were able to degrade polycyclic aromatic hydrocarbons mainly
anthracene, phenanthrene, naphthalene, benzo[a]pyrene, chrysene, and benz[a]
anthracene.

• Coupling between different materials lowered the band gap energy, charge
recombination, and enhanced the overall surface active sites and radical species.

• Radical species such as superoxide along with the hydroxyl radicals are the main
agents causing the degradation of polycyclic aromatic hydrocarbons.

• Coupling also shifted the overall light response of nanomaterials toward the
naturally available light region (visible), hence increased its application under
natural scenario such as sunlight.

• A very few reports were available on the degradation of higher molecular weight
polycyclic aromatic hydrocarbons removal; this needs further attention.

• Functionalization of carbon-based materials has been done exhaustively, yet their
application in polycyclic aromatic hydrocarbons degradation is very limited.

• Although attempts have been done to explore the role of functionalization in the
degradation ability of catalyst, there is still a need to put more light on the
degradation mechanism.

• In-depth detail of the synthesized materials such as size, shape, porosity, and
surface activity should be further explored. Complete knowledge of the materials
properties can help in designing a well active strategy to remove organic
contaminants.

• To achieve desired targets of environmental cleanup, better understanding of
functionalization is needed. Stability of functionalized materials under different
conditions of solvent, pH, and temperature should be known. Other than these,
the biocompatibility of the nanocatalysts should be adequately checked before
practical involvement.

• All in all a great deal of information was gathered for the degradation of
polycyclic aromatic hydrocarbons with functionalized materials. It was seen
that most of the work was based on the lab results, yet the practical applicability
of the nanocatalysts through field study is needed.

• Involvement of noble metals for the coupling should be explored since even in
past inventions introduction of noble metals has shown tremendous results.

• Development of more facile, simple, one-step, and cheap processes for engineer-
ing application is highly recommended.
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Abstract Petroleum industry alone is regulating a major part of the world economy.
Everyday million litres of hydrocarbon-rich wastewater is generated from oil refin-
eries, which is one of the major drawbacks of oil industries. Oily wastewater is
carcinogenic for humans and animals, and oils can cause ground seepage and can
reduce oxygen solubility in water which further affects the marine ecosystems.
Among the treatment processes, biological techniques are more suitable to provide
eco-friendly results.

The current research trends in hydrocarbon-rich wastewater treatment suggest
aerobic granulation as one of the modern biological remedies for oily wastewater.
Aerobic granules are densely packed microbial aggregates containing millions of
different bacteria. They offer cost-effective and simultaneous degradation of carbon,
nitrogen, phosphorus and hydrocarbons in a single reactor system. This technology
has been successfully employed in treating petrochemical, coal gasification and palm
oil meal effluents. About 1–3.5 mm-sized aerobic granules containing extracellular
polymeric substances of 200–300 mg/g volatile suspended solids with 30–70 m/h
settling velocity provided almost 90% chemical oxygen demand and 70–90% oil
removal while treating 5.6–320 mg/L of hydrocarbon containing wastewater. Above
5 g/L of granule biomass and below 50 mL/g sludge volume index indicated granule
stability and compactness throughout oil removal process. This chapter focuses on
the mechanisms, effecting factors, characteristics and characterization techniques of
aerobic granulation with its detailed application in hydrocarbon-rich wastewater
treatment.

Keywords Hydrocarbon-rich wastewater · Poor biodegradability · Aerobic granular
reactor · Granulation mechanism · Characterization · Parameters · Factors · Oil
degradation

6.1 Introduction

Hydrocarbon-rich wastewater is generated from crude oil reservoirs, palm oil meals,
petroleum refineries and fuel manufacturing companies. Oily wastewater can impose
hazardous effects on water bodies, aquatic lives, crop production and also on animal
and human health (Biswal et al. 2009). Residual crude oil can cause groundwater
pollution (Novaković et al. 2012) and ecotoxicity of polyaromatic hydrocarbons
were also investigated by researchers (Manzetti 2012). According to the standards
for Effluent Discharge Regulations of Environment Protection Act 2002, the per-
missible limit of oil and grease in effluent is 10 mg/L and according to the Indian
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drinking water standards, in drinking water it is 0.2 mg/L. Petrochemical wastewater
is produced in large volume which has poor biodegradability due to the recalcitrant
nature of oil (Zhang et al. 2011). Table 6.1 summarizes different units of a petroleum
refinery which are the main sources of hydrocarbon waste generation reported by
Alva-Argáez et al. (2007).

Several physical and chemical processes, like adsorption, ultrafiltration, mem-
brane separation and chemical oxidation have been employed for oil remediations.
But due to their environmental and economical limitations, biological methods are
considered to be more feasible in oily wastewater treatment (Mondal et al. 2010).
Biological treatments are classified into aerobic and anaerobic processes. However,
anaerobic processes mostly produce secondary pollutants during wastewater treat-
ment which make aerobic processes more attractive to the environmentalists (Beun
et al. 2002). Aerobic granulation technology is considered as one of the latest
techniques in hydrocarbon-rich wastewater treatment (Adav et al. 2008). Granula-
tion is an immobilization phenomenon of different sludge bacteria which is con-
trolled by organic loading and reactor parameters (Show et al. 2012; Tay et al.
2001a; Liu and Tay 2004; Adav et al. 2007). Aerobic granulation is more advanta-
geous than conventional sludge process for the following characteristics (Adav et al.
2008):

(i) Smooth and round granular shape, (ii) high settleability, (iii) high biomass
retention, (iv) granule compactness, (v) ability to bear high organic loading rate and
(vi) high tolerance to shock loading and toxicity.

All these characteristics are found in a single compact aerobic granule which
requires very less settling time and hydraulic retention time. Aerobic granular
reactors can approximately reduce 20% of the wastewater treatment running cost
and can further reduce 75% space requirement (De Kreuk et al. 2005) than conven-
tional activated sludge process. Figure 6.1 describes the application of aerobic
granulation subsequently in laboratory scale, pilot scale and in full scale for treating
pulp and paper mill wastewater (Sengar et al. 2018).

Aerobic granulation technology has dealt with a large variety of industrial
wastewater treatments (Zhang et al. 2016; Gobi et al. 2011; Franca et al. 2015;
Vashi et al. 2019). Among the hydrocarbon-rich wastewaters, aerobic granular
treatment of petroleum, coal gasification and palm oil meal effluent treatments
have been reported so far.

Table 6.1 Hydrocarbon wastes generated in petroleum refineries (Alva-Argáez et al. 2007)

Unit name Hydrocarbon wastes

Crude desalting Free floating oil

Crude oil distillation Oil

Catalytic cracking Oil

Alkylation Oil
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6.2 Mechanism of Granulation

Granulation mechanisms have been hypothesized by many researchers. But the
process is not well defined so far. Some of the proposed mechanisms are described
below.

6.2.1 Triggering Forces in Aerobic Granules

Liu and Tay (2002) proposed that granulation takes place in four steps:

• Bacterium to bacterium interaction mediated by physical processes such as
diffusion, gravity, and hydrodynamic and/or thermodynamic forces;

• Bacterial aggregation by either physical forces like thermodynamic forces and
Van der Waals or by chemical forces like inter-particulate bridging, ionic bonding
or by biochemical forces such as cell surface dehydration, fusion of the cell
membranes, cell to receptor attraction and so on;

• Cell aggregation by cellular forces like cell clustering or extracellular polymeric
substances production;

• Granule structure stabilization by hydrodynamic shear force. This shear force was
found to be responsible to provide a final three-dimensional granular structure to
the microbial community.

Fig. 6.1 Aerobic granulation technology is given in a nutshell. Granule formation and its subse-
quent scale-up implementation are described in laboratory scale, pilot scale and in full scale for
treating pulp and paper mill wastewater (Sengar et al. 2018)
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A generalized granulation mechanism is described in Fig. 6.2 (Kent et al.
2018).

6.2.2 Extracellular Polymeric Substances-Mediated
Granulation

Extracellular polymeric substances are gummy materials secreted on the outer
surfaces of microbial cells, which promote cell-to-cell adhesion and granule forma-
tion providing long-term granule stability (Tay et al. 2001a; Wang et al. 2006a).
Extracellular polymeric substances consist of different exopolysaccharides (Seviour
et al. 2010; Lin et al. 2010), exoproteins, humic acid, uronic acid and DNA
(deoxyribonucleic acid) which enhance granulation process (Wang et al. 2005;
Wang et al. 2015; Wang et al. 2006a).

6.2.3 Role of Hydrophobicity

Liu et al. (2003b) reported surface hydrophobicity as the primary factor behind
aerobic granulation. Increasing cell hydrophobicity can decrease the excess Gibbs
free energy of bacterial cell surface enhancing cell-to-cell adhesion in granulation
process (Tay et al. 2002b).

6.2.4 Cell-to-Cell Adhesion

Zheng et al. (2006) hypothesized that aerobic granulation promotes cell-to-cell
adherence which regulates different cellular reactions. Bacterial aggregation is
further classified into two categories:

Fig. 6.2 Aerobic granulation mechanism starts with (1) bacterial cell movement and cell-to-cell
interaction then (2) cell adhesion and micro-aggregate formation, (3) production of extracellular
polymeric substances from aggregate surfaces (orange – extracellular polymeric substances).
Finally (4) spherical, compact and matured granular structures are formed (Kent et al. 2018)
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• Auto-aggregation: Adhesion between the cells of genetically identical strains.
• Co-aggregation: Aggregation between genetically different bacterial strains.

6.2.5 Other Mechanisms

Role of dominating microbial species (Barr et al. 2010) and addition of crushed
granules inside a sequencing batch reactor (Verawaty et al. 2012) are the other
probable granulation mechanisms reported so far.

In another literature, different steps of aerobic granulation are described by Hailei
et al. (2006) which are illustrated in Fig. 6.3.

6.3 Characteristics of Aerobic Granules

Characteristics of aerobic granules are determined by physical, chemical and bio-
logical parameters.

1 mm 1 mm 1 mm

1 mm1 mm1 mm

(a) (b) (c)

(d) (e) (f)

Fig. 6.3 Micrograms of granulation phenomena are illustrated. Picture depicting (a) initial sludge;
(b) multiplication of sludge bacteria; (c) appearance of bacterial floc; (d) cohesion of the floc; (e)
maturation of floc; (f) formation of aerobic granule (Hailei et al. 2006)
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6.3.1 Physical Parameters

Size of Granules

The approximate average granule diameter range lies between 0.2 μm to 16 mm
(Beun et al. 1999; Toh et al. 2003; Zheng et al. 2006). High organic loading rate
promotes larger granules whereas, smaller granules can be formed under high shear
forces (Li et al. 2008; Gao et al. 2011).

Granule Settling Velocity

Granule settling velocity corresponds with granule size and structure which lies
between 30 to 70 m/h, which is three times greater than the settling velocity of
conventional activated sludge (Liu and Tay 2004). Aerobic granulation is also
achievable at settling velocity below 9.5 m/h (Val del Río et al. 2013).

Sludge Volume Index

Sludge volume index determines the volume (in milliliters) required for 1 g of settled
sludge after a specific settling time such as 5, 10 or 30 min. Granule settleability is
generally represented by sludge volume index. Shorter sludge volume index denotes
more compact and stable granular structure. Liu et al. (2003b) observed excellent
granule hydrophobicity at sludge volume index values lower than 50 mL/g.

Physical Strength and Density

According to literature, approximately 1 g/mL granule density is observed for
matured aerobic granules (Etterer and Wilderer 2001).

Physical Structure

Aerobic granules are either spherical or rod-shaped. They are mainly yellow, brown
and black in colour (Zheng et al. 2006) which is dependent on type of carbon source,
feed composition and microbial population.
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6.3.2 Chemical Parameters

Specific Oxygen Utilization Rate

Specific oxygen utilization rate denotes the activity of microorganisms expressed as
milligrams of oxygen consumed by a milligram of cellular proteins per hour. In a
case study, specific oxygen utilization rate values in glucose-fed and acetate-fed
granules ranged between 55.9 to 69.4 mg O2/g mixed liquor volatile suspended
solids/h (Tay et al. 2002b).

Extracellular Polymeric Substances

Extracellular polymeric substances are metabolic polymers secreted by aerobic
granules which help in granule formation. Extracellular polymeric substances
mainly contain β-polysaccharides and proteins. In aerobic granules proteins/poly-
saccharides ratios are generally found between 3.4 to 6.2 which is 0.9 time higher
than flocculent-activated sludge (Adav and Lee 2008). Relatively high protein
fractions are required as an important feature for matured aerobic granule formation
(McSwain et al. 2005).

6.3.3 Biological Parameters

Different light and electronic micrograms like light microscopy, scanning electron
microscopy, field emission scanning electron microscopy, fluorescence in situ
hybridization along with confocal laser scanning microscopy are mainly employed
to reveal aerobic granular structures (Lemaire et al. 2008). Dominancy of ammonia
oxidizing bacteria was generally observed on the granule surfaces (Jang et al. 2003).
De Kreuk et al. (2005) observed a mixture of heterotrophic phosphate accumulating
organisms and autotrophic nitrifiers prevailing in the outer granule layers and
phosphate accumulating organisms in the core of granules by using fluorescence
in situ hybridization analysis of aerobic granule.

6.3.4 Granule Stability and Storage

Excessive growth of filamentous organisms is the major cause for granule instability
during reactor operation. Long solid retention time, dissolved oxygen and nutrient
deficiency along with low substrate concentration are the possible reasons behind
filamentous outgrowth in aerobic granules (Liu and Liu 2006). Integrity coefficient
is a parameter which is used to denote granule physical strength. Integrity coefficient
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defines the ratio of solids in the supernatant to the total weight of the aerobic
granules, expressed in percent (%). Integrity coefficient ranged up to 98% and
97% for aerobic granules cultivated in glucose and acetate, respectively (Tay et al.
2002b). Ghangrekar et al. (2005 ) reported that lower integrity coefficient determines
greater granule strength (Ghangrekar et al. 2005). During storage, extracellular
protein content was found to be significantly less due to more protease enzyme
(secreted by proteolytic bacteria) activity inside the granules (Adav et al. 2009).

6.4 Granule Characterization Techniques

There are several microscopic characterization techniques available for aerobic
granules like normal light microscopy, scanning electron microscope, field emission
scanning electron microscope and confocal laser scanning microscopy. Scanning
electron microscope analysis explained the dominancy of filamentous bacteria on the
outer surface of glucose-fed mature granules, whereas tightly linked microbial cells
with compact structure were found in acetate-fed granules (Tay et al. 2001b).

6.5 Factors Affecting Aerobic Granulation

There are number of conditions that should be fulfilled for microbial granular
structure formation. The factors affecting aerobic granulation are discussed in this
section.

6.5.1 Organic Loading Rate

Aerobic granulation is achievable at different organic loading rates. Moy et al.
(2002), Liu et al. (2003a) and Liu et al. (2003b) successfully achieved aerobic
granulation at high loading of 15 kg chemical oxygen demand/m3.day as well as
low loading of 2.5 kg chemical oxygen demand/m3.day organic loading rates. It
indicates that aerobic granulation is almost independent of organic loading rate
values. However, Tay et al. (2004) suggested that about 4 kg chemical oxygen
demand/m3.day is an optimal organic loading rate of aerobic granulation for achiev-
ing 99% of chemical oxygen demand removal efficiency.

6.5.2 Settling Time

Approximately 5 min settling time is required to achieve effective granulation.
According to literature, short settling time around 5 min helps to provide high cell
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polysaccharides to the cell proteins and a rise in granule hydrophobicity (Qin et al.
2004).

6.5.3 Intermittent Feeding Strategy

According to the literature, aerobic granules had been mostly reported in sequencing
batch reactors. Sequencing batch reactor operation mode consists of feeding, aera-
tion, sludge settling and effluent decanting in each cycle. In a cycle, the settling time
and volume exchange ratio provide a specific pressure to washout loose and
non-granular biomass from the reactor eliciting mature granulation (Liu et al. 2007).

6.5.4 Hydrodynamic Force

High hydrodynamic shear force enhances stable and compact granule formation
(Khan et al. 2009). Superficial air velocity above 1.2 cm/s is required for aerobic
granulation inside a sequencing batch reactor (Liu and Tay 2004). Hence, high shear
force promotes faster microbial aggregation leading to rapid biogranulation (Beun
et al. 1999).

6.5.5 Augmentation

A study conducted by Jiang et al. (2003) showed that external augmentation of
100 mg Ca2+/L promoted more regular and compact granule morphology as com-
pared to control which was without Ca2+. Liu et al. (2014) observed that augmen-
tation of 500 mg/L of poly aluminum chloride in sequencing batch reactor decreased
granulation time from 17 to 7 days. The average size of poly aluminum chloride-fed
granules was found to be 3.2 mm having more extracellular polymeric substances
content and better settling properties than control reactor.

6.5.6 Seed Sludge

The properties of the initial seed sludge affects aerobic granule formation. Two
sequencing batch reactors were seeded with two different types of sludge. One was
inoculated with 100% flocculent sludge and another one was added with 10%
crushed granules (and 90% flocculent sludge) for studying the aerobic granulation
enhancement. Aerobic granules developed faster in 90%-floc sequencing batch
reactor and were fully granulated than 100% floc sequencing batch reactor.
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However, the mean granule diameter was almost similar in both cases. The removal
rate of nitrogen, phosphorous and organic matter were 75%, 93% and 85%, respec-
tively in 100% floc sequencing batch reactor, while in 90% floc sequencing batch
reactor the removal rates were found to be 84%, 99% and 80%, respectively (Coma
et al. 2012).

6.5.7 Food to Microorganism Ratio

In most of the cases, high food-to-microorganism ratio accelerates faster and larger
granulation, and a low food-to-microorganism ratio results into slower and smaller
granule formation. Moreover, a high food-to-microorganism ratio enhances granule
stability and size (Lobos et al. 2008). But Moy et al. (2002) reported that large and
compact granules suffer from air diffusion limitations. Hence, food-to-microorgan-
ism ratios should keep changing at different phases of sequencing batch reactor
operation to achieve proper granulation. Li et al. (2011) suggested high food-to-
microorganism ratio in the initial phase and low food-to-microorganism ratio in the
final phase as optimum criteria for aerobic granulation.

6.5.8 Height-to-Diameter Ratio

Height-to-diameter ratio of an aerobic granular reactor column is the major control-
ling parameter for granular shape and microbial structure formation. Zhu et al.
(2008) observed that when the height-to-diameter ratio is very high in an aerobic
granular reactor, internal flow patterns helped in strong granule formation. In
contrast, Kong et al. (2009) reported that in aerobic granular reactor, height-to-
diameter ratio and granule settling velocity had no significant effect on granulation.

6.5.9 Hydraulic Retention Time

Hydraulic retention time determines the average time duration for a soluble com-
pound remains in a bioreactor. For sequencing batch reactor performance optimiza-
tion, an effective hydraulic retention time should be carefully selected (Fang and Yu
2000, 2001). Beun et al. (1999) observed that shorter hydraulic retention times
promote stable granulation. However, a very short hydraulic retention time can
suppress the biomass growth due to excessive washout of the flocculent biomass
from the reactors.
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6.5.10 Volumetric Exchange Ratio

Volumetric exchange ratio defines the volume of the effluent withdrawn in every
cycle of the sequencing batch reactor. An exchange ratio of 40%, 50% or 80% was
found favourable for granulation. Wang et al. (2006b) observed that rapid granula-
tion was possible in aerobic granular reactors having high volumetric exchange
ratios and good settling properties. If settling velocity was less, high volumetric
exchange ratio caused excessive biomass washout causing poor granulation.

6.5.11 Substrate Composition

Aerobic granulation occurred in wide varieties of simple carbon substrates like
glucose, sucrose, acetate, molasses and ethanol (Adav et al. 2008). Granulation
was also observed with recalcitrant compounds like phenol (Tomar and Chakraborty
2018a), thiocyanate (Tomar and Chakraborty 2018b), hydrocarbons (Zhang et al.
2011; Ghosh and Chakraborty 2019) and aniline (Winkler et al. 2018). Granules
cultivated in inorganic carbon source with nitrifying bacteria exhibited excellent
nitrification efficiencies (Tay et al. 2002; Tsuneda et al. 2003). Aerobic granulation
was successfully employed in treating low-strength to high-strength real domestic
and industrial effluents generated from municipal, petrochemical, brewery, textile,
paper mill, dairy products, seafood, manure and pharmaceutical sectors (Winkler
et al. 2018).

However, granule microscopic structure and bacterial community are largely
dependent upon the types of substrates in which they are cultivated. Literature
evidences proved that glucose-fed granules obtained loosely bound and filamentous
structures, whereas acetate-fed granules achieved compact and non-filamentous
structures with more stability (Liu and Tay 2004; Tay et al. 2002b).

6.5.12 Environmental Factors

pH

According to Hailei et al. (2006), approximately pH 7.5, which is slightly alkaline, is
essential for matured granule formation. However, granulation might be hindered at
pH values above 8.5. Acidic pH is favourable for fungi growth inside the granules,
whereas an alkaline pH produces bacteria dominating granules ensuring compact
microbial structure (Yang et al. 2008).
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Effect of Temperature

According to Hailei et al. (2006) temperatures below 41 �C and above 26 �C are
favourable for granule formation. Zhiwei et al. (2009) optimized 30 �C temperature
to be essential for matured granulation.

Dissolved Oxygen Concentration

Granules are observed to be formed across lower dissolved oxygen concentration
range of 0.7–1.0 mg/L (Dangcong et al. 1999) and at higher concentration of 2 mg/L
(Tay et al. 2002a) in sequencing batch reactors. It proves that dissolved oxygen is not
a significant parameter for aerobic granules. On other hand, Hailei et al. (2006)
found that below 2.5 mg/L dissolved oxygen concentrations resulted into unstable
and poor granulation. However, Sturm and Irvine (2008) demonstrated more impor-
tance of dissolved oxygen concentration and substrate removal kinetics than hydro-
dynamic shear force in aerobic granulation.

6.6 Applications in Hydrocarbon-Rich Wastewater
Treatment

Aerobic granulation technology is regarded as an emerging technology in oily
wastewater treatment. High chemical oxygen demand concentration and turbidity
of palm oil mill effluent is the major problem to find an efficient treatment process.
Abdullah et al. (2011) achieved stable granulation while treating palm oil mill
effluent in sequencing batch reactor. Matured compact granules dominated by
rods, cocci and spirilli organisms provided very good biomass accumulation and
settling characteristics in the reactor. An integrated biological and adsorption method
was also employed to treat palm oil mill effluent by Gobi et al. (2011). Aerobic
granules were biologically developed inside a sequencing batch reactor and the
waste aerobic granules were further utilized as an adsorbent to achieve significant
pollutant removal efficiency. In another study, Najib et al. (2017) cultivated micro-
bial granules containing photosynthetic pigments by using palm oil mill effluent as a
nutrient source for granulation. Microbial identification revealed the presence of
three dominant bacteria Enterobacter cloacae, Bacillus cereus, Lysinibacillus sp.
and a fungi, Engyodontium album, with bacteriochlorophyll a and carotenoids as
photosynthetic pigments.

Zhang et al. (2011) cultivated aerobic granule in glucose-fed wastewater and
further treated real petrochemical wastewater in a sequencing batch airlift reactor. In
the presence of 100% of petrochemical wastewater, the mean granule size and
extracellular polymeric substances contents were abruptly reduced. Serious deterio-
ration was also noticed in granule settleability and pollutant removal efficiencies.
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Hypersaline oily wastewater was treated by Corsino et al. (2015) in two sequenc-
ing batch reactors. Despite high salinity, phosphorous and carbon removal efficien-
cies were satisfactory. Salinity and hydrocarbons inhibited the autotrophic biomass
growth leading to poor nitrification inside the reactors. Small granule size and high
extracellular polymeric substances contents increased granule surface area to
enhance hydrocarbon adsorption process. Oil droplet inclusion inside the aerobic
granules (Fig. 6.4) further proved oil adsorption by the granules.

Milia et al. (2016) used different shear forces, inoculum source and pH in two
aerobic granular reactors to achieve stable granulation while treating coal gasifica-
tion wastewater. Caluwé et al. (2017) demonstrated real petrochemical wastewater
treatment in two different conditions, aerobic feast/famine and an anaerobic famine/
aerobic feast regime by using aerobic granular sludge inside two sequencing batch
reactors. Chen et al. (2019) conducted a study to treat synthetic oily wastewater
using aerobic granulation technology. Propioniciclava, Micropruina,
Alphaproteobacteria, Flavobacterium, and Sulfuritalea were isolated as the major
petrochemical degrading microbes present inside the granules. However total nitro-
gen and ammonia-nitrogen removal efficiencies were not satisfactory due to inhibi-
tion of nitrobacteria and denitrificans.

In our recent study we have investigated the impacts of different seed sludge on
granulation and oil tolerance threshold while treating diesel-contaminated wastewa-
ter (Ghosh and Chakraborty 2019). Chemical oxygen demand removal was inde-
pendent of type of initial inoculums. Refinery sludge granules were found to be most
potent in 67.39% oil degradation (influent oil: 320 mg/L) than the other inoculums.
Finally, Brevibacterium paucivorans strain SG001 isolated from sewage inoculum,
Micrococcus aloeverae strain SG002 from refinery sludge and Staphylococcus
hominis strain SG003 isolated from brewery sludge were proved to be the major
oil degrading bacterial strains. In another study, we checked the effects of short
(12 h), medium (24 h) and long (48 h) hydraulic retention times on aerobic granular
reactors treating diesel wastewater (Ghosh and Chakraborty 2020). Shortest reten-
tion time (12 h) promoted biggest and most stable granules having 68% hydrocarbon

Fig. 6.4 Oil droplet
inclusion was visible within
the aerobic granules during
hypersaline oily wastewater
treatment in aerobic granular
reactors. It proved the
hydrocarbon adsorption
capacity of aerobic granular
surfaces while treating oily
wastewater (Corsino et al.
2015)
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removal among the reactors (influent oil: 250 mg/L). However, longest HRT (12 h)
had maximum contact time between granules and pollutants which helped in 90% oil
removal. Gas chromatogrphy results predicted degradation of some short and long
chain n-alkanes (C6-C27) which followed a pathway of conversion into fatty acids
which further undergo ß-oxidation. Nitrogen balancing data suggested that
about 2–20% complete nitrification occured inside the aerobic granules. About
24–77 mg/L of efflent oil concentration was recommended to avoid phytotoxic
effects after wastewater disposal.

Detailed description of aerobic granular reactor operating conditions, granule
characteristics and pollutant removal efficiencies in different types of hydrocar-
bon-rich wastewater treatment are elaborated in Table 6.2.

6.7 Conclusion

Aerobic granulation technology has been successfully employed in treating both real
and synthetic hydrocarbon-rich wastewater. Aerobic granulation provided a very
stable and cost-effective treatment process which was able to withstand high organic
loads, fluctuation in toxic chemical concentration and finally produced effluents with
lower pollutant concentration than the conventional wastewater treatment processes.
Microbial diversity in aerobic granules helped to simultaneously degrade carbon,
nitrogen and different types of recalcitrant aromatic hydrocarbons.

According to literature, aerobic granulation was able to treat oily wastewater
containing hydrocarbons between 5.6 to 320 mg/L. However, everyday oil refineries
produce real petrochemical wastewater in million litres volume containing higher oil
concentration than the previous reports. Biological treatment and effluent manage-
ment of large volume of complex oily wastewater is still a big challenge. However
some research areas are still unexplored; like literature reporting complete nitrifica-
tion in petrochemical wastewater treatment are limited, treatability of automobile
effluents and heavy motor oil by using aerobic granular sludge is not studied so far,
whether bioaugmentation of oil degrading pure strains can improve granule oil
removal efficiencies is still unknown, effects on hydrocarbon removal by changing
superficial air velocity and feed up-flow velocity of an aerobic granular reactor are
not well accounted, potentiality of renewable biomaterial production using oil
treated waste granules is also not well explored so far. Hence, these knowledge
gaps would reveal new domains of research in aerobic granulation treating hydro-
carbon-rich wastewater treatment.
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Table 6.2 Aerobic granular reactor operating conditions, granule characteristics and pollutant
removal efficiencies in different types of hydrocarbon-rich wastewater treatment (*abbreviations
are explained below)

Type of
wastewater

Operating
conditions

Granule
characteristics Pollutant removal Reference

Palm oil mill
wastewater

i) AGR volume:
1 L; OLR: 2.5 kg
COD/m3.d; VER:
50%; superficial air
velocity: 2.5 cm s-1;
cycle time: 3 h;
operation time:
60 days

Granule size:
2–4 mm, biomass
concentration:
7.6 g/L; SVI:
31.3 mL/g SS

COD: 91.1% (I:
700 mg/L); Ammo-
nia: 97.6% (I:
100 mg/L); Colour:
66.0% (I:
600 ADMI)

Abdullah
et al. (2011)

ii) AGR volume:
8 L; OLR: 3-6 kg
COD/m3.d; VER:
25%; superficial air
velocity: 5 L/min;
cycle time: 6 h;
operation time:
170 days; Adsor-
bent: waste gran-
ules treated in
0.1 M NaOH; col-
umn study.

Granule size:
0.9 mm, granula-
tion time: 110 days;
MLSS: 3.6–2.5 g/l;
SVI: 30 mL/g

By granules: COD:
88% (OLR: 3 kg
COD/m3.day); 90%
(6 kg COD/m3.
day); by adsorbent:
COD: 21%; turbid-
ity: 99%

Gobi et al.
(2011)

iii) AGR volume:
1.2 L; OLR:
2.75 kg COD/m3.d;
VER: 50%;
2.07 cm/s; cycle
time: 4 h; operation
time: 120 days;

Granule size:
0.3–2.36 mm, SVI:
10.30–14.80 mL/g
SS; MLSS:
6.90–8.25 g /L;
GSV:
18.0–103.0 m/h;
integrity coeffi-
cient: 2%

Aerobic granules
containing photo-
synthetic bacteria
naturally consumed
POME as nutrient
source

Najib et al.
(2017)

Hypersaline
oily
wastewater

AGR volume:
3.5 L; VER: 50%;
cycle time: R1: 3 h;
R2: 12 h; superficial
air velocity: 3.5 cm/
s; operation time:
100 days

Granule size:
1.9 mm, SVI5:
28–30 mL/g GSV:
70–80 m/h; TSS:
6.5–11; EPS:
550–340 mg/g.
VSS; PN:PS: 3–6;
granule hydropho-
bicity: 89%–93%

COD: 98%, 88% (I:
900 � 15 and
1350 � 50 mg/L);
TN: 50%, 26% (I:
90 � 5 and
115 � 10 mg/L);
Phosphorus: 50%,
80% (I: 20 � 2 and
25 � 3 mg/L);
Hydrocarbon:
above 90% (I:
6.8 � 1.5 mg/L)

Corsino et al.
(2015)

Coal gasifi-
cation
wastewater

AGR volume: 3 L;
VER: 50%; cycle
time: 4 h; HRT: 8 h;
operation time:
480 days

Granule size:
1300–250 μm,
SVI8: 30 � 8 mL/g.
TSS; VSS:
4.9 � 0.6 g/L; TSS:
260 � 20 mg/L;
GSV: 1.1–6 m/h

COD: 92 � 6 to
94 � 2% (I:
240–630 mg/L);
NH4

+-N: 78% (I:
340–610 mg/L)

Milia et al.
(2016)

(continued)

188 S. Ghosh and S. Chakraborty



Table 6.2 (continued)

Type of
wastewater

Operating
conditions

Granule
characteristics Pollutant removal Reference

Real petro-
leum
wastewater

i) AGR volume:
3 L; OLR: 2 kg
COD/m3.d; NLR:
0.16 kg NH4

+
–N/

m3.day; VER: 50%;
cycle time: 6 h;
superficial air
velocity: 2.2 cm/s
operation time:
223 days

Granule size:
220 μm, SVI:
26.1–41.5 mL/g;
MLVSS/MLSS:
0.9; PS:PN: 1–2

COD: 89% (I:
500 mg/L), NH4

+
–

N: (I: 42.9 mg/L)
94% and TN: 67%
(I: 70 mg/L)

Zhang et al.
(2011)

ii) SBRae: aerobic
regime; SBRan:
anaerobic feast and
aerobic famine
regime; feeding
volume: 1–4 L;
VER: 16.6%–

28.6%; feeding
rate: 1 L/min; cycle
time: variable;
OLR: 1.0–1.35 kg
COD/m3.d; opera-
tion time: 60 days

Granule size:
264.7 μm,
307.4 μm, SVI:
71 mL/g MLSS,
56 mL/g MLSS;
MLVSS: 1.8,
3.4 mg/L; GSV:
10 m/h.

COD: 96.1 � 1.8%,
96.6 � 0.2% (I:
94.0 � 26.2 mg/L;
80.4 � 27.8 mg/L;
sCOD:
97.0 � 1.3%,
97.7 � 1.3% (I:
66.4 � 29.8 mg/L,
51.6 � 29.0 mg/L).

Caluwé et al.
(2017)

Synthetic
petroleum
wastewater

AGR volume: 71 L;
VER: 50%; H/D:
5.71; cycle time:
4.8–6 h; operation
time: 130 days

Granule size:
0.46–0.9 mm, EPS:
128 mg/g.VSS;
MLSS: 8.5–4.5 g/L;
SVI30: 30 mL/g;
integrality coeffi-
cient:
99.8% � 0.1%

COD: 95% (I:
600 to 900 mg/L);
NH4

+-N: 30–39%
(I: 25–40 mg/L);
TN: below 35% (I:
30–47 mg/L); oil:
90% (I: 50–200 mg/
L)

Chen et al.
(2019)

Diesel
wastewater

AGR volume: 3 L;
VER: 50%;
H/D:30.56; cycle
time: 8 h; OLR:
1.8 kg COD/m3.
day; NLR:
0.0075–0.075 kg
NH4

+-N /m3.day;
HLR:
0.015–0.48 kg/m3.
day; operation time:
246 days

Granule size:
3.11–3.49 mm,
SVI: 39.80 mL/g
GSV: 23.21 m/h;
VSS: 5.85 g/L;
EPS: 172–218 mg/g
VSS; PN:PS:
3.56–3.96; granule
hydrophobicity:
50–92%

COD: 99.9% (I:
1200 mg/L); NH4

+-
N: 91–92% (I:
50 mg/L); Oil:
61–67% (I: 320 mg/
L)

Ghosh and
Chakraborty
(2019)

*I influent concentration (mg/L), AGR aerobic granular reactor, SBRae sequencing batch reactor aerobic,
SBRan sequencing batch reactor anaerobic, OLR organic loading rate (kg COD/m3/day), NLR nitrogen
loading rate (kg NH4

+-N/m3/day), HLR hydrocarbon loading rate (kg/m3/day), SVI sludge volume
index (mL/g),GSV granule settling velocity (m/h), VER volumetric exchange ratio (%),HRTHydraulic
retention time (day), POME Palm oil mill effluent, EPS extracellular polymeric substances, PN:PS
protein:polysaccharide, H/D height/diameter, MLSS Mixed liquor suspended solids (g/L), MLVSS
Mixed liquor volatile suspended solids (g/L), SS suspended solids (g/L), VSS volatile suspended solids
(g/L), CODchemical oxygen demand (mg/L), sCOD soluble chemical oxygen demand (mg/L), NH4

+
–

N ammonia-nitrogen (mg/L) ADMI American Dye Manufacturer’s Institute unit
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Abstract Oil pollution in marine environment is a serious issue that impacts human
health, animal wellness, environmental health, and finally the economy of impaired
areas, mainly coastal regions. Sustainable treatments (bioremediation) can attenuate
the toxicity of the affected habitats, because they are inspired by natural processes
carried out by bacteria and algae in synergistic actions targeted at degradation of
hydrocarbons. We reviewed the specific key role of the synergy between bacteria
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and algae during the degradation of hydrocarbons in the sea, pointing out the
importance of two crucial evidences: (1) the exchange of mutual benefits that help
to cope with the variability of the aquatic environment and (2) the syntrophic
behavior in the consumption of hydrocarbons. Moreover, according to the literature,
it appeared that phycosphere is a complex system that should be studied by a holistic
approach to understand the natural occurring interaction between algae and bacteria
that can contribute to the success of in situ bioremediation processes.

Keywords Algae bacteria interaction · Bioremediation in marine environment ·
Hydrocarbon-degrading bacteria

7.1 Introduction

7.1.1 Oil Pollution in Marine Environment

Petroleum is an important industrial raw material and power source widely used in
multiple fields. Given the common understanding on the necessity to use renewable
energy sources, the projection on the use of fossil fuel in the countries belonging to
the Organisation for Economic Co-operation and Development shows a decline by
2050 (Itopf.com 2016), notwithstanding the fact that the global demand for energy is
expected to rise by 25% in the period 2014–2040 and in 2040, one-third of the
world’s energy would be still provided by oil (Selin 2013). This is not consequence-
free as historically demonstrated by the number and severity of the incidents that
have occurred during oil extraction, refinery, naval operation and transport, espe-
cially in marine environment (O’ Brien 2004; Gomez and Sartaj 2014; Khudur et al.
2015). According to Fernandez-Macho (2016), European Atlantic countries are at
greater risk of oil pollution, followed by Mediterranean coastlines, where Italy and
Greece seem to be much more exposed to the hazard. Moreover, Mediterranean
coastline is littered with several oil-polluted sites, which have experienced intensive
industrialization (Daffonchio et al. 2013). Some of these (i.e., Gela and Priolo, Italy)
were declared “at high risk of environmental crisis” in 1990, but little has been done
for the cleaning-up of the polluted sites and to reduce environmental damages
attributable to pollution exposure (Guerriero et al. 2011). Such conditions dramat-
ically reduce the extent of marine areas contributing to ecosystems services (Sousa
et al. 2016). Oil pollution in marine environment threatens public and animal well-
being, impairs environmental health, not to mention socioeconomic relapses, overall
for marine and maritime activities and industries and related jobs. The source of oil
pollution in marine environment can have natural origin as seepage, but a large
proportion derives from anthropic activities such as offshore production, shipping,
refinery operations, and industrial and urban runoff (Group of Experts on the
Scientific Aspects of Marine Environmental Protection 2007; Farrington and
McDowell 2004; Lindgren et al. 2016). Generally, oil spillages can be distinguished
into large (macro) and small (micro) spills (Sardi et al. 2017). Macro oil-spill, caused
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by marine oil well blowouts or shipping disaster (Jewett et al. 1999; Valentine et al.
2014), dramatically impact on the marine environment. However, also frequent
micro spills due to urban/industrial runoff and shipping may generate chronic and
long-term effects (Camphuysen 2007; Silva et al. 2009; Lindgren et al. 2012; Troisi
et al. 2016; Frometa et al. 2017; Klotz et al. 2018; Xie et al. 2018; Szczybelski et al.
2018; Liu et al. 2019). Lindgren et al. (2012) investigated the effect of polycyclic
aromatic hydrocarbons on benthos and found evident impacts on meiofauna and
microbial communities even at low concentrations of polycyclic aromatic hydrocar-
bons. The contamination by oil fractions may be observed for many years after an
oil-spill (Tansel 2014). A fairly quick natural recovery (within 2–10 years) may
occur in areas such as mangrove swamps or salt marshes (Kingston 2002) but the
contamination can persist for more than 25 years where the physical removal of oil is
not performed (Kingston 2002).

7.1.2 Oil Composition

Crude oil is a mixture that includes hydrocarbons as the most abundant fraction,
varying in a range of 50–98% of the total composition (Clark and Brown 1977), and
the majority of oils include higher relative percentage of aliphatic hydrocarbons.
Moreover, consistent elements are also oxygen, nitrogen, and sulfur, both as ele-
mental or heterocyclic constituents (e.g., dibenzothiophene) and functional groups.
Hydrocarbons generally consist of alkanes (also called paraffins, on average 30%),
naphtenes (or cycloalkanes) (on average 49%), aromatic (on average 15%),
asphaltenes (porphyrins, esters, phenols, fatty acids, ketones), and resins (amides,
pyridines, carbazoles, quinolines, sulfoxides) ranging from 0 to 40%. Alkanes and
naphtenes (also called saturates) linear or branched, lack double bonds.
Cycloalkanes (mainly cyclopentanes and cyclohexanes) have one or more rings of
carbon atoms and frequently show alkyl substituent(s). Aromatics exhibit one or
more aromatic rings (Matar and Hatch 1994). Asphaltene and resins contain
non-hydrocarbon polar compounds. Oil also contains trace constituents, comprising
less than 1% (v/v), including phosphorus and heavy metals such as vanadium and
nickel. Petroleomics analyses have allowed the identification of more than 17,000
distinct chemical components, revealing the complexity of such organic mixtures.
Furthermore, chemical and physical properties can vary between different type of
crude oils and accordingly their susceptibility to biodegradation and fate in aquatic
environment.

7.1.3 Fate of Oil in Marine Environment

Oil in seawater medium is affected by several processes that change its distribution
and composition. Oil physical and chemical changes may occur in different
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chronological events. An early stage, which occurs over days, is characterized by
spreading, evaporation, dispersion, emulsification, and dissolution. Diversely, at
later stage, oxidation, sedimentation, and biodegradation occur over years, deter-
mining the ultimate fate of the oil spilled (Harayama et al. 1999; Dutta and
Harayama 2001). Each fraction of crude oil has different behavior in marine
environment: hydrocarbons having lower molecular weight form slicks on the
surface and are subjected to spreading, mixing, and volatilization/evaporation
whereas heavier resins form persistent tar balls with low surface area. The effect
of mixing, but even more tension-active substances produced by microorganisms
(biosurfactants), creates emulsions that are more easily degradable (Harayama et al.
1999; Yamada et al. 2003; Xue et al. 2015; Atlas and Hazen 2011). Sunlight
radiation causes photo-oxidation of floating petroleum hydrocarbon molecules and
in presence of algae the response of microbial community to oil is differently
modulated (Medina-Sánchez et al. 2002; Aksmann and Tukaj 2008; Huang et al.
2014; Bacosa et al. 2015).

Processes occurring during the early phase result in the partitioning of oil
components among the sea surface, air, water column, and sediments. After exten-
sive alterations, however, many petroleum hydrocarbons persist unchanged and
consequently their toxicity is diluted but not diminished. Petroleum residues,
asphaltenes, and nonvolatile hydrocarbons persist indefinitely. Natural occurring
biological and chemical degradation processes become increasingly significant
over months. Because marine microorganisms ingest, metabolize, and utilize the
petroleum as a carbon source, petroleum hydrocarbons and residues in the environ-
ment do not exist in greater abundance. Without microorganisms, the abundance of
hydrocarbons would increase at possibly undesirable rates. Isolation and identifica-
tion of microorganisms responsible for hydrocarbon transformations have long been
acknowledged and include bacteria, yeasts, fungi, and algae (Atlas 1981; Leahy and
Colwell 1990; Atlas and Cerniglia 1995). The biodegradation efficiency was shown
to range from 6% to 82% for soil fungi (Bovio et al. 2017), from 0.13% to 50% for
soilbacteria (Jones et al. 1970), and from 0.003% to 100% for marine bacteria
(Mulkins-Phillips and Stewart 1974).

The use of microbial community for the recovery of impacted marine areas is the
subject of bioremediation, a biotechnology mainly targeted to exploit processes
carried out by single type of microorganisms. Indeed, hydrocarbons degradation
processes in the natural environment are too complicated to be entirely
comprehended, and therefore a system biology approach is required to investigate
networks and interaction at the molecular, cellular, and ecosystem levels.

In this chapter, we outline the existing knowledge about the interaction between
bacteria and algae during the petroleum biodegradation process; whereafter, we will
specifically focus on the bacterial and algal actions under aerobic conditions.
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7.2 Microbial Hydrocarbon Biodegradation

7.2.1 Bacterial Hydrocarbons Biodegradation

Several marine ecological niches, both extreme and conventional, host hydrocarbon-
degrading bacteria. The biogeography of hydrocarbon-degrading bacteria has been
continuously updating and has demonstrated that they are widely distributed around
the world (Oliveira et al. 2017), including in the polar region (Crisafi et al. 2016),
hydrothermal vents (He et al. 2015), deep-sea (Liu et al. 2019), and hypersaline
environments (Fathepure 2014). Coastal zones disturbed by frequent oil input
together with chronically oil-polluted sites (ports, the surroundings of refineries,
mining marine sites) show an increase of hydrocarbon-degrading bacteria relative
density (Denaro et al. 2005; Yakimov et al. 2005; Yakimov et al. 2007; Crisafi et al.
2016; Zhang et al. 2017; McFarlin et al. 2018). The potential of hydrocarbons-
degrading bacteria has been known for decades. Zobell (1946) perceived an inter-
esting opportunity on the use of hydrocarbon-degrading bacteria for the clean-up of
oil-polluted areas. Cutting-edge omics technologies have allowed to deeply investi-
gate structural and functional features of natural bacterial communities, together
with genome of bacterial strains, their genes, enzymes, metabolites, and degradation
pathway and network as crucial components of biodegradation processes (Bargiela
et al. 2015; Zhang et al. 2019). Biodegradation of petroleum depends on the nature
and on the amount of the hydrocarbons, which determine their availability to bacteria
(Cooney et al. 1985; Chaudhry et al. 2005; Rojo 2009; Beskoski et al. 2011; Chandra
et al. 2013). In particular, the susceptibility of hydrocarbons to microbial degradation
is generally ranked as follows: linear alkanes > branched alkanes > low-molecular-
weight alkyl aromatics > monoaromatics > cyclic alkanes > polyaromatics
> asphaltenes (Atlas 1981; Leahy and Colwell 1990; Atlas and Bragg 2009; Varjani
2017). Hydrocarbon degradation can be influenced by the bioavailability of nutrients
such as nitrogen and phosphorous (Bootpathy 2000; Rahman et al. 2006; Varjani
et al. 2015). Temperature, pH, and oxygen can also limit the efficiency of the process
(Atlas 1991; McKew et al. 2007; Chandra et al. 2013; Taffi et al. 2014). Moreover,
high amount of organic matter associated with long-term hydrocarbon contamina-
tion can reduce the bioavailability of the pollutant (Santos et al. 2003). Among biotic
factors affecting oilbiodegradation, predation is considered as a positive event
because it creates a nutritional loop, but at the same time may cause a decrease in
the number of hydrocarbon-degrading bacteria in comparison to a predator-less
condition (Bootpathy 2000).

7.2.2 Bacteria-Degrading Aliphatic Hydrocarbons

Although 75 different bacterial genera have been so far described as hydrocarbons-
degraders (Prince 2005), little is known on marine strains, likely due to their known
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low cultivability. Table 7.1 lists a selection of marine strains frequently detected in
oil-polluted environments both in natural samples and in culture conditions. The
structure of the microbial communities associated to oil-polluted marine areas
depends on environmental conditions that select for distinct site-specific bacterial
assemblage and affect the physico-chemical properties of hydrocarbons by increas-
ing or reducing their bioavailability (Coulon et al. 2007; Duran and Cravo-Laureau
2016; Dashti et al. 2015; Potts et al. 2018). The most representative class,
Gammaproteobacteria, includes Alcanivorax sp. comprising more than 11 species.

Table 7.1 List of the main bacteria genera used in studies on hydrocarbonsbiodegradation

Bacterial genus Hydrocarbons References

Alcanivorax sp. Aliphatics alkanes up to C32 and branched aliphatic, as
isoprenoid hydrocarbons, alkylarenes and
alkylcycloalkanes, cycloalkanes

Yakimov et al.
(1998)

Marinobacter sp. Aliphatics alkanes C16-C20, heptadecano, tetradecano,
dodecylbenzene, phenantrene, pristine fluoranthene

Gauthier et al.
(1992)

Halomonas sp. Aromatics diesel fuel, alkanes C11-C22 Melcher et al.
(2002)

Novosphingobium
sp.

Aromatics pyrene, benz(a)anthracene, benz
(b) fluoranthene, benzo(a) pyrene

Xu et al.
(2018)

Alteromonas sp. Aliphatics and aromatics naphthalene, phenanthrene Teramoto
et al. (2011)

Oleiphilus sp. Aliphatics aliphatic hydrocarbons C11 -C20, alkanoates
alkanoles

Golyshin et al.
(2002)

Oleispira sp. Aliphatics aliphatic hydrocarbons C10-C18 and their
fatty alcohols and acids, cycloalkanes

Yakimov et al.
(2003)

Pseudoalteromonas
sp.

Aliphatics and aromatic naphthalene, 1/2
methylnaphtalene, biphenyl, phenantrene, fluorine linear
alkanes (decane, tetradecane, and eicosane), branched
alkanes (pristane and squalane)

Liu et al.
(2019)

Thalassolituus sp. Aliphatics C12–C32 aliphatic hydrocarbons and their
oxidized derivatives

Yakimov et al.
(2003)

Neptunomonas sp. Aromatics naphthalene, phenantrene,
1-methylnaphtalene, 2-methylnaphtalene, 2,6
dimethylnaphtalene

Hedlund et al.
(2001)

Roseobacter sp. Aliphatics and aromatics Viggor et al.
(2013)

Cycloclasticus sp. Aromatics naphtalene, phenanthrene, methylnaphtalene,
fluorene, anthracene, biphenyl, acenaphtene,
fluoranthene, pyrene, chrysene, bezo(a)pyrene

Dyksterhouse
et al. (1995)

Eritrobacter sp. Aromatics Zhang et al.
(2017)

Oleibacter sp. Aliphatic Teramoto
et al. (2011)

Thalassospira sp. Aromatic

Sphingomonas sp. Aromatics Demaneche
et al. (2004)
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Alcanivorax borkumensis SK2 (Yakimov et al. 1998) is the first described of the five
genera of obligate hydrocarbonoclastic marine bacteria. Alcanivorax, together with
Thalassolituus, Cycloclasticus, Oleispira and Oleiphilus genera, includes specialist
bacterial strains that are able to use hydrocarbons as sole carbon and energy source.
Obligate hydrocarbon-degrading bacteria are extremely specialized in consuming
exclusively certain petroleum fractions for which their genes have been evolving. By
contrast, generalist hydrocarbon-degrading bacteria can, in some cases, use both
aliphatic and aromatic hydrocarbons. Alcanivorax-likebacteria have been identified
in oil-polluted marine areas across the globe, along the coast in Mediterranean Sea
(Denaro et al. 2005; Yakimov et al. 2007; Yakimov et al. 2019), in the Mid-Atlantic
Ridge near Antarctica (Alcaide et al. 2015) and in deep-sea sediments from eastern
Pacific Ocean (Liu and Shao 2005). Natural environments affected by an oil-spill
and artificial system as during oil-spill simulation in micro/mesocosms show similar
biodiversity pattern with a significant dominance of Alcanivorax sp. during the first
1–2 weeks, corresponding to a severe decrease in aliphatic relative fraction of oil
(Kasai et al. 2002; Hara et al. 2003; Yakimov et al. 2005; McKew et al. 2007; Li
et al. 2019). Strains belonging to Alcanivorax genus benefit from a selective advan-
tage because they are able to use aliphatic hydrocarbons (Table 7.1) including
branched-chain alkanes such as pristane, naturally produced by marine plankton
(Hara et al. 2003; Head et al. 2006; Sevilla et al. 2017; Wang and Shao 2014).
Alcanivorax outcompetes with Thalassolituus sp. for the use of n-tetradecane and oil
(Yakimov et al. 2005; McKew et al. 2007). Thalassolituus-like bacteria were found
in microbial communities described in the Mediterranean, Baltic, Barents, Atlantic,
Pacific, Polar Oceans, North, Okhotsk, South China seas (Yakimov et al. 2007,
2010); moreover, it was also detected in the oil plume in the Gulf of Mexico (Hazen
et al. 2010; Camilli et al. 2010) and terrestrial sites (caves and groundwater) (Mou
et al. 2008). In addition, Thalassolituus spp. was the dominant member of microbial
communities representative of seawater samples collected from oil production wells
in Canada (Kryachko et al. 2012). It is capable of special adaptation to different
temperatures (from 4 �C to 28 �C) and shows an interesting versatility on the use of
acetate or tetradecane according to the temperature (Mckew et al. 2007). Species
affiliated to Marinobacter genus are both heterotrophic and mixotrophic (Dhillon
et al. 2005; Handley et al. 2009a, b). Strains belonging to Marinobacter genus were
found in a wide range of environments, marine and saline terrestrial settings,
including various low-temperature hydrothermal environments (Shieh et al. 2003;
Moyer and Morita 2007), showing also capability to adapt to aerobic and anaerobic
conditions (Li et al. 2013; Gao et al. 2012). Indeed, only 4 out of the 41 already
described species belonging to Marinobacter genus showed hydrocarbons degrada-
tion capability (Handley and Lloyd 2013). Moreover, some species have also the
ability to reduce nitrates, potentially useful in oilfield maintenance and for the strains
themselves as an advantage to colonize different ecological niches (phycospheres).
Oleiphilus messinensis is a mono-species mono-genus strain, growing preferentially on
aliphatic hydrocarbons as sole carbon sources; it inhabits preferentially marine sedi-
ments (Golyshin et al. 2002). This strain harbors the largest genome among obligate
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hydrocarbon-degrading bacteria, with a high presence of mobile genetic elements
and proteins for signal transduction, but it shows a very narrow substrate profile
(Toshchakov et al. 2017). The psychrophilic strains belonging to Oleispira sp. are
able to use hydrocarbons as carbon source (Table 7.1) in a range of temperature
comprised between 4 �C and 20 �C (Yakimov et al. 2003; Kube et al. 2013; Crisafi
et al. 2016).Oleispira have been detected and isolated both in polar region and deep-
sea waters demonstrating that Oleispira spp. has peculiar capability in the adaptation
to extreme parameters such as high hydrostatic pressure and low temperature
(Marietou et al. 2018; Jensen et al. 2019). Strictly related to Thalassolituus genus,
Oleibacter sp. was isolated from tropical region and showed capability to degrade
petroleum aliphatic hydrocarbons growing between the range 10–40 �C but the
optimum is 25–30 �C (Teramoto et al. 2011). It was also described in high-polluted
marine sediments (Catania et al. 2015). Marine aliphatic-degrading strains show
similar metabolic pathways. On the base of Alcanivorax model, the best-known
obligate hydrocarbon-degrading bacteria specialists, together with the knowledge
about the generalist Pseudomonas sp., a general degradation pathway for the aerobic
alkane degradation has been proposed. The alkane-activating enzymes, mono-
oxygenases, generate a primary alcohol by the oxidation of a terminal methyl
group. The primary alcohol is oxidized to aldehyde, and then converted into a
fatty acid that is conjugated to coenzyme A, which is further processed by
β-oxidation to generate acetyl-coenzyme A (Morgan and Watkinson 1990; van
Hamme et al. 2003; Ashraf 1994; Schneiker et al. 2006; Wentzel et al. 2007;
Gregson et al. 2018). Subterminal oxidation of n-alkanes generates a secondary
alcohol that is then converted to the corresponding ketone, and transformed in ester
by the oxidation catalyzed by Baeyer–Villiger mono-oxygenase. (Whyte et al. 1998;
Kotani et al. 2006). The action of an esterase generates an alcohol and a fatty acid
(Forney and Markovetz 1970; Sakuradani et al. 2013). Both terminal and subtermi-
nal oxidation can coexist in some microorganisms as in Thalassolituus sp. that
express this pathway with long-chain alkanes growth (Gregson et al. 2018).
Alcanivorax sp. and Oleispira sp. strains show similar patterns of expression profile.
Their central operon is a cluster of genes: alkSB1GHJ for hydrocarbons catabolism
(Kube et al. 2013; Schneiker et al. 2006), in particular AlkB1 and AlkB2 alkane
hydroxylase (monoxygenase) oxidize medium-chain alkanes (C5–C12) medium-
chain alkanes in the range (C8–C16), respectively. (Schneiker et al. 2006; van
Beilen et al. 2006). An additional gene AlmA, a flavin-binding monooxygenase,
was recently identified in Alcanivorax dieselolei and seems to be upregulated in
presence of long-chain alkanes (Wang and Shao 2014). Moreover, genes involved
in the expression of ferredoxin, an alcohol dehydrogenase, FAD-dependent oxido-
reductase are involved in the terminal oxidation of alkanes. In Alcanivorax SK2 the
presence of isoprenoid hydrocarbons determined the specifically expression of
three cytochromes P450, while in Oleispira they are differentially expressed in
tetradecane and acetate (Schneiker et al. 2006; Kube et al. 2013; Sevilla et al.
2017). AlsoMarinobacter sp. shows similar patterns with a key role of homologous
genes. By contrast, the orthologous to AlmA, a flavin-binding monooxygenase gene
involved in long-chain hydrocarbon (>32 carbons) degradation in Acinetobacter and
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Alcanivorax species, showed no change in expression profile growing under the
same conditions (Wang and Shao 2012; Mounier et al. 2014). Biosurfactants, a
distinctive feature of hydrocarbon-degrading bacteria, enhance bioavailability of
hydrocarbons and improve the biodegradation capability of these hydrophobic
organic substrates (Kubicki et al. 2019). The Alcanivorax borkumensis SK2 pro-
duces anionic glycolipids biosurfactants with four varying chain lengths fatty acids
and surface-active secondary metabolites (Qiao and Shao 2010), Marinobacter
sp. exhibits a wide range of biosurfactants, which includes rhamnolipids (Tripathi
et al. 2019), but also amphiphilic siderophore (Martinez et al. 2000). To date, no
relevant evidences for biosurfactants production in Thalassolituus sp. and Oleispira
sp. have been reported, although they showed a differential expression, in oily and
non-oily seawater, of a LolA-like gene codifying for a lipoprotein, involved in
biosurfactant production (Schneiker et al. 2006; Sabirova et al. 2011; Gregson
et al. 2018). Alcanivorax genome includes putative genes for exopolysaccharides
biosynthesis, export, modification, and polymerization (Sabirova et al. 2011). More-
over, cluster for alginate biosynthesis and a number of determinants for a Type II
secretion system together with genes encoding for secretion proteins have been
identified in Marinobacter (Handley and Lloyd 2013; Mounier et al. 2018) and
Thalassolituus sp. (Morohoshi et al. 2018).

Bacteria-Degrading Aromatic Hydrocarbons

Different pattern of genes and enzymes have been described for polycyclic aromatic
hydrocarbons degradation. The widespread diffusion of polycyclic aromatic hydro-
carbons in marine environment determines the presence of these compounds in
remote deep-sea sediments and hydrothermal vent sulfide minerals (Vila et al.
2015). In spite of their high toxicity, the marine bacteria can use the polycyclic
aromatic hydrocarbons as both carbon and energy sources. Table 7.1 shows some of
the strains described as polycyclic aromatic hydrocarbons-degraders. The classical
strategy for aromatic-ring cleavage, which is restricted to aerobic microorganisms,
comprises firstly the oxidation of the benzene ring to form cis-dihydrodiols catalyzed
by dioxygenase enzymes that are then dehydrogenated to form dihydroxylated
intermediates, further metabolized via catechols to water and carbon dioxide. Marine
bacteria show a wide biodiversity in metabolic pathways identified for polycyclic
aromatic hydrocarbons degradation. As an example, halophilic bacteria as
Halomonas use several downstream pathways, such as protocatechuic acid pathway,
gentisic acid pathway, and catechol pathway. Moreover, several downstream path-
ways to rapidly transform intermediates have been identified (Wang et al. 2018).
Cycloclasticus genus, one of the key players of polycyclic aromatic hydrocarbons
degradation in marine environment, can also degrade chlorinated derivatives of
polycyclic aromatic hydrocarbons (Dyksterhouse et al. 1995; Yakimov et al. 2007;
Yakimov et al. 2014). It has been detected in estuaries (Niepceron et al. 2010),
coastal areas (Genovese et al. 2014; Ding et al. 2017), deep-sea sediments (Wang
et al. 2008), and polar oceans (Hazen et al. 2010; Brakstad et al. 2015). Recently,
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Rubin-Blum et al. (2017) describedCycloclasticus as a symbiont with mussels and
sponges dwelling in deep-sea gas and oil seeps (Rubin-Blum et al. 2017) and
oil-aggregates to diatoms in Arctic region (Netzer et al. 2018). The halophilic strain
Thalassospira sp. SL5–1 (Zhou et al. 2016) is able to degrade pyrene through both
o-phthalic acid and gentisic acid. Particularly, identification of phthalic acid and
salicylic acid showed that phthalate and salicylic acid routes were simultaneously
contained in the pyrene degradation, which was remarkably different from those for
other pyrene-degraders. The polycyclic aromatic hydrocarbons metabolic pathway
occurring in mixed microbial consortia is expected to be a more complex combina-
tion than those described in pure cultures considering that the metabolic intermedi-
ates can be used and transferred among different microorganisms (Zhou et al. 2016).
Cycloclasticus genus includes strains specialized in the degradation of polycyclic
aromatic hydrocarbons. Strains belonging to this genus harbor three large operons
encoding for a set of four different classes of dioxygenases (Messina et al. 2016).
The role of Alphaproteobacteria on the polycyclic aromatic hydrocarbons degrada-
tion is particularly interesting, due to their putative capability to conclude polycyclic
aromatic hydrocarbons degradation by using intermediate action, which both elim-
inates toxic compounds from the medium and maintains enzymatic action at the
same rate. A recent comparative genomic study of genera affiliated with
Alphaproteobacteria, for example, marine Roseobacter, Thalassospira, and
Erytrobacter clade, revealed the presence of numerous pathways for the catabolism
of structurally diverse aromatic substrates.

7.3 Biodegradation of Hydrocarbons by Microalgae
and Cyanobacteria

7.3.1 Microalgae Oil Degradation

Microalgae and cyanobacteria have, firstly, a pivotal role in the primary production,
but due to their capability in the carbon fixation and nutrients recycling, their
involvement on hydrocarbonsbiodegradation processes was hypothesized (Ghosal
et al. 2016; Srivastava and Kumar 2019). Many marine phototrophic microorgan-
isms exhibit the capability to survive in marine areas seriously affected by oil
pollution, especially those species adapted to coastal areas where oil inputs can
frequently occur (Abed et al. 2006). Some cyanobacteria and diatoms are particu-
larly abundant even in oil-contaminated sediments (Coulon et al. 2012). The capa-
bility of chlorophytes and diatoms but also cyanobacteria, to degrade hydrocarbons,
especially aromatic fractions, is rarely reported (Table 7.2 and Table 7.3), often with
conflicting results. Accordingly, it is still an open question whether microalgae and
cyanobacteria would cooperate with specialist aerobic hydrocarbonoclastic bacteria
to break down hydrocarbons or they are involved only in the partial oxidation
(Cerniglia et al. 1980b). As an example, first experiments were performed on
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Table 7.2 List of the main microalgal species used in studies on hydrocarbonbiodegradation

Species Hydrocarbon References

Diatoms
Amphora sp. Naphtalene Cerniglia et al. (1980b)

Cylindrotheca
sp.

Dichlorodiphenyltrichloroethane,
naphthalene

Cerniglia et al. (1980b), Kobayashi
and Rittman (1982), and de Llasera
et al. (2016)

Navicula
pelliculosa

Naphthenic acids Mahdavi et al. (2015)

Navicula sp. Naphtalene Cerniglia et al. (1982)

Nitzschia sp. Fluoranthene, phenanthrene,
naphtalene

Cerniglia et al. (1982) and Hong et al.
(2008)

Skeletonema
costatum

Fluoranthene, phenanthrene Hong et al. (2008)

Synedra sp. Naphtalene Cerniglia et al. (1982)

Chlorophytes
Ankistrodesmus
braunii

Benzo [α]pyrene Warshasky et al. (1995a, b)

Chlamydomonas
angulosa

Naphthalene Soto et al. (1975) and Soto et al.
(1977)

Chlamydomonas
reinhardtii

Benzo [α]pyrene, naphthalene Kobayashi and Rittman (1982) and
de Llasera et al. (2016)

Chlamydomonas
ulvaensis

Phenol Ellis (1997)

Chlorella
autotrophica

Naphthalene Cerniglia et al. (1980b)

Chlorella
kessleri

Aromatic hydrocarbons Ichor et al. (2016)

Chlorella
pyrenoidosa

Phenol Ellis (1997)

Chlorella
sorokiniana

Naphthalene Cerniglia et al. (1980b)

Chlorella spp. Toxaphene Kobayashi and Rittman (1982) and
de Llasera et al. (2016)

Chlorella
vulgaris

Fluoranthene Lei et al. (2007)

Closterium spp. Crude oil Uzoh et al. (2015)

Desmodesmus
sp.

Biphenol Wang et al. (2017)

Dunaliella sp. Dichlorodiphenyltrichloroethane,
naphthalene

Kobayashi and Rittman (1982) and
de Llasera et al. (2016)

Euglena gracilis Benzo [α]pyrene,
dichlorodiphenyltrichloroethane,
naphtalene, biphenol

Kobayashi and Rittman (1982), Ellis
(1997), and de Llasera et al. (2016)

Monorafidium
braunii

Biphenol Gattullo et al. (2012)

Scenedesmus
acutus

Benzo [α]pyrene Warshawsky et al. (1995a, b)

(continued)

7 Biodegradation of Hydrocarbons in Marine Environment 205



naphthalene, using the chlorophyte Chlamydomonas angulosa (Soto et al. 1975;
Soto et al. 1977). The microalgae were able only to intracellularly accumulate
naphthalene without metabolizing the pollutant. Further, Cerniglia et al. (1979,
1980a, b, c, 1982; Cerniglia 1981) showed the capability of microalgae and diatoms
Navicula sp., a Nitzschia sp., and a Synedra sp. to oxidize naphthalene-producing
metabolites as α-naphthol or aromatic diols. Successive studies showed that the
green algae Scenedesmus obliquus is able to use different substituted aromatic
compounds, that is, some naphthalene sulfonic acids, as nutrient source (Luther
and Soeder 1987, 1991; Luther 1990).

Species Skeletonema costatum and Nitzschia sp., isolated from mangrove,
exhibited the capability to degrade phenanthrene and fluoranthene simultaneously,
with high efficiency (Hong et al. 2008). Similar results were obtained using Chlo-
rella vulgaris, Scenedesmus platydiscus, Scenedesmus quadricauda, and
Selenastrum capricornutum to break down a mixture of fluoranthene and pyrene
(Lei et al. 2007). More detailed studies were conducted to evaluate the potential
benzo[a]-pyrene biodegradation ability of the chlorophyte alga Selenastrum c.
(Lindquist and Warshawsky 1985a, b; Schoeny et al. 1988; Warshawsky et al.
1988, 1990, 1995a, b). Selenastrum capricornutum utilizes a dioxygenase enzyme
system to metabolize benzo[a]-pyrene to cis-dihydrodiols (cis-4,5-, 7,8-, 9,10-,
11,12- dihydrodiols), which is then transformed in an ester. More recent studies
(Ke et al. 2010; Luo et al. 2014) reported transformation of a mixture of polycyclic
aromatic hydrocarbons by the green algae Selenastrum c. under different spectral
irradiance. The capability to degrade crude oil by microalgae in absence of light has
also been tested (Walker et al. 1975; Cerniglia 1992; Uzoh et al. 2015). The
heterotrophic strains of the achlorophyllous alga Prototheca zopfii and of the

Table 7.2 (continued)

Species Hydrocarbon References

Scenedesmus
baleniensis

Phenol Ellis (1997)

Scenedesmus
obliquus

Naphtalene sulfonic acid,
dichlorodiphenyltrichloroethane,
naphtalene

Kobayashi and Rittman (1982),
Luther and Soeder (1987), Luther
(1990), and de Llasera et al. (2016)

Scenedesmus
platydiscus

Fluoranthene Lei et al. (2007)

Scenedesmus
quadricauda

Fluoranthene Lei et al. (2007)

Selenastrum
capricornutus

Fluoranthene, benzene,benzopy-
rene, benzo [α]pyrene, chloroben-
zene, 1,2-dichlorobenzene,
nitrobenzene, pyrene

Kobayashi and Rittman (1982),
Warshawsky et al. (1990),
Simple et al. (1999), and de Llasera
et al. (2016)

Chrysophytes
Ochromonas
malhamensis

Benzo [α]pyrene Warshasky et al. (1995a, b)
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chlorophyteClosterium sp. isolated from oil-polluted environments seem to utilize
crude oil as a unique substrate (Walker et al. 1975; Uzoh et al. 2015).

7.3.2 Cyanobacteria Oil Degradation

Cyanobacteria, also known as blue green algae, are oxygen-evolving photosynthetic
prokaryotes occupying a broad range of habitats across all latitudes. The metabolic
activity of cyanobacteria, including photosynthesis, can affect the oxygen and pH
conditions of the environment and modify the amounts of available organic com-
pounds and nutrients (Oliver and Ganf 2000; Ichor et al. 2016). The capability of
cyanobacteria to degrade compounds including petroleum hydrocarbons has been
widely documented (Abed et al. 2000; Grotzschel et al. 2002; Sanchez et al. 2005;

Table 7.3 List of the main cyanobacterial species used in studies on hydrocarbonbiodegradation

Species Hydrocarbon References

Agmenellum
quadruplicatum

Phenenthrene, naphtalene Cerniglia et al. (1980b) and Narro
et al. (1992)

Anabaena cycadae Crude oil Ichor et al. (2016)

Anabaena spp. Naphtalene Cerniglia et al. (1980b)

Anabaena flos-aquae Benzo [α]pyrene Warshasky et al. (1995a, b)

Anabaena spp. n-octadecane, naphtalene Cerniglia et al. (1980b), Ibraheem
(2010)

Aphanocapsa sp. Crude oil Raghukumar et al. (2001)

Aphanothece conferta n-Octadecane Ibraheem (2010)

Leptolyngbya sp. Crude oil Ichor et al. (2016)

Microcoleus
chthonoplastes

n-hexadecanen-nonadecane,
naphthalene

Cerniglia et al. (1980b), Al-Hasan
et al. (1998)

Microcoleus sp. Crude oil Ichor et al. (2016)

Mycrocystis elabens Crude oil Ichor et al. (2016)

Mycrocystis halsatica Crude oil Ichor et al. (2016)

Nostoc spp. n-octadecane, naphtalene Cerniglia et al. (1980b), Ibraheem
(2010)

Oscillatoria salina Crude oil Raghukumar et al. (2001)

Oscillatoria spp. Naphtalene Cerniglia et al. (1980b)

Phormidium corium n-Hexadecanen-Nonadecane Al-Hasan et al. (1998)

Phormidium
faveolaurum

Phenol, crude oil Ellis (1997) and Ichor et al. (2016)

Phormidium sp. n-Octadecane, crude oil Ibraheem (2010) and Ichor et al.
(2016)

Plectonema terebrans Crude oil Raghukumar et al. (2001)

Pseudoanabaena
minima

Crude oil Ichor et al. (2016)

Synechococcus spp. Crude oil Ichor et al. (2016)

Synechocystis
aquatilis

n-Octadecane Ibraheem (2010)
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Ichor et al. 2016). Ellis (1997) reported that Anabaena cylindrica and Phormidium
foveolarum are able to metabolize hydrocarbons. Further studies conducted on
Agmenellum quadruplicatum and Oscillatoria sp. showed the transformation of
simple aromatic hydrocarbons as naphthalene to their metabolites under
photautotrophic conditions (Cerniglia et al. 1979; Cerniglia et al. 1980a, b, c).
Other studies showed that Oscillatoria sp. oxidizes biphenyl to 4-hydroxybiphenyl
and Agmenellum q. is able to oxidize phenanthrene (Narro et al. 1992). The oxida-
tion of methylnaphthalene and biphenyl phenanthrene by cyanobacteria has been
also proved (Ibraheem 2010). Many authors have demonstrated that cyanobacteria
are able to metabolize aliphatic hydrocarbons. As an example, Microcoleus
chthonoplastes and Phormidium corium, isolated from marine oil-polluted environ-
ment, produced galactolipids and sulfolipids that included fatty acid derived from
the degradation of aliphatic hydrocarbons (Al-Hasan et al. 1998). The isolated
cyanobacteria Aphanothece conferta and Synechocystis aquatilis exhibited different
degradation efficiencies of aliphatic hydrocarbons, in relation to species and alkane
used (Ibraheem 2010). Other studies monitored degradation of petroleum hydrocar-
bons by the cyanobacteria Nostoc punctiforme and Spirulina platensis and showed
the total removal of decane, pentacosane, hexacosane, octacosane, and nonacosane
(Raghukumar et al. 2001; Radwan and Al-Hasan 2000; Cohen 2002). However,
many authors suggest that these findings were often ambiguous and, consequently,
the role of cyanobacteria on hydrocarbons degradation is not still clear (Radwan and
Al-Hasan 2000). As an example, the need of autotrophic microorganisms to use
carbon deriving from oil is also questioned by many authors (Sorkhoh et al. 1992;
Rippka 1988; Radwan and Al-Hasan 2000). It is noticeable that most of the studies
were conducted under non-axenic conditions, due to the difficult to obtain separated
bacterial and algal cultures (Abed and Koster 2005). On the other hand, several
authors have demonstrated the dominance of cyanobacteria in microbial communi-
ties occurring in many hydrocarbon-polluted sites (Sorkhoh et al. 1992;
Raghukumar et al. 2001; De Oteyza et al. 2004; Ibraheem 2010). Cyanobacteria
indeed frequently dominate microbial mats, laminated benthic microbial communi-
ties developing on the sediments of shallow protected water, such as estuaries,
lagoons, or sheltered beaches (Stal 2010; Stal et al. 2017). Oil-pollution in environ-
ment, both for natural seepage or caused by human activities can favor the devel-
opment of microbial mats, where cyanobacteria are certainly associated to
hydrocarbon-degrading bacteria and fungi (Goñi-Urriza and Duran 2018). In partic-
ular, the surface layer of the mats, where the dominant members were cyanobacteria
and aerobic heterotrophic bacteria, shows a special capability in hydrocarbons
degradation (Abed et al. 2002; Cohen 2002; Abed and Koster 2005; Abed et al.
2006; Sanchez et al. 2005; Abed 2010; Goñi-Urriza and Duran 2018), probably due
to bacteria present in the microbial consortium (i.e., Marinobater and Alcanivorax-
related members as well as species belonging to Rhodococcus, Sphingomonas,
Microbacterium genera) (Abed and Koster 2005). Microalgae and cyanobacteria
could participate to hydrocarbons degradation by performing biotransformation of
aromatic compounds into their hydroxylated intermediates that can be more easily
degraded by bacteria. Although they are not able to totally degrade pollutants, they
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are able to modify their physical and chemical nature, making them bioavailable for
hydrocarbons-degrading bacteria.

7.4 Synergistic Action Algae-Bacteria in Oil-Polluted
Marine Environment

7.4.1 Algae Bacteria Mutual Benefits During Degradation
Processes

The oil input in marine environment induces a shift in the bacterial community
structure with a consequent increase of the relative cell density of hydrocarbon-
degrading bacteria (Yakimov et al. 2005; McKew et al. 2007; Yakimov et al. 2007).
However, the natural occurring oilbiodegradation is a concerted action resulting
from the interaction between hydrocarbon-degrading bacteria and other microorgan-
isms, such as fungi or microalgae and cyanobacteria (Coulon et al. 2012; Bovio et al.
2017). The association of algae-bacteria can be defined as a “microbial module”
(McGenity et al. 2012) that can contribute to the success of Bioremediation in
marine environment. For this reason,knowledge about algae–bacteria interaction as
physiological, biochemical, and ecological aspects will be fundamental to exploit
this biotechnological potential.

In general, the interaction between algae and bacteria can generate both, positive
or negative effects for the two components of the consortium and consequently
for the biodegradation processes. The crucial events of algae–bacteria interaction
occur within the phycosphere, the region that surrounds phytoplankton cells
enriched in organic substrates and algal exudates. It may also include associated
bacterial communities (Seymour et al. 2017). In a mixed algae/bacteria consortium
as it occurs in the natural environment, a cooperation was reported between
algae and bacteria in the biodegradation of available organic substrate, including
hydrocarbons (McGenity et al. 2012; Tang et al. 2012). The success of such
cooperation depends, among several biotic and abiotic factors, also on the type of
interaction between algae and bacteria that can be synergic or antagonist (Fig. 7.1).
With special attention to the synergic action within the phycosphere, the
interexchange of gases for mutual benefits can significantly improve the biodegra-
dation processes (Cole 1982; Gutierrez et al. 2012; Amin et al. 2015; Palacios et al.
2016). In general, oxygen produced by algae enhances bacterial growth and in turn
CO2 deriving from bacteria promotes microalgae growth (Ramanan et al. 2016).
During bioremediation processes, the oxygen demand increases and its limitation
can reduce the yield of biocatalyses. Within the phycosphere, algae can provide
sufficient amount of oxygen, reducing the total energy requirement of the process
(Sforza et al. 2018). The same benefit could be determinant to enhance the natural
occurring biodegradation processes as for example within marine aggregates such as
marine oily snow (Suja et al. 2019). Moreover, further advantages of algae–bacteria
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interaction are with regard to nutrients exchange. Nitrogen and phosphorous avail-
ability can seriously limit biodegradation processes in marine environment; algae–
bacteria syntrophy in the recycling or mutual provision of organic and inorganic
nutrients can sustain both algal growth and available nutrients for hydrocarbons-
degrading bacteria (Clarens et al. 2010; Müller and Overmann 2011; Lian
et al. 2018). Similarly, iron is a growth-limiting nutrient in marine environment
due to its poor availability both for algae and bacteria (Landry et al. 2000; Amin et al.
2009; Sanchez et al. 2018). Marine bacteria have developed the capability to produce
iron-chelating compounds, siderophores, exhibiting a high affinity for iron. Such
organic small molecules can be excreted to scavenge iron, bind and transport it
within the cells (Butler 2005; Denaro et al. 2014). Bacteria are equipped with
specific receptors and transport systems for different groups of siderophores. On
the contrary, there is no evidence on the production of siderophores by algae.
However, many algae can access iron from siderophores, utilizing ferrireductases
and adjacent Fe (II) transporters on their outer cell membranes, for which there is
genomic evidence in diatoms and green algae (Amin et al. 2009). Algae-associated
bacterial strains can provide both, iron or iron-siderophore complexes to algae,
dealing with their iron demand. For instance, bacterial strains belonging to
Marinobacter genus, associated with dinoflagellates and coccolithophores, have
been shown to produce vibrioferrin, a siderophore that releases iron in the presence
of sunlight, increasing microalgal iron uptake more than 20-fold (Amin et al. 2009).

The phycosphere can also serve as a habitat where a mutual protection may occur.
Algae may protect bacteria from adverse environmental conditions, ensuring stabil-
ity during grazing events and, in turn, microalgae may benefit from antibiotics
produced by bacteria against algicidal or infective microbes (Amin et al. 2012;

Fig. 7.1 Possible interactions between microalgae/cyanobacteria and bacteria that can affect oil
degradation in marine environment. Factors underlined with green arrows indicate products or
activities carried out by both sides (see arrows direction) that can positively influence the life of the
members of the consortium. Red arrows indicate elements that may negatively affect microorgan-
isms’ cooperation during biodegradation processes. Gray arrow represents mutual benefits deriving
from synergistic interaction
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Amin et al. 2015; Ramanan et al. 2016; Mayali 2018). Also, bacterial extracellular
polymeric substances can protect algae from toxic compounds such as heavy metals
(Decho and Gutierrez 2017). Other metabolites can be exchanged within the algae–
bacteria consortium. Bacterial vitamin B1 and B12 may enhance the microalgae
growth (Croft et al. 2005; Helliwell 2017), and phytohormones have positive effect
on lipid accumulation in algae (Bruhn et al. 2007; Amin et al. 2009; Seyedsayamdost
et al. 2011; Wahl et al. 2012; Danchin and Braham 2017). Moreover, algal exudates
represent a carbon source for bacteria. However, hydrocarbons of different origin,
accumulated from external source (oil-polluted areas) or produced by algae may be
trapped within the phycosphere. In the latter case, the role of hydrocarbons in algae
includes water balance, self-defense, signaling, and membrane architecture (Binark
et al. 2000).

7.4.2 Algae–Bacteria Synergy Within Phycosphere in Oil
Pollution Conditions

Amin and coauthors (2015) evaluated the positive effect of coastal diatom Pseudo-
nitzschia multiseries–bacteria interaction on the diatom growth. They hypothesized
that hydrocarbons-degrading bacteria associated to the diatom (Alcanivorax,
Marinobacter, Pseudoalteromonas, Thalassospira) produce auxin phytohormone
indole-3 acetic acid that stimulates algal growth. Accordingly, Hedlund et al.
(2001) have demonstrated the role of Marinobacter dioxygenase (involved in
polycyclic aromatic hydrocarbons degradation) in the indole-3 acetic acid
production.

Additionally, associated bacteria serve as helper for their hosts during environ-
mental perturbation such as changing salinity (Xie et al. 2013; Dittami et al. 2016).
For instance, Picochlorum sp., a green alga can survive in a wide range of salinity
(from 0.35% to 10.8%) (Wang and Shao 2014); Foflonker and coauthors (2014)
have shown that the genome of this algal strain harbors 24 additional genes derived
from bacteria that are responsible for the response to saline stress.

Moreover, Lea-Smith et al. (2015) assessed alkane and alkene production capac-
ity by cyanobacteria Prochlorococcus and Synechococcus. Derivatives of phytol,
such as pristane and phytane produced by algae and utilized as biomarkers for
monitoring hydrocarbonsbiodegradation, can even be degraded by some
hydrocarbonoclastic bacterial taxa (e.g., pseudomonads) (Rontani et al. 1999;
Dawson et al. 2013). Likewise, benzokinones and naphthoquinones (isoprenoids),
produced and utilized by algae during photosynthesis and respiration, have a struc-
ture whose skeleton consists of hydrocarbons (Nowicka and Kruk 2010); strains
belonging to the genus Shewanella can use isoprenoids as electron acceptors during
the degradation of humic acids (Newman and Kolter 2000). Moreover, McGenity
et al. (2012) hypothesized that similar compounds, isoprene by algae, could have a
role in feeding specialist hydrocarbon-degrading bacteria because of their restricted
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pattern of substrates, in pristine marine sites. In addition, the ability to adsorb and
accumulate polycyclic aromatic hydrocarbons molecules from the surrounding sea-
water by algae would create a polycyclic aromatic hydrocarbons enriched zone
around the phytoplankton cell surface, where polycyclic aromatic hydrocarbons-
degrading bacteria can proliferate (Gutierrez and Aitken 2014). Such association was
proved to be also functional for polycyclic aromatic hydrocarbons removal, partic-
ularly during periods of bloom. With special attention to bioremediation, algae–
bacteria consortia seem to enhance the rate of biodegradation processes. For
instance, the alga Chlorella sorokiniana associated with Pseudomonas migulae
(Munoz et al. 2003), as well as microalgaeSelenastrum c. and Mycobacterium
sp. (Luo et al. 2014) exhibit best performance in the degradation of hydrocarbons
than algae or bacteria alone. Synechocystis sp. coupled with Pseudomonas sp. and
Bacillus sp. showed an enhancement of the growth rate together with an ameliorated
capability in the polycyclic aromatic hydrocarbon degradation (Patel and Hellgardt
2015). Tang et al. (2012) demonstrated that a microalgal–bacterial consortium
formed by one axenic Scenedesmus obliquus and four hydrocarbon-degrading
bacteria was able to reduce the aromatic hydrocarbons contamination faster than
bacterial consortium alone.

Marine microalgal extracellular polymeric substances can contain many complex
nonpolar molecules (e.g., poly-unsaturated fatty acids) incorporated into macromo-
lecular protein/lipid/polysaccharide matrices (Flemming et al. 2007; Dewapriya and
Kim 2014; Neu and Lawrence 2016). Potential complexation of petroleum hydro-
carbons to extracellular polymeric substances molecules would influence distribu-
tion/partitioning and therefore the fate of hydrocarbons (Sikkema et al. 1995;
Kalmykova et al. 2013). Gutierrez et al. (2013) and Quigg et al. (2016) argue the
role of marine oil snow (MOS) upon the in situ biodegradation processes. In fact, the
aggregates of hydrocarbonoclastic bacteria and phytoplankton, kept together by
bacterial-produced extracellular polymeric substances, sink along water column as
flocculent accumulation to the seafloor where the rate of catalyses could be signif-
icantly slowed down due to environmental constraints (pressure, temperature, and
oxygen). Extracellular polymeric substances produced by another algal-associated
oil-degrading bacterium (Halomonas) exhibit trace metal binding capacities (Ca, Fe,
Mn, Mg, Al) and may be involved in nutrient sharing between bacteria and
microalgae (Gutierrez et al. 2012).

It is also noticeable that the oil-resisting consortia show a decrease in biodiversity
due to the toxic effect of oil. Parsons and coauthors (2015) showed that after the
Deepwater Horizon oil-spill, diatoms and cyanobacteria dominated the survivor
phytoplankton. The differential behavior is likely species-dependent and could be
expressed as different tolerance to oil (Ozhan and Bargu 2014), or different biodeg-
radation capability (Prouse et al. 1976; Jung et al. 2012; Parsons et al. 2015). In a
recent microcosm study, phytoplankton-associated bacterial community showed an
improvement on degradation capability when bacteria were associated to phyto-
plankton (Thompson et al. 2017). Also, bacteria associated with the mucilaginous
sheath/capsule of cyanobacteria show interesting biodegradation capability
(Sorkhoh et al. 1995; Radwan et al. 2002; Abed and Koster 2005; Chaillan et al.
2006). Al-Hasan et al. (1998) identified four genera of heterotrophic bacteria
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(Rhodococcus rhodochrous, Arthrobacter nicotianae, Pseudomonas sp., and Bacil-
lus sp.), associated with cyanobacterial cultures of Microcoleus c. and Phormidium
c., able to oxidize n-alkanes although cyanobacteria directly contributed to hydro-
carbon uptake and oxidation.

Recently, Severin and Erdner (2019) have explained the presence of
hydrocarbon-degrading taxa in the microbiome of dinoflagellates with their high
content of triacylglycerols, a precursor of biodiesel (Harrington et al. 1970;
Vasudevan and Briggs 2008; Fuentes-Grünewald et al. 2009). Hydrocarbon-
degrading bacteria are listed among the few examples of microorganisms that
produce triacylglycerols as reserve compounds, which could be used as a feedstock
by dinoflagellates. Moreover, they have evidenced a correlation with the capability
of consortium to resist and degrade oil.

According to the evidence reported above, the natural occurring
hydrocarbonsbiodegradation processes can be certainly inferred in the light of
synergic actions of a consortium, more than a monotype organism. Moreover, it
seems that the mechanism of positive interaction is species-specific as the
phycosphere different algae (Ramanan et al. 2016; Fuentes-Grünewald et al.
2016). Indeed, the algae–bacteria association can have a negative influence. For
example, in limiting-nutrients conditions, competition for the use of bioavailable
nutrients can occur. Furthermore, the pH of the medium can vary causing
alkalization and acidification of the phycosphere. For instance, the metabolic activity
during the flowering of cyanobacteria induces an increase of pH, while the produc-
tion of poly-g-glutamic acid by bacteria significantly reduces aquatic pH and inhibits
the growth of microalgae. Moreover, substances produced both by algae and
bacteria can interfere with bacterial quorum sensing and inhibit cyanobacteria
photosynthesis.

In order to produce the desired effects (e.g., bioremediation) from the concerted
action of algae and bacteria, it is necessary to investigate the regulation of interac-
tions at the molecular level. The biotechnological application of this knowledge is
already applied not only in the field of bioremediation but also in the sectors of
wastewater treatment and sustainable aquaculture.

7.5 Conclusions

– Algae–bacteria consortia have been described as efficient systems for hydrocar-
bons degradation, even for tough substrates as aromatic ones.

– Few studies report in situ investigation and are mostly carried out in artificial
systems.

– The mechanisms of interaction during bioremediation processes are still unclear.
Axenic cultures of microalgae do not seem able to degrade hydrocarbons while
the degradation of hydrocarbons is observed if a microbiome (hydrocarbons-
degraders) is associated with the same species There is no evidence of the
presence of the classical genetic signatures specific for hydrocarbons degradation
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in microalgae. On the contrary, cyanobacteria Synechocystis harbors gene coding
for dioxygenase involved in polycyclic aromatic hydrocarbons degradation
(Goñi-Urriza and Duran 2018), suggesting a specific function in the aerobic
biodegradation processes.

7.6 Needs

– Further investigation on the phycosphere developed in marine oil-polluted areas
should be carried out by means of -omic approaches in order to interpret the
organization of microbial communities inhabiting the phycosphere, the interac-
tion between the consortium members, their diversity and their function

– The use of engineering systems, as modular microcosms, to investigate the
influence of chemical-physical parameters (in combination with oil) on the
bacterial community succession within the phycosphere

– Further studies to comprehend mechanism(s) that defines microbiome–algae
associations and mode of interexchange occurring during biodegradation pro-
cesses, also coupling ecogenomics and analytical chemistry

– Specific efforts toward the isolation and identification of novel hydrocarbon-
degrading bacteria inhabiting the phycosphere

– Well-designed experiments with environmentally appropriate model systems in
simple biological condition (one-to-one species)

– Monitoring natural environment with selective molecular targets with both tax-
onomical and functional significance in oil-polluted environment
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Chapter 8
Treatment of Petroleum Hydrocarbon
Pollutants in Water

Monalisha Samanta and Debarati Mitra

Thousands have lived without love, not one without water.

– British poet W.H. Auden
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Abstract Due to industrialization, worldwide demand of hydrocarbons is escalating
day by day and so is the growth of petroleum industries. The petroleum industries
(refineries and petrochemicals) can create a detrimental impact on the environment
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by their discharges, oil spillage and waste generation during storage, processing and
transportation. The earth’s surface water and ground water may be affected by the
polluted wastewater from petroleum industries, thereby disturbing the ecosystem.
Hence, all operations of hydrocarbon industries should ensure compliance with the
applicable regulations related to emissions and waste management. All industries are
bound to obey some regulations like occupational safety and health administration,
oil pollution act, spill prevention control, clean air act, clean water act and safe
drinking water act, which are related to water as well as environmental protection.
According to these acts, all petroleum industries should have wastewater treatment
plants. Hydrocarbons are the potential pollutants from these industries.

The effluents from petroleum industries have high pH (>7), high biochemical
oxygen demand (>30 mg/L), high chemical oxygen demand (>125 mg/L) and high
total suspended solids (>30 mg/L). So, this type of wastewater must be treated by
preliminary, primary, secondary and tertiary treatments to achieve the specified
effluent quality standards. In preliminary and primary treatment process, there is
only physical separation of pollutants. The biochemical oxygen demand is decreased
by biological processes in secondary treatment. In tertiary process, the effluents are
treated with chemicals and thereby lowering the chemical oxygen demand of
wastewater. This chapter describes about the different sources and various kinds of
water pollutants from petroleum industries and their abatement process.

Keywords Petroleum refinery effluents · Hydrocarbon pollutants · Biochemical
oxygen demand · Chemical oxygen demand · Environmental impact

8.1 Introduction

The growth of petroleum industries is increasing with the rising demand for global
energy and petrochemicals. Petroleum industries have main two sectors – upstream
and downstream. The upstream sector includes exploration and production of crude
oil, whereas the downstream refers to all the refinery operations, that is processing of
crude oil for production of marketable fuel oil as well as the petrochemical industries
(Damian 2013; Palaniandy et al. 2017). In upstream section, for the purpose of
drilling and exploration, different chemicals such as drilling mud are used. While
drilling, some of these chemicals are contaminated with ground water and surface
water. After drilling, crude oil is transported to refineries through pipelines or via
ships. During transportation, sea water, ground water and surface water might be
contaminated with oil by oil spillage due to leakage in pipelines and ships (Helmy
and Kardena 2015; Olajire 2014).

Water pollution can also occur during crude oil processing, handling and trans-
portation. Refinery wastewater includes process water form distillation columns,
extractors, heat exchangers, rejected boiler feed-water, blow-down water from
cooling tower, washing of equipment, etc. During refining, hydrocarbon-
contaminated water must be treated in the wastewater treatment facility prior to
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discharge or reuse. In petroleum industries, laboratory sink water is also treated as
wastewater, because this water is already mixed with different types of impurities
(International Petroleum Industry Environmental Conservation Association 2010).
During crude oil processing, the water gets contaminated by different aromatic
compounds such as benzene, toluene, xylene, polyaromatic hydrocarbons and also
organometallic compounds. From different petrochemical industries, water pollut-
ants, like soaps, detergents, dyes, spent solvents, resins, packaging wastes, fabric
scraps and waxes, are ejected during washing and purification of products. Some
toxic water pollutants from petrochemical industries include acetic acid, benzene,
ethyl-benzene, phenol, formaldehyde, urea, naphthenic acids etc. (Sharma et al.
2017; Vineta et al. 2014; Sengupta 2019; Porwal 2015; Sher et al. 2013). The
presence of such pollutants is distinguished by offensive odours and accumulation
of debris.

Water is essential for healthy growth of life. However, when water gets polluted,
then the health of humans, animals and plants is threatened by the usage of such
contaminated water and also results in shortage of usable water. Hence, in order to
save water or in other words to save life on earth, some rules and regulations must be
followed by the petroleum industries. Several acts, like clean water act of 1972, safe
drinking water act of 1974, oil pollution act of 1990 and spill prevention control and
countermeasure plans of 2010, have been implemented for the purpose of protecting
the environment (Department of energy, United States 1998; Speight 2014; Envi-
ronmental Protection Agency, United States 2004; Environmental Protection
Agency, United States 2010; Environmental Protection Agency, United States
2017; Environmental Update #12, 2003).

Several processes are implemented for wastewater treatment in petroleum indus-
tries, which mostly involves physical, chemical and biological methods; these
methods are conveniently grouped under five heads though all wastewater treatment
methods are co-related and also connected with consecutive techniques (Central
Pollution Control Board, India 2018; Mareddy 2017).

Preliminary treatment

Primary treatment

Secondary treatment

Tertiary treatment

Disinfection

Physical 

Biological

Chemical

8 Treatment of Petroleum Hydrocarbon Pollutants in Water 231



8.2 Sources of Petroleum-Related Water Pollutants

In the petroleum industries, huge quantities of chemicals are involved for exploration
of oil-gas, processing of fractions including water treatment to meet up market
necessities that generate wastes. Water pollution is caused by the existence of
solid, liquid and gaseous pollutants in quantities above allowable level as well as
addition of heat to water, thereby affecting water quality adversely (Olajire 2014).
The sources of hydrocarbon-related water pollutants are mainly from oil exploration
industries, petroleum refineries and petrochemical units (textile industries, fertilizers,
plastics and polymer industries) as well as by oil spillage during storage, handling
and transportation (Patwardhan 2008). Figure 8.1 shows the sources of petroleum-
related wastewater in petroleum industry.

8.2.1 Oil and Gas Industry

The exploration and production of oil-gas are increasing in leaps and bounds due to
the regular rise in demand of fuel. The main sources of water pollutants resulting
from exploration and production activities are drilling fluids, hydraulic fluids,

Fig. 8.1 Sources of petroleum-related wastewater in petroleum industry

232 M. Samanta and D. Mitra



lubricants in cutting tools, additives, well treatment chemicals, ballast water, boiler
blowdown, process water, oil sludge, oil spills and cooling water. The water
pollutants that are generally produced during different exploration and production
operations are discussed below (Olajire 2014; Helmy and Kardena 2015).

Seismic Survey

The presence of oil-gas is located by geophysical method, that is seismic operation.
During seismic operation, the ground water and surface water are contaminated with
explosive waste and equipment maintenance waste. At this stage of operation, waste
volumes are minimal.

Exploratory Drilling

After identifying the probable reservoir of oil-gas via seismic survey, exploratory
drilling of reservoir and source rocks is performed to detect the occurrence of oil and
gas. The common water pollutants from this stage include drilling mud, drilling and
cutting fluids, drilling chemicals (barite, bentonite), stimulation fluids, cementing
waste, explosive chemicals, process water and production testing wastes.

Construction

Following the drilling, the oil and gas are transported through pipeline after treat-
ment. The suitable infrastructure required for oil-gas processing includes pipes,
cables, tubing, tanks, cooling system, etc. During this phase, the wastes generated
are lubricants, solvents, paints, etc.

Production

Once the appropriate construction is built, the production of oil-gas from the
reservoir is started. Throughout the production activity, production chemicals,
sludge bottom and work over wastes are produced as pollutants.

Maintenance

All exploration and production activities require maintenance such as inspection and
repair of vehicles, drilling rigs and all other equipment. During maintenance, the
surface water and ground water are polluted with contaminants like used lubricants,
spent solvents, etc.
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The volumes of all wastes generated depend on the geological-seismic operation,
chemicals dosage and time duration of oil and gas exploration. The earth water is
polluted by hazardous compounds like potassium formate, cementing waste (drilling
mud), lubricants, rubbing alcohol (cutting fluids) and bio-acids (well treatment
chemicals) to aid in the drilling of boreholes. The drilling fluids and cutting
chemicals have adverse influences on groundwater as well as surface water due to
their high pH as well as high salt content, during discharge and transportation.

8.2.2 Petroleum Refinery

After exploration and production, the crude is transported to the refinery. The
petroleum refineries convert crude oil into more than 2500 items including liquefied
petroleum gas, gasoline, kerosene, aviation fuel, diesel, lubricating oil and petro-
chemical feedstock to meet the market requirements. The petroleum refinery has
great influence on environment pollution (water, air and soil pollution) during
processing of crudes. During the various refinery operations and processes, the
water is contaminated with harmful hydrocarbons. These operations and processes
mainly include desalting, distillation, hydrotreating, cooling system, wash unit,
drainage of tank, flushing of equipment, surface water run-off. (Helmy and Kardena
2015; Damian 2013; Olajire 2014; Mareddy 2017; Central Pollution Control Board,
India 2018) According to the Environmental Protection Agency, a normal refinery
(production capacity; 150,000 barrel/day fuel oil) generates 357–476 barrel/day of
oily wastes (Environmental Protection Agency, Washington 1974).

Desalting Effluents

In the refinery, the first step for refining the crude oil is desalting for the removal of
different types of salts, drilling mud, cutting fluids, clay and other chemicals which
may cause corrosion of equipment or act as poisons to the catalysts. De-emulsifier is
usually added to break the oil-water emulsion during desalting. So, the desalter
effluents contain de-emulsifiers, organic-inorganic salts and oily water. The temper-
ature of the wash water is also high (110–150 �C) which reduces the dissolved
oxygen content of water (Central Pollution Control Board, India 2018).

Atmospheric Distillation

After desalting, the oil is subjected to atmospheric distillation unit for the production
of light fractions, naphtha, liquefied petroleum gas, gasoline, kerosene, diesel and
feedstock of lube oil. In this unit, the stripping stream comes in contact with different
hydrocarbon fractions, mercaptans, disulphide compounds, hydrogen sulphide and
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ammonia. So, the wastewater (condensed steam) from atmospheric distillation unit is
mostly oily sour water (Central Pollution Control Board, India 2018).

Vacuum Distillation

The heavier fractions cannot be refined in atmospheric distillation at high tempera-
ture and hence are sent to the vacuum distillation unit where distillation is carried out
at a low pressure. From vacuum distillation, the main wastewater is oily sour water
similar to atmospheric effluents. Sometimes, vacuum pump and surface condenser
are used in vacuum distillation unit in place of barometric condenser to do away with
the generation of oily wastewater (Central Pollution Control Board, India 2018).

Cracking (Thermal and Catalytic)

In cracking unit, heavy and long-chain hydrocarbons are cracked into smaller-size
and lighter molecules as per market demand in presence of catalyst (catalytic
cracking), or by applying high pressure and temperature (thermal cracking). The
quantity of wastewater produced during coking is 25 litres per unit feedstock
(approximately). The typical wastewater generated from this type of unit contains
pollutants like phenol, cyanides, sludge containing heavy hydrocarbons, sulphur
compounds and fine coke particles and heavy metals etc. So, this wastewater has
high chemical oxygen demand, biochemical oxygen demand, total suspended solid,
pH and temperature. This water is directly dispatched to the refinery water treatment
plant (Central Pollution Control Board, India 2018).

Catalytic Reforming

Catalytic reforming is a process to upgrade the octane number of gasoline and
naphtha. From this unit, the main constituents of wastewater are organometallic
compounds, high levels of oil, suspended solids, mercaptans, hydrocarbons related
to spillage along with other inorganic compounds like chloride, ammonia, hydrogen
sulphide as well as sour water (Central Pollution Control Board, India 2018).

Solvent Extraction

Solvent extraction, dewaxing and propane deasphalting are required for removal of
aromatics, wax and asphalts from lube base oil for improving viscosity index,
oxidation stability, colour and pour point. The common solvents used are furfural,
phenol, toluene, methyl-ethyl-ketone and propane. So, these used solvents when
disposed contaminate the water (Central Pollution Control Board, India 2018).
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Acid Gas Removal and Sulphur Recovery Unit

The undesirable elements, like sulphur, nitrogen and water, are removed from crude
oil by different chemical treatment methods such as merox treatment, olamine
process, glycol treatment, etc. During merox treatment, the mercaptans are removed.
The sulphur dioxide, nitrogen dioxide and carbon dioxide are removed in olamine
process using amine solution. For removal of water, glycol is used. Generally, the
noxious wastes of these units are mercaptans, organic acids, spent amine solution
and spent glycol (Central Pollution Control Board, India 2018).

Heat Exchanger

All petroleum industries use heat exchangers for heating or cooling the different
streams. Routine maintenance of the heat exchangers is required by removing sludge
and scale from tubes, pipes and bundles to maintain efficiency. The effluents from
heat exchangers contain oily sludge including heavy metals like lead, chromium, etc.
(Central Pollution Control Board, India 2018).

Cooling Tower

Cooling tower plays an important role in petroleum refineries. After cooling the
different fractions of hydrocarbons using water in heat exchangers, this hot process
water is passed through the cooling tower for heat removal. But sometimes, the
process water is contaminated with hydrocarbons due to some leakage problems.
From the cooling tower, cold water is mixed with oily sour water, suspended and
dissolved solids, etc. This wastewater has high chemical oxygen demand, biochem-
ical oxygen demand and pH. So, this cooling water blowdown must be treated in the
refinery effluent plant before reuse (Central Pollution Control Board, India 2018;
International Petroleum Industry Environmental Conservation Association 2010).

Blowdown

Blow-down system is a collection unit in which most refinery process units are
manifolded to offer safe handling and disposal of liquid and gases from different
units. The liquid from the blow-down system typically contains water contaminated
with hydrocarbons, sulphur compounds, heavy metals, organic nitrogen, different
solvents, etc. which is dispatched to the wastewater treatment plant (Central Pollu-
tion Control Board, India 2018; International Petroleum Industry Environmental
Conservation Association 2010). Table 8.1 shows the characteristics of effluents
from refinery units.
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Table 8.1 Characteristics of effluents from different refinery units

Unit operation
Characteristic
of wastewater

Concentration
(mg/L)

Total
effluents
(kg/L) References

Desalter Suspended
solids

50–100 0.05–0.1 Speight (2014), Central
Pollution Control Board,
India (2018), and Interna-
tional Petroleum Industry
Environmental Conserva-
tion Association (2010)

Dissolved
hydrocarbons

50–300

Phenol 5–30

Benzene 30–100

Biochemical
oxygen
demand

300–600

Chemical oxy-
gen demand

500–2000

Nitrogen
compounds

15–30

Sulphur
compound

Up to 50

Atmospheric
distillation

Mercaptan 50–100 0.01–0.6 Speight (2014), Central
Pollution Control Board,
India (2018), International
Petroleum Industry Envi-
ronmental Conservation
Association (2010), and
Malakar et al. (2015)

Hydrogen
sulphide

Up to 50

Chlorides 730

Chemical oxy-
gen demand

400–1000

Suspended
hydrocarbons

Up to 1000

Vacuum
distillation

Phenol 0.35 0.004–0.01 Speight (2014), Central
Pollution Control Board,
India (2018), International
Petroleum Industry Envi-
ronmental Conservation
Association (2010), and
Malakar et al. (2015)

Cracking Biochemical
oxygen
demand

240–570 0.024–0.35 Speight (2014), Central
Pollution Control Board,
India (2018), International
Petroleum Industry Envi-
ronmental Conservation
Association (2010), and
Malakar et al. (2015)

Chemical oxy-
gen demand

400–1400

Suspended
solids (fine
cokes)

500

Phenol 10–50

o,m,p-cresol 11–16.5

Ammonia Up to 100

Oily sour water Up to 250

Hydrogen
cyanide

10–20

(continued)
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Table 8.1 (continued)

Unit operation
Characteristic
of wastewater

Concentration
(mg/L)

Total
effluents
(kg/L) References

Reforming Suspended
solids

50 0.01–0.14 Speight (2014), Central
Pollution Control Board,
India (2018), International
Petroleum Industry Envi-
ronmental Conservation
Association (2010), and
Malakar et al. (2015)

Oily water 150

Spent catalyst 50

Chemical oxy-
gen demand

600–1200

Solvent
extraction/
dewaxing/pro-
pane ee
deasphalting

Furfural 1–5 0.01–0.35 Central Pollution Control
Board, India (2018), Inter-
national Petroleum Indus-
try Environmental
Conservation Association
(2010), and Malakar et al.
(2015)

Phenol 1–10

Toluene 1–3

Methyl-ethyl-
ketone

1–3

Asphalted
propane

4–8

n-hexane 1.8–1.85

Sulphur recov-
ery unit

Amines <100 0.0001–0.03 World Bank Group,
United States (1998) and
Malakar et al. (2015)

Sulphur
compounds

<10

Ammonia <100

Suspended
solids

<10

Free
hydrocarbons

<10

Heat
exchanger

Oily sludge 100 – Central Pollution Control
Board, India (2018)

Cooling tower Oily sour water 5–100 0.00001–0.01 Central Pollution Control
Board, India (2018), Inter-
national Petroleum Indus-
try Environmental
Conservation Association
(2010), and Patwardhan
(2008)

Chemical oxy-
gen demand

150

Suspended
solids

200

Dissolved
solids

700

Heavy metals 1–100

Blow-down Sulphur
compounds

50–100 0.0016–0.01 Central Pollution Control
Board, India (2018), Inter-
national Petroleum Indus-
try Environmental
Conservation Association
(2010), and Patwardhan
(2008)

Organometallic 10–40

Compounds 10–40

Organic
nitrogen

1–10
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8.2.3 Petrochemicals Industries

Petrochemicals mean different chemicals which are produced from petroleum prod-
ucts and natural gas and used for production of valuable market demanding items for
consumption. From petrochemical industries, the water is contaminated with either
process water or with waste chemicals. There are different types of petrochemical
industries, like petrochemical production industry, fertilizers industry, textile indus-
try, polymer and plastic manufacturer industries. Wastes from petrochemical indus-
tries are very hazardous and carcinogenic, because they contain benzene, napthenic
acid, phenanthrene, benzo[a]pyrene, dye chemicals, phenols, organometallic hydro-
carbons, colour pigment and different solvents (Patwardhan 2008; Sharma et al.
2017; Vineta et al. 2014; Sengupta 2019; Porwal 2015; Sher et al. 2013).

Petrochemical Waste

Petrochemical wastes are generally generated due to some accidental discharges and
abnormal operation, like naphtha cracking, polyethylene, ethylene oxide, ethylene
glycol, polyolefins, propylene plants of the petrochemical complex. The wastewater
of the petrochemical complexes is contaminated with large quantities of polycyclic
aromatics, polyaromatic hydrocarbons, methanol, acetic acid, cumene, phenols,
heavy alcohols, benzene, toluene, xylene, acrylonitrile and other polymeric
chemicals. These pollutants may cause environmental hazards as well as health
hazards to living beings (Patwardhan 2008; Ghimire and Wang 2018;
Balasubramani and Sivarajasekar 2018).

Fertilizer Wastes

Fertilizers are mainly phosphorous-potassium-nitrogen-based chemicals and also
bio-organic as well as organic chemicals. Fertilizers are used for healthy growth of
plants as well as to improve the soil quality. One of the important fertilizer wastes is
phosphogypsum slurry of phosphoric acid and calcium sulphate when phosphate
rock is dissolved in sulphuric acid. Coal and naphtha are used as feedstocks of
fertilizer. Eventually, surface-water is contaminated with coal dust and naphtha
effluents (Environmental Protection Agency, Washington 2017). From fertilizer
complex, the main hydrocarbon pollutants are pentyl-pyrone, methyl ethyl amine,
methanol, etc. The water is also polluted with suspended and dissolved impurities
and some heavy metals (arsenic, vanadium, uranium and polonium) which alto-
gether impose a negative impact on the aquatic environment (Patwardhan 2008;
National Programme on Technology Enhanced Learning, India 2014; Sengupta
2019).
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Textile Wastes

The textile industries are divided into three categories like cotton, woollen and
synthetic fibres. The textile factories consume huge quantities of water and also
produce huge volumes of wastewater during different processes. The typical features
of wastewater from such industries are that, it is rich in coloured pigments, dyes,
printing chemicals and packaging wastes. The pollutants from cotton textiles are
carboxyl methyl cellulose, polyvinyl alcohol and mineral acid during sizing and
de-sizing of cotton; sodium hypochlorite and hydrogen peroxide during bleaching;
naphthol dyes, sulphur dyes, basic dyes, synthetic resins, synthetic waxes during
dyeing and finishing operations. Similarly, the woollen textile industry wastes
include alkali, soap, soda ash and sulphuric acid during scouring and carbonizing;
toxic organic dyes from dyeing; mineral oil during oiling; colour pigments during
finishing (Jain et al. 2016). The water is contaminated with organic and polymeric
chemicals in synthetic fibre mills during bleaching, mercerizing and dyeing. The
coloured wastewater also has high pH, high chemical oxygen demand, high bio-
chemical oxygen demand and contains high level of total suspended solids (Ramesh
et al. 2007; Patwardhan 2008).

Polymer and Plastics Wastes

Polymeric materials and plastics are abundantly utilized in our daily life. They are
consumed as packaging films, wrapping materials, shopping-garbage bags and
boxes, fluid bottles-pouches, toys, industrial products, construction as well as house-
hold materials. For this reason, their productions are increasing very fast and
production level crosses around 150,000 kg/year worldwide. But polymeric and
plastic materials are non-biodegradable and remain on earth for several years; so,
these wastes cause adverse effects on the environment, like choking of drains and
flooding of localities during monsoon. Total generation of wastes from plastic
industries is approximately 5600 kg/year (Central Pollution Control Board, India
2013). The typical hydrocarbon wastes are benzene, 1,3-butadiene, tetra-chloro
methane, dioxin, furans, amines, nitrides, styrene, acetaldehyde, etc. Other
non-recyclable plastic wastes are low-density polyethylene, high-density polyethyl-
ene, some thermoset polymers, etc. So, this wastewater must be treated before being
disposed (Datta and Kopczynska 2016).

Paint Wastes

Paint is a useful material in our modern colourful life. The different raw materials of
paint industries are resins, drying oil, solvents, pigments, extenders, etc. The waste-
water is generated from paint industry during packaging the products and raw
materials, cleaning the equipment, washing the floors, cooling water blowdown
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and spillage. The main water pollutants are spent solvents, caustic solution, adhe-
sives, paints sludge, heavy metals, etc. The wastes and paint spills are washed with
xylene and water (Subhasmini 2019). The wastewaters of paint industries also have
high biochemical oxygen demand, high chemical oxygen demand, high total
suspended solids, high pH, organometallic compounds and high concentration of
ethyl benzene, di-(2-ethylhexyl) phthalate, tetra-chloro-ethylene and toluene. The
wastewater from stiff and water-based paint industries contain oil-grease mixture,
suspended solids and phenolics. Thus, the wastewater generated is quite toxic and
hazardous in nature (Aboulhassan et al. 2014). Table 8.2 shows the different
effluents from petroleum related industries.

8.2.4 Oil Spillage and Transportation

After production, all marketable products are transported via pipelines, trucks,
tanker, ships and rail. During transportation, accidental spillage and leakage of
these hazardous chemicals can occur. Spillage means the spread of oil or chemicals
above the surface of earth during drilling and transportation. Oil and hazardous
chemicals contaminate the surface water affecting human, animal and plant health
and aquatic life. The contaminated water from spillage may contain benzene,
toluene, xylene, cycloalkanes, isoalkane, polycyclic aromatics, polyaromatic hydro-
carbons, liquid fuels, etc. Oceans are being regularly polluted by crude oil due to
spillage, run-offs and illegal dumping (Michel 2017; Environmental Protection

Table 8.2 Different effluents from petroleum related industries

Industries Characteristic of wastewater
Total effluents
(litre/day) References

Petrochemical
complex

Phenols, methanol, organic acids,
heavy alcohol, biochemical oxygen
demand, chemical oxygen demand,
acetic acid, benzene, cumene, toluene,
xylene, acetonitrile

23 � 106 litre/day Tehrani et al.
(2016)

Fertilizer
industries

Urea, methanol, isobutene, pentyl-
pyrone, methyl ethyl amine

18 � 106 litre/day Central Pollution
Control Board,
India (2017)

Textile
industries

Detergents, solvents, colour pigments,
grease

20 � 106 litre/day Jain et al. (2016)
and Vineta et al.
(2014)

Polymeric
industries

Acrylonitrile, terephthalic acid,
di-isocyanate, epichlorohydrine,
polyesterpolyols

15 � 106 litre/day Central Pollution
Control Board,
India (2013)

Paint wastes Ethyl benzene, di-(2-ethylhexyl)
phthalate, tetrachloroethylene, tolu-
ene, xylene

10–15 � 106 litre/
day

Central Pollution
Control Board,
India (2017)

8 Treatment of Petroleum Hydrocarbon Pollutants in Water 241



Agency, United States 2010; Prasad and Anuprakash 2016). Table 8.3 shows the
worldwide large oil spills that occurred after the 1990s.

8.3 Adverse Effects of Petroleum-Related Water Pollutants

The water gets contaminated with petroleum-related pollutants by the process water
from petroleum industries, oil spillage and leakage during handling, storage and
transportation. Water does not dissolve into oil easily. The oil layers are stretched
over the water (Environmental Protection Agency, Washington 2003). Oil and oily
pollutants on water surface blocks sunlight from reaching the deeper layers, ham-
pering photosynthesis of aquatic plants. They also increase the biochemical oxygen
demand and chemical oxygen demand level of surface water. Most hydrocarbons are
hazardous, some are even toxic and carcinogenic and above all, they are
non-biodegradable in nature. Hence, the water contaminated with these pollutants
is unsuitable for use for all life forms (Pathak and Mandalia 2012; Damian 2013;
Environmental Update #12, 2003). Table 8.4 shows the undesirable effects of water
pollutants from petroleum industries.

Table 8.3 Events of worldwide large oil spills

Tanker Location
Time of
occurrence

Crude oil
in tonnes References

Deepwater
horizon

United
States, Gulf
of Mexico

April 20, 2010–
July 15, 2010

560–585 Kanuric (2014) and Fey et al.
(2011)

Taylor
energy

United
States, Gulf
of Mexico

September
23, 2004–
Present

210–490 Kanuric (2014) and Fey et al.
(2011)

Fergana
Valley

Uzbekistan March 2, 1992 285 Doerffer (1991)

ABT
summer

Angola May 28, 1991 260 Coipuram (2006)

Kuwaiti oil
fires

Kuwait January
16, 1991–
November
6, 1991

136,000 Al Damkhi (2007)

Kuwaiti
Oil Lakes

Kuwait January 1991–
November 1991

3409–6818 Coipuram (2006), Torres et al.
(2014), David et al. (1991), and
Juhasz (2011)

Gulf war
oil spill

Kuwait,
Iraq, Persian
gulf

January
19, 1991–
January
28, 1991

818–1091 Coipuram (2006), Torres et al.
(2014), David et al. (1991), and
Juhasz (2011)
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Table 8.4 Undesirable effects of water pollutants from petroleum industries

Industries Pollutants Adverse effects References

Drilling/
exploration/
upstream

Seismic
survey

Explosive
chemicals

Greater risk of long
term effects for chil-
dren and older
people.

Damian (2013) and
Palaniandy et al. (2017)

May damage the
hearing ability of
various marine
species

Exploratory
drilling

Drilling fluids,
hydraulic fluids,
lubricants, additives,
oil sludge, oil spills

Corrosive and toxic Damian (2013), Envi-
ronmental Pollution
Centers, India (2017),
Palaniandy et al.
(2017), and Olajire
(2014)

Damage the liver,
kidney, brain of liv-
ing beings

Cause cancer, affect
the immune system
and lead to repro-
ductive failure

Decrease the aquatic
population

Construction Lubricants, solvents,
paints

May damage the
liver, kidneys, heart,
blood vessels, ves-
sels, bone marrow
and the nervous
system.

Damian (2013),
Palaniandy et al.
(2017), and Olajire
(2014)

May cause skin dis-
orders and
dermatitis

Production Production
chemicals, sludge
bottom

Allergies or asthma
problems

Damian (2013),
Palaniandy et al.
(2017), and Olajire
(2014)

Adverse effects on
the mental, common
sense or physical
development of chil-
dren corrosion of
equipments and
blockage of pipe line

Maintenance Lubricants, spent
solvents

Irritation and
increased risk of
infection from even
short-term exposure.

Patwardhan (2008) and
Helmy and Kardena
(2015)

Poisoning, muscle
weakness, intestinal
blockage, skin sores
and breathing
problems.

(continued)

8 Treatment of Petroleum Hydrocarbon Pollutants in Water 243



Table 8.4 (continued)

Industries Pollutants Adverse effects References

Refinery Desalter Suspended solids,
dissolved hydrocar-
bons, phenol, ben-
zene, nitrogen
compounds, Sulphur
compound

Damage the brain
and nervous system

Central Pollution Con-
trol Board, India
(2018), Pathak and
Mandalia (2012),
Speight (2014),
Radelyuk et al. (2019),
and Pak and
Mohammadi (2008)

Dizziness and
unconsciousness

May cause cancer.

Corrosion of equip-
ment for the pres-
ence of Sulphur,
nitrogen compounds
and suspended
solids.

Atmospheric
distillation

Mercaptan, hydro-
gen sulphide, chlo-
rides, suspended
hydrocarbons

Irritation of eye skin Pathak and Mandalia
(2012), Speight (2014),
Radelyuk et al. (2019),
and Pak and
Mohammadi (2008)

Respiratory tract,
headache, dizziness,
tremors and seizures

Nausea and
vomiting

Vacuum
distillation

Phenol, heavy
hydrocarbons

Toxic, dangerous for
central nervous
system

Olajire (2014), Damian
(2013), Pathak and
Mandalia (2012), and
Pak and Mohammadi
(2008)

Blockage of equip-
ment and pipelines

Cracking Suspended solids
(fine cokes), phenol,
o,m,p-cresol, ammo-
nia, oily sour water,
hydrogen cyanide

Breathing problems International Petroleum
Industry Environmen-
tal Conservation Asso-
ciation (2010), Envi-
ronmental Update #12,
2003, and Pathak and
Mandalia (2012)

Headache, dizzi-
ness, weakness

Seizures, fainting
and even rapid
death.

Irritation and burn-
ing of skin, eyes,
mouth and throat

Abdominal pain and
vomiting

Heart damage,
anaemia, liver and
kidney damage,
facial paralysis,
coma

Reforming Suspended solids,
oily water, spent
catalyst

Plugging lines International Petroleum
Industry Environmental
Conservation Associa-
tion (2010), Environ-
mental Update #12,
2003, and Patwardhan
(2008)

(continued)
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Table 8.4 (continued)

Industries Pollutants Adverse effects References

Solvent
extraction/
dewaxing/
propane
deasphalting

Furfural, phenol,
toluene, methyl-
ethyl-ketone,
asphalted propane,n-
hexane

Harmful for central
nervous system.

Central Pollution Con-
trol Board, India
(2018)Breathing trouble

Irritation of skin

Liver damage

Adverse reproduc-
tive effects such as
sperm changes and
infertility

Sulphur
recovery unit

Amines, Sulphur
compounds, ammo-
nia, suspended
solids, free
hydrocarbons

Irritation and itching
of skins.

International Petroleum
Industry Environmen-
tal Conservation Asso-
ciation (2010),
Environmental Update
#12, 2003, and Pathak
and Mandalia (2012)

Corrosion of
equipment.

Heat
exchangers

Oily sludge Scale formation and
deposition of sludge

International Petroleum
Industry Environmen-
tal Conservation Asso-
ciation (2010)
and Environmental
Update #12, 2003

The removal of
deposited oil sludge
from shell side of
heat exchanger is
very costly.

Cooling
tower

Oily sour water,
suspended solids,
dissolved solids,
heavy metals

Scaling, fouling and
discolouration of
apparatus.

International Petroleum
Industry Environmen-
tal Conservation Asso-
ciation (2010),
Patwardhan (2008),
and Central Pollution
Control Board, India
(2018)

Decrease the work-
ing efficiency of
equipment.

Blow-down Sulphur compounds,
organo-metallic
compounds, organic
nitrogen com-
pounds, different
solvents

Toxic and injurious
to health.

Central Pollution Con-
trol Board, India
(2018), International
Petroleum Industry
Environmental Conser-
vation Association
(2010), and Crompton
(2017)

Harmful effects on
aquatic life in ocean

Organic solvents are
highly toxic and
corrosive.

Petrochemical complex Phenols, methanol,
organic acids, heavy
alcohol, acetic acid,
benzene, cumene,
toluene, xylene,
acetonitrile

Global warming Tehrani et al. (2016)
and Sharma et al.
(2017)

Cause acid rain

Shortness of breath,
eye irritation, dizzi-
ness, cough, nose
congestion, sore
throat and weakness

Risk of mortality,
lung cancer, chronic
respiratory disease
and heart disease,
damage liver and
kidneys.

(continued)
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8.4 Treatment of Wastewater in Petroleum Industries

Oily wastewater treatment is essential before being released to the environment due
to its high contaminant (mainly hydrocarbons) content that potentially pollutes
coastal waters, rivers, ground water, oceans and can cause negative impact on the

Table 8.4 (continued)

Industries Pollutants Adverse effects References

Fertilizer industry Urea, methanol,
isobutene, pentyl-
pyrone, methyl ethyl
amine

Acid rain Sengupta (2019) and
Hunt (2019)Soil acidification

Burning of crops

Fishes die

Cause gastric can-
cer, goitre, birth
malformations and
hypertension, testic-
ular cancer & stom-
ach cancer

Textile industry Detergents, solvents,
coloured pigments,
grease, dioxin

Highly toxic Malik et al. (2014) and
Vineta et al. (2014)DNA damage

May cause cancer

Aesthetic issues

Suppression of
human immune
system

Polymeric industry Acylonitrile,
terephthalic acid,
di-isocyanate,
bisphenol A epi-
chlorohydrin,
polyesterpolyols,

Toxic for marine
mammals

Sher et al. (2013) and
Central Pollution Con-
trol Board, India (2013)Promote endocrine

disruption

Irritation of nose,
mouth and skin.

May cause cancer

Decrease thyroid
hormone receptor
(TR) activity

Disrupt normal,
physiological levels
of sex hormones

Paint industry Ethyl benzene,
di-(2-ethylhexyl)
phthalate,
tetrachloroethylene,
toluene, xylene

Headaches, trigger
allergies and asth-
matic reactions, irri-
tate skin, eyes

Aboulhassan et al.
(2014) and Porwal
(2015)

Risk of certain types
of cancer
(in particular lung
cancer)
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health of living beings both aquatic and non-aquatic. This effluent is generally
discharged to an offsite waste-water treatment plant where the upgradation or
cleaning of wastewater is done by applying modern technology. In wastewater
plant, the wastewater is accumulated in a separate location and subjected to the
different treatment processes. Mainly wastewater is collected in large volumes and
treatment processes are held on either continuous or batch basis (International
Petroleum Industry Environmental Conservation Association 2010; Central Pollu-
tion Control Board, India 2018; Patwardhan 2008; Shahryar 2017).

The wastewater treatment processes depend on certain factors such as (Mareddy
2017)

• Quality and quantity of pollutants
• Availability of space of the treatment area
• Degree of automation of the treatment plant
• Capital and operating costs
• Discharge facility without further pollution
• Specification of effluents to be maintained

The wastewater treatment process is mainly subdivided into physical, chemical
and biological processes. The physical process includes sedimentation, screening,
filtration; chemical process includes chlorination, neutralization, bleaching; and
biological means sludge and aerobic-anaerobic treatment (International Petroleum
Industry Environmental Conservation Association 2010; Mareddy 2017).

8.4.1 Physical Treatment Methods

Physical methods are used for improvement and upgradation of wastewater.
Removal of large entrained objects is affected through sedimentation and screening.
At first, wastewater is collected in a tank and allowed to stand for some time where
the suspended solids and large molecules are settled down by centrifugation
followed by separation of the clarified effluents. Lighter materials (paper, wood
particles, plastics, polymeric materials) and oil, grease that float are removed by
screening, trapping and skimming using automated raked bar screens. Sometimes,
agitation is required for floatation of these materials which is done either by applying
air to the bottom of wastewater lagoon or pond to cause the release of harmful gases
such as carbon dioxide, methane, hydrogen sulphide, etc. Another physical step,
filtration, is used for wastewater treatment where both suspended and floatable solids
are filtered through a filtering media, for example, sand (International Petroleum
Industry Environmental Conservation Association 2010; Central Pollution Control
Board, India 2018; Patwardhan 2008; Shahryar 2017).
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Sometimes, undesirable toxic wastes like slugs occur in wastewater of certain
petroleum industries. These unwanted periodic wastes may harm the subsequent
biological treatment process. So, these wastes are held in another tank, mixed with
other effluents and gradually released. The elimination of these slugs is called
equalization (International Petroleum Industry Environmental Conservation Associ-
ation 2010).

8.4.2 Chemical Treatment Methods

The wastewater is treated by using different chemicals for quality enhancement in
chemical treatment process. The most common chemical treatment processes in
petroleum industry are chlorination, neutralization, coagulation and adsorption.
Chlorination is used for killing the pathogens and bacteria to slow down the
decomposition of wastewater. Ozone is also occasionally used as an oxidizing
disinfectant (International Petroleum Industry Environmental Conservation Associ-
ation 2010; Shahryar 2017). The acid or base is used for neutralization of base or
acid of wastewater in order to adjust pH level. Another chemical treatment process is
coagulation where polyvalent metal salts (alum, ferric chloride) are used as coagu-
lants for treatment of wastewater by removing substances through precipitation.
Some treatment processes are both physical and chemical like adsorption. In adsorp-
tion, pollutants are attached to the surface of porous solids. The most common
industrially used adsorbent is granular activated carbon which is highly porous.
Ion exchange is also sometimes applied to wastewater treatment due to its high
selectivity. The different metal salts (iron, manganese) and hardness are eliminated
by this process (Central Pollution Control Board, India 2018; Mareddy 2017;
Shahryar 2017).

8.4.3 Biological Treatment Methods

In biological treatment microorganisms, typically, bacteria are used for biological
decomposition of polluted water. In biological treatment process, huge amounts of
microorganisms are cultured and they degrade the pollutants, oil sludge and hydro-
carbons to form stable products like carbon dioxide, methane, oxygen and nitrogen
gas. Mainly there are two types of biological treatment methods – aerobic and
anaerobic; these methods are differentiated by the availability of dissolved oxygen.

In aerobic method, solid-liquid organic-inorganic contaminants are destroyed
with the help of different microorganisms in presence of oxygen, resulting in the
formation of carbon dioxide. The aerobic treatment is done by the following
methods (Shahryar 2017; Patwardhan 2008; Alireza 2014).
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Activated sludge: In this biological step, the industrial wastewater is digested by
microorganisms like bacteria, protozoa in presence of oxygen.

Trickling Filter

Trickling filter is a fixed bed filter of polymeric materials, polyurathanes foam,
ceramic, rocks, coke and gravel designed for development of bio-layer using micro-
organisms. This bio-layer is used for removal of pollutants mainly organic com-
pounds (oil, grease, heavy hydrocarbons) from wastewater by absorption or
adsorption in presence of oxygen, releasing carbon dioxide (Environmental Protec-
tion Agency, Washington 2000; Environmental Protection Agency, Washington
2011).

Oxidation Ponds

Oxidation ponds or stabilization ponds are designed for reducing the pollutants
mostly organic matter from industrial wastewater. This treatment requires several
days. In these large and shallow ponds, the wastewater is interacted with sunlight,
bacteria and algae. The wastewater is discharged into oxidation ponds where organic
pollutants are consumed by living microorganisms for their growth, reproduction,
energy generation and converted into carbon dioxide on the surface of pond in
presence of sunlight and oxygen which is generated during photosynthesis of algae.
In some cases, mechanical agitators are incorporated to increase the dissolved
oxygen level (Tharavathy et al. 2014; Environmental Protection Agency,
Washington 2011).

Lagoons

Lagoons are artificial aeration ponds or pond like water bodies or basins for
treatment of polluted water for a predetermined period of time. These types of
ponds are stabilized with clay, artificial liner to avoid any leaks to the groundwater
below. Here, the wastes are treated by bacteria, algae in presence of dissolved or
supplied oxygen in warm, sunny climate (Tharavathy et al. 2014; Cavaseno 1980).

Aerobic Digestion

In aerobic digestion, organic pollutants are digested by aerobic bacteria
(saprotrophic bacteria) in presence of oxygen in a digester tank; it is a batch process.
Aerobic bacteria consume organic matter, oil, grease as food and produce carbon
dioxide and hydrogen sulphide. This process results in degradation of solids up to a
level of 10–20%.
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The other biological process is the anaerobic method where the sewage generated
by the industrial taskforce is treated in a septic tank in presence of bacteria to reduce
biochemical oxygen demand by about 35%–40% in 1–2 days (Alireza 2014;
Shahryar 2017).

Anaerobic Digestion

In this wastewater treatment, microorganisms digest the organic matter of sewage in
absence of oxygen in a digester chamber. The organic pollutants are consumed by
hydrolysis of bacteria and converted into ammonia, hydrogen, organic acid, hydro-
gen sulphide, bio-methane, etc. (Mareddy 2017; International Petroleum Industry
Environmental Conservation Association 2010).

Anaerobic Lagoon

Anaerobic lagoons are mainly used for treatment of organic pollutants devoid of
oxygen like a septic tank but not underground. Lagoons should be lined with
reinforced material to avoid seepage. The anaerobic bacteria, protozoa digest the
organic matter and evolve methane, nitrogen, hydrogen sulphide, carbon dioxide and
ammonia gas. This gas may be utilized as biogas (Alireza 2014; Environmental
Protection Agency, Washington 2011; Walczyk and Gorny 2018).

After treatment, the purified water (parameters meeting specifications) is
recycled, reused and few times, it is discharged to a nearby aquatic body. However,
treated water must be analysed before being discharged to ensure that the parameters
meet the required specifications (Shahryar 2017; Alireza 2014).

8.4.4 Refinery Wastewater Treatment

A typical petroleum refinery has different wastewater treatment facilities based on
effluent quantity and quality. The refinery wastewater treatment consists of prelim-
inary treatment, primary treatment, secondary treatment, tertiary treatment and
advanced treatment if required (Mareddy 2017; International Petroleum Industry
Environmental Conservation Association 2010; Patwardhan 2008).

Preliminary Treatment

The preliminary treatment is essential for smooth performance of subsequent treat-
ment processes as well as for the protection and maintenance of equipment of the
facility. Mainly this process protects the pumps and heat exchangers from getting
clogged by eliminating the large suspended solids, heavy hydrocarbons, floating
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materials, inorganic solids, excessive oils and greases. These wastes are generated
during drilling as well as refining of crude (Environmental Protection Agency,
Washington 2003; Shahryar 2017). Following devices are used in preliminary
treatment -.

Screener

It removes plugging or clogging materials like polymeric materials, large suspended
solids, grit which may damage the pipelines, pump, etc. Examples are rack, bar
or fine.

Comminuting Device

This device is used to cut or reduce the size of larger materials into smaller ones in
order to protect the equipment, lines and channels from clogging or plugging.
Examples are grinder, cutters and shredders.

Grit Chamber

This long channel type chamber is used to remove suspended particles, grit to protect
subsequent equipment like sedimentation tanks, sludge digesters, pumps from tear,
wear, corrosion as well as deposition in pipelines and channels. In these chambers,
the flow rate of wastewater is sufficiently reduced so as to allow deposition of the
heavy solids.

Pre-aeration Tank

Pre-aeration is a part of wastewater treatment where external air is injected to the
tank at the rate of 0.028–0.11 m3/min for about 20–30 min to achieve the following:

(a) To reduce biochemical oxygen demand and chemical oxygen demand of
wastewater

(b) To flocculate lighter floating solids into heavier ones to facilitate settling
(c) To separate oil and grease from wastewater and transfer them to the surface
(d) To maintain aerobic conditions in the septic wastewater

Pre-chlorination

Pre-chlorination may be sometimes used in pre-treatment of industrial wastewater to
control odour, prevent wastewater decomposition and accelerate sedimentation.
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Sour Water Stripper

Some contaminated water in the refinery cannot be mixed with other wastewater
such as sour water from distillation reflux drums containing dissolved hydrogen
sulphide, organic sulphur compounds and ammonia, since they are not treatable by
conventional methods. For such cases, the sour water stripper is often required in the
pre-treatment section before discharging sour water to the wastewater plant for
removal of hydrogen sulphide, ammonia, etc. (Speight 2014).

All the preliminary devices should be operated and maintained with care.

Primary Treatment

The main aim of the primary treatment is removal of the suspended solids, organic
matter, oily sludge from wastewater by physical means, usually by gravity separa-
tion. This treatment of wastewater uses oil-water separator or screener or skimmer
where oil, water and suspended solids are segregated from each other. Neither
dissolved solids are separated nor oil-water emulsion is broken in this stage. For
separation of colloidal materials, some chemicals are used in primary treatment.
However, the oil in effluent is recovered at this step itself and is recycled
(Patwardhan 2008; Shahryar 2017; Alireza 2014).

In this treatment method, the flow rate of wastewater is reduced sufficiently to
allow suspended solids to settle down and light materials to float at the surface of
water. There are many devices which are used in primary wastewater treatment such
as settling tanks, clarifiers, skimmers, screeners, filters, etc. (International Petroleum
Industry Environmental Conservation Association 2010).

The primary treatment of a petroleum refinery consists mainly of two stages for
the isolation of oil, water and solids (International Petroleum Industry Environmen-
tal Conservation Association 2010; Shahryar 2017).

First Stage

Oil-water separation is achieved using American petroleum institute separators,
corrugated plate interceptors or parallel plate interceptors separators or tilted plate
interceptor separators or hydrocyclone separators or buffer or equalization tanks.
Wastewater is allowed to pass very slowly over the separator, so that demulsified oil
floats on the surface and suspended solids settle down at bottom of the separator due
to gravity. The free oil is skimmed off, while the settled solids are removed using
scrapers or flights to a sludge-collecting hopper. The wastewater flows down the
separator towards the outlet through a diffusion barrier. To prevent the oil from
flowing to the outlet, baffle plates are employed. However, the American petroleum
institute separator has certain limitations. It cannot separate the dissolved or emul-
sified oil. It can stabilize emulsions at high pH. So, spent caustic must be added to
reduce pH of the American petroleum institute separator. In wastewater treatment for
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separating oil, water and solids, it is an efficient equipment. Some refineries also use
corrugated plate interceptors or parallel plate interceptors separators instead of
American petroleum institute separator, because these separators are more compact
than American petroleum institute separator.

Dissolved solids may cause corrosion, plugging problems in pipelines, heat
exchanger, etc. For this reason, secondary oil-water separators are involved for
separation of the three-phase mixture.

Second Stage

Oil-water-solid separation is carried out using dissolved air flotation separators or
induced air flotation separators or dissolved gas flotation or induced gas flotation or
sand filtration. The effluent from the first stage of oil-water separator is sent to the
second stage separator for the elimination of dissolved solids. The use of dissolved
air flotation and induced air flotation depends on amounts, condition and quality of
influent and also specification of effluents.

Dissolved Air Floatation

In this device, the first step is coagulation-flocculation. The scattered components
(oil, solids) carry same charge (negative) on their surface and hence repel each other.
These similarly charged components do not agglomerate to form flocs, hence do not
settle. So, for removal of these dispersed particles, chemical coagulation and floc-
culation are needed. This is done sequentially by a combination of chemical and
physical methods. At first, several coagulants like lime, certain iron-containing
compounds (such as ferric chloride or ferric sulphate) and alum (aluminium sul-
phate) are added to wastewater to assist the suspended solids to form stable bulky
particles which can settle down easily and can be removed. A portion of its effluent is
pressurized, saturated with dissolved air and added to the inflowing wastewater.
When the pressure of the recycle stream is released, the air bubbles liberated cause
free oil and solids to float up, which is skimmed off. In this device, the solids that
settle down are occasionally scraped off.

Induced Air Floatation

In the induced air floatation, a rotor-disperser system drags the air and combines with
the influent wastewater. The wastewater passes through a set of chambers before
being discharged from the unit while the float (~ 1–10% of the forward flow) moves
over the weir, thus enabling effective removal of free oil. These units operate
satisfactorily when the oil and dissolved solids level of the wastewater is less and
there is minute variance in flow as well as load. Low capital cost and compact size
are the main advantages of this system.
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However, dissolved air floatation and dissolved gas floatation devices are more
widely used in petroleum and petrochemical industries, since they are more robust,
can produce better-quality effluent and can handle greater variances in flow and load.

Clarifiers and filters (sand or dual media) may be used as alternatives to floatation.
Sand and anthracite are commonly used as filtering media. Anthracite entraps large
particles, whereas sand filter catches the fine solids. Dual media filter means a
combination of anthracite and sand filters. These types of filters can separate the
oil particles with diameters of 2–5 μm and effluentoil concentration less than equal to
20 mg/L can be achieved. The filter is regularly cleaned up using a backwash cycle to
remove the trapped particles and oil by an air scour.

Equalization System

The equalization system aims to minimize fluctuations in flow and composition of
wastewater. Reducing flow variations decreases loads on the downstream units,
thereby reducing their sizes and costs. On the other hand, composition equalization
reduces shock generation in subsequent biological units. The performance of the
biological system largely depends on the adaptability of the microorganisms to the
changing environment of the wastewater both in terms of quality and quantity. The
equalization tank should be cleaned regularly (once or twice in a year) to prevent
accumulation of wastes (International Petroleum Industry Environmental Conserva-
tion Association 2010; Shahryar 2017; Alireza 2014).

Secondary Treatment

The secondary treatment further handles the effluents from primary treatment in the
petroleum refinery. After primary treatment, the residual organics, colloidal organic
matters, suspended solids and oily sludge are treated by using cultured microorgan-
isms like bacteria (Arcobacter), fungi (Aspergillusniger), algae (Chlorella) in pres-
ence of oxygen, that is aerobic biological treatment or absence of oxygen, that is
anaerobic biological treatment. But, most refineries use the aerobic process, because
it is faster, produces no smell and forms stable products (Indus Eco Water, India
2019). In aerobic biological treatment, the aerobic microorganisms such as
Longilinea, Georgenia metabolize the organic matter, oily sludge, thereby increas-
ing the growth of microorganisms and produce some inorganic compounds like
carbon dioxide, ammonia and hydrogen sulphide. The biological treatment process
is dependent on the volume of the reactor, growth rate of microorganisms and the
oxygen availability. If the reactor volume is small and high concentrations of
microorganisms are present, then the rate of the secondary treatment is high and
efficiency is also better. In aerobic process, the chemical oxygen demand and
biochemical oxygen demand of wastewater is significantly reduced (International
Petroleum Industry Environmental Conservation Association 2010; Central Pollu-
tion Control Board, India 2018; Shahryar 2017; Alireza 2014).
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After wastewater treatment, the used microorganisms are separated from the
treated water. These used microorganisms are called biological solids which are
combined with the sludge after wastewater treatment (International Petroleum
Industry Environmental Conservation Association 2010).

The most important processes involved in the secondary aerobic wastewater
treatment are suspended growth process (activated sludge, stabilization pond),
attached growth process (trickling filter, rotating biological contactor), nitrification
and denitrification (International Petroleum Industry Environmental Conservation
Association 2010; Shahryar 2017).

Suspended Growth

In this process, the microorganisms are systematically combined with organic wastes
(non-settleable, colloidal particles) to maintain suspended growth of microbes for
removal of oil, grease, suspended hydrocarbons in presence of oxygen. There are
two types of suspended growth: (1) activated sludge and (2) stabilization pond.

Activated Sludge

The most widely used suspended growth process is the activated sludge process. It is
an incessant suspension growth process of aerobic microorganisms in wastewater
that may consist of suspended colloidal, dissolved organic-inorganic matter, which
is used as food for growth of microbes and evolving carbon dioxide, ammonia and
methane gas by oxidation. The whole process is done in a dispersed growth reactor:
an aeration tank or basin. Air is constantly injected using a submerged diffuser
(aeration device) into the system to control the aerobic sludge in suspension medium.
The requirement of oxygen is about 0.6–1.5 kg O2/kg of biochemical oxygen
demand removal in this system. The mixtures that occur in this aeration basin such
as wastewater-sludge are called mixed liquor suspended solids. The organic fraction
of the mixed liquor is referred to as mixed liquor volatile suspended solids. The
mixed liquor suspended solids of a typical refinery wastewater system consists of
70–90% active mixed liquor volatile suspended solids and 10–30% inert solids
(International Petroleum Industry Environmental Conservation Association 2010).

From the aeration tank, the mixed liquor suspended solids or mixed liquor volatile
suspended solids is passed through a clarifier. Here, the sludge containing the
biomass is separated. A portion of the concentrated sludge is recycled to the aeration
tank to maintain an adequate microbial mass and is called the return activated sludge.
The rest is regularly discharged as waste activated sludge (International Petroleum
Industry Environmental Conservation Association 2010).

According to the Environmental Protection Agency, the removal efficiency of
activated sludge is 80–99% for biochemical oxygen demand, 50–95% for chemical
oxygen demand, 60–85% for suspended solids, 80–99% for oil, 95–99% for phenol,
33–99% for ammonia and 97–100% for sulphides (Shahryar 2017).
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Stabilization Pond

The stabilization pond is basically a large pond of low depth where bacteria stabilize
the wastewater introduced to this pond under warm weather conditions. Stabilization
pond is of two types: aerobic and anaerobic based on biological activity. Normally,
refinery biological wastewater treatment involves the aerobic type pond or the
oxidation pond (International Petroleum Industry Environmental Conservation
Association 2010; Shahryar 2017).

The oxidation ponds have excessive weed growth and normally have a depth of
about 1.2 m. Oxygen is supplied to the surface of pond by natural aeration and by the
photosynthesis reaction of algae (Chlamydomonas, Chlorella). The organic matters
are aerobically degraded by the algae, bacteria, fungi, etc., in presence of sunlight.

The efficiency of oxidation ponds is influenced by some factors like temperature,
presence of turbidity and emulsions in the pond. The microbial activity in the pond
slows down with temperature and when ice forms over the surface of pond due to
shortage of oxygen and sunlight, the activity drops abruptly. The emulsion and
turbidity in the pond also diminishes the light transmission and during such situation,
the photosynthetic action of bacteria is inhibited. However, the oxidation ponds
require a sufficiently large space. The advantages of this system are low maintenance
cost. A report of the Environmental Protection Agency states that the removal
efficiency of oxidation pond is 40–95% for biochemical oxygen demand, 65–85%
for chemical oxygen demand, 80–90% for suspended solids and 50–90% for oil
(International Petroleum Industry Environmental Conservation Association 2010;
Shahryar 2017; Alireza 2014).

Aerated lagoons are artificial aerobic stabilization ponds, where oxygen is sup-
plied usually by mechanical devices like pump, diffuser, and bacteria consume the
organic matter, suspended solids in warm weather. It requires less area for waste-
water treatment but requires high maintenance of mechanical equipment. According
to the Environmental Protection Agency, the removal efficiency of lagoons is
75–95% for biochemical oxygen demand, 60–85% chemical oxygen demand,
60–95% for suspended solids, 70–90% for 90–99% for phenol and 95–100% for
sulphides. But the efficiency of lagoons also diminishes in cold weather similar to
oxidation ponds, because in absence of sunlight, the bacterial growth reduces,
generating bad odour. By incorporating the clarifier, sludge-return pumps and
additional aeration equipment aerated lagoons can be stepped up to an activated
sludge system (International Petroleum Industry Environmental Conservation Asso-
ciation 2010; Central Pollution Control Board, India 2018; Shahryar 2017; Alireza
2014; Mareddy 2017; Patwardhan 2008).

Attached Growth Process

In the attached growth process, microorganisms are immobilized on inert polymeric
materials. The microorganisms digest the oily wastes with the help of oxygen for
growth of excess biomass, producing carbon dioxide. When a huge amount of
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biomass called sloughs are generated, they are immediately cleaned up. There are
two types of attached growth equipment like trickling filter and rotary biological
contactor (International Petroleum Industry Environmental Conservation Associa-
tion 2010).

Trickling Filter

Trickling filter or bio-filter is a basin which is supported with permeable media such
as shredded polyvinyl chloride, rocks, gravels, tubes, corrugated blocks, etc. The
specific surface and diameter of the permeable materials are about 30–900 m2/m3

and 7–9 cm, respectively. The microorganisms are attached to these substances for
their suspended growth. The microorganisms are added to the wastewatereffluents
from primary treatment or equalization system. These microorganisms consume the
wastes (oil, grease), producing carbon dioxide, methane, ammonia, etc. Generally,
oxygen is introduced either up or down to the bed by natural air flow. Occasionally,
air is introduced forcefully by blower, pump and diffuser. The underwater air moves
through the void space of the filter bed by inlet draught tubes. After treatment of
wastewater in trickling bed, the treated water is drained out through the under drain
channel. The trickle filter is cleaned up periodically (once or twice in year) by
scraping the dead microorganisms. It may be located upstream of the activated
sludge process to reduce organic loads. Sometimes wastes microbes are recycled
to the filter for enhancing hydraulic distribution of the wastewater into the filter. The
removal efficiency of trickling bed is 60–85% for biochemical oxygen demand,
30–70% for chemical oxygen demand, 60–85% for suspended solids and 50–40%
for oil (International Petroleum Industry Environmental Conservation Association
2010; Shahryar 2017; Alireza 2014).

Rotating Biological Contactor

Rotating biological contactors contain rotating discs that are closely placed on a
horizontal shaft. The distance between two rotating discs is 2–3 cm, approximate
diameter of discs is 3 cm and the speed of the disc is about 1–2 rpm. The rotating
discs are made of plastic materials, polyurethane, polyvinyl chloride, polystyrene,
etc. These plastic discs are partially immersed (approximately 40–45%) into the
wastewater and are continuously rotated along a horizontal shaft using an air-driven
machine. Amount of dissolved oxygen in wastewater is increased by surface turbu-
lence (bubbles formation) due to disc rotation. The microorganisms, like
oil-degrading bacteria (Burkholderia cepacia), protozoa, attach to the discs and
digest the organic pollutants as feed and also grow vigorously on this media. Excess
biomass generated is cleared off regularly from the disc surface. Some advantages of
this contactor are low energy consumption, simple operation and maintenance.
Moreover, they do not need addition of aeration devices, because oxygen transfer
facility is present in the system by the rotation of discs. According to the Environ-
mental Protection Agency, the removal of efficiency of this equipment is 85% for
biochemical oxygen demand and suspended solids. Some industry rotating
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biological contactors may be incorporated into grit chamber, settling tank and
comminutors for better removal of organic pollutants (International Petroleum
Industry Environmental Conservation Association 2010; Shahryar 2017; Alireza
2014).

Nitrification and Denitrification

Normally, organic pollutants are treated by secondary biological treatment in most of
the refineries. But, nitrogen-containing organic matter and ammonia-based pollut-
ants are removed by nitrification or integrated nitrification-denitrification processes.
Nitrification is a biological oxidation treatment where ammonium NHþ

4

� �
, nitrogen-

based compounds are oxidized to nitrite (NO�
2 ) in presence of bacteria

(Nitrosomonas) and then nitrite (NO�
2 ) is further oxidized to nitrate NO�

3

� �
with

the help of bacteria (Nitrobacter). Both reactions are carried out in presence of
oxygen in an aeration or oxic tank. Heterotrophic bacteria use the nitrate produced
during nitrification to derive oxygen and the available carbon resource (methanol,
glycerine and ethanol) for denitrification. In denitrification, nitrate NO�

3

� �
is reduced

to nitrite (NO�
2 ), nitric oxide (NO), nitrous oxide (N2O) and nitrogen (N2) in absence

of dissolved oxygen with the help of heterotrophic bacteria (Pseudomonas)
(Shahryar 2017; The water planet company, New London 2019).

(i) Nitrification reactions:

Presence of Nitrosomonas

2NHþ
4 þ 3O2 ! 2NO�

2 þ 2H2Oþ 4Hþ ð8:1Þ

Presence of Nitrobacter

2NO�
2 þ O2 ! 2NO�

3 ð8:2Þ

(ii) Denitrification reactions:

Presence of Pseudomonas

NO�
3 þ 2Hþ þ 2e� ! NO�

2 þ H2O ð8:3Þ
NO�

2 þ 2Hþ þ e� ! NO þ H2O ð8:4Þ
2NOþ 2Hþ þ 2e� ! N2Oþ H2O ð8:5Þ
N2Oþ 2Hþ þ 2e� ! N2 þ H2O ð8:6Þ
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So, the overall reaction is

2NO�
3 þ 12Hþ þ 10e� ! N2 þ 6H2O ð8:7Þ

The reaction rate depends on the pH and temperature of wastewater. The effective
pH of this reaction is 6.5–7. The wastewater temperature is 30–35 �C to attain
maximum rate. However, if temperature is higher than 40 �C, then the nitrification
rates fall to near-zero and if the temperature is less than 20 �C, then reaction proceeds
slowly but may continue up to 10 �C. In certain cases, when high concentrations of
nitrogenous wastes elimination are needed and to meet nitrogen specification in
effluents, then combination of nitrification-denitrification reactions need to be
applied. To improve the secondary biological treatment process, the nitrification-
denitrification reactions can be included into both activated sludge and trickling bed
processes. The separation efficiency of wastewater treatment plant is improved using
the nitrification-denitrification process. This requires the inclusion of anoxic
(non-aerator) tank either before (pre-nitrification) or after (post-denitrification) the
oxic tank. During post-denitrification, the anoxic chamber contains a carbon source
to improve denitrification. Here in pre-denitrification, the biochemical oxygen
demand of wastewater serves as the source of food in the anaeration chamber. The
European commission and the joint research centre stated that removal of nitrogen is
typically about 10% by activated sludge process, 70–80% by nitrification-
denitrification bio-reactor and up to 90% by three-step denitrification system
(Shahryar 2017; Alireza 2014).

Tertiary Treatment

Tertiary treatment is the extension of conventional secondary wastewater treatment
that is carried in petroleum industry to get stable products and to meet discharge
specifications with respect to biochemical oxygen demand, chemical oxygen
demand, total dissolved and suspended solids, heavy metals, carcinogenic com-
pounds like benzene, refractory hydrocarbons, nitrogen and phosphorous. Tertiary
treatment involves chemical oxidation (disinfection) succeeded by pressure sand
filtration and then activated carbon adsorption for sludge treatment and removal of
toxic organic contaminants (Shahryar 2017).

Chemical Oxidation

In chemical oxidation, the oxidizing reagents like hydrogen peroxide, chlorine
peroxide, ozone and methanol are used for disinfection and neutralization of
non-biodegradable pollutants and reduction of residual chemical oxygen demand,
total suspended solid, etc. The non-biodegradable pollutants are passed to the
oxidizer via a feed tank. The chemical oxidants are freshly prepared to sustain
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their reactivity and then introduced to the oxidation reactor. After oxidation, the
effluents from this reactor are sent to another vessel to maintain the pH. Sometimes,
the efficiency of this treatment process can be enhanced by using ultra-violet rays as
catalyst. When the refinery wastewater contains high level of toxic materials like
aromatic fractions, then secondary biological treatment is unsuitable; however,
chemical oxidation can degrade these wastes (International Petroleum Industry
Environmental Conservation Association 2010; Shahryar 2017; Alireza 2014).

Disinfection

During disinfection, chlorine solution (bleaching) is injected into the disinfectant
tank to destroy the microorganisms including bacteria, viruses and protozoa, like
Salmonella, Shigella and Vibrio cholera. Disinfection is also sometimes referred to
as chlorination. Chlorine is the most widely used disinfectant, because it controls
odour, activated bulk sludge, foaming, removes grease, ammonia and destroys
cyanides, phenols. In some refineries, ozone or ultra-violet rays are also used for
disinfection to enhance the efficiency.

Nowadays, chlorination is frequently used for wastewater treatment before
discharging water to river, streams, local aquatic bodies and ocean. The amount of
chlorine solution depends on the quality, quantity and pH of wastewater, contact
time and effluent temperature. However, the dosage of chlorine used usually ranges
from 5 to 15 mg/L. The chlorine-containing chamber is maze shaped, equipped with
baffles to avoid short-circuiting. In the reaction chamber, the contact time usually is
about 30 min, but for advanced wastewater treatment, the contact time may be as
long as 120 min in order to use the treated water for irrigation (International
Petroleum Industry Environmental Conservation Association 2010; Shahryar
2017; Mareddy 2017).

Sand Filtration

After secondary wastewater treatment, typically 25–80 mg/L of total suspended
solids, 5–25 mg/L of organic suspended solids in colloidal form are present in the
effluent ,depending on the working condition of the clarifier. But some refinery
effluents are required to meet low levels of suspended solids (15 mg/L). Hence, the
solids of effluents from clarifier should be filtered by sand filter. For better removal
of large suspended particles, dual filter is used (described earlier in Section Induced
Air Floatation). Filtration can reduce colloidal and suspended solids level to around
3–20 mg/L (International Petroleum Industry Environmental Conservation Associ-
ation 2010; Shahryar 2017; Mareddy 2017).
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Activated Carbon Adsorption

Activated carbon adsorption is applied for eliminating the dissolved and refractory
organics from wastewater after secondary treatment process. It is widely used
because of its (activated carbon) small pore size, large surface area, bulk density
and high adsorption capacity. In this step, the activated carbon in the form of
granular activated carbon, bentonite, powdered activated carbon and deposited
carbon is used as adsorbent for oil removal from oil-water emulsion by adsorption.
The adsorption capability is higher for deposited carbon and bentonite than pow-
dered activated carbon. The activated carbon bed is either fixed or moving in
parallel. For moving activated carbon adsorption bed, carbon is moved from
adsorbers to regenerator and back continuously. These activated carbon beds are
costly. When high-quality effluent is needed, then activated carbon adsorption is
used for treatment of wastes. The operating parameters such as flow rate, depth and
contact time of an activated carbon adsorption system are 3.42–6.9 � 10�3 m3/s/m2,
3.048 m minimum and 15–38 min, respectively. The biochemical oxygen demand,
oil and phenol content of effluents can be reduced to 3–10 mg/L, less than 1 mg/L
and approximately ‘0’, respectively, by applying this process. The removal effi-
ciency of the activated bed generally increases with increased contact time and
amount of adsorbents and decreases when concentration of adsorbate (effluent) is
increased (International Petroleum Industry Environmental Conservation Associa-
tion 2010; Shahryar 2017; Alireza 2014). Figure 8.2 shows the block diagram of
wastewater treatment in petroleum refinery.

Fig. 8.2 Block diagram of wastewater treatment in petroleum refinery
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Advanced Treatment

Most of the suspended solids as well as biochemical oxygen demand of refinery
wastewater are removed by primary and secondary treatment processes. However, in
most cases, after these treatment processes, the water quality is inadequate to be
reused either in industry or for domestic purposes. Hence, advanced treatment
processes are further incorporated for better separation efficiency of organic matter,
nutrients and harmful chemicals from refinery effluents, with an aim to achieve better
water quality. Advanced treatment may be incorporated into primary, secondary and
tertiary treatment units. Following are some advanced technologies which are used
for wastewater treatment in refineries (International Petroleum Industry Environ-
mental Conservation Association 2010; Central Pollution Control Board, India
2018; Shahryar 2017; Alireza 2014; Mareddy 2017).

A. Activated sludge with powdered activated carbon
B. Sequencing batch reactor
C. Membrane technology
D. Membrane bioreactor

The advanced technology depends on flexibility, operating and maintenance cost,
operability, space availability, etc.

Activated Sludge with Powdered Activated Carbon

The conventional activated sludge process is upgraded by introducing powdered
activated carbon as adsorbent. The powdered activated carbon technology is a
combination of biological oxidation and adsorption. The surface area of adsorption
is increased by using powdered activated carbon, thereby enhancing the removal
efficiency of organic matter. In most cases, the used powdered activated carbon is
recycled with activated sludge, but fresh powdered activated carbon is also required
to maintain the efficiency. This technology is normally applied in situations where
specific standards are required to be met for definite contaminants of refinery
wastewater (International Petroleum Industry Environmental Conservation Associ-
ation 2010; Shahryar 2017).

Sequencing Batch Reactor

The sequencing semi-batch reactor is a fill-draw biological treatment which consists
of aeration, sedimentation and clarification in a single batch reactor. The aeration and
sedimentation steps are similar between sequencing batch reactor and activated
sludge system. However, these two steps are operated in different chambers in
activated sludge process, whereas in sequencing batch reactor, these two steps are
processed in the same tank consecutively. However, this technology is applied only
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in a few refinery wastewater treatment plants. The steps involved in a sequencing
batch reactor process are

A. Fill:

It is a simple filling operation where wastewater from equalization tank is charged
into the reactor.

B. React:

Here, wastewater is aerated and biological activity starts sequentially.

C. Settle:

Mixed liquor suspended solids settle down after aeration is stopped. No flow is
allowed to enter or leave the reactor during settling.

D. Decant:

In this step, the lighter effluent is taken out from the top of the reactor. The settled
sludge is periodically retracted from the bottom of the reactor (International Petro-
leum Industry Environmental Conservation Association 2010; Shahryar 2017;
Alireza 2014).

Membrane Technology

Membrane technology is a separation technology (based on particle size) where a
selective barrier between two adjacent phases is applied for the separation of
submicron suspended and dissolved contaminants such as organic matter, nutrients,
turbidity, microorganisms, inorganic metal ions, etc., from wastewater in a modern
refinery. The separation efficiency depends on selectivity of membrane. The advan-
tages of membrane technology are their transport selectivity as compared to other
processes, no need of any catalyst, additives and provides a clean compact technol-
ogy. The membrane may be degraded after long-term utilization and fouled due to
clogging of pores and gel formation on its surface. So, the membrane efficiency and
flux decrease. The fouling can be controlled by using fouling or scaling inhibitors.

There are four types of pressure-driven membrane separation processes such as
microfiltration, ultrafiltration, reverse osmosis and nanofiltration. It is noticed that an
individual membrane technology is not suitable for oily wastewater treatment. A
combination of two or three types like ultrafiltration and reverse osmosis,
microfiltration and reverse osmosis, microfiltration and nanofiltration,
microfiltration and ultrafiltration, etc., is required (International Petroleum Industry
Environmental Conservation Association 2010; Central Pollution Control Board,
India 2018; Shahryar 2017).

A. Microfiltration:

Microfiltration is used for the rejection of suspended solids and emulsified oil
which have particle size greater than 0.1 μm approximately in refinery. After
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conventional treatment, microfiltration is used before reverse osmosis as
pre-treatment for protection of reverse osmosis membrane life, to reduce fouling as
well as operational cost of this process. The microfiltration membrane is porous,
isotropic and is usually made of hydrophobic polymers like polysulphone,
polyethersulphone, polypropylene, polyvinylidene fluoride. However, recently,
ceramic materials and inexpensive clay mixtures, such as ball clay, kaolin, feldspar,
quartz, pyrophyllite, calcium carbonate, are also employed for preparation of these
membranes. The hydrophobic nature of the membrane renders greater affinity
towards organic matter such as oil and grease. This might lead to membrane fouling
by oil and grease. Hence, pre-treatment with granular activated carbon is done to
limit the oil and grease content to less than 1 mg/L. The membrane module may be
either hollow or tubular type. The wastewater is passed through a series of mem-
branes under pressure or vacuum. The wastes accumulate on the upstream side of the
membrane. When the thickness of fouling layer on the surface of the membrane
increases, the trans-membrane pressure will slowly increase. The accumulated
contaminants are eliminated periodically by use of backwash with disinfectants
such as sodium hypochlorite, etc. The operating pressure range and hydraulic
permeability range are 0.1–2 bar and greater than 1000 L/hr-m2

–bar, respectively.
Scaling, fouling or biofouling may occur on the membrane due to the formation of
biological growth and long-term operation; therefore, flux as well as separation
factor may diminish. Hence, some biofouling inhibitors such as bioacids (chlorine,
chloramine) are added to protect the membrane. However, the accumulated contam-
inants are removed by using disinfectants like sodium hypochlorite. Spent granular
activated carbon or polymeric materials may require regeneration, and it depends on
quality and quantity of wastewater. The treated water after microfiltration is not
suitable for makeup water in boiler feed water and in cooling towers but may be used
as emergency firewater (International Petroleum Industry Environmental Conserva-
tion Association 2010; Shahryar 2017).

B. Ultrafiltration:

Ultrafiltration is used for the removal of colloidal proteins, pigments, oils,
organics, microparticles from wastewater and the size range of the retained particles
is 0.001–1 μm. The operating pressure is about 1–5 bar and the hydraulic perme-
ability is 10–1000 L/m2 hr-bar. Ultrafiltration like microfiltration may also be used
before reverse osmosis process as pre-treatment to maintain the performance of
reverse osmosis membrane. In this technology, tubular or hollow ultrafiltration
module is equipped with polymeric or inorganic porous asymmetric type membrane.
The ultrafiltration operating process is same as microfiltration. Fouling or biofouling
may arise on the membrane of ultrafiltration due to long time operation and gener-
ation of biological growth which may be removed by using bioacids as in
microfiltration membrane (International Petroleum Industry Environmental Conser-
vation Association 2010; Shahryar 2017). However, both microfiltration and ultra-
filtration are not suitable for removal of heavy metals and dissolved salts (Shahryar
2017).
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C. Nanofiltration:

Nano filtration is mainly utilized for removal of selective dissolved organic-
hydrocarbon pollutants and hardness at moderate pressure: 3–20 bar. Some features
like design and operation, as well as physical dimensions of membrane elements of
nanofiltration are almost same as reverse osmosis. Hence, nanofiltration membranes
can be accommodated in reverse osmosis modules. But main difference between
these two filtrations is that salt and metal abandonment is higher with higher
operating pressures. The particle size of the retentate ranges from 0.001 to
0.01 μm and the hydraulic permeability is 1.5 to 30 L/m2 hr-bar in nanofiltration.
This membrane may be composite or porous asymmetric. Commercial nanofiltration
membranes possess a fixed charge that causes ions to be separated based on size,
electrical effects and ion interactions. However, it can replace reverse osmosis in
wastewater treatment due to its less energy requirement and higher flux.
Nanofiltration membranes usually exhibit greater efficiency in rejecting hydrophilic
compounds than the hydrophobic ones. Around 90–95% pollutant rejection can be
achieved by this process (International Petroleum Industry Environmental Conser-
vation Association 2010; Shahryar 2017).

D. Reverse Osmosis:

Reverse osmosis uses a semipermeable membrane where dissolved solids, ions,
pyrogens, nitrate, etc., are removed from wastewater and the retained particle size
varies from 0.0001 to 0.001 μm. Reverse osmosis is operated when the pressure
difference is higher than the osmotic pressure (5–120 bar). It is a most commonly
used process for desalting of oily wastewater. The reverse osmosis membrane is
nonporous, asymmetric or composite and has a hydraulic permeability of
0.05–1.5 L/m2 hr-bar. After reverse osmosis, the water may be reused in the
petroleum industry. The reverse osmosis membranes require pre-treatment by
microfiltration or ultrafiltration, because they have very fine pores which are easily
plugged by suspended solids. The concentration of oil and grease in the reverse
osmosis feed water is recommended to be less than 0.1 mg/L. The salt rejection
capacity using this technology may be as high as 99%. It is successfully used
worldwide for wastewater treatment but requires high-energy consumption in
terms of pressure (International Petroleum Industry Environmental Conservation
Association 2010; Shahryar 2017).

Membrane Bio-reactor

Membrane bio-reactor is a membrane-based biological treatment where a membrane
process (microfiltration) combines with a suspended growth process (activated
sludge) to improve secondary clarification in activated sludge system. The
microfiltration membrane is placed in a membrane tank (steel) at a low vacuum to
draw water through the membrane as well as pump out the filtered water while the
solids are retained in the bio-reactor. The air is compressed and inserted into the
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reactor to polish the outer surface of the membrane. The membrane bio-reactor is
used when the mixed liquor suspended solids level is higher (15,000–20,000 mg/L)
than the conventional activated sludge process. In general, membrane bio-reactor is
not used in refineries, because it is expensive. But when conventional activated
sludge requires tertiary filtration, it can be a better option, since it acts as an effluent
filter (International Petroleum Industry Environmental Conservation Association
2010). Where reverse osmosis is used for wastewater treatment, membrane
bio-reactor may be an attractive alternative to microfiltration or media filtration
after biological treatment (International Petroleum Industry Environmental Conser-
vation Association 2010; Shahryar 2017; Mareddy 2017).

All advanced technologies are still undergoing research and development.

8.4.5 Wastewater Treatment in Petrochemical Complex

The petrochemical complexes produce valuable products, but its effluent may cause
harmful effects to the environment. The wastewater from the petrochemical complex
contains hazardous compounds, some of which are carcinogenic. Hence, the waste-
water treatment requires modern technology to minimize the concentration of
pollutants as per the environment laws. In the petrochemical complex, the wastewa-
ter treatment technology is more or less same as in a petroleum refinery. Here also
the wastewater is subjected to preliminary treatment (skimmer, comminuting device,
grit chamber), primary treatment (different separators), secondary treatment
(suspended growth, attached growth process, nitrification and denitrification), ter-
tiary treatment (sand filtration, activated carbon adsorption) and advanced treatment
(powdered activated carbon, sequencing batch reactor, membrane technology, mem-
brane bio-reactor). These have already been discussed in the refinerywastewater
treatment section. However, petrochemical effluents are treated mainly by secondary
biological processes (Patwardhan 2008; Ghimire and Wang 2018; Balasubramani
and Sivarajasekar 2018).

Additionally, new or better wastewater treatment technologies have been devel-
oped to convert the complex refractory substances into more simple substances for
improving water quality. Some new technologies are the following (Balasubramani
and Sivarajasekar 2018):

A. Anaerobic treatment:

When aerobic treatment is not sufficient for wastewater treatment adequately,
then anaerobic treatment can be involved.

B. Autotrophic denitrification:

In this process, the nitrogenous as well as sulphur pollutants are removed by
denitrification process followed by biological anaerobic processes.
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C. Clean electrochemical technology:

Using clean electrochemical technology, chemical oxygen demand, turbidity,
phenol, grease and petrochemicals as well as other hydrocarbon effluents are
removed by the combination of electro-flotation and electro-coagulation.

D. Advanced biodegradation using ozone and biological activated carbon:

For the growth of bio-film and degradation of bio-refractory, the pre-ozonation
and lifted moving bed biological activated carbon are used.

E. Coagulation-flocculation process:

It is used for specific petrochemical wastewater treatment containing high aro-
matic content (benzoic acid, phthalic acid, terephthalic acid), purified terephthalic
production unit wastewater, etc. In coagulation-flocculation process, some coagu-
lants like ferric chloride and alum are used. The efficiency of this process is 75.5%
for removal of chemical oxygen demand. In this process, some cationic compounds
(polyacrylamide) are added to improve the sludge filtration. For better removal of
suspended solids, coagulation-flocculation process may be used for pre-treatment
prior to microfiltration and ultrafiltration membrane technologies (Ghimire and
Wang 2018).

8.4.6 Wastewater Treatment in Fertilizer Industry

The water effluent from the fertilizer industries contain nitrogenous, phosphorous-
based fertilizers like urea, diammonium phosphate, isobutylidenediurea and
dicyandiamide which are hazardous. So, there is an urgent need to treat these
wastewaters before reuse. The effluent is accumulated in a holding tank and time
to time the level is recorded. The effluent is segregated based on the nature and
concentration of pollutants they contain. Suspended solids in effluents with mini-
mum concentration of 100 mg/L should be combined together. Oil-based effluents
must be separated; also urea-bearing effluents should be separated from nitrogen-
bearing effluents. Highly acidic, alkaline effluents and ash slurry should be separated
from the rest of the effluent streams. The cooling tower purge water contains
chromate, phosphate and bioacids; hence, they should be segregated from the rest
of the effluents. Carbon-, arsenic- and cyanide-containing effluents should be stored
separately. These segregated effluents, however, can be combined, depending on
their properties and the type of treatment required, such that one can be utilized for
the treatment of the other. This type of judicious combination can reduce the
operating cost and increase the efficiency of the treatment process. Mainly two
types of processes are involved in fertilizer wastewater treatment plant; physico-
chemical and biological process (Sengupta 2019; Elela and Elkamah 1995).

8 Treatment of Petroleum Hydrocarbon Pollutants in Water 267

https://en.wikipedia.org/wiki/Isobutylidenediurea
https://en.wikipedia.org/wiki/Dicyandiamide


Physico-chemical Process

The ammoniacal effluents are removed with the help of physico-chemical processes
(air stripping, steam stripping and ion exchange). These effluents are not hydrocar-
bon based. The suspended solids and oil-grease bearing effluents are removed from
fertilizer wastewater by physical process. Generally, the suspended solids are settled
down by gravity, but when particle size is small enough, then mechanical clarifiers
with proper dosing of coagulants or poly-electrolytes is used for quick settling. The
sludge is then discharged from the bottom of the clarifier by either dewatering or
mechanically.

The oil-grease based effluents are discharged from fertilizer wastewater in
non-emulsified form. The lighter oil-grease floats over the water in an oil-water
separator and then easily separated by using skimmer. This type of effluent may be
regularly skimmed out mechanically. Usually, by this process, 50 mg/L of oil-grease
effluents are removed. But, if high degree of efficiency is required, then the effluents
pass through the activated carbon or porous coke bed as in refinery’s activated
carbon adsorption process. Then oil-grease concentration in effluents as low as
2–10 mg/L can be achieved (Sengupta 2019; Elela and Elkamah 1995).

Biological Process

The oil-bearing or hydrocarbon-based wastes are treated by biological processes.
The biological treatment of wastewater in fertilizer industry is almost similar to that
of a petroleum refinery.

8.4.7 Wastewater Treatment in Textile Industry

The textile wastewater contains colour pigments, dying materials, organic com-
pounds, etc. The textile effluents are much polluted, since they contain reactive
dyes which are not easily treated by biological processes. The reactive dyes and
colour organic matter are very harmful for the growth of aquatic organisms and
imbalance the environment. Hence, the wastewater from textile industry should be
treated by chemical, biological, physical and hybrid treatment processes before
discharge. It can also be treated using membrane technology which is similar to
refinery wastewater membrane technology such as microfiltration, ultrafiltration,
nanofiltration and reverse osmosis processes (Jain et al. 2016; Vineta et al. 2014).
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Physical Treatment

Physical treatment is used for the de-colouration of wastewater and reduction of azo
dyes by coagulation, flocculation, etc. But these processes have low de-colouration
efficiency and large production of sludge, because textile wastewater contains large
amount of highly reactive dyes. The attractive physical process is adsorption which
is utilized for the de-colouration of wastewater with high efficiency. Its efficiency
depends on the adsorption and regeneration capability of adsorbent. The common
and useful adsorbent is activated carbon, but it is costly and it has regeneration
problems for decolouration (Navin et al. 2018).

Chemical Treatment

The chemical treatment of wastewater in textile industry can be categorized into two
processes viz. advanced oxidation and chemical oxidation. The toxic materials and
their by-products are degraded by using these processes. In advanced oxidation
process, hydroxyl radicals are generated that vigorously react with dyes, because
they are strong oxidizing agents as compared to hydrogen peroxide, potassium
permanganate, etc. In chemical oxidation, ozone and hydrogen peroxide are used
as oxidizing agents, because these compounds generate strong non-selective
hydroxyl radicals. These hydroxyl radicals have high oxidation potential to break
conjugated double bonds of dye chromophores and functional groups that reduces
colour of effluents. The rate of degradation in chemical oxidation is lower than
advanced oxidation process, because in the former, few number of hydroxyl radicals
are produced.

The other chemical process is ozonation where ozone is used as the oxidizing
agent for treatment of wastewater. But, in this process, some toxic by-products are
generated.

Another type of degradation of dyes is the combination of ultra-violet light and
hydrogen peroxide which again generates high concentrations of hydroxyl radicals.
This process is advantageous, since there is no sludge formation and at the same time
odour is reduced. The factors affecting the rate of oxidation are the intensity of ultra-
violet radiation, the pH of wastewater, structure and composition of dyes (Navin
et al. 2018).

Biological Treatment

The biological method is utilized for the removal of dissolved organic matter in the
textile wastewater. The removal efficiency of this method depends on the ratio of
organic or dye load to microorganism load, enzyme activity, flexibility of the
selected microbes, temperature of wastewater and dissolved oxygen concentration.
This process is classified as aerobic, anaerobic and a combination of both, depending
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on the presence of oxygen. The advantages associated with this process are:
eco-friendly, cost-effectiveness, less sludge production, production of
non-hazardous metabolites, less requirement of water as compared to chemical-
physical process, etc. Here common microorganisms like bacteria, fungi and algae
are used for wastewater treatment. This treatment process is somewhat similar to that
followed in petroleum refineries. Bacteria, fungi, algae digest the dyes or organic
matter in presence of intra- or extracellular enzymes such lignin peroxidase, man-
ganese peroxidase and laccase. Usually, the rot white fungi are cultured for remov-
ing azo dyes (Navin et al. 2018).

8.4.8 Wastewater Treatment in Paint Industry

Paint industry uses various raw materials like resins, solvents, extenders, pigments,
oil and grease. Wastewater from paint industry is also detrimental to human beings
and may disturb aquatic life. The wastewater treatment system in paint industry
consists of primary, secondary followed by biological treatment. By this treatment
process, 90–95% pollutants are removed (Silva and Barbosa 2016; Porwal 2015).

Primary Treatment

A. Oil and grease removal: At first, effluents from all processes except stiff paint
unit and caustic cleaning unit pass through an oil and grease disposal device.

B. Equalisation and neutralization: The effluents from stiff paint and caustic wash-
ing section are sent to the equalization or neutralization pond. In this pond, the
effluents mix with coagulants and next go to the flash mixer.

C. Clariflocculation: After equalization, the effluents are clarified in the
clariflocculator tank followed by biological treatment.

Secondary Treatment

A. Secondary clariflocculation: In first clariflocculator, the sludge generated is
passed through the secondary clariflocculator for biological treatment followed
by sludge drying bed for dewatering. Here, the biological treatment is same as
the biological treatment of textile and refinery wastewater.

8.4.9 Wastewater Treatment in Polymeric Industry

The effluents from polymeric industries consist of suspended solids, organic mate-
rials and residual polymers. These effluents look like a milky waste liquid with some
solid particles dispersed into the wastewater: colloids. This type of effluent is not
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separated by conventional physical separation process. It requires some chemicals
for neutralization of colloidal particles and some new separation technology like
chemical coagulation-flocculation, membrane filtration, adsorption on activated
carbon, oxidation, advanced oxidation, bio-degradation, etc. (Sher et al. 2013).

Coagulation-flocculation is described in the petrochemical wastewater treatment
section. Membrane filtration, adsorption on activated carbon and biodegradation are
also described in the refinery wastewater treatment section. Oxidation or advanced
oxidation is described in the textile wastewater treatment section.

8.5 Effluent Specifications for Petroleum Industries

The environmental, health and safety guidelines of the World Bank group are
scientific and technical documents of good international industry practice to be
followed by industries. All industries should obey these guidelines to ensure safe
and healthy work environment by practicing safe operating procedures, prospective
development as well as prevent pollution and protect the environment. These
guidelines provide performance levels and steps that are considered to be feasible
in new facilities at reasonable costs (World Bank Group, United States 2016).

According to the World Bank Group and the Environmental Protection Agency,
the specifications of hydrocarbon based wastewater that can be discharged from
petroleum industries are listed in Table 8.5.

8.6 Conclusion

The petroleum industries generate fuel and many valuable products, but at the same
time, they exert unfavourable effects on environment, due to emission of hazardous
waste materials. The factors affecting water pollution are the processing technology,
the scale of processing, handling and transportation. The petroleum wastewater
mainly consists of suspended solids, emulsified oil, hydrocarbons, aromatics,
polyaromatic hydrocarbons and heavy metals, some of which may be carcinogenic.
These pollutants or hazardous compounds adversely affect the water circle when
discharged into the environment. The water pollution can be controlled by following
the three ‘r’s – reduce, recycle and reuse. The effluents from petroleum industries
should be treated by physical, chemical and biological treatment processes as per the
effluent specifications prescribed by the Environmental Protection Agency. The oil
pollution act of 1990 deals with pollution of water bodies by crude oil or related
products. This act imposes strict liability on owners, vendors and operators for oil
spills at both onshore and offshore. The treatment technology depends on the
characteristic, source as well as amount of wastewater. The treatment of petroleum
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wastewater consists mainly of such as preliminary, primary, secondary and tertiary,
sometimes followed by advanced treatment methods. In preliminary and primary
treatment, the oil-grease, suspended solids are skimmed off by physical methods.
The organic compounds are removed in secondary step by biological treatment. The
emulsified oils are separated by chemical oxidation in tertiary treatment. The fine
particles or organic matters are eliminated in advanced treatment process by mem-
brane technology. After treatment, the treated water may be directly released to
surface waters under a national pollution discharge elimination system permit.

Sometimes, many technologies are not suitable for removal of stubborn and
persistent compounds. Day by day, advanced technologies are being introduced
like improved bioreactors, advanced oxidation that offer high efficiency of perfor-
mance. Hence, effective combined technology should be chosen with proper knowl-
edge like design, process control, systematic integration, process simulation,
operation optimization for removal of strong concentrated pollutants from wastewa-
ter in petroleum industry. However, this progressive technology depends on capital

Table 8.5 Specifications of effluents from petroleum industries

Industries Pollutants Effluent level (mg/L)

Petroleum refinery pH 6–9 S.U

Temperature <40 �C
Biochemical oxygen demand 30

Chemical oxygen demand 125

Total suspended solids 30

Oil and grease 10

Phenol 0.2

Benzene 0.05

Benzo(a)pyrene 0.05

Total sulphides 0.2

Total nitrogen 10

Petrochemical industry pH 6–9 S.U

Temperature 35–38 �C
Biochemical oxygen demand 30

Chemical oxygen demand 100–160

Total suspended solids 30

Benzene 0.05

Phenol 0.2

Cyanides 1.0

Methyl mercury 0.000005

Formaldehyde 3.0

True colour 550

Total sulphides 1

Surfactants 10

Organo-phosphorous 0.5
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and operating cost, land availability, operational procedure, discharge specifications
and adaptability to industry’s circumstances (workers or engineers or operator).

The water may be also polluted during transportation due to leakage of equipment
(tankers, vessels) as well as pipelines. Such pollution can be reduced by proper
monitoring and maintenance. Awareness and knowledge regarding the adverse
effects of the hydrocarbons and related pollutants and their means of abatement is
absolutely necessary to curb this problem.
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Abstract

1. Issues/Problems

In recent years, there have been global concerns about the emerging levels of
abused drugs (cocaine, opioid, cannabinoid, amphetamine, lysergic diethylamide
and hallucinogen) apart from pharmaceuticals, dyes, solvents, pesticides, heavy
metals and chemicals from industrial wastes and direct dumping of other contami-
nants to the aquatic environment. The escalating levels of these pollutants have
prompted the need for proper monitoring of their prevalence in order to stem its
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social and environmental impacts. New drugs are daily being introduced as the
number of patents keeps increasing, and the pharmaceutical products for numerous
therapeutic and commercial purposes keep escalating accordingly, reaching already
the increasingly polluted environment. The inadvertent and purposeful discharges of
pharmacologically active compounds via excreta remain underappreciated, yet their
toxicological potency on the ecosystem has become a global issue. Environmental
monitoring and risk assessments have shown the sewage treatment works as one of
the potential routes through which the levels of consumption by a local population
can be estimated. The exposure data of trends in their distribution, biodegradability,
fate, toxicity and environmental assessment can safeguard aquatic and human
environment by letting the appropriate authorities involved in fighting and control-
ling drug menace develop the desired approaches in controlling and effective
monitoring of emerging pollution challenges.

2. Major Advances

We reviewed the occurrence of bioactive metabolites, metabolism, measurement,
transport routes in the aquatic environment and treatment processes with the avail-
able analytical methodologies in the literature.

The major points are:

1. The literature showed the distribution of the plethora of trace drugs include abused
drugs, which were as follows: cocaine, opioid, cannabinoid, amphetamine, lysergic
diethylamide, hallucinogen and pharmaceuticals of many therapeutic classes of
drugs: antibiotics, anti-inflammatory, anti-epileptics, antineoplastics, antidepressants,
beta-blockers, β2-sympathomimetics, contraceptives, diagnostic contrast media, lipid
regulators, preservatives, sunscreen agents and tranquilizers in the environment.
They occurred in varying concentration and range from 10 to 8700 ng L�1 in sewage
treatment works and 10–410 ng L�1 and stream at different locations.

2. The environmental analyses have shown that significant routes which the pharma-
ceutical drugs enter the aquatic environment are some domestic sewage systems
from Italy, Belgium, Spain, Germany, the United States and the United Kingdom
with 15 compounds detected from biweekly samplings from Nottingham sewage
treatment work effluents, including ibuprofen, caffeine, lidocaine, cocaine,
codeine, amphetamine, ecgonine methyl ester, benzoylecgonine, ephedrine, meth-
adone, nicotine, 6-acetylmorphine, diacetylmorphine, diazepam and procaine. The
mean concentrations, 19.2 � 5.8, 15.2 � 4.3, 13.6 � 5.7, 9.1 � 3.5, 8.2 � 3.1,
5.1 � 2.8, 4.7 � 1.7 and 4.2 � 1.7 ng L�1, were found, respectively. In Spain,
225 and 2307 ng L�1 of cocaine and benzoylecgonine in 5 sewage treatment work
influents were higher compared to 47 ng L�1 of cocaine concentrations in effluent.
The toxicity and extent of persistence may have potential effects on the environ-
ment after the sewage-sludge disposal to surface waters or landfills.

3. The reported hydrophilicity/lipophilicity properties of compounds allowed the
chemical partitioning onto suspension in solution and biosolids with microbial
degradation. The degradation possibilities of compounds include partial/complete
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degradation, mineralization or sorption to sludge, which is a repository of micro-
organism during sewage treatment work degradation processes.

4. The reported multistep extraction protocols reduced the matrix influences and
improved recovery under stability of pH. The delivered extracts were very clean
using several solid-phase extraction adsorbents as recent advances. The effluent
concentrations ranged from 0.3 to 30.2 ng L�1 with percentage recoveries from
78.6 to 97.8%, using solid-phase extraction-gas chromatography-mass spectrom-
etry in many studies.

5. The observed degree of removal of drugs from the influent and its relative
concentrations were higher when compared to the effluent drug concentrations
where about 10 times higher in the influent compared to the effluent were found.
However, improved sampling strategies and recovery, new detection methodol-
ogies and reduction of matrix influences employed at the determination of most
effluents have added new trends that will further improve the treatment capability
and assessments of sewage treatment plants.

Keywords Drugs · Pharmaceuticals · Wastewater · Analysis · Environment

9.1 Introduction

Human activities impact the environment through occurrence of pollutants and the
interconnectedness of their metabolites in a myriad of ways. Chemical pollution is
caused by the presence of dyes, solvents, pesticides, heavy metals and chemicals
from industrial wastes and direct dumping to the aquatic environment. Disrupting
chemicals such as natural hormones from humans and animals and phytoestrogen as
well as agricultural herbicides and fertilizers are in the environment. Other sources
such as mining, deforestation and release of semi-volatile organics have worldwide
significant consequences. For example, nitrates are found from fertilizers; industrial
effluents have bisphenol A, nonylphenol, polycyclic aromatic hydrocarbons and
phthalates (Rogers 1996).

Pharmaceutical substances are ever-increasing at the risks to our lives as a result
of high consumption and deposition of many of these therapeutic classes of drugs
harbouring potential consequences for the environment. Despite the continuous
discharge and rapid rise of some of these chemicals that are mutagenic, reproductive,
toxic and carcinogenic in the environment, the assessment of occurrence and metab-
olism of pharmaceuticaldrugs and associated metabolites would continue to generate
concerns due to the underappreciated levels of inadvertent and purposeful discharges
of these toxicological substances (Mustapha 2013).

In recent years, there have been global concerns about the emerging levels of
abused pharmaceuticals (illicit drugs) apart from drugs used for therapeutic pur-
poses. The escalating levels of these drugs have prompted the need for proper
monitoring of their prevalence in order to stem its social and environmental impacts.
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Environmental monitoring and risk assessments have shown the sewage treatment
works as one of the potential routes through which the levels of consumption by a
local population can be estimated. Studies revealed a plethora of illicit drugs and
their common classes include cocaine, opioid, cannabinoid, amphetamine, lysergic
diethylamide and hallucinogen (Baker and Kasprzyk-Hordern 2011; Harman et al.
2011; Karolak et al. 2010).

The biodegradability and non-biodegradability or resistance to degradation has
increased the environmental risk factors of the ecosystem due to the hydrophobicity/
lipophobicity properties of these drugs. In Table 9.1, the myriads of chemicals are
shown coupled with the menace of use and abuse of illicit drugs having necessitated
the establishment of many international agencies saddled with the responsibilities to
monitor the production, transport, unlawful possession and usage of the ‘controlled’
substances. The substances considered risky for human health and social well-being
of the society have different legislation in many countries with the hope to curb the
menace, but the concerted efforts have not been fully achieved for their purpose.

Table 9.1 Contaminants in wastewaters

Pollutants Sources/usages Analytes

Acrylamide
monomer

Coagulants Polyacrylamide

Alkylphenols Detergents, surfactants 4-Alkylphenol; polyethoxylates;
4-nonylphenol;
monoethoxylates

Chlorophenols and
chlorophenoxy
acids

Herbicides 4-Chlorophenol, 2-chlorophenol

Lipids Petroleum hydrocarbon Phosphatidylserine, Phosphati-
dylethanolamine,
Phosphatidylcholine

Mineral oils Engine oils, paints Paraffin, alkylbenzene
cycloparaffin

Nitrosamines and
nitroaromatics

Control nematodes Dimethylnitrosamine

Organochlorine
pesticides

Agricultural control of pests, trans-
former fluids, plasticizers and artificial
rubbers

Aldrin, endrin, dieldrin

Organophosphorus
compounds

Pesticides Residues

Organotin
compounds

Stabilizers in biocides, foams Tributyltin oxide

Phthalates esters Plasticizers Bis(2-ethylhexyl)phthalate

Polychlorinated
dibenzodioxins

Pulp bleaching Congener group

Polycyclic aromatic
hydrocarbons

Pyrolysis of organic materials Naphthalenes

Surfactants and
related residues

Detergents Linear alkylbenzene

Chlorobenzenes Paint removers Chlorobenzenes
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Regardless, the nefarious activities of the consumers are on the increase, and the
hidden natures of the business have helped its purported widespread and escalating
consumption.

Until the idea of Daughton and Ternes (1999) and Daughton (2004), using
intrusive approach to provide information on the community consumption of illicit
drugs of whose idea was later demonstrated by Zuccato et al. (2005), nearly nothing
was in the public domain about the estimation and levels of abused drugs in the
environment. Today, the abused drugs are similarly surviving like other pharmaceu-
ticals and medicinal drugs as reported by several studies, but the extent and spread
differ from one location to another. The levels of abused drugs and abused pharma-
ceuticals in the effluents to receiving waters can generate exposure data to indicate
potential threats; it constitutes to the environment as well to the appropriate author-
ities involved in fighting and controlling drug menace.

Therefore, we must provide updates on the fate and removal of these pharmaco-
logically active contaminants from effluents to safeguard aquatic and human envi-
ronment. The highlight of pharmaceutical occurrence, metabolism, transport routes,
stability, analysis and current development in monitoring their fate is of great interest
to humans and the environment.

9.2 Pharmaceutical Occurrence in Aqueous Environment

Pharmaceutical products produce active ingredients from parent drugs after metabo-
lism; the biotransformation of these drugs generates associated metabolites that are
excreted after intended use by dose users and pass on to the sewage system. In the
sewage system, there exist increased possibilities of risks of environmental effects as
more polar degradation products are produced in complex biochemical pathways that
are very complicated to follow. The concerns for environmental sustainability and
safety have led increasing attention to the large production of pharmaceuticals and their
corresponding metabolites including those that are normally procured illegally (with-
out approval/prescription) for illicit purposes. Yet, new pharmaceuticaldrugs of vary-
ing chemical classes enter the aquatic environment through sewage system and run-off.

The drug residue (unmetabolized) from excreta and urine and associated active
metabolites are flushed in the toilets, and unwanted drugs are directly dumped to the
surface river or disposed via drains; this constitutes a major source of pollution. The
distributions of therapeutic classes of drugs in the environment are antibiotics, anti-
inflammatory, anti-epileptics, antineoplastics, antidepressants, beta-blockers, β2-
sympathomimetics, contraceptives, diagnostic contrast media, lipid regulators, pre-
servatives, sunscreen agents and tranquilizers (Hedgespeth et al. 2012). Selected
different classes of pharmaceuticals are in Tables 9.2, 9.3 and 9.4.

Detectable levels of different classes of pharmaceuticals ranging from ng L�1 to
μg L�1 were found in rivers, seas, lakes and surface and underground waters due to
incomplete removal from the sewage system.
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Table 9.2 Classes of pharmaceuticals in wastewaters

Groups of pharmaceuticals Drugs

Acidic pharmaceuticals Antiphlogistics,
analgesics and phenolic antiseptics

Salicylic acid, bezafibrate (lipid regulator, antiseptic
biphenylol, antiphlogistic ibuprofen, ibuprofen,
diclofenac, clofibric acid, naproxen, bezafibrate,
fenoprofen, mefenamic acid, paracetamol)

Antibiotics Penicillin, tetracyclines, sulphonamides and
macrolides

Beta-blocker and β2-sympathomimetics Atenolol, sotalol, metoprolol and β2-sympathomi-
metics (salbutamol)

Oestrogens Oestrone, oestradiol, ethinyloestradiol

Iodinated contrast media Iopamidol, iomeprol, iopromide, iohexol, diatrizoate,
ioxitalamic acid, adsorbable organic iodine

Neutral pharmaceuticals Antiphlogistics, anti-epileptic agents, lipid regula-
tors, vasodilators

Nitrosamines Morpholine, N-nitrosodimethylamine, diethylamine,
di-n-propylamine, di-n-butylamine, diphenylamine,
methylethylamine, pyrrolidine, piperidine

Other micro-pollutants Benzotriazole, 4-tolyltriazole, 5-tolyltriazole,
bisphenol A

Table 9.3 Psychoactive drugs and beta-blockers from wastewaters

Substances

Influent [ng L�1] Effluent [ng L�1]

LOQ No of samples Max LOQ No of samples Max

Anti-epileptics
Carbamazepine 200 9 1000 100 9 1200

Primidone 200 9 420 10 9 250

Antidepressants
Doxepin 200 9 100 10 9 190

Opioids
Codeine 200 9 160 10 9 30

Dihydrocodeine 200 9 140 10 9 70

Methadone 100 9 130 5 9 120

Morphine 200 9 440 10 9 29

Oxycodon 200 0 – 10 0 –

Tramadol 200 6 470 10 6 370

Tranquilizers
Diazepam 200 0 – 10 0 –

Nordiazepam 200 0 – 10 0 –

Oxazepam 200 6 190 10 6 180

Beta-blockers
Atenolol 100 9 910 5 9 370

Sotalol 100 9 1300 5 9 1200

Metoprolol 100 9 1200 5 9 1100

Propranolol 5 9 70 3 9 60

Bisoprolol 100 9 380 5 9 270

Celiprolol 100 9 160 5 9 160

Betaxolol 5 4 10 3 1 –

Note: LOQ ¼ limit of quantification; Max ¼ maximum



Table 9.4 Pharmaceuticals in effluents, rivers and streams

Analyte

STWs (ng L�1) Rivers/streams (ng L�1)

LOQ Number STWs Maximum LOQ Maximum

Lipid regulator
Bezafibrate 250 49 4600 25 3100

Gemfibrozil 50 49 1500 10 510

Clofibric acid 50 49 1600 10 550

Fenofibric acid 50 49 1200 10 280

Antiphlogistics
Acetylsalicylic acid 100 49 1500 20 340

Diclofenac 50 49 2100 10 1200

Ibuprofen 50 49 3400 10 530

Indomethacin 50 49 600 10 200

Ketoprofen 50 49 380 10 120

Naproxen 50 10 520 10 390

Phenazon 100 30 410 20 950

Salicylic acid 50 36 140 10 4100

Beta-blocker
Betaxolol 25 29 190 10 30

Bisoprolol 25 29 370 10 2900

Metoprolol 25 29 2200 10 2200

Propranolol 25 29 290 10 590

β2-Sympathomimetics
Salbutamol 50 29 170 10 35

Terbutaline 50 29 120 10 <LOQ

Psychiatric drug
Diazepam 30 20 40 30 <LOQ

Anti-epileptic
Carbamazepine 50 30 6300 30 1100

Antibiotics
Clarithromycin 20 8 260 20 260

Roxithromycin 20 10 1000 20 560

Chloramphenicol 20 10 560 20 60

Sulphamethoxazole 20 10 2000 20 480

Trimethoprim 20 10 660 20 200

Dehydrato-erythromycin 20 10 6000 20 1700

X-ray contrast media
Diatrizoate 10 25 8700 10 ca.100

Iomeprol 10 12 3800 10 890

Iopamidol 10 25 15,000 10 2800

Iopromide 10 24 11,000 10 910

Oestrogens
Oestrone 1 38 70 0.5 1.6

17β-oestradiol 1 38 3 0.5 <LOQ

17β-oestradiol-17-valerate 4 38 <LOQ 2 <LOQ

17α-Ethinyloestradiol 1 38 15 0.5 <LOQ

16α-Hydroxyestrone 1 15 5 0.5 <LOQ

Note: LOQ ¼ limit of quantification



9.3 Abused Pharmaceuticals (Illicit Drugs) in Aqueous
Environment

Cocaine, amphetamine, opioid, lysergic acid diethylamide, hallucinogen and canna-
binoid are common classes of abused drugs. They are often referred to as ‘hidden
drug’, and the users’ hidden activities have given rise to their purported widespread
and escalation. Until recently, limited information in the literature was known about
illicit drugs and whether they similarly exist as pharmaceuticals in the environment.
The emerging trends in the spread and usage of these drugs have prompted many
international agencies to conduct risks assessment to ascertain the levels of impacts
to the environment. The sewage treatment plants were identified as routes through
which the drugs enter the environment, while direct dumping of expired drugs by
end-users and drug manufacturing companies is another source.

Some drug users do divert prescription drugs for medical purposes in many ways
to supplement their personal nefarious activities. The continuing practice has
affected people, environment and societies in many ways as their active bioactive
metabolites are continuously being discharged through the sewage disposal (e.g. to
landfills, grassland, incineration and land reclamation) to the environment in com-
plex mixtures of reactions that are very difficult to understand.

Table 9.5 therefore illustrates and compares the drug levels from different sewage
treatment locations so as to appreciate the distribution and potential threats as
reported in the literature. The observed degree of removal of drugs from the influent
and its relative concentrations were higher when compared to the effluent drug
concentrations. For example, 225 and 2307 ng L�1 cocaine and benzoylecgonine
in 5 sewage treatment work influents in Spain were higher compared to 47 ng L�1 of
cocaine concentrations in effluent. The benzoylecgonine relative concentration is
about 10 times higher in the influent compared to the effluent.

The urination and faeces are products of metabolism through which
unmetabolized drugs and associated metabolites get to the sewage systems. The
fluctuation pattern in the use of lavatory, periods of work and resident population
vary from individuals and locations which invariably would similarly affect the illicit
load pattern. Active researches are ongoing on the detection of abused drugs; their
fate through human metabolism and environmental degradation processes are
needed to fully understand their myriad of pathways and behaviour.

Human metabolism of drugs in the body is associated with the biotransformation
of drugs into metabolites with the unchanged parent drug being eliminated in the
body. A degree of metabolism has been associated with a number of parameters such
as ethnicity, gender, age, patient and the drug administration time.

The conjugation reaction occurs when polar molecules transfer metabolites such
as the glucuronic acid transfer to hydroxyls, phenols, thiols, carboxyls, hydroxyl
amino and amines groups (Mustapha 2013). The interests are the metabolites that
may pass to the sewage, retain in the STWs and pass on to the environment through
effluents or biosolids. The following are the metabolisms of major illicit drugs
detected in wastewaters.
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9.3.1 Cocaine Metabolism

Cocaine is a powerful stimulant and addictive drug that has smoking, intranasal and
intravenous routes of administration. The addicts usually mix street cocaine with
diluents which sometimes cause poisoning. The cocaine is metabolized spontane-
ously in the presence of hepatic esterase and pseudocholinesterase to produce
ecgonine methyl ester. Cocaine under non-enzymatic hydrolysis at pH 6
demethylates and converts to its main metabolite, benzoylecgonine (and this is
detected in urine). The most toxic norcaine is produced through N-demethylation;

Table 9.5 Abused pharmaceuticals in wastewaters

Analytes Matrix
Influent
(ng L�1) Effluent (ng L�1)

Surface water
(ng L�1)

Cocaine 5 STPs, Spain 225.0 47 10

5 STPs, Belgium 22–678 – 1.2–26

37 STPs,
Belgium

32–753 – –

3 rivers, Italy – – 0.3–44

5 STPs, Ireland 489 � 117 25–248 � 20 0–33 � 11

Eastern Spain 370–1000.24 30–560 –

30 STPs,
Belgium

09–683 – –

2 STPs, Italy 218.4–421.4 0.9–10.7 � 3.2 –

4 STPs; River Po 42–120 – –

42 STPs, NE
Spain

04–4700 01–100 –

Barcelona,
Spain

2.40 – –

Benzoylecgonine 5 STPs, Spain 2307.0 – 111

5 STPs, Belgium 82–1898 928 44–191

37 STPs,
Belgium

46–2258 – –

3 rivers, Italy 2.2–183 – –

5 STPs, Ireland,
UK

290 � 11 22 –

Eastern Spain 150–1000.5 22 � 4–31 � 18 –

30 STPs,
Belgium

37–1550 6.0–7.9 –

2 STPs, Italy 547.4–197.2 – –

4 STPs; River Po 420–750 0.92–100.3 � 28.6 –

42 STPs, NE
Spain

09–7500 – –

Barcelona,
Spain

5.24 01–1500 –

12 STPs,
Germany

65 � 5 77 � 9 71

Note: STPs ¼ sewage treatment plants
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Analytes Matrix Influent Effluent SW

Nor- BE 3 rivers,
Italy

– – 0.2–8.4

Eastern
Spain

150–430 30–170 –

2 STPs,
Italy

18.8 � 5.6–36.6 � 7.8 <LOQ – 7.5 � 2.9 –

Cocaethylene 2 STPs,
Italy

5.9 � 2.6–11.5 � 5.1 0.2 � 0.5 –

Barcelona,
Spain

77.5–78.5 � 33.2 1.71–4.2 � 1.2 4.63

3 rivers,
Italy

– – 0.07–0.2

Norcocaine 3 rivers,
Italy

– – 0.15–3.6

Eastern
Spain

0.15–0.43 0.03–0.17 –

2 STPs,
Italy

4.3 � 0.9–13.7 � 5.3 0.7 � 0.5 –

Amphetamines 3 rivers,
Italy

– – <0.65

Eastern
Spain

1400 110–210 –

2 STPs,
Italy

5.4–14.7 � 10.6 2.8 –

42 STPs,
Spain

Mar-80 Apr-00 –

Barcelona,
Spain

20.8–41.1 � 9.1 0.45–2.2 � 0.1 2.84

5 STPs,
Spain

15 <1.0 <0.8

Methamphetamines 5 STPs,
Nebraska

1.3 � 0.1–1.4 35.0 � 7.3 –

3 rivers,
Italy

0.1–62.6 � 13 – <0.41–1.7

Eastern
Spain

– <100–540 –

2 STPs,
Italy

<500 <1.11–3.5 � 2 –

42 STPs,
Spain

3–277 Mar-90 –

3 STPs,
America

15 � 2–66 � 14 0.8–1.3 –

Barcelona,
Spain

4.8–18.2 � 5.8 2.1–6.3 � 0.6 2.87

Murray,
America

6.0–34 03-Jul –

(continued)
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Analytes Matrix Influent Effluent SW

MDMA 3 rivers, Italy – – 1.1–4.0

Eastern Spain 326–2700.5 100–210.2 –

2 STPs, Italy 13.6–14.2 4.4 � 3.7–5.1 � 3 –

5 STPs, Spain 91 67 3.5

STP, Italy 2–598 2–267 –

Barcelona, Spain 133–135.13 � 29.8 8.2–14.8 � 2.2 129

Murray, America <1.0–10.0 – –

42 STPs, Spain 2–598 2–267 –

MDEA 5 STPs, Spain 27 <2.1 –

2 STPs, Italy 4.19–1.5 � 3.8 <1.64 –

STP, Italy 6–114 12 –

STP, Spain <500 <100 –

42 STPs, NE Spain 06–114 12 –

Opiates
Heroin Barcelona Spain 2.4 1.2 –

STP, Italy 20 <20.0 <1.5

Morphine 5 STPs, Spain 25.9–96.7 20.9–81.1 –

3 rivers, Italy – – 3.5–38

5 STPs, Ireland 874 � 86 452 –

2 STPs, Italy 83.3–204.4 5.5 � 11.1 1-2 L

Barcelona, Spain 68.1–162.9 � 20.0 21.8 � 3.0 3.25

12 STPs, Germany 123 � 6 9.0 � 1.2 83

STP, Italy 7.1–96.7 0.1–8.1. 4.8–6.3

Nor-morphine 5 STPs, Spain 30.7 – –

1 STP, Italy <25 <2.5–3.7 <12.0.5

6 ACM 3 rivers, Italy – – 0.93

2 STPs, Italy 10.4 � 4.8–11.8 � 8.5 – –

Barcelona, Spain 8.4–12.8 � 3.1 2.5–3.6 � 0.5 –

MDMA ¼ methylenedioxymethamphetamine; MDEA ¼ methylenedioxyethyamphetamine;
6 ACM ¼ 6-monoacetylmorphine; STPs ¼ sewage treatment plants

Analytes Matrix Influent Effluent SW

MDA 42 STPs,
Spain

03–266 01–200 –

3 Rivers,
Italy

– – 3 � 0.3–4

Eastern
Spain

500–1400 41.0–68.0 –

2 STPs,
Italy

4.6 � 7.3–8.7 0.9 � 1.9–1.1 � 1.5 –

5 STPs,
Spain

03–266 1–200 –

Note: STPs ¼ sewage treatment plants; Nor-BE ¼ Nor-benzoylecgonine;
MDA ¼ methylenedioxyamphetamine
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other metabolites are anhydroecgonine, cocaethylene, ecgonidine, p-hydroxyl-
benzoylecgonine, m-hydroxyl-benzoylecgonine and norecgonidine methyl ester.

9.3.2 Amphetamine Metabolism

Amphetamine classifications are amphetamines, methamphetamines (‘speed’) and
methylenedioxymethamphetamine (‘ecstasy or Adam’). The addictive drugs can be

Analytes Matrix Influent Effluent SW

12 STPs,
Germany

8.4–12.8 � 3.1 0.9 � 1.2 83

STP, Italy 102 � 14 <3.1 <0.9–3.4

M3G 2 STPs, Italy 2.5 � 7.1–18.1 � 30 <0.48 –

Methadone 5 STPs, Spain 4.0–239 4.0–24.7 –

3 rivers, Italy – – 4.9–10.1

2 STPs, Italy 11.6 � 1.7–49.7 � 9.6 9.1 � 0.5–36.2 � 2.8 –

12 STPs,
Germany

123 � 6 9.0 � 12 83

STP, Italy 4–23.9 2–2.7 4.9–10.1

Codeine 5 STPs, Spain 18.1–119.7 3.1–397 –

3 rivers, Italy – – 1.0–51

12 STPs,
Germany

80 � 5 7.7 � 8 90

Norcodeine 5 STPs, Spain 5–68.0 15.5–22.9 –

6 Acetyl
codeine

3 rivers, Italy – – <0.31

EDDP 3 rivers, Italy – – 9.9–18.0

5 STPs,
Ireland

9.0–206 � 10 – –

2 ST1 STP,
Italy

19.8 � 3.1–91.3 � 19.2 22.6 � 0.6–72.1 � 8.7 –

STP, Italy 4.5–41.3 4.9–56.7 9.61–17.5

THC 5 STPs, Spain 11.3–31.5 – –

2 STP, Italy 62.7 � 5–91.2 � 24.7 <0.94–7.2 � 3.7 –

Barcelona,
Spain

4.3–21.03 � 7.8 8.4 � 3.8–11. 23 2.65

STP, Italy 8.3–31.5 <8.3 <7.0–13.6

THC-COOH 3 rivers, Italy – – 0.48–3.7

STP, Italy 12.5–96.2 12.5 16.4–34.1

5 STPs, Spain 37.8–96.2 14.8–48.1 –

OH- THC Barcelona,
Spain

8.4–46.3 4.8–15.3 10.7

STPs ¼ sewage treatment plants; M3G ¼ morphine-3-glucuronide; THC = tetrahydrocannabinol;
THC-COOH ¼ 11-nor-9-carboxy-Δ9-tetrahydrocannabinol; OH-THC ¼ 11-hydroxy-Δ9-tetrahy-
drocannabinol; EDDP ¼ 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine
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taken orally or by snorting, smoking or injecting. Among other risks, the stimulant
drugs give risks of abuse and dependence that cause harm to the central nervous
system.

9.3.3 Opiate Metabolism

Opium poppy (Papaver somniferum) is an ingredient in morphine, thebaine and
codeine. Most popular illegal drugs from opium poppy are morphine and heroin,
while morphine and 6-monoacetylmorphine are related metabolites. The positions
3 and 6 of phenolic hydroxyl and alcoholic hydroxyl with the nitrogen atom typifies
morphine metabolism. The degradation of heroin (diacetylmorphine) pathways pro-
duces main metabolites with different morphine conjugates; different enzyme
actions emphasize the morphine metabolism complexity. Approximately 90% of
an administered dose of morphine is excreted in the urine; only about 10% is
excreted as unchanged parent morphine. The major metabolite is morphine-3-glu-
curonide, while minor metabolite is morphine-6-glucuronide. Others are codeine
(3-O-methylmorphine), normorphine-6-glucuronide and morphine-N-oxide found
in human urine and in wastewaters.

9.3.4 Lysergic Acid Diethylamide Metabolism

The drug is quickly dispersed in the body after metabolism, with smaller dose of the
original eliminated in the human urine. The lysergic acid diethylamide metabolites in
human biological fluids include 2-oxo-lysergic acid diethylamide, 2-oxo-3-hydroxy-
lysergic acid diethylamide, N-demethyl-lysergic acid diethylamide, 14-hydroxy-
lysergic acid diethylamide and 13-hydroxy-lysergic acid diethylamide. The 13-
and 14- hydroxyl-lysergic acid diethylamide and 2-oxo-3-hydroxy-lysergic acid
diethylamide are found in urine as glucuronide conjugates.

9.3.5 Cannabinoid Metabolism

One of the important cannabinoids is tetrahydrocannabinol, and Cannabis sativa L is
the active chemical, and cannabinol and cannabidiol are other constituents. On
ingestion, the cannabinoids are metabolized by cytochrome P45 oxidase in the
liver. TheΔ9-tetrahydrocannabinol metabolism leads to 11-hydro-Δ9-tetrahydrocan-
nabinol, which turned to 9-carboxy-tetrahydrocannabinol. The tetrahydrocannabinol
metabolism is yet to be properly understood.
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9.4 Sewage Treatment Works as Transport Routes
of Pollutants

The significant routes which the pharmaceuticaldrugs enter the aquatic environment
are domestic sewage systems. The faeces and urine are excreted along with its
ingested chemicals and metabolites. Other major sources are discharges from com-
mercial, domestic, drug manufacturers and run-off areas. The residues were found in
varying concentrations in wastewaters reported in Italy, Belgium, Spain, Germany,
the United State and the United Kingdom (Ai Jia et al. 2012; Ashfaq et al. 2016,
2017; Baena-Nogueras et al. 2017; Kasprzyk-Hordern and Baker 2012a; Kasprzyk-
Hordern and Baker 2012b). Apart from the percolating filters, active sludge pro-
cesses, nitrification and denitrification facilities, ozonation and membrane bioreac-
tors as biological removal methods of trace pollutants from wastewaters, microbial
degradation is the most effective removal process in sewage works. Studies of
transformation of organics in mammals and humans, persistence of chemicals and
microbial biodegradations involve complex interplay of biochemical, physical and
transformational reactions of pollutants, and their nature determines the quality of
effluent.

Apart from biodegradation, volatilization and hydrolysis, adsorption onto the
biosolid surfaces through physico-chemical interactions also occurs. The removal
extent due to the interaction of polar compounds is most times determined by the
adsorption coefficient, with low adsorption coefficient compounds easily released to
the receiving waters as effluents. The incomplete removal of these organic com-
pounds from municipal sewage treatment works often leads to soil leaching and
damaged ecosystem. This practice constitutes primary routes for chemicals to enter
the aquatic environment.

Apart from the chemical degradation, sorption processes and biodegradation,
typical sewage treatment work details of complex mixtures in the removal processes
are not understood during the wastewater treatment. The toxicity and extent of
persistence have potential effects on the environment after the sewage-sludge dis-
posal to seas or agricultural landfills.

9.5 Microbial Degradation of Compounds
in the Environment

The hydrophilicity/lipophilicity properties of compounds allow the chemical
partitioning onto suspension in solution and biosolids. Understanding the degrada-
tion possibilities of compounds includes partial/complete degradation, mineraliza-
tion or sorption to sludge which is a repository of microorganism during sewage
treatment work degradation processes. Organic contaminants are located with the
fraction of biomass determining the degree of contamination. Sewage contains
mixtures of human excreta in complex association of fats, protein, sugars, cellulose,
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lignin, fatty acids, humid materials and amino acids. The drugs and their metabolites
found in both aquatic environments and human fluids are given in Tables 9.6
and 9.7.

The metabolites of cocaine are norecgonidine methyl ester, ecgonidine, m-
hydroxyl-benzoylecgonine and p-hydroxyl-benzoylecgonine, and methamphet-
amine conjugates. Degradation studies have been carried out on the degradation of

Table 9.6 Human drug metabolites found in the aquatic environment

Compound Human metabolites identified

Amphetamine Amphetamine

3, 4-Methylenedioxyamphetamine

Methylenedioxymethamphetamine

Methylenedioxyethylamphetamine

Methylbenzodioxolylbutanamine

Methamphetamine

p-Hydroxy-methamphetamine

Cannabinoids Δ9-Tetrahydrocannabinol

Hydroxyl-tetrahydrocannabinol – conjugate

Nor-9-carboxy-Δ9-tetrahydrocannabinol – glucuronide

Δ9-Tetrahydrocannabinol-9-carboxylic acid

Cocaine Benzoylecgonine

Cocaethylene

Cocaine

Ecgonidine

Ecgonidine methyl ester

Ecgonine

Ecgonine methyl ester

m-OH-benzoylecgonine

Norecgonine methyl ester

Norcocaine

Norecgonidine

LSD 2-Oxo-3-hydroxy-lysergic diethylamide

Hydroxyl lysergic diethylamide

Iso-lysergic diethylamide

Lysergic diethylamide

Nor-lysergic diethylamide

Opiates 6-Monoacetylmorphine

Heroin

Morphine

Normorphine

Morphine-3-glucuronide

Methadone

2-Ethylene-1,5-dimethyl-1-3,3-diphenylpyrrolidine

Ethyl morphine
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16α-hydoxyestrone, antitumor cisplatin, diatrizoate, trimethoprim, cyclophospha-
mide, X-ray contrast agents, cytarabine and iopromide, but details of metabolites
were not identified or reported (Azaria et al. 2017; Mustapha 2013;)

9.6 Analytical Methodologies for Pharmaceuticals Residues
in Wastewaters

Important advances in the detection and quantitative measurement of
pharmaceuticaldrugs and their metabolites using various chromatographic and
mass spectrometric methods have been developed. In gas chromatography-mass
spectrometry and liquid chromatography-mass spectrometry techniques, liquid
chromatography-mass spectrometry is most popular due to its measurement ability
of chemicals at low concentration. Several alternative methods such as immuno-
chemical techniques are good and inexpensive for pharmaceuticalanalyses
(Mustapha 2013).The literatures have reported multistep extraction protocols, to
reduce the matrix influences (Boruszko 2017; Gómez-Acata et al. 2017; Kasprzyk-
Hordern et al. 2007; Ledjeri et al. 2016; Lepik and Tenn 2017; Madikizela et al.
2017; Martín et al. 2012; Mendoza et al. 2015; Olajire et al. 2005). Improved
recovery after matrix effect under stability of pH delivers extracts that are very
clean using several SPE adsorbent. Suitable parameters depend on application needs,
the reason why several SPE adsorbents have been used with GC-MS2 or LC-MS2 for
the determination of drugs and metabolites at low concentrations (ng L�1 levels) in
aquatic media (Patrolecco et al. 2015; Paz et al. 2016; Song et al. 2016; Tang et al.

Table 9.7 Biodegradability test of some pharmaceuticals

Compound tests

Non-biodegradable Biodegradable Readily biodegradable

Chlorhexidine Ampicillin Aspirin

Clofibrate Ibuprofen Caffeine

Codeine phosphate Ephedrine

Dextropropoxyphene Menthol

Amitriptyline Paracetamol

Erythromycin Phenylpropanolamine

Meprobamate Theobromine

Methyldopa Theophylline

Metronidazole

Naproxen

Sulphamethoxazole

Sulphasalazine

Tetracycline

Tolbutamide
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2017; Tiwari et al. 2016; Xiang et al. 2017; Xu et al. 2016; Zhong et al. 2017). The
different types of cartridges and adsorbent materials in multistep extraction pro-
cedures reported in the literature are shown in Table 9.8.

9.7 Pharmaceuticals and Metabolites Detected
in Nottingham Sewage Treatment Work Effluent

The Nottingham sewage treatment work is located at Stoke Bardolph in the East
Midlands; it treats the sewage of about 170 million litres per day using activated
sludge. It serves over 500,000 people. A total of 16 h is used for wastewater

Table 9.8 Types of cartridges and adsorbent materials

Types Sorbent materials

Isolute, pH® (1000 mg/
6 mL)

Silica treated with phenyl groups in which silanol group is
end-capped

Bond Elut Certify®

(300 mg/6 mL)
Lipophilic and strongly cationic properties

Oasis, MCX® (500 mg/
6 mL)

Polymeric sorbent with strong cation-exchange sulphonic group
located on surface of polydivinyl. High selectivity for basic com-
pounds. Benzene-co-N-vinyl pyrrolidone) copolymer

Phenomenex Strata-X™
(200 mg/6 mL)

–

Chrolut, ENV® (500 mg/
6 mL)

Hyper-cross-linked polystyrene-divinylbenzene polymer based

Chromabond, Easy
(500 mg/6 mL)

Bifunctional polystyrene-divinylbenzene copolymer

Isolute,C18 (EC)
® (500 mg/

6 mL)
Strongly apolar and lipophilic based on octadecyl silica with end
capping of free silanol group

Isolute, ENV® (500 mg/
6 mL)

Hydrophobic sorbent with hydroxylated polystyrene-
divinylbenzene copolymer

Oasis, HLB® (500 mg/
6 mL)

Divinylbenzene/N-vinyl pyrrolidone copolymer with hydrophilic/
lipophilic properties. Application: all compounds and polar
metabolites

Oasis, MAX (60 mg) Strong anion-exchange mixed mode polymeric sorbent built upon
HLB copolymer. Application: acidic compounds

Chromabond, C18

(200 mg).
Silica-based, end-capped sorbent. Application: non-polar
compounds

Isolute, HCX (200 mg) Weak anion-exchange mixed mode. Application: non-polar and
basic analyte

Oasis, WAX (60 mg) Weak anion-exchange mixed mode polymeric sorbent built upon
HLB copolymer. Application: strong acids (e.g. sulphonates)

Oasis, WCX (60 mg) Weak cation-exchange mixed mode polymeric sorbent built upon
HLB copolymer. Application: strong bases e.g. quaternary amines)
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treatment stages from influent wastewater to effluent including recycling before
discharging it to River Trent. The sewage treatment work further removes 330 tonnes
of plastics and paper as well as 2000 tonnes of grit per year (Mustapha 2013).

Systematic samplings for the biweekly collections of samples were adopted to
obtain representative samples. To avoid effluent dilution due to distance from the
discharge point to the receiving waters, efforts were made to ensure that collections
were made at the same distance close to the effluent discharge points to minimize
uncertainties in analyte concentrations. The varying amounts of analytes at the
receiving waters further confirmed the major routes of sewage treatment plants by
which pharmaceutical compounds enter the aquatic environment. The new chal-
lenges are introduction of abused pharmaceuticals making treatability at sewage
treatment plants very difficult due to dearth of information of removal techniques.

In Table 9.9, there are 15 compounds that were detected from biweekly samplings
from Nottingham sewage treatment work effluents including ibuprofen, caffeine,
lidocaine, cocaine, codeine, amphetamine, ecgonine methyl ester, benzoylecgonine,
ephedrine, methadone, nicotine, 6-acetylmorphine, diacetylmorphine, diazepam and
procaine with their corresponding concentrations as presented. This study confirms
necessary analytical capabilities for the determination of drugs in wastewaters using
solid-phase extraction-gas chromatography-mass spectrometry. The presence of
15 different compounds, ibuprofen, caffeine, lidocaine, cocaine, codeine, amphet-
amine, ecgonine methyl ester, benzoylecgonine, ephedrine, methadone, nicotine,
6-acetylmorphine, diacetylmorphine, diazepam and procaine, was found. The com-
pounds detected in effluents ranged from 0.3 to 30.2 ng L�1 with percentage
recoveries from 78.6 to 97.8%, using solid-phase extraction-gas chromatography-
mass spectrometry. The instrumental limits of detection ranged from 0.1 to
1.5 ng L�1 and standard deviation values of 1.1–21.4%. The most abundant com-
pounds found in the final effluents were nicotine, ibuprofen, codeine, ephedrine,
procaine, benzoylecgonine, lidocaine and caffeine, with mean concentrations of
19.2 � 5.8, 15.2 � 4.3, 13.6 � 5.7, 9.1 � 3.5, 8.2 � 3.1, 5.1 � 2.8, 4.7 � 1.7 and
4.2 � 1.7 ngL�1, respectively.

However, improved sampling strategies employed at the determination of efflu-
ents at Stoke Bardolph Sewage Treatment Plant in Nottingham have added new
trends that will further improve the treatment capability and assessments of the
sewage treatment plant (Mustapha 2013).

9.8 Conclusions

With the different aspects of drug’s occurrence, fate, treatability and transformations
in the aquatic environment in the literature, the pharmaceutical markets for numer-
ous therapeutic and commercial purposes will keep escalating. The desired
approaches at safeguarding the environment in controlling and effective monitoring
of chemical discharges into the environment are the new pollution challenges.
This work examines aspects of some pharmaceuticals’ fate, transport routes,
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environmental distribution and bioactive metabolites. The inadvertent and purpose-
ful discharges of pharmacologically active compounds via excreta remain underap-
preciated, yet their toxicological potency on the ecosystem has become a global
issue. The persistent influxes of these pollutants with new and emerging contami-
nants have shown potential effects based on several studies reported on the plethora
of compounds in the aquatic realms.

Highlights of current developments in drug monitoring, measurements of distri-
bution and the extent at which sewage treatment plants allow the transport of
chemicals (through different environment media) into the environment are reviewed.
Preferred removal methods and measurements of trace drugs depend largely on
sludge types, influents, effluents and sediments from sewage treatment plants. The
capability to furthering the understanding of overall issues of pharmaceuticals’ fate
and other contaminants is now made available with exposure data on pollutant trend
in the aquatic environment.
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Chapter 10
Pharmaceutical and Personal Care
Products in the Aquatic Environment
and Wastewater Treatment by Advanced
Oxidation Processes
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Abstract The massive consumption of different organic substances and their
release through various pathways into the environment constitute an emerging
environmental problem that poses serious threats to public health. Micropollutants
discharged in domestic wastewaters, which pharmaceuticals and personal care
products have been received scientific interest potentially dangerous to environment.
Current wastewater treatment plants are not designed to remove pharmaceuticals
compounds, since they are not treatment targets. Advanced oxidation processes are
efficient methodology for the degradation of organic compounds in the environmen-
tal matrices. We reviewed more than 100 papers about heterogeneous and homog-
enous advanced oxidation processes for the removal personal care products and
pharmaceuticals compounds. Advanced oxidation processes have been an alterna-
tive to remove micropollutants from wastewater. Ozonation is the most appropriate
for the treatment of different kinds of wastewater (42% of papers). Chlorine with
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ultraviolet is the less studied (6.4%) however is the fastest process to remove the
compounds. Toxicity evaluation during the oxidation process is an important tool to
assess possible effects of by-product to human and environment health.

Keywords Advanced oxidation processes · Personal care products · Pharmaceutical
compounds · Wastewater treatment

10.1 Introduction

Industries, agriculture, and the general population use water daily and release many
compounds in wastewaters. These activities play an important role regarding the
presence of micropollutants in waters and wastewaters (Deblonde et al. 2011).
Micropollutants have increasingly become of concern in nowadays, due to their
occurrence in the environment. As well as being described as emergent contami-
nants, they consist of a broad and expanding range of substances. These include
pharmaceuticals and personal care products, endocrine-disrupting compounds, illicit
drugs, pesticides, and several other compounds that are not included in environmen-
tal monitoring programs (Luo et al. 2014).

The presence of micropollutants in the environment has frequently been associ-
ated with many adverse effects in wild organisms, e.g., chronic toxicity, endocrine
disrupting, and antibiotic resistance (Fent et al. 2006; Pruden et al. 2006). According
to the US Environmental Protection Agency 2001, endocrine-disrupting compounds
are, by definition, “exogenous agents that interfere with the synthesis, secretion,
transport, binding, action and elimination of natural hormones in the body,” thus
promoting the breakdown of hormonal homeostasis. Endocrine-disrupting com-
pounds include a broad spectrum of compounds which have natural and synthetic
steroid hormones representing one of the main examples of endocrine-disrupting
compounds found in wastewaters. Li et al. 2013 collected samples from a rural
wastewater treatment plant in the United States where they found estrone (16.9 ng/
L), estriol (126 ng/L), and estrone 3-sulfate (21.2 ng/L). Bartelt-Hunt et al.
2011investigated endocrine-disrupting compounds and their metabolites in US
aqueous matrices. Several hormones and metabolites from human excretion were
found in wastewater ranging from 30 to 3600 ng L�1; these substances are linked to
several disorders in reproductive systems such as imposex, decrease of fertility,
hermaphroditism, and hormone-dependent cancers (Gültekin and Ince 2007). Phar-
maceuticals and personal care products comprise a diverse groups of organic
compounds. The pharmaceutical compounds include antibiotics agents, anti-
inflammatory, anti-hypertensives, and anxiolytic drugs. Personal care products are
represented to antimicrobial agents, insect repellents, synthetic musks, preservatives,
and sunscreen filters (Liu and Wong 2013). Montagner et al. 2014 studied the
personal care producttriclosan in several rivers in Brazil, for 1 year, and detected
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triclosan in 32, from a total of 71 analyzed samples (ranging from 2.2 to 66 ng L�1).
An extensive study performed by Kosma et al. 2014investigated the presence of
18 pharmaceuticals and personal care products in 8 wastewater treatment plant in
Greece. Anti-inflammatory drugs such as paracetamol, diclofenac, and salicylic acid
were the predominant compounds at concentrations up to 96.65 μg L�1.

Most pharmaceuticals andpersonal care products are considered as pseudo-
persistent pollutant, since is constantly come into the environmental compartments
from wastewater treatment plant, as consequence are commonly present in low
concentrations in waters, ranging from a few ng L�1 to several μg L�1 (Saggioro
et al. 2014b). Most pharmaceuticals and personal care products are discharged from
conventional wastewater treatment plant through the sewage system that is not
designed for pharmaceuticals and personal care products removal (Daughton and
Ternes 1999). Incomplete human metabolism is also an important source of emerg-
ing contaminants to aquatic environments (Kümmerer 2009). The conjugated metab-
olized arrive in the sewage system that is not able to remove and promotes a
conjugate release in the aqueous being able to bind the receptors of the organisms
(Li 2014). The domestic sewage treatment plants has been the main source of
introduction pharmaceuticals and personal care products compounds (Ternes
1998). The use of sewage sludge in land surface fertilization is another substantial
diffusion source of pharmaceuticals and personal care products to aquatic and
terrestrial resources (Lapworth et al. 2012). Sewage sludge, or biosolid, is a waste-
water treatment residue commonly used for soil fertilizer, since it contains nutrients
that improve agriculture production (Kinney et al. 2008).

Current municipal wastewater treatment plant are designed to control a several
kinds of substances e.g., nitrogen, phosphates, organic matter, and pathogens. While
these substances can be efficiently removed, many pharmaceuticals and personal
care products can pass through wastewater treatment processes unaltered, since they
are not treatment targets (Bolong et al. 2009).

Hence, the evaluation of pharmaceuticals and personal care products removal in
the conventional wastewater treatment plant is now necessary for the optimization of
treatments, to prevent the release of these compounds, that are recognized hazardous
compounds into the environment (Luo et al. 2014).

Advanced oxidation processes are powerful methodology for the degradation of
persistent pollutants (Gil Maia et al. 2014; Jiménez et al. 2015; Saggioro et al.
2014a). Advanced oxidation processes produce of high oxidant and non-selective
●OH, which can react to the different class of organic compounds, including
pharmaceuticals and personal care products, promoting to their mineralization or
the formation of simple intermediate structures that are more biodegradable (Amat
et al. 2009).

Thus, the objective of this study is to review and compare published research
about advanced oxidation processes that improve the biodegradability of most
detected pharmaceuticals and personal care products in aqueous environment,
namely, pharmaceuticals and personal care products.
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10.2 Pharmaceutical and Personal Care Products Overview

Among the miscellaneous micropollutants discharged in domestic wastewaters, the
three top classes that have received scientific interest as displaying the most poten-
tially dangerous effects are pharmaceuticals and personal care products. All possess
as common feature the fact that they are produced and consumed in large quantities
and a considerable is discharged into the environment after their use.

10.2.1 Personal Care Products

Personal care products are a class of micropollutants represented by disinfectants,
fragrances, preservatives, and sunscreen filters. Therefore, many personal care
products residues have often been detected at low concentrations in wastewater
treatment plant effluents and downstream surface waters. Triclosan and triclocarban
are among the most frequently compounds determined in aqueous matrices.
(Brausch and Rand 2011; Liu and Wong 2013). Triclosan and triclocarban are
cytostatic agents incorporated in the formula (around 0.1–2% w/v) of products to
prevent the growth of microorganisms in the detergents, toothpaste, and medical
disinfectants and cosmetic products (Singer et al. 2002).

Triclosan is produced worldwide at large amount per year (1500 of triclosan)
(Gao et al. 2014) and is a nonvolatile compound with lipophilic characteristic (log
Kow of 4.8), which makes it persistent and bioaccumulative (Zhao et al. 2010,
2013). In water, triclosan can be slowly transformed into dioxin-like compounds by
photolysis, according to the amount of sunlight, pH, and the presence of metal ions
and organic matter (Montagner et al. 2014). Triclosan was developed as a bactericide
inhibiting the enzyme enoylacyl protein reductase (Heath et al. 1999). Triclosan and
its metabolites can cause hazardous non-target organisms, for example, green algae
(Yang et al. 2008), crustaceans (Orvos et al. 2002) and fish (Chalew and Halden
2009), and display endocrine-disrupting implications humans, for example, promot-
ing of human breast cancer (Gee et al. 2008; Raut and Angus 2010).

Triclocarban has been incorporated to detergents and cosmetics since 1957 to
prevent spoilage and microbial infections (Halden and Paull 2005). It has an annual
production around 227,000–454,000 kg in the United States (Halden and Paull
2005). The chemical fate of triclocarban in the aquatic environment is governed
by its physicochemical properties, as log Kow 4.9 and log Koc 4.5, exhibiting a
moderate lipophilic character (Ying et al. 2009). Almost 100% of triclocarban is
released into sewage system during their normal use (Gao et al. 2014); the waste-
water treatment plant is not able to remove triclocarban by activated sludge systems
(Heidler and Halden 2007). Moreover, triclocarban is considered toxic (Nolen and
Dierckman 1979), persistent (Gledhill 1975), and able to be incorporated into the
food chain (Dimitrov et al. 2003).
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The chemical structures of triclosan and triclocarban display similarities with
several toxic compounds such as bisphenol A, dioxins, polybrominated compounds,
and polychlorinated biphenyls that have already demonstrated endocrine activity in
humans (Feng et al. 2016). Estrogenic and anti-androgenic effects have been
reported in in vivo studies. For example, estrogenic effects in female rats, such as
increases in uterine weight, resulting in an earlier-onset vaginal opening, have been
reported (Jung et al. 2012) and the production of vitellogenin in male fish (Ishibashi
et al. 2004). Reduction in serum testosterone, sperm production, and gland weights
were reported as anti-androgenic activity in male rats (Rattus norvegicus) (Kumar
et al. 2009). Moreover, the production of thyroid hormones has also been postulated
as being negatively affected by personal care products (Rodríguez and Sanchez
2010).

10.2.2 Pharmaceuticals

Among emerging contaminants, pharmaceuticals are an important group of sub-
stances considering their possible effect on the aquatic environment, due to their
massive use and incomplete elimination after wastewater depuration (Heberer 2002).
Hundred thousand tons of pharmaceutical substances are consumed and used per
year in the world (Zenker et al. 2014). Particularly, diclofenac and ibuprofen and an
antiepileptic drug carbamazepine were chosen for inclusion in this review due to
their high annual consumption, occurrence in aqueous systems, less 10% elimination
during conventional biological treatments, and possible effects on human and
aquatic organisms.

Ibuprofen is anti-inflammatory drug widely used as an analgesic, treatment of
fever, and rheumatic disorders (Hutt and Caldwell 1983). It is the third-most popular
drug in the world, an essential nonprescription drug, and is often used at high
therapeutic doses (600–1200 mg/d) and has a high excretion urine doses (Buser
et al. 1999). Because of its wide usage, ibuprofen has been detected worldwide in the
aquatic environment, frequently reported in rivers and streams across Japan (Nakada
et al. 2006), Europe (Buser et al. 1999), North America (Kolpin et al. 2002), Taiwan
(Lin and Tsai 2009), and North Korea (Kim et al. 2007). Ibuprofen has been
designed to inhibit the synthesis of bioactive fatty acids, inflammatory response
(e.g., prostaglandins and leukotrienes) from the second carbon groups of glycerol
synthetized by phospholipase A2, which in mammals and invertebrates function as
paracrine signalers relationship with reproduction and ion transport (Hayashi et al.
2008); (Paíga et al. 2013).

Diclofenac is a highly consumed and used in ambulatory care, as an analgesic,
antiarthritic, antirheumatic proposes. Diclofenac was developed to inhibit cycloox-
ygenase, both cyclooxygenase-1 and cyclooxygenase-2, since its enzyme isoforms
are responsible for the inflammatory effects of prostaglandin production (Moncada
et al. 1976). Diclofenac is primarily metabolized to hydroxylated or methoxylated
derivatives (phase I) and after conjugated to phase II reactions in the liver, which
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produce glucuronides metabolites (Stülten et al. 2008). Diclofenac hydroxylated
metabolites have been reported to damage vital organ functions in fish (O ‘connor
et al. 2003; Schwaiger et al. 2004). These compounds have been detected in several
environmental aquatic samples, such as drinking, surface, and wastewater
(Andreozzi et al. 2003; Jux et al. 2002; Ternes 1998; Vieno et al. 2007).

Carbamazepine belongs to a class of medications with anticonvulsant action, used
to therapeutic of different kinds of seizures (Mohapatra et al. 2014). Carbamazepine
is also used to restore episodes of mania or mixed episodes in patients with bipolar
disorder, and it is estimated that around 1014 tons of carbamazepine are annually
prescribed and used by population (Zhang et al. 2008; Mohapatra et al. 2014). The
greatest concern regarding carbamazepine is that its extensive detection in the
environment can be assigned to the its extensive use in day-to-day life and to the
low efficiencies of the biological methods employed in wastewater treatment plant
(e.g., only less than 10% of this compound are removed) (Calisto et al. 2011).
Carbamazepine has been commonly found in surface (Tixier et al. 2003), ground
(Focazio et al. 2008), wastewater treatment plant (Bahlmann et al. 2009), and even
treated drinking water (Heberer et al. 2002).

10.3 Assessment of Advanced Oxidation Processes
for Pharmaceuticals and Personal Care Product
Removal

Some conventional wastewater treatment processes have been researched and
applied. However, these technologies are inefficient regarding total removal of
most pharmaceuticals and personal care products from contaminated municipal
waters and wastewaters. Advanced oxidation processes are important chemical
oxidation technologies capable of completely mineralizing organic pollutants by
generation of reactive species, mainly the ●OH that has a high oxidation potential of
2.80 V (Deng and Zhao 2015; Mohapatra et al. 2014). The ●OH is non-selective and
can destroy a broad set of compounds, including several pharmaceuticals and
personal care products, with subsequent conversion of the pollutants to CO2, H2O,
and mineral acids (Miralles-Cuevas et al. 2013). Advanced oxidation processes
include heterogeneous and homogeneous systems (Table 10.1) based on the systems
with ultraviolet or solar-driven systems and without radiation (e.g., Fenton’s reac-
tion). Depending on the proprieties of the waste to be treated, advanced oxidation
processes may be used alone or coupled with primary and/or secondary conventional
treatment, as a pretreatment or as a posttreatment step (Miralles-Cuevas et al. 2013).
Thus, this review focuses on (i) heterogeneous advanced oxidation processes involv-
ing TiO2; (ii) homogenous advanced oxidation processes focused on ozone, ultra-
violet light, hydrogen peroxide, Fenton’s reaction, and their combined process; and
(iii) coupling advanced oxidation processes with other treatment processes for
pharmaceuticals and personal care products removal from municipal wastewaters.
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10.3.1 Degradation of Personal Care Products

Heterogeneous Photocatalysis

Photocatalytic degradation via photo-generated TiO2 has been extensively studied
for wastewater treatment. Under near ultraviolet or sunlight irradiation, aqueous
TiO2 solutions are photoexcited to promote electron transfer to generate valence
band holes (e.g., valence band holes) and conduction band electrons (e.g., conduc-
tion band electrons) (Klavarioti et al. 2009). Valence band holes can react with water
and the hydrogen ion to form reactive oxygen species. On the other hand, electrons
react with oxygen, reducing it to the superoxide radical anion that, in turn, reacts
with protons to form peroxide radicals (Mohapatra et al. 2014), as displayed in
Fig. 10.1. Some heterogeneous photocatalysis studies involving personal care prod-
ucts are listed in Table 10.2.

Operational photocatalysis parameter evaluations are a crucial step in obtaining
satisfactory results. The pH medium is essential for catalyst and pollutant adsorption.
For example, regarding triclosan photodegradation by TiO2, a neutral pH range
(6.5–7.5) is the optimum condition, due to higher adsorption of undissociated
triclosan to the TiO2 surface (Stamatis et al. 2014). Triclosan is resistant to ioniza-
tion, since its pKa ranges from 7.9 to 8.1 and can be formed into the triclosan anion
at pH > 8. On the other hand, at acidic media, the catalyst is positively charged,
whereas it is negatively charged under alkaline medium (Pemberton and Hart 1999).
Thus, at pH > 8, a repulsive force exists between triclosan and TiO2, while acidic
conditions significantly inhibit the generation of the hydroxyl radical (Son et al.
2004). Son et al. (2009) evaluated the optimal operational parameters such as pH,
triclosan amount, and presence of scavenger under photolysis and TiO2

photocatalysis employing ultraviolet radiation. The authors found that the best
condition for triclosan adsorption was a neutral pH, where photocatalysis decreased
as the initial triclosan concentration increased and the triclosan degradation rate was

Table 10.1 Homogeneous and heterogeneous AOPs systems most common for water and waste-
water treatment

Advanced oxidation processes

Homogeneous systems Heterogeneous systems

UV light In the dark UV light In the dark

UV/H2O2 Ozonation Photocatalysis (TiO2/
UV)

Eletrochemical
oxidation

UV/O3 O3/ H2O2 TiO2/O3/UV Electron-Fenton

UV/H2O2/O3 Fenton TiO2/ H2O2/UV

UV/Ultrasound
(US)

Ultrasound (US) Sonophotocatalysis

Photo-Fenton US/H2O2, US/O3,
US/Fenton

Vacuum UV
(VUV)

Microwave
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decreased during the photolysis and photocatalytic processes in the presence of
scavenger. The use of 2-propanol during the photocatalytic process are important
to investigate detailed mechanisms to evaluate the contribution of reactive species
such as ●OH, O2

-●, positive holes. Stamatis et al. (2014) evaluated the contribution
of reactive species on triclosan degradation and found that the hydroxyl radical was
the main reactive species acting on triclosan degradation, while positive holes
contribute indirectly to produce ●OH. The hydroxyl radical species is, thus, vital
to prevent p-dioxin derivatives during triclosan photocatalysis. Son et al. (2009)
detected dibenzo-dichloro-p-dioxin when ●OH scavenger (e.g., 2-propanol) was
employed in TiO2 photocatalyis, while p-dioxin intermediates were not found during
photocatalysis without 2-propanol, as displayed in Fig. 10.2.

Triclosan oxidation by ultraviolet light produce a highly toxic compounds, such
as p-dioxin derivatives such as 2,8-dichloro-dibenzo p-dioxin, since their anionic
form is involved a ring closure process (Rafqah et al. 2006). These harmful derivate
compounds are exclusively formed below 300 nm of ultraviolet irradiation (Latch
et al. 2003). According to the triclocarban structure, several chlorine atoms are
present, and the dechlorination process promotes the formation of several isomer
products. The first step is by a hydroxyl radical attack of the carbons atoms with the
highest electron density, preferentially in the ortho and para positions in the
chlorophenol ring. The homolytic scission of the carbon–oxygen bond promotes
OH-adduct formation (Rafqah et al. 2006). An unstable semi-quinone radical is then
formed, where its deprotonation generates p-hydroquinone and p-quinone from
triclosan (Yu et al. 2006). Therefore, 2,4-dichlorophenol is the major detected
intermediary and the dechlorination reaction is not a major step during triclocarban
photodegradation, as observed in Fig. 10.3 (Behar and Behar 1991). Rafqah et al.
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m
-

po
un

ds
ex
ce
pt

at
ra
zi
ne

af
te
r
20

0
m
in

un
de
r

ill
um

in
at
io
n

(c
on

tin
ue
d)
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T
ab

le
10

.2
(c
on

tin
ue
d)

R
ef
er
en
ce
s

T
ar
ge
t
co
m
po

un
d/

in
iti
al
co
nc
en
tr
at
io
n

W
at
er

m
at
ri
x

P
ro
ce
ss

co
nd

iti
on

s
pa
ra
m
et
er
s

S
ca
le

M
ea
su
re

of
de
gr
ad
ab
ili
ty

S
um

m
ar
y
re
su
lts

M
ir
an
da
-

G
ar
cí
a

et
al
.

(2
01

1)

15
em

er
gi
ng

co
nt
am

i-
na
nt
s
in
cl
ud

in
g
tr
ic
lo
-

sa
n
at
10

0
μg

/L

S
im

ul
at
ed

an
d
re
al

m
un

ic
ip
al

w
as
te
w
at
er

Im
m
ob

ili
ze
d
T
iO

2
on

gl
as
s
sp
he
re
s/
su
nl
ig
ht

P
ilo

t
pl
an
t

S
pe
ci
fi
c
co
nt
am

in
an
ts
an
d

T
O
C

85
%

of
th
e
co
m
po

un
ds

w
er
e
de
gr
ad
ed

w
ith

in
12

0
m
in

of
ir
ra
di
at
io
n

tim
e.
T
he

re
su
lts

sh
ow

th
e

po
te
nt
ia
l
ap
pl
ic
at
io
n
of

im
m
ob

ili
ze
d
T
iO

2
to

su
s-

pe
ns
io
ns

sy
st
em

s
fo
r
th
e

tr
ea
tm

en
t
of

po
llu

te
d

w
at
er

S
on

g
et
al
.

(2
01

2)
T
ri
cl
os
an

at
10

m
g/
L

D
is
til
le
d
w
at
er

H
2
O
2
on

ly
;b
E
D
T
A
–

H
2
O
2
;H

2
O
2
–
B
iF
eO

3
an
d

E
D
T
A
–
B
iF
eO

3
–
H
2
O
2

[H
2
O
2
]
¼

10
m
m
ol
/L

[B
iF
eO

3
]
¼

0.
5
g/
L

[E
D
T
A
]
¼

0.
5
m
m
ol
/L

B
en
ch

T
ri
cl
os
an

an
d
de
gr
ad
at
io
n

in
te
rm

ed
ia
te
s,
ev
ol
ut
io
n

of
ch
lo
ri
de

io
ns

di
ss
ol
ve
d

ir
on

an
d

●
O
H

ge
ne
ra
tio

n

T
he

al
on

e
ad
di
tio

n
of

H
2
O
2
in
du

ce
d
lit
tle

de
g-

ra
da
tio

n
of

th
e
T
C
S
,

w
hi
le
th
e
us
e
of

B
iF
eO

3
c M

N
P
s
in
cr
ea
se
d

th
e
T
C
S
re
m
ov

al
to

82
.7
%

in
th
e
pr
es
en
ce

of
H
2
O
2

D
in
g
et
al
.

(2
01

3)
T
ri
cl
oc
ar
ba
n
at
5
m
g/
L

D
is
til
le
d
w
at
er

T
iO

2
P
25

su
sp
en
si
on

s:
0.
05
–
1.
0
m
g/
L
/U
V
an
d
X
e

la
m
p
30

0
W

/e
ff
ec
t
of

pa
ra
m
et
er
s
(p
H
,a
ni
on

s,
hu

m
ic
ac
id
,i
ni
tia
l
T
C
C

co
nc
en
tr
at
io
n)

B
en
ch

T
ri
cl
oc
ar
ba
n
an
d

in
te
rm

ed
ia
te
d
pr
od

uc
ts

A
hi
gh

er
T
C
C
de
gr
ad
a-

tio
n
ra
te
w
as

ob
se
rv
ed

by
di
re
ct
ph

ot
ol
ys
is
th
an

T
iO

2
ph

ot
oc
at
al
ys
is
.

F
ou

r
m
ai
n
de
gr
ad
at
io
n

pr
od

uc
ts
w
er
e
id
en
tifi

ed

S
ta
m
at
is

et
al
.

(2
01

4)

T
ri
cl
os
an

at
1
m
g/
L

U
ltr
ap
ur
e
w
at
er

T
iO

2
P
25

:S
un

te
st
so
la
r

si
m
ul
at
io
n

[T
C
S
]
¼

1–
3
m
g/
L
,

[T
iO

2
]
¼

20
0–

60
0
m
g/
L

ir
ra
di
at
io
n

in
te
ns
ity

¼
50

0–
70

0
W
/m

B
en
ch

T
ar
ge
t
co
m
po

un
ds
,

in
te
rm

ed
ia
te
d
pr
od

uc
ts
,

T
O
C
,a
nd

to
xi
ci
ty

T
ra
ns
fo
rm

at
io
n
of

T
C
S

in
vo

lv
ed

re
ac
tio

ns
of

m
on

o-
an
d
di
-
hy

dr
ox

yl
-

at
io
n,

de
ch
lo
ri
na
tio

n,
an
d

cl
ea
va
ge

of
th
e
et
he
rb

on
d
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H
om

og
en
eo
us

pr
oc
es
se
s

S
ua
re
z

et
al
.

(2
00

7)

T
ri
cl
os
an

at
0.
5
μM

M
un

ic
ip
al

w
as
te
w
at
er

O
3
do

se
ra
ng

e
0.
1–
6
m
g/
L
,

an
io
ni
c,
an
d
ne
ut
ra
l
T
C
S

B
en
ch

T
ri
cl
os
an

ra
te
co
ns
ta
nt
s,

an
tib

ac
te
ri
al
ac
tiv

ity
T
C
S
-O

3
re
ac
tio

n
in
cr
ea
se

w
ith

in
cr
ea
si
ng

pH
.B

io
lo
gi
ca
l
as
sa
y

in
di
ca
te
d
th
at
re
ac
tio

n
w
ith

O
3
el
im

in
at
ed

of
T
C
S
an
tib

ac
te
ri
al
ac
tiv

ity

W
er
t
et
al
.

(2
00

9)
31

or
ga
ni
c
tr
ac
e
co
n-

ta
m
in
an
ts
(T
C
S
:

21
–
76

ng
/L
)

T
hr
ee

di
ff
er
en
t
re
al

te
rt
ia
ry
-t
re
at
ed

w
as
te
w
at
er
ef
fl
ue
nt
s

O
3
,O

3
/H

2
O
2
;d

os
e
no

r-
m
al
iz
ed

ba
se
d
up

on
T
O
C

an
d
ni
tr
ite

B
en
ch

an
d

pi
lo
t

sc
al
e

S
pe
ci
fi
c
co
nt
am

in
an
ts
,

oz
on

e
de
co
m
po

si
tio

n,
●
O
H
ex
po

su
re
,e
ffl
ue
nt

or
ga
ni
c
m
at
te
r
(E
fO

M
)

O
3/
H
2O

2
di
d
no
ti
nc
re
as
e

th
e
ne
tp

ro
du
ct
io
n
of

●
O
H

co
m
pa
re
d
to

O
3.
T
ra
ce

co
nt
am

in
an
ts
in
cl
ud
in
g

C
B
Z
,D

FC
,n
ap
ro
xe
n,
su
l-

fa
m
et
ho
xa
zo
le
an
d
T
C
S

w
er
e
re
m
ov
ed

in
de
pe
nd
en
t

of
w
at
er

K
la
m
er
th

et
al
.

(2
01

0a
)

15
m
ix
ed

co
nt
am

i-
na
nt
s
at
5
an
d

10
0
μg

/L
,i
nc
lu
di
ng

T
C
S

R
ea
l
w
as
te
w
at
er

S
ol
ar

ph
ot
o-
F
en
to
n
(5

an
d

20
m
g/
L
of

F
e;
pH

~
3;

50
m
g/
L
of

H
2
O
2
)/
tr
ea
t-

m
en
tw

ith
ea
ch

co
nt
am

i-
na
nt

sp
ik
ed

an
d
un

sp
ik
ed

w
as
te
w
at
er

P
ilo

t
pl
an
t

T
ar
ge
t
co
nt
am

in
an
ts
,

T
O
C
,i
ro
n
an
d
H
2
O
2

de
te
rm

in
at
io
n

A
ll
ex
pe
ri
m
en
ts
sh
ow

ed
su
cc
es
sf
ul

de
gr
ad
at
io
n
in

re
al
ef
fl
ue
nt
s
at
lo
w
ir
on

co
nc
en
tr
at
io
n
an
d

●
O
H

w
ith

ou
ts
ub
st
an
tia
lc
om

-
pe
tit
io
n
w
ith

or
ga
ni
c
co
n-

te
nt

of
th
e
re
al
ef
fl
ue
nt

K
la
m
er
th

et
al
.

(2
01

0b
)

15
m
ix
ed

co
nt
am

i-
na
nt
s
at
10

0
μg

/L
,

in
cl
ud

in
g
T
C
S

S
yn

th
et
ic
w
at
er
,

si
m
ul
at
ed

an
d
re
al

ef
fl
ue
nt

w
as
te
w
at
er

S
ol
ar

ph
ot
o-
F
en
to
n

(F
e
¼

5
m
g/
L
;
un

ch
an
ge
d

pH
;H

2
O

2
¼

50
m
g/
L
)

P
ilo

t
pl
an
t

T
ar
ge
t
co
nt
am

in
an
ts
,

d
D
O
C
,e
T
IC
,i
ro
n
an
d

H
2
O
2
de
te
rm

in
at
io
n,

an
d

to
xi
ci
ty

te
st
w
ith

V
ib
ri
o

fi
sh
er
i

T
he

de
gr
ad
at
io
n
of

th
os
e

15
co
m
po

un
ds

w
as

fo
un

d
to

de
pe
nd

on
th
e
pr
es
en
ce

of
C
O
3
2
�
an
d
H
C
O
3
� a

nd
on

th
e
ty
pe

of
w
at
er
.

T
ox

ic
ity

sh
ow

ed
th
at

de
gr
ad
at
io
n
of

th
e
co
m
-

po
un

ds
in
re
al
ef
fl
ue
nt
le
d

to
to
xi
ci
ty

in
cr
ea
se

(c
on

tin
ue
d)
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T
ab

le
10

.2
(c
on

tin
ue
d)

R
ef
er
en
ce
s

T
ar
ge
t
co
m
po

un
d/

in
iti
al
co
nc
en
tr
at
io
n

W
at
er

m
at
ri
x

P
ro
ce
ss

co
nd

iti
on

s
pa
ra
m
et
er
s

S
ca
le

M
ea
su
re

of
de
gr
ad
ab
ili
ty

S
um

m
ar
y
re
su
lts

S
on

et
al
.

(2
01

0)
T
ri
cl
os
an

at
1.
73

�
10

�2
m
M

D
ei
on

iz
ed

w
at
er

P
ho

to
ly
si
s
by

H
g-
va
po

r
la
m
p
U
V
C
an
d

U
V
A
/F
en
to
n:

2
m
M

F
e+

2
,

pH
¼

3,
5
m
M

H
2
O
2
/

co
m
bi
ne
d
re
ac
tio

n
(p
ho

to
-

F
en
to
n)

B
en
ch

T
C
S
,c
hl
or
id
e,
T
O
C
,F

e+
2

an
d
to
ta
li
ro
n

co
nc
en
tr
at
io
n

T
he

pr
od

uc
tio

n
of

ch
lo
-

ri
de

in
th
e
F
en
to
n,

U
V
C
,

an
d
co
m
bi
ne
d
re
ac
tio

ns
w
er
e
54

,6
2,

an
d
78

%
,

re
sp
ec
tiv

el
y,

af
te
r

15
0
m
in

G
ir
i
et
al
.

(2
01

1)
16

m
ix
ed

co
nt
am

i-
na
nt
s
at
10

0
μg

/L
,

in
cl
ud

in
g
T
C
S

U
ltr
ap
ur
e
w
at
er

U
V

an
d
U
V
/H

2
O
2

(0
–
1.
47

m
M

of
H
2
O
2

co
nc
en
tr
at
io
n)

B
en
ch

T
ar
ge
t
co
nt
am

in
an
ts
an
d

re
si
du

al
H
2
O
2

C
lo
fi
br
ic
ac
id
,d
ic
lo
fe
na
c,

fe
no

pr
of
en
,

is
op

ro
py

la
nt
ip
yr
in
e,

ke
to
pr
of
en
,p

he
ny

to
in

an
d
T
C
S
w
er
e
re
m
ov

ed
ve
ry

ef
fi
ci
en
tly

(>
96

%
)

by
U
V

ph
ot
ol
ys
is
al
on

e

W
u
et
al
.

(2
01

2)
8
m
ix
ed

co
nt
am

in
an
ts

ra
ng

ed
fr
om

1
at

20
μg

/L
,i
nc
lu
di
ng

T
C
S
at
4.
96

μg
/L

D
ei
on

iz
ed

an
d
na
t-

ur
al
w
at
er

1
m
g/
L
of

fr
ee

ch
lo
ri
ne

an
d
pe
rm

an
ga
na
te
,2

m
g/
L

of
oz
on

e,
an
d
3
m
g/
L
of

m
on

oc
hl
or
am

in
e

B
en
ch

T
ar
ge
tc
om

po
un

ds
an
d
th
e

ox
id
an
ts

F
re
e
ch
lo
ri
ne
,p

er
m
an
ga
-

na
te
,a
nd

oz
on

e
tr
ea
t-

m
en
ts
w
er
e
al
l
hi
gh

ly
ef
fe
ct
iv
e
at
th
e
el
im

in
a-

tio
n
of

T
C
S
an
d
es
tr
on

e.
T
he

pH
al
so

pl
ay
ed

an
im

po
rt
an
t
ro
le
in

th
e

re
m
ov

al
ef
fi
ci
en
cy

of
ta
r-

ge
tc
om

po
un

ds

C
he
n
et
al
.

(2
01

2)
T
ri
cl
os
an

at
1.
4,

2.
9

an
d
4.
5
m
g/
L

U
ltr
ap
ur
e
w
at
er

O
zo
na
tio

n:
M
ol
ar

ra
tio

of
T
C
S
:O

3
in

1:
1,

1:
3,

an
d

1:
5

B
en
ch

T
ri
cl
os
an

an
d
its

de
gr
ad
a-

tio
n
in
te
rm

ed
ia
te
s,
an
d

to
xi
ci
ty

te
st
s
(c
yt
ot
ox

ic
ity

an
d
ge
no

to
xi
ci
ty
)

2,
4-
di
ch
lo
ro
ph

en
ol
,

ch
lo
ro
ca
te
co
l,
m
on

o-
hy

dr
ox

y-
T
C
S
an
d
di
-

hy
dr
ox

y-
T
C
S
w
er
e
id
en
-

tifi
ed
.R

ed
uc
ed

ge
no

to
xi
c

ef
fe
ct
s
af
te
r
oz
on

at
io
n

w
as

de
m
on

st
ra
te
d
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M
un

oz
et
al
.

(2
01

2)

T
ri
cl
os
an

at
10

m
g/
L

D
ei
on

iz
ed

w
at
er

F
en
to
n
(2
0–

50
� C

)
[H

2
O
2
]
¼

20
–
10

0%
of

th
e

th
eo
re
tic
al
st
oi
ch
io
m
et
ri
c

(2
.5

m
g
H
2
O
2
/m

g
T
C
S
)

[F
e]

¼
1
m
g/
L

pH
¼

3

B
en
ch

T
ri
cl
os
an
,m

ai
n
ar
om

at
ic

by
pr
od

uc
ts
,s
ho

rt
-c
ha
in

ac
id
s,
ch
lo
ri
de

io
n
an
d

ec
ot
ox

ic
ity

te
st

Se
ve
ra
la
ro
m
at
ic
in
te
rm

e-
di
at
es

(m
ai
nl
y,
p-

hy
dr
o-

qu
in
on
e
of

T
C
S
an
d

2,
4d
ic
hl
or
op
he
no
l)
.

D
ra
m
at
ic
de
cr
ea
se

of
ec
ot
ox
ic
ity

w
as

ac
hi
ev
ed

in
a
re
la
tiv
el
y
sh
or
tt
im

e
(m

or
e
th
an

95
%

in
15

m
in
)

T
iz
ao
ui

et
al
.

(2
01

1)

T
ri
cl
oc
ar
ba
n
at

10
0
m
g/
L

A
ce
to
ni
tr
ile
/

ul
tr
ap
ur
e
w
at
er

(7
0:
30

)

O
zo
na
tio

n
at
3.
7,

7.
5
an
d

22
.4

m
g
m
in

�
1
/

pH
at
2,

7
an
d
8,

T
¼

10
,2

0
an
d
30

� C

B
en
ch

T
ar
ge
t
co
m
po

un
d

O
3
de
gr
ad
ed

T
C
C
ef
fe
c-

tiv
el
y
an
d
th
e
re
ac
tio

n
ra
te
s
in
cr
ea
se
d
su
bs
ta
n-

tia
lly

w
ith

O
3
co
nc
en
tr
a-

tio
n,

pH
an
d
te
m
pe
ra
tu
re

B
en

et
al
.

(2
01

6)
T
ri
cl
os
an

at
20

μM
D
ei
on

iz
ed

w
at
er

L
ow

pr
es
su
re

U
V
la
m
p

(4
W
)
an
d
ch
lo
ri
na
tio

n
Ir
ra
di
at
io
n
tim

e:
60

m
in

[C
l 2
]
¼

7.
1;

2.
8;

1.
4
m
g/
L

B
en
ch

T
ar
ge
t
co
m
po

un
d,

in
te
rm

ed
ia
te
d,

ch
lo
ro
-

fo
rm

,r
es
id
ua
lc
hl
or
in
e

C
om

bi
ne
d
U
V
/c
hl
or
in
e

ca
n
no

ta
bl
y
en
ha
nc
e
th
e

ch
lo
ro
fo
rm

fo
rm

at
io
n

fr
om

tr
ic
lo
sa
n
co
m
pa
ri
ng

to
ch
lo
ri
na
tio

n
al
on

e

P
en
g
et
al
.

(2
01

6)
T
ri
cl
os
an

at
0.
01

m
M

D
ei
on

iz
ed

w
at
er

F
en
to
n-
sy
st
em

C
u+

2
/H

2
O
2

E
ff
ec
t
of

pa
ra
m
et
er
s:
pH

,
te
m
pe
ra
tu
re
,C

u+
2
an
d

H
2
O
2
co
nc
en
tr
at
io
ns

B
en
ch

T
ar
ge
t
co
m
po

un
d
an
d

qu
an
tit
at
iv
e
st
ru
ct
ur
e

ac
tiv

ity
re
la
tio

ns
hi
p

(Q
S
A
R
)
m
od

el

T
C
S
w
as

ef
fe
ct
iv
el
y
ox
i-

di
ze
d
w
ith

C
u2

+
/H

2
O
2

un
de
r
m
ild

co
nd
iti
on
s
an
d

th
ei
r
de
gr
ad
at
io
n
ra
te

co
ns
ta
nt
s
fo
llo

w
ed

ps
eu
do
-fi
rs
t-
or
de
r
ki
ne
tic
s

Y
an
g
et
al
.

(2
01

6)
T
ri
cl
os
an

10
0
ng

/L
N
at
ur
al
w
at
er

U
V
/c
hl
or
in
e
an
d

U
V
/H
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(2006) studied triclosan degradation under fluorescence light-mediated TiO2 P25,
PC50, and PC500. The results revealed that TiO2 P25 promote the total triclosan
degradation after 60 min, with 90% mineralization after 10 h, while experiments
with TiO2 PC500 and PC50 indicated a decrease of degradation efficiency since the
mixture of crystalline phase anatase and rutile present in TiO2 P25 favors the
photocatalysis. Furthermore, two majority intermediate products were determined
as chlorocatechol and 2,4-dichlorophenol, representing 10% and 25% of triclosan
conversion, respectively. Yu et al. (2006) used TiO2 suspensions with ultraviolet
artificial irradiation to degrade triclosan and 2,4-dichlorophenol, its main interme-
diary, as one of the dioxin precursors, to evaluate whether the other transformation
products resulted directly from triclosan or dichlorophenol. The findings indicate
that direct photolysis removed 8.1% of triclosan after 1 h ultraviolet irradiation,

Fig. 10.2 Solar compound parabolic collector photocatalytic degradation of triclosan at supported
TiO2. Triclosan is more absorbed in TiO2 particle at neutral pH. (Modified from Miranda-García
et al. 2011; Son et al. 2009; Stamatis et al. 2014)
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photocatalysis (>300 nm). Dioxin byproducts are formed at photolysis of triclosan. (Modified from
Rafqah et al. 2006; Stamatis et al. 2014; Yu et al. 2006)

10 Pharmaceutical and Personal Care Products in the Aquatic Environment and. . . 313



while triclosan concentrations rapidly decreased in 44.2% in the photocatalytic
process during the same time. The 2,4-dichlorophenol photocatalysis indicated
34.6% degradation after 1 h. The intermediates identified in that study were
2,8-dichlorodibenzo-p-dioxin, quinone, and the hydroquinone structure of triclosan.

In addition to analytical instruments for intermediate product determination after
photocatalysis, toxicity evaluations can also be used as a powerful tool. Organisms
display either positive or negative responses when in contact with different com-
pounds during photodegradation. In this way, Stamatis et al. (2014) identified
intermediate products and performed toxicity assays using Vibrio fischeri. Six
intermediate compounds were identified, mainly hydroxyl-triclosan derivatives via
single or multiple HO• radical electrophilic attacks. The luminescent marine bacteria
showed low toxicity at an initial concentration (6% inhibition), while at 5-min
irradiation, toxicity increased inhibition in 20%, due the simultaneous generation
of photocatalysis transformation products. After this period, toxicity quickly
decreased (5% at 10 min of reaction) and reached nontoxicity in 30 min.

In order to enhance degradation, the Fenton-like process can be applied as a
heterogeneous photocatalysis. In this context, Song et al. (2012) investigated triclo-
san oxidation using magnetic BiFeOzone nanoparticles as a catalyst at pH 6.0. It
demonstrated that the hydrogen peroxide-BiFeOzone system removed 82.7% of
triclosan within 180 min, whereas the addition of ethylenediamine tetracetic acid
not only accelerated triclosan degradation (96.1% at 30 min) but also significantly
promoted the degradation of the toxic 2,4-dichlorophenol transformation products.
This fact is due to formation of the large cave at the BiFe-Ozone surface by
ethylenediamine tetracetic acid absorbed. Consequently, the local hydrogen perox-
ide concentrations are improved with ●OH radical generation. Klamerth et al. (2009)
compared the degradation of nine different pharmaceuticals and personal care
products through two different approaches as mild solar Photo-Fenton and TiO2

photocatalysis at solar compound parabolic collector pilot plant. The Photo-Fenton
process was more effective than TiO2 regarding several pharmaceuticals and per-
sonal care products employed (i.e., triclosan, acetaminophen, caffeine, diclofenac,
progesterone, sulfamethoxazole).

Furthermore, a major challenge regarding photocatalysis when using the catalyst
in slurry form is that this process requires a further treatment step to remove the
catalyst from aqueous solution. In this sense, Miranda-García et al. (2011) explored
heterogeneous photocatalysis employing immobilized-TiO2 on glass spheres
(Fig. 10.2) for 15 micropollutants removal, including triclosan, in a solar compound
parabolic collector pilot plant (10 L). The authors investigated different water
matrices, and the stability and activity on catalyst were evaluated after five times
with the same immobilized photocatalyst. The results indicate that diclofenac,
ibuprofen, progesterone, triclosan, acetaminophen, and caffeine were degraded in
the first cycle in the first 60 min reaction time, while the fifth degradation cycle of the
compounds was slower.

Ding et al. (2013) wrote the only research article about photocatalysis involving
triclocarban, applying photodegradation under two different artificial irradiation
sources such as ultraviolet and xenon light source, varying pH, initial triclocarban
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concentration, the presence of anions and humic acid, and several concentrations of
TiO2 suspensions. The findings demonstrated that the initial triclocarban concentra-
tion and the presence of anions and humic acid negatively affect the degradation rate,
while increases in pH produce a substantial improvement in the photocatalysis
process. Unexpectedly, higher triclocarban degradation rates were observed by
direct photolysis compared to TiO2 photocatalysis. This fact was assigned to the
negative effect of light scattering that was more pronounced than the hydroxyl
radical reaction. Moreover, triclocarban molecule has a chlorine atom that hinders
electrophilic attack of the ●OH to the benzene ring. Finally, the main degradation
products, as 4-chloroisocyanatobenzene, 3,4-dichloroaniline, 4-chloronitrobenzene,
and 4-chloroaniline, were detected and identified.

Homogeneous Oxidation Processes

A homogeneous advanced oxidation processes are a system in which both the
compound and oxidation factor are located in the same phase. Schematic reactions
of the main homogeneous advanced oxidation processes reported are displayed in
Fig. 10.4. This section showed (Table 10.2) some of the research performed using
either single or combined systems to degrade pharmaceuticals and personal care
products. Suarez et al. (2007) demonstrated the use of the ozone oxidation technique
in the investigation of the degradation of the disinfectant triclosan in real wastewater.
Antibacterial activity, reaction kinetics, and initial responses between triclosan and
ozone were monitored. The outcome of the study revealed that second-order rate
constant is a kinect order to anionic triclosan degradation, since this compound is
highly reactive toward ozone. Thus, ozone attacks triclosan for direct electrophilic
interaction of the phenol ring (Fig. 10.5). Experiments with real effluents samples
indicate that dissolved organic carbon could compete between ozone and the target
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compound, as well as for the generated ●OH species. Chen et al. (2012) investigated
triclosan ozonation and its degradation products formed, as well as the cytotoxicity
and genotoxicity of the system. Triclosan was completely mineralized at a molar
ratio of triclosan/ozone dose ¼ 1:5. The active metabolite 2,4-dichlorophenolwas
verified as the major metabolite during ozone process. However, the genotoxicity
assay indicated that 2,4-dichlorophenol is less genotoxic than triclosan (Fig. 10.5),
while any cytotoxicity effect was revealed to both triclosan and 2,4-dichlorophenol.
On the other hand, the European Union prioritizes 2,4-dichlorophenol as “harmful to
aquatic organisms,” according to directive 76/464/EC (The Council of the European
Communities 1976).

Tizaoui et al. (2011) studied ozone triclocarban oxidation under various condi-
tions in acetonitrile/water. The results indicate that triclocarban degradation
increased at high temperature and ozone gas amount and basic pH, and since at
acidic pH occur deactivation of ozone’s electrophilic attack, which leads to
decreased ozone reactivity. Wu et al. (2012) applied different homogeneous oxida-
tion technologies, under various pH conditions, for the removal of eight selected
pharmaceuticals and personal care products. In particular, triclosan was very reactive
against ozone and demonstrated higher oxidation percentages at pH of 6.6 compared
to pH 8.6. Moreover, performance is enhanced at the combination of hydrogen
peroxide, such as ozone/hydrogen peroxide (Wert et al. 2009) or ultraviolet/hydro-
gen peroxide (Giri et al. 2011).

Homogeneous oxidation with the Fenton reagent is a versatile and simple meth-
odology to improve the ●OH producing, since iron is abundant and hydrogen
peroxide is easy to handle. Munoz et al. (2012) developed a Fenton-like oxidation
process and proposed a reaction pathway for triclosan degradation, as summarized in
Fig. 10.6. The authors concluded that primordially ●OH attacks the ortho- and para-
positions promoting the cleavage of aromatic ring and formation of
2,4-dichlorophenoland and 4-chlorocathecol. Moreover, p-hydroquinone triclosan
is produced when para- position is attacked. Additionally, Fenton oxidation allowed
at the first 15 times of reaction the reduction of toxicity at below 5%, directly related

Fig. 10.5 Mechanism of ozonation electrophilic attack of triclosan at antibacterial moiety.
By-products formed showed no toxicity. (Modified from Chen et al. 2012; Suarez et al. 2007)
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to the disappearance of triclosan. Using the same approach, Peng et al. (2016)
evaluated the optimum parameters such as temperature, pH, and hydrogen peroxide
and Cu2+ concentrations of a Fenton-like Cu2+/hydrogen peroxide system. Triclosan
degradation rate constants follow pseudo-first-order kinetics, and quantitative
structure-activity relationship predicts the degradation of other chlorinated com-
pounds containing a benzene ring structure.

Furthermore, the Fenton process, when applied irradiation at wavelengths higher
than 300 nm, is known as the photo-Fenton process. The degradation rate of organic
compounds using Fenton reagents is strongly accelerated by irradiation (e.g., pho-
tolysis of Fe+3 allowing for Fe+2 regeneration). Son et al. (2010) investigated
triclosan degradation under the Fenton reaction using only ultraviolet-C and a
combined Fenton/ultraviolet-C system. The results revealed that triclosan was
completely degraded after 90 min under ultraviolet-C and after 30 min in the Fe+2/
ultraviolet-C system. The use of ultraviolet-C instead of hydrogen peroxide displays
advantages, as it is not necessary to adjust the system to low pH and there is no use of
expensive reagents, such as hydrogen peroxide. Klamerth et al. (2010a,b) conducted
2 studies with 15 mixed contaminants at low concentrations in a solar pilot plant
Photo-Fenton reaction. First, the authors used a real wastewater effluent with total
volume of 250 L under several Photo-Fenton conditions. Subsequently, they
conducted a second study using three different water matrices, with a total volume
of 35 L under mild Photo-Fenton conditions, and performed toxicity testing using
Vibrio fischeri. The authors concluded that pharmaceuticals and personal care
products can be successfully degraded by applying the Photo-Fenton process at a
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low iron concentrations and moderate hydrogen peroxide doses (iron/hydrogen
peroxide ratio 5:50 mg L�1). At the other hand, the toxicity increased during
phodegradation process in wastewater, demonstrating several toxic intermediates.
Thus, the authors stressed the importance to perform toxicity evaluation during
photodegradation process as an alternative tool to evaluate the potential reuse of
wastewater treated.

Recently, studies have applied ultraviolet/chlorine as advanced oxidation pro-
cesses, exploring the production of ●OH radicals from the photolysis of free
chlorine. In this context, Ben et al. (2016) investigated the effects of an ultraviolet-
C lamp and free chlorination treatment to remove triclosan. They determined the
formation of disinfection byproducts, as chloroform, which is dependent on the
residual amounts of free chlorine. Moreover, the UV/Cl process was responsible for
chloroform formation in amounts higher than ultraviolet and chlorine process when
applied alone. The 4,6-Cl-triclosan intermediate was an important intermediate in
chloroform formation, as demonstrated in Fig. 10.7. Another study, conducted by

Fig. 10.7 Pathways of chloroform by-product formation at ultraviolet chlorine process. (Modified
from Ben et al. 2016)
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Yang et al. (2016) evaluated the efficiency of pharmaceuticals and personal care
products degradation through ultraviolet/chlorine treatment using natural water
samples and compared the results with an ultraviolet/hydrogen peroxide system.
The combined ultraviolet/chlorine notably enhanced triclosan degradation. How-
ever, by-product formations are always a concern when chlorine is used, and some
studies indicate the formation of toxic chlorinated by-products, such as chloroform,
trichloronitromethane, haloketone, and chloral hydrate (Yang et al. 2016).

Coupling with Other Treatment Processes

The most studied cases in the literature reveal that conventional wastewater treat-
ment plants are not designed for pharmaceuticals and personal care products
removal. Thus, the application of physical and biological technologies
(Table 10.2) is required in order to remove large insoluble particles, improving the
aqueous matrix, and, consequently, the degradation efficiency of combined
advanced oxidation processes (Oller et al. 2011). Wert et al. (2011) improved the
pharmaceuticals and personal care products ozonation applying coagulation with
ferric chloride as pretreatment. Enhanced coagulation using FeCl3 reduced dissolved
organic carbon concentrations (10–47%) in the wastewater. However, the results of
the contaminant determination showed a low removal efficiency by this methodol-
ogy. On the other hand, during the ozonation reactions, the most of pharmaceuticals
and personal care products were completely removed, including triclosan.
Hernández-Leal et al. (2011) studied ozonation and adsorption onto activated carbon
processes for pharmaceuticals and personal care products removal from aerobiolog-
ical treated graywater. The authors indicate that the contaminants were effectively
removed from biologically treated graywater by ozone. Particularly, triclosan was
present at 48 ng L�1 and was removed to below the limit of quantification of
7 ng L�1 at an applied ozone concentration of 10 mg L�1.

10.3.2 Pharmaceutical Compounds Degradation

Published literature on the removal of pharmaceuticals compounds from water by
advanced oxidation processes has been extensively reported, in particular for each
selected compound separately, such as reviews on carbamazepine (Mohapatra et al.
2014), ibuprofen (Boreen et al. 2003), and diclofenac (Ziylan and Ince 2011)
degradation. Additionally, real wastewaters are complex matrices contaminated
with several pharmaceuticals compounds. Thus, this section focuses on a thorough
research regarding advanced oxidation processes degradation for mixed selected
pharmaceutical compounds in these polluted waters (Table 10.3).
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w
as
te
w
at
er

co
nt
am

in
at
ed

w
as

fo
un

d
to

be
sl
ow

(t
1
/2
¼

86
.6

m
in
)
co
m
-

pa
re
d
to

th
at
of

th
e
sa
m
e

ph
ar
m
ac
eu
tic
al
s
sp
ik
ed

in
di
st
ill
ed

w
at
er

(t
1
/2
¼

46
.5

m
in
)

P
ri
et
o-

R
od

ri
gu

ez
et
al
.(
20

12
)

52
em

er
gi
ng

co
nt
am

i-
na
nt
s,
in
cl
ud

in
g
C
B
Z
at

10
0
μg

/L
an
d
11

4
ng

/L
;

D
C
F
at
44

25
ng

/L
;I
B
P
at

72
6
ng

/L

R
ea
l

w
as
te
w
at
er

P
-2
5
sl
ur
ry

T
iO

2
(2
0
or

50
m
g/
L

S
un

te
st
so
la
r
si
m
ul
at
or

w
ith

a
X
e
la
m
p
an
d
su
nl
ig
ht

ir
ra
di
at
io
n

B
en
ch

an
d

pi
lo
t

pl
an
t

T
ar
ge
t
co
m
po

un
ds
,D

O
C
,

an
d

i T
IC

L
ow

co
nc
en
tr
at
io
ns

of
T
iO

2
of

th
e
or
de
r
of

te
ns

of
m
ill
ig
ra
m
s
pe
r
lit
er

w
er
e
fo
un

d
to

be
in
su
ffi
-

ci
en
t
fo
r
th
e
de
gr
ad
at
io
n

of
th
e
co
m
po

un
ds

in
ph

ot
or
ea
ct
or
s
w
ith

a
sh
or
tl
ig
ht
-p
at
h
le
ng

th
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S
un

et
al
.

(2
01

3)
C
B
Z
an
d
IB
P
at
15

m
g/
L

D
ei
on

iz
ed

w
at
er

N
an
o-
m
ag
ne
tit
e
(F
e 3
O
4
)

F
en
to
n-
lik

e
M
on

tm
or
ill
on

ite
cl
ay

¼
4.
0
g/
L

F
e 3
O
4
¼

0–
2
g/
L

[H
2
O
2
]
¼

0–
60

0
m
M

B
en
ch

O
rg
an
ic
co
m
po

un
ds
,

in
te
rm

ed
ia
te
s
pr
od

uc
ts

T
he

de
gr
ad
at
io
n
ra
te

co
ns
ta
nt
s
(k
)
fo
r
C
B
Z

an
d
IB
P
w
er
e
0.
18

2
an
d

0.
12

1
h�

1
,r
es
pe
ct
iv
el
y

M
ic
ha
el
et
al
.

(2
01

4)
IB
P
an
d
D
C
F
at
10

m
g/
L

U
ltr
ap
ur
e

w
at
er

T
iO

2
P
25

at
50

0
m
g/
L
by

U
V
-A

or
si
m
ul
at
ed

so
la
r

ir
ra
di
at
io
n
an
d
U
V
-A

so
no

ph
ot
oc
at
al
ys
is

B
en
ch

IB
P
,D

C
F
an
d
its

de
gr
a-

da
tio

n
in
te
rm

ed
ia
te
s,

D
O
C
an
d
to
xi
ci
ty

an
al
ys
is

by
D
ap

hn
ia

m
ag

na

A
hi
gh

er
de
gr
ad
at
io
n
ra
te

w
as

ob
se
rv
ed

fo
r

so
no

ph
ot
oc
at
al
ys
is
.

S
ev
en

tr
an
sf
or
m
at
io
n

pr
od

uc
ts
of

IB
P
an
d
te
n

of
D
C
F
w
er
e
id
en
tifi

ed

M
ir
an
da
-

G
ar
cí
a
et
al
.

(2
01

4)

IB
P
,C

B
Z
an
d
D
C
F
at

10
0
μg

/L
D
is
til
le
d

w
at
er

T
iO

2
im

m
ob

ili
ze
d
on

gl
as
s

be
ad
s
(r
eg
en
er
at
io
n

ap
pr
oa
ch
es
)

S
un

lig
ht

an
d
X
e
la
m
p

B
en
ch

an
d

pi
lo
t

pl
an
t

O
rg
an
ic
co
m
po

un
ds

P
ho

to
ef
fi
ci
en
ci
es

hi
gh

er
th
an

90
%

ev
en

af
te
r
th
e

fo
ur
th

co
ns
ec
ut
iv
e
cy
cl
es

w
er
e
at
ta
in
ed

m
ov

in
g
to

lo
ng

er
re
ac
tio

n
tim

es

R
io
ja
et
al
.

(2
01

4)
IB
P
,C

B
Z
an
d
D
C
F
at

50
0
μg

/L
T
ap
,s
ea
,

su
rf
ac
e,

an
d

w
as
te
w
at
er

C
om

bi
ne
d
po

w
de
re
d
ac
ti-

va
te
d
ca
rb
on

s
an
d
T
iO

2

U
V
A
,U

V
B
,a
nd

U
V
C

so
ur
ce

la
m
ps

[T
iO

2
]
¼

50
0
m
g/
L

B
en
ch

O
rg
an
ic
co
m
po

un
ds

P
re
se
nc
e
of

ac
tiv

at
ed

ca
rb
on

im
pr
ov

ed
dr
ug

re
m
ov

al
ef
fi
ci
en
ci
es

an
d

U
V
-C

lig
ht

w
as

th
e
m
os
t

ef
fe
ct
iv
e
so
ur
ce

fo
r

re
m
ov

al
of

se
le
ct
ed

dr
ug

s

S
ar
ka
r
et
al
.

(2
01

5)
IB
P
an
d
C
B
Z
at
10

m
g/
L

D
ei
on

iz
ed

w
at
er

T
iO

2
na
no

pa
rt
ic
le
ss
up

po
rt
ed

on
al
gi
na
te
be
ad
s

U
V
A

ar
tifi

ci
al
ir
ra
di
at
io
n

P
ac
ke
d
be
d
ph

ot
o
re
ac
to
r

(P
B
P
R
)

B
en
ch

O
rg
an
ic
co
m
po

un
ds

A
lg
in
at
e
be
ad
s
im

m
ob

i-
liz
at
io
n
sh
ow

ed
lo
w
er

de
gr
ad
at
io
n
ef
fi
ci
en
cy

w
he
n
co
m
pa
re
d
w
ith

su
sp
en
si
on

s
bu

t
P
B
P
R

im
pr
ov

e
th
e
de
gr
ad
at
io
n

sy
st
em

(c
on

tin
ue
d)
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T
ab

le
10

.3
(c
on

tin
ue
d)

R
ef
er
en
ce
s

T
ar
ge
t
co
m
po

un
d/
in
iti
al

co
nc
en
tr
at
io
n

W
at
er

m
at
ri
x

P
ro
ce
ss

co
nd

iti
on

s
pa
ra
m
et
er
s

S
ca
le

M
ea
su
re

of
de
gr
ad
ab
ili
ty

S
um

m
ar
y
re
su
lts

H
e
et
al
.

(2
01

6)
IB
P
,C

B
Z
an
d
D
C
F
at

5
m
g/
L

R
ea
l

w
as
te
w
at
er

Im
m
ob

ili
ze
d
T
iO

2
on

qu
ar
tz

sa
nd

by
so
l-
ge
l

Ir
ra
di
at
io
n
so
ur
ce
:

X
e-
la
m
ps

(5
5
W
)

Ir
ra
di
at
io
n
tim

e:
96

h

B
en
ch

T
ar
ge
t
co
m
po

un
ds
,D

O
C
,

D
B
O
an
d
to
xi
ci
ty

C
hr
on

ic
to
xi
ci
ty

of
co
m
-

po
un

ds
de
cr
ea
se
d
fo
r
th
e

gr
ee
n
al
ga
e
an
d
bl
ue
-

gr
ee
n
al
ga
e.
In

ad
di
tio

n,
th
e
bi
od

eg
ra
da
bi
lit
y
of

w
as
te
w
at
er

sp
ik
ed

w
ith

ph
ar
m
ac
eu
tic
al
s
co
m
-

po
un

ds
w
as

sl
ig
ht
ly

im
pr
ov

ed

C
ar
ba
jo

et
al
.

(2
01

6)
IB
P
an
d
C
B
Z
at
10

0
μg

/L
N
at
ur
al

gr
ou

nd
w
at
er

S
ol
ar

ph
ot
oc
at
al
ys
is
:
T
iO

2

P
25

(2
00

m
g/
L
)
an
d
ho

m
e-

m
ad
e
T
iO

2
ca
ta
ly
st
T
iE
t-
45

0
(5
00

m
g/
L
)

O
rg
an
ic
po

llu
ta
nt
s:
P
he
-

no
l,
di
ch
lo
ro
ac
et
ic
ac
id

an
d

py
ri
m
et
ha
ni
l

P
ilo

t
pl
an
t

T
ar
ge
t
co
m
po

un
ds
,T

O
C

an
d
io
ns

P
ha
rm

ac
eu
tic
al

m
ic
ro
co
nt
am

in
an
ts
w
er
e

ef
fi
ci
en
tly

tr
ea
te
d
w
ith

ve
ry

sh
or
t
ir
ra
di
at
io
n

tim
es

(t
3
0
w
<
35

m
in
)

w
ith

bo
th

tit
an
ia
ca
ta
ly
st
s

H
om

og
en
eo
us

pr
oc
es
se
s

H
eb
er
er

(2
00

7)
C
B
Z
an
d
D
C
F
at
1
μg

/L
R
ea
l

w
at
er
w
or
ks

O
zo
ne

do
se
s
in

th
e
ra
ng

e
of

0.
5–

3.
0
m
g/
L

D
O
C
¼

1.
3
m
g/
L

pH
¼7

.8
T
¼

23
� C

B
en
ch

T
ar
ge
t
co
m
po

un
ds

In
la
b
sc
al
e
ex
pe
ri
m
en
ts
,

0.
5
m
g/
L
oz
on

e
w
as

sh
ow

n
to

re
du

ce
th
e
co
n-

ce
nt
ra
tio

ns
of

D
C
F
an
d

C
B
Z
by

m
or
e
th
an

90
%

H
ub

er
et
al
.

(2
00

3)
IB
P
an
d
D
C
F
at
0.
5
to

5
μg

/L
R
ea
l

m
un

ic
ip
al

w
as
te
w
at
er

O
zo
na
tio

n
O
3
do

se
s
ra
ng

in
g
fr
om

0.
5
to

5
m
g/
L

G
as

fl
ow

ra
te
:

20
0
�

10
L
h�

1

P
ilo

t
pl
an
t

T
ar
ge
t
co
m
po

un
ds

an
d

D
O
C

P
ha
rm

ac
eu
tic
al
s
pr
es
en
ts

in
w
as
te
w
at
er

ca
n
be

ef
fi
ci
en
tly

ox
id
iz
ed

w
ith

O
3
an
d
th
at
su
sp
en
de
d

so
lid

s
ha
ve

on
ly

a
m
in
or

in
fl
ue
nc
e
on

th
e

ox
id
at
io
n
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G
ag
no

n
et
al
.

(2
00

8)
IB
P
at
60

8–
97

4
ng

/L
;

D
C
F
at
43
–
49

ng
/L
;C

B
Z

at
31

4–
57

3
ng

/L

R
ea
l

w
as
te
w
at
er

O
zo
ne

at
ra
ng

e
fr
om

15
–
30

m
g/
L

F
lo
w
¼

50
L
m
in

�1

8
U
V

la
m
ps

P
er
fo
rm

ic
ac
id

(f
or
m
ic

ac
id
:
H
2
O
2
1:
1)

P
ilo

t
pl
an
t

T
ra
ce

or
ga
ni
c
co
m
po

un
ds

H
ig
he
r
re
m
ov

al
ra
te
s

w
er
e
ob

se
rv
ed

w
he
n

20
m
g/
L
of

O
3
w
as

us
ed
.

R
em

ov
al
ra
te
s
fo
r
U
V

ra
di
at
io
n
w
er
e
of
te
n

be
lo
w
10

%
am

on
g
th
e

su
bs
ta
nc
es

st
ud

ie
d

R
os
al
et
al
.

(2
00

8)
C
B
Z
at
65

ng
/L

an
d
D
C
F

at
36

9
ng

/L
R
ea
l

w
as
te
w
at
er

O
3
/O
H
�
an
d
O
3
/H

2
O
2

pH
¼

8.
04

–
8.
25

T
¼

25
� C

G
as

fl
ow

¼
0.
36

N
m

3
h�

1

[O
3
]
¼

46
.1

g/
N
m

3

H
2
O
2
30

%
v/
v
¼

0.
15

m
L

B
en
ch

O
rg
an
ic
co
m
po

un
ds
,T

O
C

an
d
in
or
ga
ni
c
an
io
ns

In
th
e
ab
se
nc
e
of

H
2
O
2
,a

T
O
C
de
ca
y
of

ab
ou

t1
5%

af
te
r
1
h.

O
n
th
e
ot
he
r

ha
nd

,b
y
in
je
ct
in
g
pu

ls
es

of
H
2
O
2
(e
ve
ry

5
m
in
),

th
e
de
gr
ee

of
m
in
er
al
iz
a-

tio
n
ov

er
90

%

L
ee

an
d
vo

n
G
un

te
n

(2
01

0)

C
B
Z
an
d
IB
P
at
ra
ng

e
fr
om

0.
2–
1
μM

R
ea
l

w
as
te
w
at
er

C
hl
or
in
e,
ch
lo
ri
ne

di
ox

id
e,

oz
on

e,
fe
rr
at
eV

I
an
d

U
V
/H

2
O
2

E
ac
h
ox

id
an
t
at
va
ri
ou

s
ox

i-
da
nt

do
se
s
(0
-1
50

μM
)

B
en
ch

O
rg
an
ic
co
m
po

un
ds

U
V
/H

2
O
2
w
er
e
m
os
t

ef
fi
ci
en
t
fo
r
IB
P
de
gr
a-

da
tio

n
w
hi
le
of

C
B
Z
w
as

oz
on

e
tr
an
sf
or
m
at
io
n

N
an
ab
oi
na

an
d
K
or
sh
in

(2
01

0)

C
B
Z
an
d
IB
P
at
1
μg

/L
R
ea
l

w
as
te
w
at
er

In
iti
al
O
3
co
nc
en
tr
at
io
ns

at
ra
ng

e
fr
om

0.
25
–
5.
0
m
g/
L

B
en
ch

O
rg
an
ic
co
m
po

un
ds

T
he

re
su
lts

in
di
ca
te
d

po
ss
ib
ili
ty

to
es
tim

at
e
th
e

de
gr
ad
at
io
n
vi
a
th
e

ab
so
rb
an
ce

of
oz
on

at
ed

w
as
te
w
at
er

C
oe
lh
o
et
al
.

(2
01

0)
IB
P
an
d
D
F
C
at
20

0
m
g/
L

U
ltr
ap
ur
e

w
at
er

O
zo
na
tio

n
G
as

fl
ow

:
50

L
/h

O
3
pr
od

uc
tio

n:
0.
43

5
g/
h

T
¼

21
–
25

� C
pH

¼
6.
5
�

0.
3.

B
en
ch

O
rg
an
ic
co
m
po

un
ds
,

T
O
C
,c
hl
or
id
e,
am

m
o-

ni
um

,n
itr
at
es
,C

O
D
,

B
O
D
5
an
d
V
ib
ri
o
fi
sc
he
ri

to
xi
ci
ty

te
st

T
he

re
su
lts

sh
ow

th
at
th
e

to
ta
lr
em

ov
al
of

D
F
C
an
d

90
%

of
IB
P
is
po

ss
ib
le

us
in
g
an

O
3
do

se
of

0.
20

an
d
2.
3
g/
L
,r
es
pe
ct
iv
el
y

(c
on

tin
ue
d)
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T
ab

le
10

.3
(c
on

tin
ue
d)

R
ef
er
en
ce
s

T
ar
ge
t
co
m
po

un
d/
in
iti
al

co
nc
en
tr
at
io
n

W
at
er

m
at
ri
x

P
ro
ce
ss

co
nd

iti
on

s
pa
ra
m
et
er
s

S
ca
le

M
ea
su
re

of
de
gr
ad
ab
ili
ty

S
um

m
ar
y
re
su
lts

S
ic
he
l
et
al
.

(2
01

1)
C
B
Z
an
d
D
C
F
at
1
μg

/L
D
is
til
le
d

w
at
er

U
V
/H
O
C
l,
U
V
/H
C
lO

2
an
d

U
V
/H

2
O
2
(l
ow

pr
es
su
re

la
m
pa
t
40

,8
0
an
d
20

0
W
)

[H
2
O
2
]
¼

5
m
g/
L

[C
l 2
]
an
d
[C
lO

2
]
¼

6
m
g/
L

P
ilo

t
pl
an
t

O
rg
an
ic
co
m
po

un
ds

C
ar
ba
m
az
ep
in
e
w
as

re
m
ov

ed
be
st
w
ith

U
V
/H

2
O
2
>
U
V
/H
O
C
l�

U
V
/C
lO

2
.
D
ic
lo
fe
na
c

w
as

re
ad
ily

de
gr
ad
ed

by
U
V
/H

2
O
2
an
d
th
e
ch
lo
-

ri
ne

A
O
P
pr
oc
es
se
s

Z
im

m
er
m
an
n

et
al
.(
20

11
)

22
m
ic
ro
po

llu
ta
nt
s

in
cl
ud

in
g
C
B
Z
,I
B
P
an
d

D
C
F
at
lo
w

co
nc
en
tr
at
io
ns

R
ea
ls
ec
-

on
da
ry

w
as
te
w
at
er

O
3
do

se
s
ra
ng

e
fr
om

0.
21

to
1.
24

g
O
3
g�

1
D
O
C

F
lo
w
ra
te
at
15

or
20

m
3
h�

1

B
en
ch

an
d

fu
ll-

sc
al
e

O
rg
an
ic
co
m
po

un
ds
,

D
O
C
,b

ro
m
id
e
an
d
br
o-

m
at
e,
an
d
to
ta
lc
el
lc
ou

nt
s

fo
r
E
sc
he
ri
ch
ia

co
li

S
ub

st
an
ce
s
re
ac
tin

g
fa
st

w
ith

oz
on

e,
su
ch

as
D
F
C

or
C
B
Z
w
er
e
el
im

in
at
ed

w
ith

in
th
e
ga
s
bu

bb
le

co
lu
m
n,

ex
ce
pt

fo
r
th
e

lo
w
es
to

zo
ne

do
se

of
0.
21

g
O
3
g�

1
D
O
C

K
la
m
er
th

et
al
.(
20

11
)

15
m
ix
ed

co
m
po

un
ds

in
cl
ud

in
g
C
B
Z
,D

C
F
an
d

IB
P
at
5
or

10
0
μg

/L

R
ea
l

w
as
te
w
at
er

S
ol
ar

ph
ot
o-
F
en
to
n
w
ith

ox
al
ic
ac
id
,j
H
A

an
d
m
ix
in
g

k
M
W
T
P
in
fl
ue
nt

an
d
ef
fl
u-

en
t

[F
e]

¼
5
m
g/
L

pH
�

7
[H

2
O
2
]
¼

50
m
g/
L

P
ilo

t
pl
an
t

O
rg
an
ic
co
m
po

un
ds

an
d

D
O
C

T
he

ox
al
at
e
an
d

H
A
-e
nh

an
ce
d
pr
oc
es
s

pr
ov

id
ed

sa
tis
fa
ct
or
y

de
gr
ad
at
io
n.

M
ix
in
g
of

M
W
T
P
de
gr
ad
at
io
n
w
as

un
su
cc
es
sf
ul

in
al
l
ca
se
s

te
st
ed

D
e
la
C
ru
z

et
al
.(
20

12
)

32
m
ic
ro
po

llu
ta
nt
s

in
cl
ud

in
g
C
B
Z
,D

C
F
an
d

IB
P
at
26

3,
51

8
an
d

11
2
ng

/L
,r
es
pe
ct
iv
el
y

R
ea
l

m
un

ic
ip
al

w
as
te
w
at
er

U
V
-l
ig
ht
,F

en
to
n
an
d
ph

ot
o-

F
en
to
n

U
V
2
5
4
an
d
si
m
ul
at
ed

su
n-

lig
ht

pH
ne
ut
ra
l

[F
e]

¼
5
m
g/
L

[H
2
O
2
]
¼

10
,2

5
or

50
m
g/
L

B
en
ch

M
ic
ro
po

llu
ta
nt
s
co
nc
en
-

tr
at
io
n,

T
O
C
an
d
C
O
D

G
lo
ba
l
pe
rc
en
ta
ge
s
of

m
ic
ro
po

llu
ta
nt
s
re
m
ov

al
ac
hi
ev
ed

w
er
e
98

af
te
r

30
m
in
of

tr
ea
tm

en
ts
.T

he
re
su
lts

re
ve
al
ed

th
e
po

s-
si
bi
lit
y
of

th
e

m
ic
ro
po

llu
ta
nt
s
de
gr
ad
a-

tio
n
in

hi
gh

er
co
nc
en
tr
a-

tio
ns

of
l D
O
M
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G
er
ri
ty

et
al
.

(2
01

2)
C
B
Z
an
d
D
C
F
at
22

0
an
d

47
ng

/L
,r
es
pe
ct
iv
el
y

R
ea
l

w
as
te
w
at
er

O
zo
na
tio

n
at
0.
25

,0
.5
0,

1.
0,

an
d
1.
5
m
g
O
3
/m

g
T
O
C

O
3
/H

2
O
2
at
0,

0.
5
an
d
1.
0

O
3
:H

2
O
2
ra
tio

B
en
ch
,

pi
lo
t-

an
d

fu
ll-

sc
al
e

O
rg
an
ic
co
m
po

un
ds
,T

O
C

an
d
m
ic
ro
bi
al
in
ac
tiv

at
io
n

T
he

re
su
lts

of
th
is
st
ud

y
in
di
ca
te
th
at
Δ
U
V
2
5
4
an
d

Δ
m
T
F
ca
n
be

us
ed

as
su
rr
og

at
es

fo
r
ta
rg
et

co
m
po

un
d
el
im

in
at
io
n

L
i
et
al
.

(2
01

2)
20

co
m
po

un
ds

in
cl
ud

in
g

C
B
Z
,D

C
F
an
d
IB
P
at

1
μg

/L

R
ea
ls
ec
-

on
da
ry

w
as
te
w
at
er

F
en
to
n

pH
¼

3,
H
2
O
2
/F
e
(I
I)
m
ol
ar

ra
tio

¼
ra
ng

e
fr
om

0.
5
to

3.
[F
e
(I
I)
]
¼

ra
ng

e
fr
om

0.
62

5
to

20
m
g/
L

B
en
ch

T
ar
ge
t
co
m
po

un
ds
,D

O
C
,

ni
tr
at
e,
al
de
hy

de
s
an
d

ca
rb
ox

yl
ic
ac
id
s

A
ll
ex
am

in
ed

co
m
po

un
ds

co
ul
d
be

re
m
ov

ed
by

F
en
to
n
ox

id
at
io
n.

M
or
e-

ov
er
,t
re
at
m
en
t
ca
us
ed

13
%

of
D
O
C
to

be
ox

i-
di
ze
d
to

yi
el
d
fo
rm

at
e,

ac
et
at
e,
an
d
ox

al
at
e

R
od

rí
gu

ez
et
al
.(
20

12
)

C
B
Z
at
14

.2
an
d

19
.1

μg
/L
;
D
C
F
at
13

.5
an
d
52

μg
/L
;
IB
P
at
1.
5

an
d
13

.0
μg

/L

R
ea
l

w
as
te
w
at
er

O
zo
na
tio

n
O
zo
ne

fl
ow

:
0.
30

N
L
/m

in
L
iq
ui
d
fl
ow

:
0.
15

or
30

L
/m

in

B
en
ch

O
rg
an
ic
co
m
po

un
ds
,

D
O
C
an
d
T
O
C

T
he

oz
on

e
do

sa
ge

re
qu

ir
ed

to
tr
ea
t
w
as
te
-

w
at
er
s
w
ith

po
llu

ta
nt

de
pl
et
io
n
of

>
90

%
w
as

in
th
e
5.
5–
8.
5
m
g/
L
ra
ng

e

L
ek
ke
rk
er
ke
r-

T
eu
ni
ss
en

et
al
.(
20

12
)

C
B
Z
at
8.
48

m
g/
L
an
d

D
C
F
at
9.
24

m
g/
L

D
ei
on

iz
ed

w
at
er

U
V

an
d
U
V
/H

2
O
2
;
n
L
P

15
W

an
d

o
M
P
10

00
W

m
er
cu
ry

la
m
p

H
2
O
2
do

se
s
ra
ng

e
fr
om

0–
10

m
g/
L

B
en
ch

O
rg
an
ic
co
m
po

un
ds
,

tr
an
sf
or
m
at
io
n

ph
ot
op

ro
du

ct
s

D
C
F
w
as

la
rg
el
y
at
tr
ib
-

ut
ed

to
di
re
ct

ph
ot
od

eg
ra
da
tio

n,
w
he
re
as

U
V

or
U
V
/H
2O

2
tr
ea
tm

en
t
di
d

no
ta
pp

re
ci
ab
ly

re
m
ov

e
C
B
Z

W
ol
s
et
al
.

(2
01

3)
40

ph
ar
m
ac
eu
tic
al
s
co
m
-

po
un

ds
in
cl
ud

in
g
C
B
Z

an
d
D
C
F
at
1
μg

/L

D
ei
on

iz
ed
,

ta
p
an
d

na
tu
ra
l

w
at
er
s

U
V
an
d
U
V
/H

2
O
2
;L

P
60

W
an
d
M
P
2
kW

la
m
p

pH
¼

8
[H

2
O
2
]
¼

10
m
g/
L

B
en
ch

O
rg
an
ic
tr
ac
e

m
ic
ro
po

llu
ta
nt
s

P
ho

to
ly
si
s
w
ith

L
P
la
m
ps

is
sm

al
l,
w
hi
ch

is
in
cr
ea
se
d
by

us
in
g
a
M
P

la
m
p.

M
os
t
of

th
e
ph

ar
-

m
ac
eu
tic
al
s
ar
e
w
el
l

re
m
ov

ed
w
he
n
ap
pl
yi
ng

bo
th

U
V

(e
ith

er
L
P
or

M
P
)
an
d
H
2
O
2 (c

on
tin

ue
d)
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T
ab

le
10

.3
(c
on

tin
ue
d)

R
ef
er
en
ce
s

T
ar
ge
t
co
m
po

un
d/
in
iti
al

co
nc
en
tr
at
io
n

W
at
er

m
at
ri
x

P
ro
ce
ss

co
nd

iti
on

s
pa
ra
m
et
er
s

S
ca
le

M
ea
su
re

of
de
gr
ad
ab
ili
ty

S
um

m
ar
y
re
su
lts

D
e
la
C
ru
z

et
al
.(
20

13
)

22
m
ic
ro
po

llu
ta
nt
s

in
cl
ud

in
g
C
B
Z
at

23
7–

47
6
ng

/L
an
d
D
C
F
at

49
4–

12
47

ng
/L

R
ea
l

do
m
es
tic

w
as
te
w
at
er

U
V
2
5
4
,U

V
2
5
4
/H

2
O
2
an
d

ph
ot
o-
F
en
to
n

F
iv
e
L
P
15

0
W

la
m
p

pH
ne
ut
ra
l

[H
2
O
2
]
¼

20
–
50

m
g/
L

[F
e+

3
]
¼

0–
4
m
g/
L

F
lo
w

ra
te
¼

2–
14

m
3
h�

1

P
ilo

t
pl
an
t

T
ar
ge
t
m
ic
ro
po

llu
ta
nt
s,

T
O
C
,p
T
C
an
d
T
IC

D
eg
ra
da
tio

n
gr
ea
te
r
th
an

80
%

w
ith

ve
ry

lo
w

re
ac
-

tio
n
tim

es
on

ly
ad
di
ng

U
V
lig

ht
an
d
H
2
O
2
(n
ot

ex
ce
ed
ed

50
m
g/
L
).

A
dd

in
g
of

ir
on

to
th
e

re
ac
to
r
di
d
no

t
im

pr
ov

e
th
e
pr
oc
es
s

Ju
st
o
et
al
.

(2
01

3)
D
C
F
at
0.
60

5
μg

/L
an
d

C
B
Z
at
1.
03

8
μg

/L
R
ea
l

do
m
es
tic

w
as
te
w
at
er

U
V
/H

2
O
2
an
d
O
3
/L

P
8
W

la
m
p

O
3
fl
ow

ra
te
¼

13
3.
5
L
h�

1

[O
3
]
¼

0.
14

up
to

6.
93

m
g

O
3
m
gT

O
C
�1

[H
2
O
2
]
¼0

.0
4
to

0.
72

m
g

H
2
O
2
m
gT

O
C
�1

B
en
ch

T
O
C
,C

O
D
,B

O
D
5
,b

ro
-

m
id
e,
br
om

at
e,
am

m
o-

ni
um

,V
ib
ri
o
fi
sc
he
ri

to
xi
ci
ty

te
st

U
V
/H

2
O
2
pr
oc
es
s

re
m
ov

ed
th
e
ph

ar
m
ac
eu
-

tic
al
s
an
d
im

pr
ov

ed
th
e

ef
fl
ue
nt

qu
al
ity

,w
hi
le

us
in
g
si
gn

ifi
ca
nt
ly

le
ss

ox
id
an
t
co
m
pa
re
d
to

oz
on

at
io
n

S
hu

et
al
.

(2
01

3)
D
C
F
an
d
IB
P
at
20

m
g/
L
;

C
B
Z
at
7
m
g/
L

U
ltr
ap
ur
e

w
at
er

U
V
an
d
U
V
/H

2
O
2
/M

P
1
kW

H
g-
la
m
p

[H
2
O
2
]
¼

25
an
d
50

m
g/
L

B
en
ch

T
ar
ge
t
co
m
po

un
ds

U
V
di
re
ct
ph

ot
ol
ys
is
is

ve
ry

ef
fe
ct
iv
e
fo
r
th
e

de
gr
ad
at
io
n
of

D
C
F
.

H
ow

ev
er
,f
or

th
e
re
st
of

th
e
co
m
po

un
ds
,t
he

U
V
/H

2
O
2
tr
ea
tm

en
ti
s
th
e

m
aj
or

de
gr
ad
at
io
n

pa
th
w
ay

K
la
m
er
th

et
al
.(
20

13
)

62
m
ic
ro
po

llu
ta
nt
s

in
cl
ud

in
g
IB
P
at
52

95
ng

/
L
an
d
D
C
F
at

13
26

.9
ng

/L

R
ea
l

m
un

ic
ip
al

w
as
te
w
at
er

S
ol
ar

ph
ot
o-
F
en
to
n

pH
3
an
d
ne
ut
ra
l

[F
e+

3
]
¼

5
m
g/
L

[H
2
O
2
]
¼

50
m
g/
L

P
ilo

t
pl
an
t

O
rg
an
ic
m
ic
ro
po

llu
ta
nt
s,

T
IC
,a
nd

D
O
C

It
w
as

de
m
on

st
ra
te
d
in
al
l

ca
se
s
th
e
re
m
ov

al
of

ov
er

95
%

of
th
e
co
nt
am

in
an
ts
.

P
ho

to
-F
en
to
n
at
pH

3
pr
ov

id
ed

th
e
be
st
tr
ea
t-

m
en
tt
im

e
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A
ltm

an
n
et
al
.

(2
01

4)
C
B
Z
at
1.
2–
2.
5
μg

/L
an
d

D
C
F
at
2.
6–
5.
8
μg

/L
R
ea
l

m
un

ic
ip
al

w
as
te
w
at
er

O
3
(1
5
m
g/
L
)
an
d

q
P
A
C

(d
os
es

of
2.
5–
50

m
g/
L
)

B
en
ch

T
ar
ge
t
co
m
po

un
ds

an
d

D
O
C

C
on

ce
nt
ra
tio

ns
of

C
B
Z

an
d
D
C
F
w
er
e
re
du

ce
d

by
m
or
e
th
an

90
%

w
ith

20
m
g/
L
P
A
C
or

5–
7
m
g/

L
O
3

L
ee

et
al
.

(2
01

4)
D
C
F
an
d
C
B
Z
at
1
μM

U
ltr
ap
ur
e

w
at
er

C
u(
II
)-
ca
ta
ly
ze
d
F
en
to
n
an
d

ph
ot
o-
F
en
to
n

E
ff
ec
t
pa
ra
m
et
er
s:
pH

,c
u

(I
I)
co
nc
en
tr
at
io
n,

an
d
ra
di
-

ca
l
sc
av
en
ge
rs

B
en
ch

T
ar
ge
t
co
m
po

un
ds

T
he

op
tim

al
de
gr
ad
at
io
n

of
th
e
ta
rg
et
co
nt
am

i-
na
nt
s
w
as

ob
se
rv
ed

at
pH

8

A
hm

ed
et
al
.

(2
01

4)
D
C
F
an
d
C
B
Z
at
50

μM
R
ea
l

w
as
te
w
at
er

H
om

og
en
eo
us

ph
ot
o-
F
en
to
n

w
ith

pe
ro
xy

m
on

os
ul
fa
te

B
en
ch

T
ar
ge
t
co
m
po

un
ds

an
d

T
O
C

K
in
et
ic
ra
te
co
ns
ta
nt
s

w
er
e
al
w
ay
s
10

tim
es

hi
gh

er
in

F
e(
II
)/
U
V
th
an

in
T
iO

2
/U
V

sy
st
em

Y
ao

et
al
.

(2
01

6)
D
C
F
an
d
IB
P
at
40

0
μg

/L
R
ea
l

w
as
te
w
at
er

C
on

ve
nt
io
na
l
oz
on

at
io
n
an
d

th
e
el
ec
tr
o-
pe
ro
xo

ne
(E
-p
er
ox

on
e)

B
en
ch

T
ar
ge
t
co
m
po

un
ds

T
he

E
-p
er
ox

on
e
pr
oc
es
s

en
ha
nc
ed

th
e
re
m
ov

al
ki
ne
tic
s
of

oz
on

e
re
fr
ac
-

to
ry

ph
ar
m
ac
eu
tic
al
s
in

th
e
fo
ur

se
co
nd

ar
y
ef
fl
u-

en
ts
by

~
40
–
17

0%

C
ou

pl
in
g
A
O
P
s
w
ith

ot
he
r
tr
ea
tm
en
t
pr
oc
es
se
s

N
ak
ad
a
et
al
.

(2
00

7)
24

ph
ar
m
ac
eu
tic
al
ly

ac
tiv

e
co
m
po

un
ds

in
cl
ud

in
g
IB
P
an
d
C
B
Z
at

ng
/L

R
ea
l

m
un

ic
ip
al

w
as
te
w
at
er

S
an
d
fi
ltr
at
io
n
fo
llo

w
ed

by
oz
on

at
io
n

F
lo
w
ra
te
an
d
re
te
nt
io
n

tim
e
th
ro
ug

h
th
e
sa
nd

w
er
e

11
0
m
/d
ay

an
d
1
h

[O
3
]
an
d
re
te
nt
io
n
tim

e
w
er
e
3
m
g/
L
an
d
27

m
in

F
ul
l

sc
al
e

T
ar
ge
t
co
m
po

un
ds

C
om

bi
na
tio

n
of

oz
on

a-
tio

n
an
d
sa
nd

fi
ltr
at
io
n

w
ith

ac
tiv

at
ed

sl
ud

ge
tr
ea
tm

en
t
ga
ve

ef
fi
ci
en
t

re
m
ov

al
(>
80

%
)o

fa
ll
th
e

ta
rg
et
co
m
po

un
ds

ex
ce
pt

ca
rb
am

az
ep
in
e (c

on
tin

ue
d)
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T
ab

le
10

.3
(c
on

tin
ue
d)

R
ef
er
en
ce
s

T
ar
ge
t
co
m
po

un
d/
in
iti
al

co
nc
en
tr
at
io
n

W
at
er

m
at
ri
x

P
ro
ce
ss

co
nd

iti
on

s
pa
ra
m
et
er
s

S
ca
le

M
ea
su
re

of
de
gr
ad
ab
ili
ty

S
um

m
ar
y
re
su
lts

H
ol
le
nd

er
et
al
.(
20

09
)

55
m
ic
ro
po

llu
ta
nt
s
at

ra
ng

e
fr
om

μg
/L

R
ea
l

m
un

ic
ip
al

w
as
te
w
at
er

P
os
t-
oz
on

at
io
n
fo
llo

w
ed

by
sa
nd

fi
ltr
at
io
n

O
3
fr
om

ra
ng

e
of

0.
36
–
1.
16

g
O
3
g�

1
D
O
C

F
ul
l

sc
al
e

T
ar
ge
t
co
m
po

un
ds

an
d
its

by
pr
od

uc
ts

D
ur
in
g
po

st
-O

3
,c
om

-
po

un
ds

w
ith

ac
tiv

at
ed

ar
om

at
ic
m
oi
et
ie
s,
am

in
e

fu
nc
tio

ns
,o

r
do

ub
le

bo
nd

s
w
er
e
el
im

in
at
ed

fo
r
an

O
3
do

se
of

0.
47

g
O
3
g�

1
D
O
C

B
ad
aw

y
et
al
.

(2
00

9)
D
C
F
at
ra
ng

e
fr
om

0.
48

to
12

.3
7
m
g/
L

R
ea
l

w
as
te
w
at
er

F
en
to
n-
bi
ol
og

ic
al
(a
er
at
io
n

24
h;

sl
ud

ge
w
ei
gh

t
fr
om

3
to

4
g/
L
;
20

h
de
te
nt
io
n

tim
e)

tr
ea
tm

en
t
pr
oc
es
se
s

F
e2

+
/H

2
O
2
m
ol
ar

ra
tio

s
eq
ui
va
le
nt
e
to

1:
10

,1
:2
5,

1:
50

an
d
1:
10

0
pH

¼
3

B
en
ch

T
ar
ge
t
co
m
po

un
ds
,T

O
C

F
en
to
n
as

a
pr
e-
tr
ea
tm

en
t

pr
oc
es
s
w
ou

ld
in
cr
ea
se

th
e
bi
od

eg
ra
da
bi
lit
y

an
d/
or

re
m
ov

e
th
e
to
xi
c-

ity
of

th
e
w
as
te
w
at
er

Jo
sé

et
al
.

(2
01

0)
D
C
F
an
d
C
B
Z
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Heterogeneous Photocatalysis

The majority of published research on heterogeneous photocatalysis of selected
compounds mediated by TiO2 employ the semiconductor in the slurry and perform
toxicity tests for treated wastewater (Table 10.3). Méndez-Arriaga et al. (2008)
studied the influence of different operational conditions on the photocatalytic deg-
radation of anti-inflammatory employing TiO2, following the variation of toxicity
by Vibrio fischeri bioluminescence inhibition. The results showed the high rate
degradation of ibuprofen and diclofenac was achieved with 1 and 0.1 g/L of
optimum amount of catalyst, respectively. The first step in ibuprofen degradation
was pointed out as a hydroxylation process in the methylpropyl pheny positions
and the arylcarboxylic moiety (Fig. 10.8). This fact promoted increases in
Vibrio fischeri inhibition, due to the high levels of the hydroxyl metabolites and
4-ethylbenzaldehyde (Méndez-Arriaga et al. 2008; Michael et al. 2014). On the other
hand, after 120 min photodegradation, a decrease in the percentage inhibition was
observed. In the same approach, Michael et al. (2014) conducted a specific study for
the identification and pathways transformation products of diclofenac and ibuprofen
under application of sonophotocatalysis. Regarding ibuprofen, hydroxylation occurs
firstly and exclusively at the aromatic ring, since the methyl-propyl and carboxylic
moieties remained intact after the oxidation processes. The second step is pointed out
as demethylation and decarboxylation cleavage of isobutyl moiety in the ibuprofen

Fig. 10.8 Ibuprofen degradation pathway of TiO2/UV. Hydroxylation products formation and
toxicity evaluation of by-products. (Modified fromMéndez-Arriaga et al. 2008; Michael et al. 2014)
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structure (Fig. 10.8). Regarding the diclofenac degradation pathway, the oxidation
and hydroxylation were the mains reactions occurred between chloroaniline and
phenylacetic acid that produced mono hydroxylated species (e.g., 40-OH-Diclofenac,
50-OH-diclofenac) (Fig. 10.9) (Michael et al. 2014). At 15-min ibuprofen and
diclofenac photodegradation, toxicity to D. magna was almost 100% immobiliza-
tion, indicating toxic intermediate products, such as hydroxylated species (Michael
et al. 2014). Rizzo et al. (2009) evaluated the potential toxicity of urban wastewater
treatmenteffluents contaminated with carbamazepine and diclofenac after TiO2

photocatalysis by performing a several bioassays employing, D. magna,
L. sativum, and P. subcapitata. The outcomes revealed that the mixture of com-
pounds photocatalytically treated using different TiO2 loadings resulted in an
increase of toxicity to D. magna and P. subcapitata than the single pharmaceutical
solutions, whereas the profile of both organisms showed a gradual toxicity reduction
over time, which means that fewer toxicity intermediates were formed during
oxidation. Moreover, L. sativum demonstrated a multi-phase toxicity profile.

Another study focusing on the use of low TiO2 amount was conducted by Prieto-
Rodriguez et al. (2012) to evaluate the performance of the photocatalytic degradation

Fig. 10.9 Diclofenac degradation pathway of TiO2/UV and H2O2/UV. Dechlorination and hydrox-
ylation process. (Modified from Lekkerkerker-Teunissen et al. 2012; Michael et al. 2014)
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of 52 micropollutants un-spiked in wastewater treatment plant including carbamaz-
epine, ibuprofen and diclofenac. The study used a two different engineering reac-
tor systems with different glass tube diameters and light-path lengths of solar pilot-
scale compound parabolic collector. The authors reported that more than 85% of the
micropollutants were degraded after 480 min in the smaller reactor, while over 90%
were degraded at 300 min in reactor with larger dimensions. The design, light-path
length of reactor, inner diameter, and thickness of the glass wall are important factors
to influence an optimum photocatalyst concentration. To achieve satisfactory deg-
radation of pollutants using low TiO2 concentrations, a wider tube diameter (i.e.,
optical thickness of about 13 mm) could be used to allow optimal absorption of
photons in order to reduce the overall costs of the treatment. Sun et al. (2013)
explored a heterogeneous Fenton-like reaction in aqueous nano-Fe3O4 suspensions
to evaluate the presence of montmorillonite clay for the degradation of carbamaze-
pine and ibuprofen. Finally, Miranda-García et al. (2014) investigated regeneration
approaches for TiO2 immobilized on glass beads for the degradation of 15 selected
pharmaceuticals and personal care products, including carbamazepine, ibuprofen,
and diclofenac spiked in distilled water at 100 μg/L. In addition, immobilized TiO2

was the focus of the study conducted by Sarkar et al. (2015). The photocatalyst was
supported in calcium alginate beads and photodegradation experiments performed in
the packed bed photo reactor. Using the same approach, He et al. (2016) evaluated
the application of photocatalysis for ibuprofen, carbamazepine, and diclofenac
removal in real wastewater by combined artificial solar light and immobilized
TiO2. The catalyst was coated on sand (200–500 μm) by the sol-gel technique. In
addition, acute and chronic toxicity tests were performed using two algae species
Anabaena flosaquae and Pseudokirchneriella subcapitata and luminescence bacte-
ria (Vibrio fischeri) exposed at different interval times. Before photocatalysis, all
organisms revealed toxicity by growth inhibition, and the green algae was more
sensitive. During photodegradation, chronic toxicity of the pharmaceutical com-
pounds to the algae species decreased significantly. However, for the luminescence
bacteria, the intermediate photoproducts demonstrated similar toxicity to the parent
compound. Immobilized TiO2 photocatalysis has the main advantages of cost and
step reduction in wastewater treatment. The catalyst separation is not necessary and
displays the possibility of recycling and reusing TiO2nanoparticles. However, sev-
eral catalyst cycles promote TiO2 fouling (Miranda-García et al. 2014). Approxi-
mately four or five cycles of immobilized TiO2 are enough to maintain
photocatalytic activity (Miranda-García et al. 2014; Sarkar et al. 2015). The use of
hydrogen peroxide/ultraviolet and calcination treatment was demonstrated as ade-
quate strategies to TiO2 regeneration (Miranda-García et al. 2014).

Powdered activated carbon (powdered activated carbon) can increase the
photocatalytic activity of TiO2 due to a synergistic effect between powdered acti-
vated carbon/TiO2 interfaces. Rioja et al. (2014) studied the performance of mixed
powdered activated carbon and TiO2 for carbamazepine, ibuprofen, and diclofenac
degradation. A mechanical mixture (i.e., powdered activated carbon/
TiO2 + deionized water) and a chemical mixture (i.e., powdered activated carbon/
TiO2 + acidic alcoholic solution) at 400 �C and 500 �C calcination temperatures
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were evaluated, respectively. The chemical mixture at 400 �C exhibited the best
performance both in the absorption step and in photodegradation phase. Carbajo
et al. (2016) synthesized a TiO2 catalyst by the hydrolysis of titanium
(IV) isopropoxide in ethanol and evaluated its performance on the ibuprofen and
carbamazepine photodegradation in natural waters using a solar compound parabolic
collector pilot plant. The constant rate kinetics were 0.089, 0.043 min�1 and 0.081,
0.040 min�1 for carbamazepine and ibuprofen at P25 and synthesized TiO2,
respectively.

Homogeneous Oxidation Processes

Ozonation has been one of the most broadly investigated advanced oxidation
processes methodology for pharmaceutical degradation. This technique is applied
in several polluted matrices, as a clarifying and disinfecting agent. Ozonation is
appropriate for the treatment of different kinds of wastewater matrices containing
low concentrations of recalcitrant and toxic contaminants. Heberer (2007) studied
the effectiveness of different treatment steps to remove diclofenac, carbamazepine,
and lipid regulators in waterworks. The authors observed that using at low ozone
dose (0.5 mg L�1) removed 97% of diclofenac and carbamazepine. According to
Gagnon et al. (2008), the irradiation used for wastewater disinfection does not
necessarily promote the cleavage of the molecules (photolysis) of pharmaceuticals
compounds presents in wastewater. Thus, they studied the capacity of each disin-
fection mode in the degradation of selected pharmaceuticals residues. Most of the
pharmaceutical compounds were eliminated below 10% under ultraviolet photolysis,
while high rate percentage removal (> 50%) was achieved at ozone dose of
10 mg L�1. Applying the same approach, Coelho et al. (2010) evaluated the
biodegradability and toxicity of ibuprofen and diclofenac by ozonation. They
found a low optimal ozone dose (0.20 g L�1) for total diclofenac removal, while
the toxicity did not change in the ozonation treatment. On the other hand, ibuprofen
required a more ozonation dose (2.3 g L�1) than diclofenac to reach satisfactory
mineralization and toxicity, determined by the Vibrio fischeri test, decreased with
increasing ozone doses. Zimmermann et al. (2011) studied the degradation of
22 pharmaceuticals and personal care products at seven ozone doses (0.21 to
1.24 g Ozone g�1), including carbamazepine, ibuprofen, and diclofenac. Oxidation
transformation products formation, assimilable organic carbon, and disinfection by
Escherichia coli were also evaluated. Rodríguez et al. (2012) used a continuous flow
ozonation reactor equipped with a bubble column to find the optimal operational
conditions wastewater treatment plant effluents spiked with 12 pharmaceuticals and
personal care products, including ibuprofen, carbamazepine, and diclofenac. They
found that energy for satisfactory ozonation was in the 0.03–0.26 kWh/m3 range,
with ozone efficiencies ranging from 90 to 100% and pollutant removal around
67–98%. The ozonation process presented high rate of constants reactivity
(kOzone > 105 M�1 s�1) for diclofenac and carbamazepine. Both compounds have
nonaromatic double bonds and deprotonated secondary aromatic amines,
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respectively, that allow the ozonation reaction (Heberer 2007). Moreover, the ozone
preferably attack the benzene ring double bonds, leading to the formation of
phenolic compounds that react quickly with ozone or ring cleavage with the forma-
tion of carbonyl compounds (Huber et al. 2005). Consequently, hydroxylamines and
amine oxides can be formed. From a toxicological point of view, hydroxylamine
formation from sulfonamides may cause hypersensitivity reactions (Huber et al.
2005).

Other investigations regarding the detection of low concentrations of pharma-
ceuticals and personal care products have focused on improving the use of surrogate
parameters to development of advanced chromatographic techniques, thus to predict
the behavior of pharmaceuticals and personal care products during the processes.
Nanaboina and Korshin (2010) applied ozonation and explore transformations of
effluent organic matter to provide the behavior of representative pharmaceutical
compounds. Gerrity et al. (2012) developed empirical correlations for differential
ultraviolet at 254 nm absorbance and total fluorescence for predict the oxidation of
18 organic contaminants, including ibuprofen, diclofenac, and carbamazepine in an
ozone-based treatment. The authors concluded that ultraviolet254 and total fluores-
cence could be used as surrogates for elimination of compounds, since these
methods require a simple equipment, timework, and cost-effective. Moreover, auto-
mated online analyses are available for ultraviolet254, and total fluorescence can
allow for full-scale implementation. In this context, Altmann et al. (2014) investi-
gated correlations between organic pharmaceuticals and personal care products
removals with ultraviolet254 reduction and dissolved organic carbon influence
through powered activated carbon and transformation oxidant products generated
during ozonation in wastewatereffluents. Carbamazepine and diclofenac concentra-
tions were decreased almost 90% at 20 mg L�1 of powdered activated carbon and
5–7 mg/L of ozone dose. Also, ultraviolet254 an analysis demonstrated to be suitable
to follow target compound removal by both processes.

Appropriate combinations of advanced oxidation processes have improved the
efficiency of the treatment of pharmaceuticals and personal care products. For
example, ozone oxidation can be combined with another oxidant agent and acceptors
electrons, as hydrogen peroxide (ozone/hydrogen peroxide), such as in the study
carried out by Rosal et al. (2008), who promoted the degradation of 33 pharmaceu-
ticals and personal care products, mainly pharmaceuticals compounds commonly
found in wastewatereffluents. The results demonstrated that ozonation achieved only
moderate mineralization, whereas the addition of hydrogen peroxide led to complete
mineralization. Hydrogen peroxide combined with ultraviolet is a tool to completely
remove pharmaceutical compounds, but the removal efficiency of this process is
uncertain and depends on the water matrix, ultraviolet process conditions, and
specific target organic compounds (Sichel et al. 2011). Regarding this approach,
Lekkerkerker-Teunissen et al. (2012) assessed the degradation carbamazepine and
diclofenac during ultraviolet photolysis and ultraviolet/hydrogen peroxide treat-
ments applying two different irradiation ultraviolet lamps such as low-pressure
lamps and medium pressure. Contrary to the photocatalysis processes (TiO2/ultra-
violet), the diclofenac ultraviolet/hydrogen peroxide degradation pathway occurs

336 E. M. Saggioro



first by dechlorination, forming chlorocarbazole acetic acid. After this, the combi-
nation of hydroxylation and decarboxylation reactions is observed in the diclofenac
structure (Fig. 10.9) (Lekkerkerker-Teunissen et al. 2012). Carbamazepine degrada-
tion via ultraviolet/hydrogen peroxide was poor, and the appearance of carbamaze-
pine transformation products mainly 10,11-epoxycarbamazepine was influenced by
the ultraviolet treatment rather than hydrogen peroxide dose (Lekkerkerker-
Teunissen et al. 2012).

Low-pressure lamps have ultraviolet emission at 254 nm, whereas medium-
pressure lamps have a spectrum 200–800 nm of irradiation with excellent potential
to directly photodegrade pharmaceuticals and personal care products. Justo et al.
(2013) used low-pressure lamps mercury vapor lamps to mitigate reverse osmosis
concentrates (i.e., 11 pharmaceutical compounds) by ultraviolet/hydrogen peroxide
and ozonation. On the other hand, Shu et al. (2013) applied medium-pressure lamps
to photodegrade emerging pharmaceuticals and personal care products using ultra-
violet/hydrogen peroxide. Moreover, both types of lamps were employed by Wols
et al. (2013) to degrade 40 selected pharmaceuticals spiked in three different water
matrices using ultraviolet/hydrogen peroxide. A polychromatic medium-pressure
lamps showed better degradation performance than a low-pressure lamps, due to a
wider range of wavelengths, increasing the probability of reactions between photons
and the pollutants. Hydrogen peroxide/ultraviolet degradation using surface waters
led to a 75% reduction of most pharmaceuticals compounds at ultraviolet doses of
500 and 1000 mJ/cm2 for medium-pressure and low-pressure lamps, respectively
(Wols et al. 2013).

Currently, several chemical oxidation processes are now being applied to water
treatments to improve the sanitation technologies municipal wastewater treatment
plant to protect the aquatic environment from pharmaceuticals and personal care
products. In this context, Lee and von Gunten (2010) compared selective oxidants,
such as ClO2, FeO4

�2 (ferrate (VI)), chlorine, and ozone, to ultraviolet/hydrogen
peroxide as non-selective oxidants for the degradation of pharmaceutical com-
pounds, endocrine-disrupting compounds, antibiotic, and anti-hypertensive
micropollutants. The authors observed that the specific oxidants reacted with certain
electron-rich organic groups such as anilines, phenols, and amines and that the
effluent organic matter is main wastewater component that contains electron-rich
organic moieties which may consume the oxidants.

The most important source of pharmaceuticals and personal care products into the
environment is municipal wastewater treatment plants, where conventional treat-
ment plants are still majorly inefficient in removing pharmaceuticals and personal
care products (Michael et al. 2013). Among the advanced oxidation processes
technologies able to reduce emergent contaminants in water, the Photo-Fenton
processes is particularly attractive, due to its efficient use of sunlight with wave-
lengths below 580 nm (Malato et al. 2009). Li et al. (2012) examined the Fenton
oxidation process regarding pharmaceutical compounds present in wastewater. The
transformation of effluent organic matter was used to quantify the Fenton oxidation
reaction. Ibuprofen, carbamazepine, and diclofenac were fully removed by this
process using a 2.5 hydrogen peroxide/Fe (II) molar ratio. However, the major

10 Pharmaceutical and Personal Care Products in the Aquatic Environment and. . . 337



drawback of the Fenton process is about the need for low pH (around 3) and the
formation of iron precipitates at higher pH. In this context, De la Cruz et al. (2012)
evaluated the removal of 32 micropollutants by the Photo-Fenton process using
ultraviolet254 at near neutral pH. The authors observed that wastewater from waste-
water treatment plant contain low amounts of iron, sufficient to perform the Photo-
Fenton process. In another study, De la Cruz et al. (2013) applied neutral Photo-
Fenton process for removal of 22 micropollutants on a pilot scale. The results
indicated that the maximum hydrogen peroxide dose was of 50 mg L�1 and that
the excess iron in the reactor did not improve the process. Klamerth et al. (2011)
focused on a modified solar Photo-Fenton, using 5 mg L�1 of iron, at initial pH of
7 and 50 mg L�1 of hydrogen peroxide for the degradation of 15 micropollutants
spiked in wastewatereffluents using a solar compound parabolic collector pilot plant.
Additionally, the authors also tested the influence of oxalic acid, humic acid, and the
mixing of influents and effluents. The results indicated that oxalate and humic acid
(10 mg L�1) enhanced the process, whereas the wastewater treatment plant spiked
with a mixture of emergent contaminants was unsuccessful. In another study,
Klamerth et al. (2013) compared the conventional and modified Photo-Fenton
processes at neutral pH with low iron concentration for the degradation of pharma-
ceuticals and personal care products in wastewater treatment plant effluents using a
solar compound parabolic collector pilot plant. In summary, several mechanism
involved in Photo-Fenton pharmaceuticals and personal care products degradation
can occur, namely, (i) direct photolysis; (ii) excited dissolved organic matter reacting
with pollutant or oxygen to form a singlet molecular oxygen (1O2); (iii) direct
cleavage of hydrogen peroxide (ultraviolet 254 nm) to produce ●OH; (iv) traditional
Fenton reaction in the dark, promoting hydroxyl formation; (v) formed organic
radicals can react to oxygen, forming the superoxide and hydroperoxide radicals;
and (vi) production of hydrogen peroxide through the reaction of superoxide/hydro-
peroxide radicals with subsequent ●OH formation (De la Cruz et al. 2012, 2013).
The schematic mechanism is displayed in Fig. 10.10.

Another possibility regarding the drawback of low pH is the development the
Fenton-like reactions using others metals that show effectiveness for pharmaceuti-
cals and personal care products degradation. Copper, via Fenton-like reactions, for
example, shows higher activity in alkaline conversion of hydrogen peroxide into
reactive oxidants species. In this regard, Lee et al. (2014) evaluated the operating
parameters such as pH, amount of copper, and adding radical scavengers that affect
carbamazepine and diclofenac degradation employing the combination of Cu(II)/
hydrogen peroxide in the dark and under ultraviolet radiation. The results indicated
that pH 8 was more efficient for compound degradation, since the Cu(II) reduction
rate increased with accelerated hydrogen peroxide decomposition and promoted the
formation of oxidant radicals than ●OH.

As an alternative to conventional oxidant agents, Fenton reactions can be
performed by the decomposition of the sulfate radical (SO4

•-), which has a strong
redox potential (2.5–3.1 V). Using this approach, Ahmed et al. (2014) compared the
photo-Fenton mediated peroxymonosulfate as an oxidant for six contaminants
including carbamazepine and diclofenac. Except for carbamazepine, kapp values
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were tenfold higher in the peroxymonosulfate/Fe(II)/ultraviolet process compared to
the TiO2/ultraviolet system, since carbamazepine reacted C-C double bond by
electron transfer.

Recently, Yao et al. (2016) developed an advanced oxidation processes system
based on the electro-peroxone process, which electrochemically produces in situ
hydrogen peroxide from O2 and compared its effectiveness to conventional ozona-
tion. Several pharmaceutical compounds were tested in four different secondary
effluents. Both processes quickly removed the pharmaceuticals compounds, such as
diclofenac, while E-peroxone was more efficient for ozone-refractory pharmaceuti-
cals like ibuprofen, becomes the processes more environment friendly with reduced
reaction time and electrical energy consumption to eliminate all pharmaceuticals
compounds from effluents.

Coupling with Other Treatment Processes

Urbanized countries produce significant amounts of wastewatereffluents containing
a high organic composition and persistent pollutants. Wastewater treatment is
centralized in municipal wastewater treatment plant but have as the main concern
the decrease of C, N, and P loads present in the influents. Several pharmaceutical
compounds, such as ibuprofen or paracetamol, can be degraded during the activated
sludge process (Joss et al. 2006). On the other hand, many polar compounds, such as
antimicrobials and diclofenac, are only partly degraded while the antiepileptic drug
carbamazepine is practically not degraded at all by biological treatment (Ternes et al.
2004). Firstly, advanced oxidation processes can be applied as pretreatment before
discharge of the effluents into public sewers, since the raw effluent contains high
chemical oxygen demand and total suspended solids. In this sense, an extensive
study was performed by Nakada et al. (2007), where the removal rates of

Fig. 10.10 Mechanism reactions of Photo-Fenton pharmaceutical compounds degradation. IBP,
ibuprofen; DCF, diclofenac; CBZ, carbamazepine. (Modified from De la Cruz et al. 2012, 2013)
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24 pharmaceutical compounds were studied during sand filtration, as pretreatment,
and ozonation, as post-treatment, in an operating municipal biological plant. Ozon-
ation removed 80% or more of the pharmaceutical compounds, although due to low
hydrophobicities the sand filtration was inefficient. Ozonation has been shown a
selective to degradation, where the compounds that have amide structures were
resident, while electron donors group as C¼C or an aromatic presents in the
molecule of compounds were susceptible to ozonation.

Badawy et al. (2009) investigated the efficiency of the Fenton as a pretreatment
step for the removal pharmaceuticals and personal care products from industrial
pharmaceuticalwastewaters before discharge into the biological system. The opti-
mization conditions of the Fenton process was determined by chemical oxygen
demand/hydrogen peroxide 1:2.2, Fe+2/hydrogen peroxide 1:50, 1.5 h of reaction
time and pH 3, and the chemical oxygen demand reduction ranged from 67 to 87%.
The Fenton process as pretreatment thus allowed for subsequent biological degra-
dation to be achieved in a shorter detention time.

Nevertheless, the most common application of advanced oxidation processes is
following secondary biological treatment. Hollender et al. (2009) evaluated the
ozonation as a treatment step degradation of 220 micropollutants from a municipal
wastewater treatment plant and found the formation of toxic transformation products
such as nitrosamines and bromate. The authors determined that ibuprofen was easily
biodegradable to yields higher than 85%, whereas diclofenac was shown to be
moderately persistent and carbamazepine was found to be almost completely per-
sistent during activated sludge treatment. A medium level ozone dose contributed in
reaching yields higher than 80% for diclofenac and carbamazepine elimination.
Using the same approach, José et al. (2010) applied a biological membrane treatment
before oxidation by ozonation. However, the application of the membrane bioreactor
treatment was shown to be inefficient. Nevertheless, applications using different
combinations of the ozonation process after membrane bioreactor treatment removed
all target compounds present, with only the carbamazepine products remaining. The
design criteria for wastewater treatment plant present a significant impact on phar-
maceuticals and personal care products removal. In this sense, Nguyen et al. (2013)
studied the removal of pharmaceuticals and personal care products by a hybrid
membrane bioreactor treatment process under ultraviolet photolysis or applying
reverse osmosis membrane and nanofiltration. The membrane bioreactor treatment
alone removed only ibuprofen, whereas hybrid membrane bioreactor treatments
were able to remove both carbamazepine and diclofenac. However, carbamazepine
was persistent, since membrane bioreactor and ultraviolet treatment accounted for
only 30% removal for each process. Schaar et al. (2010) described the removal of
pharmaceuticals and personal care products during high (carbon removal)- and low
(nutrient removal)-loaded conditions with subsequent treatment by an ozonation
step. Ibuprofen showed better removal under low loaded conditions, whereas carba-
mazepine and diclofenac were not degraded during activated sludge treatment,
requiring a subsequent ozonation step. Ozonation is an advanced oxidation pro-
cesses technique largely applied after secondary biological treatment. In this context,
Rosal et al. (2010) monitored the occurrence and fate of 84 micropollutants
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belonging to different classes before and after biological treatment with nutrient
removal. Subsequently, the impact of ozone exposure on micropollutants found in
the secondary effluent coupled to the process was investigated. The results revealed
indicated that the efficiency of organic compound removal in the sewage treatment
plant was strongly dependent on their hydrophobicity. As expected, ibuprofen was
95% removed, whereas ibuprofen and carbamazepine required the ozonation treat-
ment, where 120 s of ozonation removed both compounds at ozone doses <50
and < 90 mM, respectively.

The Spanish group Plataforma Solar de Almería has exhaustively researched
advanced oxidation processes, mainly regarding oxidation processes coupled with
other treatments. In this approach, Miralles-Cuevas et al. (2013) investigated if
nanofiltration and solar photo-Fenton combination are more effectiveness than
photo-Fenton alone to improvement the conventional biological treatment for car-
bamazepine, flumequine, ibuprofen, ofloxacin, and sulfamethoxazole compounds,
as a tertiary treatment. In a subsequent study, Miralles-Cuevas et al. (2014c) used the
same model contaminants to assess whether nanofiltration and mild solar photo-
Fenton combination process was more effective than nanofiltration or solar Photo-
Fenton alone. Moreover, Miralles-Cuevas et al. (2014a) compared traditional
advanced oxidation processes, solar photo-Fenton, and ozonation with photo-
Fenton-like process employing ethylenediamine-N,N0-disuccinic acid as
complexing agent, as tertiary treatments from nanofiltration concentrates to remove
the same pharmaceutical compounds from natural waters. In another study, the same
author (Miralles-Cuevas et al. 2014b) investigated the treatment of a municipal
wastewater treatment plant before and after nanofiltration concentration by the
solar mild (neutral pH) photo-Fenton with ethylenediamine-N,N0-disuccinic acid
and citrate-like as complexing agents. The main conclusions of these studies were
that concentration of pharmaceuticals by nanofiltration produced a clean effluent and
resulted in a concentrated stream for subsequent neutral solar photo-Fenton appli-
cations. Consequently, combining nanofiltration/advanced oxidation processes
reduced treatment time, costs and reagent consumption. Nevertheless, the best
option for complexing Fe was the use of ethylenediamine-N,N0-disuccinic acid
than citrate (Miralles-Cuevas et al. 2014b).

A study carried out by Giannakis et al. (2015), evaluated three different secondary
treatment methods, such as moving bed bioreactor, active sludge, and coagulation-
flocculation, coupled to ultraviolet, sunlight irradiation, ultraviolet/hydrogen perox-
ide, fenton, and solar Photo-Fenton for the degradation of six pharmaceuticals and
personal care products. Among the evaluated secondary treatments, the moving bed
bioreactor effluent presents advantages for subsequent advanced oxidation processes
treatment. The pH and suspended solids content were slightly lower than the active
sludge and coagulation-flocculation effluents. Physical-chemistry parameters in the
wastewater can influence the degradation efficiency. For example, alkalinity can act
as scavenger for ●OH avoiding the degradation, due the carbonate presence. A girth
amount of suspended solids can be a physical barrier between the organic com-
pounds and the photons (Giannakis et al. 2015). Using the same approach, Gimeno
et al. (2016) carried out aerobic biodegradation followed by TiO2 solar
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photocatalysis, solar photo-Fenton and ozonation in the degradation of carbamaze-
pine and diclofenac that were persistent to biological oxidation treatment. Toxicity
assessment indicated no inhibition in Daphnia magna immobilization tests. The
results revealed that the combination of ozonation with a photocatalytic processes
demonstrated higher degradation rates than simple photocatalytic oxidation (i.e.,
TiO2/ultraviolet or solar photo Fenton alone).

10.4 Conclusions

Pharmaceuticals and personal care products are recognized as contaminants of
emergent concern due to their long-term toxicological effects and possibility to
incorporate to a food level chain. The development and improvement of oxidation
technologies for removal of these contaminants from municipal wastewater is
necessary and a challenging wastewater treatment plant are unsuccessful to remove
of pharmaceuticals and personal care products, which then act as a point source of
environmental contamination. Advanced oxidation processes are a hot spot system
that can remove these compounds without adding complex chemicals. Thus, this
review allowed for the following inferences:

• Combined ozonation techniques are the most studied processes for treatment of
wastewater contaminated by pharmaceuticals and personal care products.

• TiO2 immobilization techniques provide a cost-effective solid-liquid separation
for heterogeneous photocatalysis. The catalyst separation step is a lost time period
that increases treatment costs.

• Advanced oxidation processes research should consider real environmental con-
ditions about residual concentrations from ng/L to μg/L, as mixtures of com-
pounds in different environmental compartments. In addition, the wastewater
matrix is a point that should be taken into account. Thus, advanced oxidation
processes should be more explored on real tertiary wastewater treatment plants
and pilot plant systems.

• Coupling advanced oxidation techniques with biological and physical-chemical
systems offers the potential to reduce environmental effects of pharmaceuticals
and personal care products. Moreover, effective photoreactor system designs
(parabolic solar collector) at industrial scales can be feasible for the economy
and the environment, due to higher utilization of solar energy.

• Ecotoxicological assessments during advanced oxidation processes are another
hot spot for pharmaceuticals and personal care products treatment. The effects on
organisms before, during and after the processes treatment are excellent tools to
assess process efficiencies and can determine possible effects of byproduct
oxidation on human and environmenthealth. Therefore, chronic and early effects
on organisms would be important to assess the several effects between mixtures
of compounds in real water matrices even low concentration.
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• Recently, chlorination/ultraviolet systems have been satisfactory applied as
advanced oxidation processes for pharmaceuticals and personal care products
oxidation, whereas the disinfection byproduct formation should be evaluated
during the process.
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Abstract Oily wastewater is generally generated from the industries that are pri-
marily engaged in the refining of crude oil, processing of food, transportation, and
extraction. The hazardous nature of the oily wastewater poses serious threats to the
environment and human health if it is disposed to the environment without proper
treatment. Most of the countries around the world have their distinguished waste-
water discharge standards. Therefore, efficient oily wastewater treatment is utterly
important to improve the quality of the wastewater according to the wastewater
discharge standards before releasing it into the water streams.

In this chapter, we review the conventional and advanced technologies for the
treatment of oily wastewater. The major points are the following: (1) There are
several conventional oily wastewater treatments, such as flotation, coagulation, and
biological treatments. Among these three methods, biological treatment is the least
popular method for the oily wastewater treatment due to high difficulty in handling
the diverse microbe behaviors under different environmental conditions. (2) Mem-
brane technologies, such as microfiltration, ultrafiltration, nanofiltration, and reverse
osmosis, are gaining significant attention due to high emulsion separation efficiency
with the minimum use of chemicals, as well as the easy and low-cost operation.
However, nanofiltration and reverse osmosis are not well received due to relatively
low flux and high energy consumption. (3) Electrochemical treatment is arguably the
most effective technique for oily wastewater treatment due to the energy saving
process, robust performance, versatility, and simple process control kinetics. This
treatment can achieve excellent removal of oil and grease, chemical oxygen demand,
and turbidity of more than 90%. (4) The integration of various technologies has
become an interest of studies for the improvement of oily wastewater treatment.
These hybrid technologies have shown enhanced treatment performances than the
treatment with a single technology.

Keywords Oily wastewater · Conventional wastewater treatment · Membrane
filtration · Electrochemical treatment · Hybrid technology

11.1 Introduction

Oil and grease have become an ever-growing environmental concern. It creates
significant coercions to the environment and human being due to the hazardous
nature of these contaminants (Karhu et al. 2013). Oil and grease are important in
most industries as they are made up of triglycerides with straight-chain fatty acids
attached to the main group (Wakelin and Forster 1997). The glycerides which exist
as a liquid at room temperature are known as oils, whereas those that exist as solids
are called fats (Sawyer et al. 2003). Generally, these common fatty acids are made up
of 12–22 carbon atoms. According to Sawyer et al. (2003), the principal acid
composing glycerides are listed in Table 11.1. They are nonpolar and hydrophobic
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in nature which can be extracted by certain solvents (Gunstone 2004). On the other
hand, oils can be defined as the mixture of high molecular weight naphthene,
aromatic hydrocarbon, asphaltene, or paraffins (Alade et al. 2011). There are five
categories of oils as tabulated in Table 11.2.

Oily wastewater is a waste emulsion in which the oil droplets disperse uniformly
in an aqueous phase. There are four classifications of the oil–water mixture as
illustrated in Fig. 11.1. Oil–water mixture with droplet diameters >150 μm is
classified as free oil. This type of oil appears on the water surface rapidly due to
the larger droplet size. The free oil can be removed using the American Petroleum

Table 11.1 List of fatty acids and oils

Name Formula Melting point (�C) Source

Arachidic C20H40O2 76.5 Peanut oil

Behenic C22H44O2 81.5 Ben oil

Butyric C3H7COOH �5.7 Butter

Caproic C5H11COOH �3 Butter, coconut oil

Caprylic C7H15COOH 16.3 Palm oil, butter

Erucic C22H42O2 34.7 Rape oil, mustard oil

Lauric C11H23COOH 43.2 Coconut oil, spermaceti

Linoleic C18H32O2 �12 Cottonseed oil

Linolenic C18H30O2 �11 Linseed oil

Myristic C13H27COOH 53.9 Nutmeg, coconut oil

Oleic C18H34O2 13.4 Animal & vegetable fats, oils

Palmitic C15H31COOH 63.1 Palm oil, animal fats

Stearic C17H35COOH 69.6 Animal & vegetable fats, oils

From Sawyer et al. (2003)

Table 11.2 Types of oils according to Alther (2002)

Category Description

Animal oil Fixed oil or fatty acids which exist as solid at room temperature

Essential oil Derived from parts of plant and it is volatile and complex

Mineral oil Flammable, viscous, and insoluble in water but soluble in alcohol

Petroleum
products

Consist of solid, liquid, and gaseous components in which their viscosity
depends on the mixture composition

Vegetable oil Extracted from several parts of plant, specifically kernels.

Fig. 11.1 Classification of oil droplets according to sizes. Free oil has the largest droplet size of
>150 μm, followed by the dispersed oil with the droplet size ranging from 20–150 μm. Emulsified
oil exhibits the droplet size of 5–20 μm, whereas the soluble oil has the smallest droplet size of
<5 μm
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Institute separator. The American Petroleum Institute separator is a gravity separa-
tion device specifically designed using Stokes’ Law principle. This device works
based on the specific gravity difference between the oil and wastewater. The design
of the American Petroleum Institute separator follows exactly the standards
published by American Petroleum Institute. Dispersed oil has oil droplet sizes
ranging between 20 and 150 μm. Under this category, the oils are stable in terms
of electrostatic without any influence of emulsifying agents. These oils can be
removed using the flotation method. Emulsified oil mixture has the oil droplet
sizes smaller than 20 μm. This oil mixture is chemically stable in the presence of
the emulsifying agent. Besides, an oil–water mixture with the droplet sizes smaller
than 5 μm is categorized as a soluble oil mixture. The soluble oil mixtures are
commonly referred as the light end of the spectrum of compounds, such as xylene
and toluene (Mohammed and Al-Gurany 2010). Due to the tiny size, the soluble oil
can be effectively removed by carbon membrane filtration or adsorption.

The presence of oily wastewater can be sketched back to the municipal and
industrial sources. This contaminated water is produced from a broad array of
industries, such as oil processing, mechanical, textile, maritime transport, petro-
chemical and metallurgic industries (Ibrahim et al. 2009). On top of that, municipal
sources such as oil-used food preparation, disposal of oil-contaminated garbage and
oil-contaminated cleaning also contribute to the generation of the oily wastewater
(Chen et al. 2000). The common constituents of the oily wastewater are lubricants,
cutting fluids, light hydrocarbon such as kerosene and gasoline, heavy hydrocarbon,
crude oil, as well as grease. The concentration of the contaminants and oil droplet
size are generally affected by the agitation of the wastewater. Table 11.3 shows the
range of oil and grease wastewater concentration released to the water bodies from
various sources. The major source of the oil and grease released from the metallurgic
industry comes from the metal working operation as oils are commonly used as
coolant liquid to cool down the equipment and machineries, as well as for lubricating
purposes and dissipate heats during metal strip rolling (Zhu et al. 1997). Oil and
grease concentration from vegetable oil processing was reported up to 10,000 mg/L,
and most of these effluents came from the cleaning, screening, and crushing of raw
materials during extraction (Chen et al. 2000). Pet food manufacturing is also among
the industries that release a high concentration of oil and grease with very high
chemical oxygen demand (Jeganathan et al. 2006).

Table 11.3 General oil and grease concentration existing in water bodies

Source of wastewater Oil and grease concentration (mg/L) References

Poultry slaughterhouse 1500–1800 Kobya et al. (2006)

Palm oil mill 4000–6000 Ahmad et al. (2005)

Food processing industry 3000 Sugimori (2009)

Pet food industry 51,000–114,000 Jeganathan et al. (2006)

Vegetable oil processing 5000–10,000 Chen et al. (2000)

Metallurgic industry 1080–3271 Zhu et al. (1997)
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World water bodies are increasingly polluted by oily water from year to year. The
acute toxic effects of oily water pollution can be irreversible for the aquatic living
organisms. The consequences of these effects can be transmitted to human beings
directly or indirectly as they have direct involvement in the food chain of the
ecosystem (Tansel and Pascual 2011). Although the compositions of the oily
wastewater vary in terms of types and amounts of hazardous components, the
presence of emulsified oil and grease is often recalcitrant and complicated to be
treated. The impacts of the oily wastewater to the environment in several aspects are
described in Table 11.4. Oil and grease in water bodies specifically on the water
surface result in oil layer formation, which consequently leads to serious pollution
issues, such as the reduction of light penetration and photosynthesis. Furthermore,
the oil layer also inhibits the transfer of oxygen from the atmosphere to the water
medium, which then decreases the amount of dissolved oxygen at the bottom of the
water. As a result, it afflicts the survival rate and mortality of the aquatic life in water.
Stams and Oude (1997) reported that the presence of oil and grease would increase
the maintenance cost due to the physical blockage. Since oil is highly flammable,
there will be a potential explosion hazard during the treatment process (El-Bestawy
2005). Excessive grease in the wastewater stream can also cause difficulties in the
sludge pressing because of the “blinding effect” on the filter cloths (Stams and Oude
1997). Furthermore, oil and grease affect the aerobic biological wastewater treatment
processes by reducing the oxygen transfer rates. Similarly, oil and grease reduce the
efficacy of anaerobic treatment processes by reducing the transport of the soluble
substrates to the bacterial biomass (Rinzema et al. 1994). Likewise, oil and grease
can be a source of objectionable taste and odors, turbidity, and film, which makes
filtration treatment difficult, especially at municipal water treatment plants.

Table 11.4 General characteristics of oily wastewater. (Adapted from Greenberg et al. 2005)

Parameters Description

Temperature A crucial parameter that affects the chemical reaction rates of the
treatment

Solid compound Solid particles are of various forms and are classified based on the size,
chemical properties, and distribution in the wastewater

Biochemical oxygen
demand

The amount of oxygen required for the aerobic biological organisms to
decompose the organic materials

Chemical oxygen
demand

Chemical decay of the dissolved or suspended organic and inorganic
pollutants in the water

Turbidity Water clarity level that affects the optical property of the water. The
turbidity is influenced by the availability of the suspended and colloidal
substances.

Oil and grease
content

Amount of fats, oils, and greases in the water that interferes in aerobic
and anaerobic activities, as well as decreases the wastewater treatment
effectiveness

Total organic carbon Compounds containing carbon atoms that involve in dissolving organic
pollutants such as hydrocarbons

Metal compounds Heavy metal compounds, such as cadmium, ferric, and lead which are
hazardous to the ecosystem
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Most of the countries around the world have their own environmental standards.
The standard of effluents discharge can be defined as the concentration limits of the
specific contaminant that is permissible to be directly discharged into the water
stream. With this standard, enforcement control is much easier to be conducted and
early prevention of water pollution can be achieved. The permissible oil and grease
discharge concentration varies in different countries. For instance, in Unites States of
America, the maximum limits of oil and grease discharge are 42 mg/L day and
29 mg/L month (Fakhru’l-Razi et al. 2009), whereby the Malaysian Department of
Environment sets the maximum limit of oil and grease discharge at 1 mg/L for
standard A (the effluent discharger at the upstream of water supply intake) and
10 mg/L for standard B (the effluent discharged at the downstream of water supply
intake) (Environmental Quality Act and Regulations Handbook 2009). The standard
limits may also vary based on the types of industry. For example, Indonesia has set
its discharge standards based on the type of industry, in which the limits are 5 mg/L,
25 mg/L, and 30 mg/L for leather tanning and textiles, oil refining and urea fertilizer,
and palm oil industries, respectively. On the other hand, Singapore has set the
standard limits based on water use in which the limits vary from 5 to 30 mg/L
(Tong et al. 1999).

11.2 Conventional Oily Wastewater Treatment Methods

11.2.1 Flotation Treatment

Flotation treatment is a process of removing the suspended oil particles from the
wastewater by bringing the oil particles to the surface of the aqueous medium. The
froth layer containing the oil particles forms on the surface of the aqueous medium
which will then be skimmed and separated from the aqueous medium. The use of
flotation in oily wastewater treatment have been attracting much attention owing to
the high separation efficiency, availability of the flotation equipment with large
processing capacity, and low sludge generation (Rubio et al. 2002; Yu et al.
2017). In addition, the flotation treatment also requires low capital investment and
operational costs (Li et al. 2007).

Dissolved Air Flotation

Dissolved air flotation is the most commonly used flotation technique for the
industrial oily wastewater treatment (Yu et al. 2017; Zouboulis and Avranas
2000). In this technique, the tiny air bubbles are injected into the wastewater
containing oil particles in which the air bubbles attach to the oil droplets. The
adhesion of air bubbles increases the buoyancy of the oil particles, and consequently
leads to the rapid movement of the oil particles to the surface of the aqueous
wastewater. Dissolved air flotation is effective in removing oil droplets with the
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size greater than 40 μm (Zouboulis and Avranas 2000). There are three basic
configurations for the dissolved air flotation process, namely (Shammas and Wang
2016):

(a) Full flow pressurization system, where the entire wastewater feed stream is
pressurized before introducing to the flotation tank. This system is commonly
used for the feed streams with a high suspended solid concentration of >800 mg/
L and those require large volumes of air bubbles.

(b) Partial flow pressurization system, where only about 30–50% of the wastewater
feed stream is pressurized and directly introduced to the flotation tank. This
system is suitable to be employed in the applications with low suspended solid
concentrations that have low air requirement.

(c) Recycle flow pressurization system, where 15–50% of the treated wastewater is
pressurized, recycled and mixed with the raw wastewater feed. This system is
more frequently used compared to the other two configurations in the oil
treatment applications where coagulation and flocculation are necessary ahead
of the flotation process (Al-Shamrani et al. 2002; Zouboulis and Avranas 2000).

The efficiency of the dissolved air flotation is closely related to the capturing of
particles by the rising bubbles. Hence, it is known that the production of air bubbles
with small sizes is particularly important for the dissolved air flotation process.
Microbubbles, which are generally defined as the bubbles with the diameter of less
than 50 μm, has attracted considerable interest as they have lower rising velocity
which provides a longer residence time in the flotation tank, and large interfacial area
(Zheng et al. 2015; Agarwal et al. 2011). These characteristics allow greater chances
for the bubble-particle collisions and consequently leads to high particle capturing
efficiency. The bubble size can be affected by the saturator pressure. For instance,
Shannon and Buisson (1980) reported an average bubble size of 66 μm at the
pressure of 210 kPa, whereas it was 42 μm at 350 kPa.

Air/solid ratio is another important parameter to be considered in the design and
operation of the flotation system. In the oily wastewater treatment system, the
air/solid ratio is defined as the mass of air precipitated per unit mass of wastewater
solids (oil particles in this case). The air/solid ratio governs the rising rate of the
bubble-particle agglomerates in the dissolved air flotation system (Bratby and
Marais 1975; Wang et al. 2010). The efficiency of the oil removal of the air flotation
system would be afflicted if the air employed is less than the optimum amount. On
the other hand, power would be wasted if too much is employed. Hence, the
optimization of the air/solid ratio is utterly important in designing the dissolved air
flotation system.

The recycle ratio has significant influence over the air/solid ratio (Bratby and
Marais 1975; Wang et al. 2010). The mixing of the pressurized recycle flow with the
wastewater feed changes the concentration of the supplied air bubbles and affects the
bubble-particle collisions (Al-Shamrani et al. 2002). This consequently affects the
removal of the bubble-particle agglomerates. In addition, some other design vari-
ables such as rising velocity of the particle, hydraulic design of the flotation
chamber, type, and concentration of the dissolved materials, suspended matter and
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oils, surface properties of the suspended matter, degree of bubble dispersion, type of
chemicals added, temperature, and pH should also be considered when designing a
flotation system for effective oily wastewater treatment (Bennett and Peters 1988;
Edzwald et al. 1992).

Dissolved air flotation have shown its outstanding efficiency in oily wastewater
treatment with the oil removal performance of up to 95% (Rattanapan et al. 2011; da
Rocha e Silva et al. 2015). Several patents on the dissolved air flotation systems for
oily wastewater treatment have been filed since the last decade. The improvement
trends of the dissolved air flotation systems are towards three main areas, namely
(a) the reduction of the treated fluid aeration time, (b) the improvement of the
uniformity of the released gas stage distribution, and (c) the integration of the
dissolved air flotation with other purification processes (Eskin et al. 2015). Several
patents have claimed to have reduced the aeration time through the introduction of
pressure vessels with enhanced efficiencies (BKT Co. Ltd and I SAN Co. Ltd 2008;
Akim et al. 2010). To improve the uniformity of the released gas stage distribution,
some improvement designs such as flotation cells with diamond or cone-shaped
guides, ring aerator and propeller blade have been implemented to evenly distribute
the saturated fluid (Patrick 2008; Friedman et al. 2006; K-pack Korea Co. Ltd 2008).
In addition, the combination of the dissolved air flotation process with thin layer
sedimentation, ozonation, and filtration has also been introduced to enhance the
efficiency of the oily wastewater treatment (Woodley and Foong 2002; Crowell
2008).

Induced Air Flotation

Induced air flotation is another flotation mode for the oily wastewater separation in
which the bubbles are mechanically formed using a high-speed mechanical impeller
and an air injection system. The induced air bubbles normally exhibit the diameters
in the range of 1000 μm (Moosai and Dawe 2003). This flotation technique has low
retention time and can be as low as 4 min which allows small footprint (Moosai and
Dawe 2003). Besides, some researchers also suggested that the use of larger bubble
size also allows more compact flotation systems (Jameson 1999; Yan and Jameson
2004). In addition, induced air flotation can achieve the airflow rates of 100% in the
wastewater stream, whereas the amount of air supplied is typically about 5.6% for
dissolved air flotation. However, in practice, the high shear rate in the conventional
mechanical flotation cells tends to result in the breakage of fragile flocs and the
redispersion of particles before flotation can occur (Jameson 1999; Zabel 1992).
Besides, the large bubble size could also lead to poor bubble-particle collision
efficiency, and consequently results in the low separation performance (Li and
Tsuge 2006). Hence, this flotation mode is not as favorable as dissolved air flotation
in the oily wastewater applications.
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Electro-Flotation

Electro-flotation involves the electrolysis of water that produces hydrogen and
oxygen gas bubbles at both electrodes. The chemical reactions occurring in the
electro-flotation process are shown as follows (Eqs. 11.1, 11.2 and 11.3):

Anode:

2H2O lð Þ ! 4Hþ þ O2 gð Þ þ 4e� ð11:1Þ

Cathode:

4e� þ 4H2O lð Þ ! 2H2 gð Þ þ 4OH� ð11:2Þ

Overall reaction:

2H2O lð Þ ! 2H2 gð Þ þ O2 gð Þ ð11:3Þ

where H2O (l), H2 (g), and O2 (g) are water, hydrogen gas, and oxygen gas,
respectively. The hydrogen ion, hydroxide ion, and electron are denoted as H+,
OH�, and e�, respectively in the equations above.

The gas bubbles formed at the electrode attach to the oil particles and subse-
quently rise to the surface where the oil is removed through skimming. Electro-
flotation demonstrates several strengths, such as (a) excellent oil removal efficiency
of up to 90%, (b) the gas bubbles have uniform and small diameters of 100 μmwhich
increases the surface area of contact between the oil particles and gas bubbles,
(c) small and compact units that require low maintenance and operating costs, and
(d) the rate of bubble generation can be controlled easily through the manipulation of
current density (Eskin et al. 2015; Mansour and Chalbi 2006; Rubio et al. 2002;
Wang et al. 2010). However, this flotation technique suffers from low throughput,
emission of hydrogen gas bubbles, and high electrode costs (Rubio et al. 2002).

Other Flotation Techniques

Several other types of flotation techniques have also been reported for the oily
wastewater treatment which include jet and column flotations. Jet flotation has
shown its potential for the oily wastewater treatment due to the small air bubbles
production, high throughput, moderate equipment and maintenance costs as it does
not have moving parts, and easy installation (Yu et al. 2017; Rubio et al. 2002).
Santander et al. (2011) set up a modified jet (Jameson) cell in an offshore platform.
The device demonstrated a high oil removal efficiency of around 81% at a high
throughput rate of 24.7 m3/h m2. The results indicate the great prospects of utilizing
jet flotation in the oily wastewater treatment applications.
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Column flotation is also another flotation mode that has attracted the interest for
the oily wastewater treatment applications. Today, several flotation column devices
have been developed for quick and high oil separation efficiency. For instance, Gu
and Chiang (1999) developed a multistage loop-flow flotation column which greatly
improved the contact between the oil particles and gas bubbles, resulting in excellent
efficiencies of 90–93% for continuous operation with the feed rates of 1–3.8 L/min.
The multistage flotation column developed by Xiao et al. (2002) with air dispersed at
the bottom of the tray column showed the oil separation efficiencies reaching 94%.
In addition, Li et al. (2007) reported a new type of flotation device which combined
the dissolved air flotation with column flotation. This device has also shown its
ability for effective oily wastewater treatment with the oil removal efficiency of more
than 90%.

11.2.2 Coagulation Treatment

Coagulation is widely used in the oily wastewater treatment due to its capability to
remove emulsified and dissolved oils, as well as some difficult biodegradable
organic polymer (Yu et al. 2017). This technique utilizes the coagulants to destabi-
lize the colloids through the neutralization of the repulsive forces between the fine
colloids. The basic illustration of the coagulation process is as shown in Fig. 11.2. It
is known that coagulation is usually coupled with the flocculation process to
agglomerate the fine colloids into larger particles. Generally, this process consists
of two stages, which are (a) rapid mixing to well disperse the coagulant in the
wastewater and (b) gentle agitation after adding flocculant for the agglomeration of
the fine colloids into larger flocs.

The coagulation technique has several advantages such as low energy consump-
tion, simple design, easy operation as well as versatility (Wan Ikhsan et al. 2017).
However, the coagulation technique also suffers from several weaknesses such as
involvement of a large amount of coagulant, corrosion issues associated with the
reduced pH, as well as the problems related to the generated sludge (Li et al. 2015).

Fig. 11.2 Basic mechanism of coagulation process (Modified after Wan Ikhsan et al. 2017). The
colloids are destabilized after adding coagulant, followed by the addition of flocculant to agglom-
erate the fine colloids into larger flocs
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There are several mechanisms involved in a coagulation process such as ionic layer
compression, adsorption and charge neutralization, inter-particle bridging, and
sweep coagulation (Menezes et al. 1996). These mechanisms are crucial for the
formation of large flocs of residue oil and suspended solids which would easily settle
down and be removed. The mechanisms of the coagulation process are greatly
influenced by the selection and dosage of coagulant, as well as the characteristics
of the oily wastewater. Table 11.5 demonstrates the types of coagulant that have
been used for the oily wastewater treatment. It should also be noted that the dosage
of coagulant could significantly affect the effectiveness of the coagulation process in
treating the oily wastewater. Coagulant overdose could lead to the re-stabilization of
the particles, which would affect the residual oil and suspended solid removal
efficiencies. In addition, the coagulant overdose would also increase the coagulant
residues concentration in the treated wastewater and raise another concern on the
toxicity of the coagulant.

11.2.3 Biological Treatment

In biological treatment, microorganisms are used for the treatment of the oily
wastewater. The colloidal organic pollutants are degraded into harmless substances
such as carbon dioxide and other gases, inorganic substances, water, as well as
biomass through the microbial metabolisms (Eweis et al. 1998; Kriipsalu et al.
2007). Biological treatment of the oily wastewater can be conducted through the
aerobic and anaerobic mechanisms. In aerobic process, air or oxygen is supplied to
support the aerobic microorganisms in stabilizing the organic content of the waste-
water through the decomposition of the organic matter. However, this process is very
energy-consuming. On the other hand, in the anaerobic process, the microorganisms
break down the pollutant into simpler compounds in the absence of oxygen through

Table 11.5 Types of coagulant for oily wastewater treatment

Types of
coagulant Performance References

Poly-zinc silicate Oil removal of >99% with suspended solid value of <5 mg/L Zeng et al.
(2007)

Polyaluminum
chloride

Oil removal of 95.3% with chemical oxygen demand, total
organic carbon, suspended solid and color removal efficiency
of 90.1%, 89.4%, 99.0%, and 99.9%, respectively

Zhai et al.
(2017)

Polyferric
sulphate

Oil removal of 98.9% with chemical oxygen demand, total
organic carbon, suspended solid and color removal efficiency
of 86.1%, 86.1%, 99.0%, and 98.2%, respectively

Zhai et al.
(2017)

Polyferricsilicate
sulphate

Oil and chemical oxygen demand removal of 95–97%
and > 60%, respectively

Li et al.
(2009)

Chitosan >95% of suspended solid and residue oil removals Ahmad
et al. (2006)
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four basic phenomena, which are hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. This process produces a high content of methane as a side product
and can be used as fuel.

Activated sludge and biological filter methods have been the most commonly
used biological treatment for the oily wastewater treatment applications (Yu et al.
2017). Activated sludge is an aerobic process whereby the oil particles and other
organic matters are adsorbed on the surface of the microorganisms in which the
organic matters will be decomposed. While in the biological filter method, the
microorganisms are attached to the filter surface. The wastewater flows through
the filter surface and the adsorption of organic pollutants occurs. The adsorbed
organic matters are then decomposed into simpler compounds by the microorgan-
isms. These biological methods are usually employed as a secondary treatment after
the wastewater pretreatment process (Kulkarni 2016; Wan Ikhsan et al. 2017). In
most cases, a consortium of microorganisms is used in removing hazardous pollut-
ants in oily wastewater. The synergistic interactions among different microorgan-
isms in the consortium may lead to the complete decomposition of the organic
matters, hence it is more advantageous compared to pure bacterial culture (Cerqueira
et al. 2011). Song et al. (2011) treated oily wastewater by combining a whole-cell
lipase together with fungal lipase and a Yarrowia lipolytica. The results showed that
97.6% of chemical oxygen demand and 96.9% of the oil were successfully removed
after 72 h of treatment. Nevertheless, lower chemical oxygen demand and oil
removals of 91.8% and 87.1%, respectively were observed when only Yarrowia
lipolytica was applied. Meanwhile, 45.1% and 67.5% of oil and chemical oxygen
demand were respectively removed from the control system when no cell was added.
Another study by Cerqueira et al. (2011) also reported that the bacterial consortium
of Stenotrophomonas acidaminiphila, Bacillus megaterium, Bacillus cibi, Pseudo-
monas aeruginosa, and Bacillus cereus demonstrated an excellent oily sludge
degradation capacity with the aliphatic and aromatic fractions degradation efficien-
cies of 90.7% and 51.8%, respectively, compared to the pure bacterial cultures.

However, the biological treatment is not practically well embraced in the oily
wastewater treatment due to high difficulty in handling the diverse microbe behav-
iors under different environmental conditions. Yet, recent research in this area has
yielded remarkable contaminant removal rates from oily wastewater. Khondee et al.
(2012) investigated the treatment of lubricants in wastewater by using an internal
loop airlift bioreactor containing chitosan immobilized-Sphingobium sp. The
chitosan immobilized bacteria demonstrated high efficiency in removing the auto-
motive oils from both synthetic and carwash wastewaters. In fact, the semi-
continuous test showed 80–90% of the hydrocarbons was successfully removed
from both synthetic and carwash wastewaters. Moreover, 85% of the petroleum
hydrocarbons and 73% of the chemical oxygen demand were removed from the
carwash wastewater using an airlift bioreactor via the internal loop bioreactor
containing 4 g/L immobilized bacteria. Xie et al. (2007) applied a biological aerated
filter for the treatment of polluted oily wastewater at the optimum operating condi-
tions with the flow volume ratio of air to water of 5:1, 1 h cycle time and with
backwash cycling of 4–7 days. The outcomes showed the average chemical oxygen
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demand, oil, and suspended solids removal efficiencies of 84.5%, 94%, and 83.4%,
respectively. Santo et al. (2013) used activated sludge biological treatment technique
to treat the petroleum refinery wastewater with the total carbon, chemical oxygen
demand, and suspended solids removals of 85–87%, 94–95%, and 98–99%, respec-
tively. The pseudo first-order reaction kinetic model was used to portray the rate of
oil degradation with the rate constant (k) values of 0.055 and 0.059 L/mg VSS day
for the treatment with and without the sludge recovering, respectively.

11.3 Membrane Filtration

Recently, membrane filtration technology has received tremendous attention for
effective oily wastewater separation. The high emulsion separation efficiency, no
phase change operation involving minimum use of chemicals, as well as the easy and
low-cost operation have made this technology particularly attractive (Arnot et al.
2000; Dickhout et al. 2017). Generally, the membrane technology used for the oily
wastewater treatment is driven by pressure. In the conventional membrane separa-
tion process, the oil-contaminated feed solution is pushed towards the membrane by
pressure. The membrane pore size will act as a selective barrier which allows the
smaller particles and solution to pass through, while the larger-sized oil particles will
be blocked and retained at the feed compartment. In general, microfiltration, ultra-
filtration, nanofiltration, and reverse osmosis are the major types of membrane
technologies for oily wastewater treatment.

11.3.1 Microfiltration

Microfiltration is a separation process which involves the sieving effects by a series
of well-defined membrane pore size. Typically, the microfiltration membranes have
the pore size of 0.1–10 μm. The microfiltration membranes are commonly fabricated
from a wide range of polymers, such as cellulose nitrate, polyamide, polyacryloni-
trile, polyvinyl alcohol, polyamide, and polysulfone. It should be noted that the
membranes should have great tolerance towards chemicals and temperatures. Hence,
the development of ceramic microfiltration membranes from alumina, kaolin, zeo-
lite, and fly ash has also been vibrantly growing in recent years.

Microfiltration process is generally used to separate insoluble suspended parti-
cles, yeast cell, broth, bacteria, and colloids from aqueous streams. Since the
microfiltration membranes exhibit large pore size, the solution is usually transported
through the membrane pores via convection. The rate of the passage of the solution
through the pores is directly proportional to the pressure difference across the
membrane, assuming the membrane pores are in the cylindrical dimension. In
other words, the microfiltration process is driven by the pressure gradient across
the membrane pores, which can be in the range of 50–200 kPa (Winston and Sirkar
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1992). Microfiltration exhibits higher permeate flux compared to that of ultrafiltra-
tion, reverse osmosis, and nanofiltration due to the larger membrane pore size. The
separation occurs when the solution with smaller size passes through the membrane
pores, whereas the larger unwanted particles are refrained from passing through. It is
worth to mention that the entire microfiltration process greatly depends on the types
of the membrane used and the interactions of the solution composition with the
membrane (Cheryan 1998).

There are two types of operation modes for the microfiltration process, namely
(1) dead-end filtration channel and (2) crossflow filtration channel. In the dead-end
filtration mode, the feed flows perpendicularly towards the membrane surface as
depicted in Fig. 11.3a. The transport of permeate solution across the membrane pores
is induced by the transmembrane pressure. However, the permeate flux would
drastically decrease after the prolonged separation operations due to fouling. A
layer of foulant forms on the membrane surface facing the feed solution which
intervenes the passage of the solution across the membrane pores. Hence, constant
interruption of the filtration process would be needed to remove the foulant layer or
replace the membranes (Scott 1995). In this regard, the crossflow filtration channel
appears to be a viable option to circumvent this challenge. In the crossflow
microfiltration configuration, the feed solution flows in parallel with the membrane
surface as illustrated in Fig. 11.3b. This leads to greater shear force to the membrane
surface that reduces the concentration polarization effects. As the result, higher flux
can be acquired. The most common type of module used for the dead-end config-
uration is the frame and plate modules, whereas tubular and hollow fiber modules are
particularly favorable for the cross-flow configuration (Oyama and Stagg-Williams
2011; Meyer et al. 2015).

Fig. 11.3 Membrane filtration configurations, as such (a) is the dead-end channel and (b) is the
crossflow channel. (Modified after Gitis and Rothenberg 2016). In the dead-end filtration channel,
the feed solution flows perpendicularly to the membrane surface. Meanwhile, the feed solution
flows parallelly along the membrane surface in the crossflow filtration channel
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The development of microfiltration membranes for oily wastewater treatment has
been widely reported. In 1997, Mueller et al. (1997) studied about the crossflow
microfiltration of oily water using two α-alumina membranes with the pore sizes of
0.2–0.8 μm and a surface modified polyacrylonitrile membrane with a pore size of
0.1 μm. All the microfiltration membranes showed the oil removal efficiencies of
above 98%. The membranes were cleaned using strong acid, base, and detergent
after the microfiltration process. However, none of these chemicals were effective in
removing the membrane foulants. Moreover, the fouling mechanism modeling
showed that internal and external fouling occurred in both α-alumina membranes.
Zhong et al. (2003) developed a zirconia microfiltration membrane for the oily
wastewater treatment. The membrane successfully reduced the oil concentration of
the wastewater from 200 to 8.7 mg/L, which satisfied the wastewater discharge
standard of Chinese national. Ebrahimi et al. (2010) studied the performance of
alumina microfiltration membrane in the oily wastewater treatment. Prior to the
microfiltration process, the wastewater was pretreated via ultrafiltration. The
microfiltration membrane demonstrated the oil and total organic carbon removals
of 61.4–38.6%, respectively. Furthermore, the microfiltration membrane also
showed a permeability of 715 L/m2 h bar with an oil recovery of 61%.

11.3.2 Ultrafiltration

The membranes employed in the ultrafiltration process exhibit the pore sizes ranging
from 1 to 500 nm and can retain solutes with the molecular weight of
300–500,000 Da at the operating pressure of 100–700 kPa. The rejection properties
of the ultrafiltration membrane are determined by the molecular weight cutoff.
Molecular weight cutoff refers to the lowest molecular weight of solute in which
90% of the solutes is retained by the membrane. The molecular weight cutoff leads to
a clear understanding regarding the real efficiency of the rejection phenomenon of
the membrane. Ultrafiltration membranes can reject various types of proteins,
trypsins, and bovine serum albumin. Some of the other molecules that can be
separated via the ultrafiltration processes are polymers, sugar, colloidal particles,
biomolecules, colors, odor, and viruses (Winston and Sirkar 1992; Scott 1995).
Ultrafiltration has the same modes of operation as those in the microfiltration,
which include dead-end and crossflow filtration channels (Fig. 11.3a, b).

Various types of ultrafiltration membranes have been studied for the oily waste-
water treatment. For instance, Li et al. (2006) modified the polyvinylidene fluoride
ultrafiltration membrane with nano-sized alumina particles for the purification of the
oily wastewater. The modified membrane showed a higher performance rate in the
elimination of the organic pollutants with the total organic carbon, oil and total
suspended solids removals of 98.0%, 98.0% and 98.7%, respectively. The incorpo-
ration of nano-sized alumina particles significantly improved the permeate flux and
anti-fouling performances, as well as achieved complete flux recovery after the
backwash cleaning process using 1 wt% OP-10 surfactant at pH 10. The results
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indicated that the modified polyvinylidene fluoride membrane could be a cost-
effective option for the treatment of oily wastewater. Salahi et al. (2010) employed
a hydrophilic 20 kDa polyacrylonitrile ultrafiltration membrane for the separation of
oily wastewater. The membrane achieved the high total suspended solids and oil
removals of 99%, but with low total dissolved solids removal of only 30%. The
membrane demonstrated the highest steady flux at the temperature of 50 �C and pH
of 10 with the transmembrane pressure and crossflow velocity of 3 bar and 1 m/s,
respectively.

In addition, Ebrahimi et al. (2010) investigated the performance of the ceramic
ultrafiltration membrane composed of titania and alumina for the treatment of oily
wastewater with an oil concentration of 32.2 mg/L. The result showed a high organic
content removal of 78.2% at the applied pressure of 2 bar. Moreover, the membrane
could also remove the salt content at a lower pressure of 0.5 bar. In a bid to
understand the performance of the ultrafiltration membrane, Teodosiu et al. (1999)
used an ultrafiltration membrane system consisting of polyvinylpyrrolidone and
polyethersulfone membranes as a pretreatment of oily wastewater for the subsequent
reverse osmosis process. The authors also studied the effects of backflushing and
chemical cleaning on the rate of fouling and process efficiency. The results revealed
the high total suspended solids removal efficiency of 98% with low turbidity of
12.5–14.2 mg/L. However, the membrane system showed a low chemical oxygen
demand and total organic carbon. The results suggested that the ultrafiltration
membrane could be a feasible option for the pretreatment of the oily wastewater
prior to the reverse osmosis process.

11.3.3 Nanofiltration

Nanofiltration is a pressure-driven membrane process that utilizes membranes with
nano-sized pores to reject ionic and molecular species. Typically, nanofiltration
membranes exhibit pore sizes ranging from 1 to 10 nm, which are much smaller
than those of microfiltration and ultrafiltration membrane, but slightly larger than
that of the reverse osmosis membrane. Generally, nanofiltration membranes tend to
reject multivalent ions and larger particles without selective to the monovalent ions.
The passage of the solution (wastewater) through the membrane and the retainment
of the solute (oil particles and other pollutant ions) on the membrane is achieved
based on the structure of the membrane layer and the type of membrane material.

Several investigations have reported on the application of the nanofiltration
membranes for treating the oily wastewater in petroleum plants. Seland et al.
(1992) applied the nanofiltration technique to reduce the sulphate concentration in
the seawater for the oil reservoir injection. The technique demonstrated an excellent
overall salt rejection of 93%. Mondal and Wickramasinghe (2008) utilized two
different types of nanofiltration membranes for the treatment of produced water.
The investigation revealed that the semi aromatic nanofiltration membrane was able
to reduce the total dissolved solids and total organic carbon concentration from 2090
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to 1760 mg/L and 136.4 to 98.1 mg/L, respectively. Meanwhile, the fully aromatic
nanofiltration membrane demonstrated higher removals of total dissolved solids and
total organic carbon with the concentrations from 2090 to 1340 mg/L and 136.4 to
89.7 mg/L, respectively. Ebrahimi et al. (2010) treated the oily wastewater using two
different ceramic nanofiltration membranes composed of titania (with 1000 Da), and
titania and alumina (with 750 Da). Both the membranes were able to completely
remove the oil, and the total organic carbon concentration was reduced by 49.8% at a
low pressure of 1 bar.

11.3.4 Reverse Osmosis

The pressure-driven reverse osmosis technology has been widely used for various
water separation applications. Osmosis is a natural phenomenon in which the solvent
molecules travel from a region of lower solute concentration to a region with higher
solute concentration through a semipermeable barrier until the osmotic equilibrium
is reached. On the other hand, in reverse osmosis, the solvent molecules are forced to
flow in the direction towards a region of lower solute concentration with the aid of
applied pressure higher than the osmotic pressure. Reverse osmosis could reject all
sort of solutes including the monovalent ions, hence it usually achieves higher solute
rejections compared to nanofiltration (da Silva Biron et al. 2018; Li 2007). However,
due to small pore sizes, reverse osmosis and nanofiltration are not preferable for oily
wastewater treatment applications due to relatively low flux and high energy con-
sumption (Wan Ikhsan et al. 2017).

Reverse osmosis membranes are made from various materials such as polyamide,
zeolite, polyethersulfone, and polyvinylidene fluoride. Past studies have witnessed
significant efforts to mitigate the limitations of the reverse osmosis membranes in
handling the oily wastewater with complex compounds (Mondal and
Wickramasinghe 2008; Fakhru’l-Razi et al. 2010; Murray-Gulde et al. 2003;
Barrufet et al. 2005; Franks et al. 2009). Lee and Dong (2004) used a synthetic
zeolite reverse osmosis membrane to reduce the salinity of the oily wastewater in the
upstream process of the oil production. The oily wastewater was reported to have a
high total dissolved solids concentration of 181,600 mg/L. The reverse osmosis
process managed to reduce the concentration to 32,700 mg/L with a permeate flux of
0.018 kg/m2h at the pressure of 55 bar. Liu et al. (2008) fabricated the MFI-typed
silicate zeolite reverse osmosis membrane for the treatment of the synthetic oily
wastewater that contained some organic solvents such as hexane. The membrane
demonstrated a high rejection performance of 96.5% with a permeate flux of
0.33 kg/m2h at a pressure of 27.6 bar. In addition, the membrane also exhibited a
salt rejection of 99.4% when 0.1 M salt solution was used.

Fakhru’l-Razi et al. (2010) studied the reverse osmosis performance of
polyethersulfone and polyvinylidene fluoride membranes in the oily wastewater
treatment. The study was conducted at an operating pressure of 60 bar. The results
revealed that the membrane exhibited outstanding removal efficiency of 92–94%
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with the permeate flux of 30–80 L/m2h. Mondal and Wickramasinghe (2008) treated
the oily wastewater of high concentrations of total organic carbon (136.4 mg/L) and
total dissolved solids (2090 mg/L) using the reverse osmosis membrane at the
pressure of 1.4–7 bar. The membrane successfully reduced the total organic carbon
and total dissolved solids concentrations to 45.2–1090 mg/L, respectively. In addi-
tion, a study conducted by Murray-Gulde et al. (2003) showed the outstanding
performance of the polymeric reverse osmosis membrane in treating oily wastewa-
ter. The membrane attained outstanding total dissolved solids and total organic
carbon removal performances of 95.5% and 76.2%, respectively with the flow
rates of 0.006–0.028 L/s at a pressure of 18.6 bar.

11.4 Electrochemical Treatment

Electrochemical treatment is arguably the most effective technique for the treatment
of oily wastewater. Electrochemical treatment offers several advantages, such as
(a) energy saving as the process operates at the ambient temperature and pressure,
(b) robust performance with the capability to adjust to the process variations such as
influent flow rate and concentration, (c) versatile and can be easily incorporated with
other technologies, and (d) ease of control as the process kinetics can be easily
controlled through the adjustment of working potential and/or current density
(Santos et al. 2006; Radjenovic and Sedlak 2015; Yavuz et al. 2010). However,
the electrochemical technique suffers from relatively high costs of electrodes and the
generation of toxic side products in the treated water (Radjenovic and Sedlak 2015).
There are two types of electrochemical processes, namely (a) electro-Fenton
(achieved from several electrodes) and (b) oxidation processes, which can be used
to treat oily wastewater of different sources. The electrodes used in the electrochem-
ical technique are made from aluminum, platinum–iridium, boron-doped diamond,
and titanium–rubidium (Jamaly et al. 2015).

11.4.1 Electro-Fenton Process

In the electro-Fenton process, the Fenton’s reagent consisting of iron (II) ions and
hydrogen peroxide can be electrochemically generated on-site. Iron (II) ions can be
produced through two different ways, as such, (a) the reduction of iron (III) ions
(Eq. 11.4) and (b) the oxidation of a sacrificial iron anode (Eq. 11.5) (Yavuz 2007).
And, hydrogen peroxide can be generated via the reduction of dissolved oxygen as
demonstrated in Eq. 11.6 (Bellakhal et al. 2006).

370 M. H. D. Othman et al.



Fe3þ þ e� ! Fe2þ ð11:4Þ
4Fe ! 4Fe2þ þ 8e� ð11:5Þ

O2 þ 2Hþ þ 2e� ! H2O2 ð11:6Þ

where H2O2, O2 and Fe represent hydrogen peroxide, oxygen and iron, respectively.
In addition, the iron (II) ion, iron (III) ion, hydrogen ion and electron are denoted as
Fe2+, Fe3+, H+ and e�, respectively.

The reaction between iron (II) ions and hydrogen peroxide leads to the formation
of very reactive hydroxyl radicals according to Fenton’s reaction (Eq. 11.7). This
strong reactive hydroxyl radical then breaks down the stable chains of organic
molecules and degrade them into simpler end products (Radwan et al. 2018).

Fe2þ þ H2O2 ! Fe3þ þ OH� þ OH • ð11:7Þ

where Fe2+, Fe3+ and OH� represent the iron (II), iron (III) and hydroxide ions,
respectively. Meanwhile, H2O2 and OH• are the hydrogen peroxide and hydroxide
radical, respectively. The performance of the electro-Fenton process could be
influenced by several parameters such as the dosage of iron (II) ions and hydrogen
peroxide, current density, solution pH, supporting electrolyte concentration, as well
as the initial contaminant concentration of the influent (Szpyrkowicz et al. 2001;
Yavuz et al. 2010).

11.4.2 Electrochemical Oxidation

Electrochemical oxidation of oily wastewater can be performed through two differ-
ent methods, namely direct and indirect oxidations as shown in Fig. 11.4. In direct
oxidation, the pollutant components in oily wastewater are degraded through adsorp-
tion onto the electrode and can occur at relatively low potentials (Radjenovic and
Sedlak 2015). The pollutant components are directly oxidized by the metal oxide
itself or the hydroxyl radicals present at the electrode surface. This process does not
involve any substances other than the electron (Feng et al. 2016). However, this
process is prone to electrode fouling due to the formation of polymeric layers on the
electrode surface especially in the presence of dissolved solutes, which consequently
leads to a decrease in the catalytic activity of the electrode (Chatzisymeon et al.
2009; Rodrigo et al. 2001; Feng et al. 2016). In addition, the rates of direct oxidation
are also affected by slow reaction kinetics and diffusion limitations (Radjenovic and
Sedlak 2015).

In indirect oxidation, strong oxidizing species is required to mediate the trans-
formation of oil components (Radjenovic and Sedlak 2015). Generally, the active
intermediate oxidizing species is first produced at the electrodes followed by the
oxidation of the pollutant components at the bulk of the wastewater solution. It is to
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be noted that the rates of indirect oxidation process are affected by the generation of
oxidizing species as well as the mass transport of oxidizing species to the bulk
solution (Botte 2017). In addition, the nature of the oxidizing species is also
influenced by the electrode material (for instance, the oxygen overpotential), and
the electrode surface properties (Radjenovic and Sedlak 2015). However, the use of
this oxidation process has raised the concern on the increase in the toxicity of the
wastewater due to the production of oxidizing species (Xianjun 2015).

11.4.3 Recent Development of Electrochemical Treatment

Yavuz et al. (2010) studied the efficiency of three different electrochemical tech-
niques for the treatment of the petroleum refinery wastewater, which included
(a) direct electrochemical oxidation with ruthenium mixed metal electrode,
(b) direct and indirect electrochemical oxidations with the use of boron-doped
diamond anode, and (c) combined electrocoagulation and electro-Fenton using
iron electrodes. The outcomes demonstrated that the combination of
electrocoagulation and electro-Fenton exhibited the highest efficiency with the
98.7% phenol and 75.7% chemical oxygen demand removals at 6–9 min, respec-
tively. Körbahti and Artut (2010) investigated the influence of different operating
conditions on the treatment of bilge water using electrochemical reactor with the
platinum-iridium electrode. The results showed the high removals of oil and grease
(99.2%), chemical oxygen demand (93.2%), and turbidity (91.1%) when 12.8 mA/
cm2 current density was applied at the temperature of 32 �C.

Sekman et al. (2011) applied the electrocoagulation method in treating oily
wastewater produced from the port-waste gathering systems. 98.8% of total
suspended solids was removed after 5 min of electrolysis at the current density of

Fig. 11.4 The removal pathways of oily pollutants in direct and indirect electrochemical oxida-
tions. (Modified after Ighilahriz et al. 2013). In direct oxidation, the pollutant components are
directly oxidized by the metal oxide itself or the hydroxyl radicals present at the electrode surface.
Whereas, strong oxidizing species is required to mediate the transformation of pollutant compo-
nents for indirect oxidation
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16 mA/cm2. Meanwhile, the chemical oxygen demand was reduced for 90% after
20 min of electrolysis at the current density of 12 mA/cm2. In addition, 80% of oil
and grease was removed after 10 min of electrolysis at all tested current densities.
Giwa et al. (2012) studied the effects of current density, sodium chloride concen-
tration, and electrolysis time on the treatment of the oily wastewater produced from a
petrochemical plant. The results showed that 97.43% of the most extreme turbidity
was removed at the optimum current density of 21.6 mA/cm2, salt concentration of
2 g/L and 30 min of electrolysis. Yang (2007) treated a high-turbidity (1800 FAU)
oily wastewater via electrocoagulation with the electrodes containing ferrous ions
and 100 mg/L sodium chloride. The turbidity of the oily wastewater was signifi-
cantly reduced to 14 FAU after 4 min of treatment with a current of 2A and the
addition of 165.8 mg/L of iron. Xu and Zhu (2004) reported that the treatment of
refectory oily wastewater required the optimum current density of 10–14 A/m2,
electrode distance of 10 mm, and pH of 3–10 for a cycle time of 30 min. In addition,
the ideal separation distance of the electrodes was found to be 10 mm, which resulted
in the efficient removal of 95% oil and chemical oxygen demand.

11.5 Hybrid Technologies for Oily Wastewater Treatment

The combination of various technologies has become an interest of studies for the
improvement of the oily wastewater treatment. Earlier in 2004, Mostefa and Tir
(2004) coupled electro-flotation with flocculation to improve oily wastewater treat-
ment performance. The authors investigated the competency of three different
flocculants, which included iron sulfate, polyacrylamide, and aluminum sulfate. In
addition, the concentration of cutting oil also varied between 1 and 4%. Maximum
removals of turbidity (99%) and chemical oxygen demand (97%) were achieved at
the current density of 11.15 mA/cm2. 99% of oil was also removed when the iron
sulfate and aluminum sulfate flocculants were applied. Yan et al. (2010) employed
catalytic vacuum distillation with various promoters, such as iron (III) chloride,
kaolin, sulfuric acid, and sodium hydroxide for the treatment of petroleum refinery
wastewater with high chemical oxygen demand. The results showed that the cata-
lytic vacuum distillation with sodium hydroxide promoter had higher purification
efficiency than the systems with other types of promoters. The system successfully
removed 99% of the chemical oxygen demand and lowered the effluent salinity.

Santo et al. (2012) applied the coagulation-flocculation and flotation methods to
reduce the organic matter, oil, and grease contents in the wastewater. PAX-18 (17%
alumina), aluminum sulfate, and ferric sulfate were chosen for the primary treatment
of coagulation-flocculation, whereas the flocculant used was NALCO 71408. The
combination of these materials could eliminate up to 95% of total petroleum
hydrocarbons from the oily wastewater. Santander et al. (2011) introduced the
combination techniques of flocculation and flotation in a modified jet (Jameson)
cell. The removal rates of the oily wastewater of the conventional and modified jet
cells were compared. The study outcomes demonstrated that the modified jet
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(Jameson) cell was more effective to remove oil from the wastewater with an
efficiency of 85%. To validate these findings, a test was also conducted on a
maritime platform. Again, the modified jet (Jameson) cell achieved a high oil
removal rate of 81%.

Besides that, the treatment methods using a combination of the physical and
biological processes were also investigated. Peng et al. (2014) introduced a
biological-physicochemical pretreatment of the oily wastewater prior to the anaero-
bic digestion process. The authors found that the digestibility of the oily wastewater
was improved after the introduction of oil degradationbacteria, Bascillus sp. A study
conducted by Rattanapan et al. (2011) has suggested the high efficiency of the
combination of dissolved air flotation, acidification, and coagulation in treating
biodiesel wastewater. Their findings demonstrated that the dissolved air flotation
alone and dissolved air flotation with acidification were not effective enough to give
high rejection performance. Meanwhile, the combination of dissolved air flotation,
acidification, and coagulation was found to successfully remove 85–95% of biodie-
sel in wastewater. In addition, Siles et al. (2011) confirmed that the combination of
electrocoagulation, acidification, and biomethanization was very efficient for the oily
wastewater treatment as it removed up to 99% of the chemical oxygen demand.
Meanwhile, a relatively low chemical oxygen demand removal of 94% was achieved
when a combination system of acidification, coagulation, flocculation, and
biomethanization was applied. The previous works on hybrid technologies to erad-
icate the contaminants from various sources of oily wastewater are tabulated in
Table 11.6.

The combination of different membrane technologies for oily wastewater treat-
ment was studied by Salahi et al. (2012). The research team applied the combined
system of ultrafiltration and reverse osmosis and achieved excellent removal effi-
ciencies for oil and grease (100%), total organic carbon (98%), chemical oxygen
demand (98%), total dissolved solids (95%) and turbidity (100%). Ong et al. (2014)
studied the oil removal performance of the submerged photocatalytic membrane
reactors in which the titania-embedded polyvinylidene fluoride membranes were
exposed under the ultraviolet light. A high degradation performance was achieved
with 80% and > 90% of the total organic carbon and oil removal efficiencies.

In addition, various attempts have been reported on the combination of adsorption
and filtration for the oily wastewater treatment. For instance, Abdullah et al. (2010)
applied this approach using a kapok fiber as the filtering material to eradicate the oil
and grease content in the diesel oil, as well as new and used engine oils. Their results
demonstrated that 1 gram of kapok filter could remove up to 36.7 g, 47.4 g and
50.8 g of diesel, new engine oil and used engine oil, respectively. Interestingly, the
kapok filter remained stable even after 15 cycles of test. Zhao and his team (2011)
developed a sponge-like exfoliated vermiculite and carbon nanotube hybrids and
found that the intercalation of carbon nanotube arrays improved the oiladsorption
capacities. The results also showed that the oiladsorption capacity was increased
from 26.7 to 70.6 g/g when the sponge-like exfoliated vermiculite and carbon
nanotube hybrid was transformed into fluffy exfoliated vermiculite and carbon
nanotube cotton using a high-speed shearing. Meanwhile, activated carbon has

374 M. H. D. Othman et al.



Table 11.6 List of hybridized methods and systems for oily wastewater treatment

Year Researchers Treatment methods Wastewater source
Removal efficiency of
contaminants

2004 Mostefa and
Tir

Electro-flotation
coupled with
flocculation

Synthetic oil-in-water
emulsion (chemical
oxygen demand:
62,300 mg/L; turbid-
ity: 29,700 NTU)

99% of chemical
oxygen demand and
99% of turbidity

2010 Abdullah
et al.

Combined sorption
with membrane
filtration

Diesel oil, new and
used engine oil

36.7 g/g of diesel oil,
50.8 g/g of used
engine oil and 47.4 g/g
of new engine oil

2010 Yan et al. Catalytic vacuum dis-
tillation with pro-
moters (iron (III)
chloride, kaolin, sulfu-
ric acid, and sodium
hydroxide)

Petroleum refinery
wastewater (chemical
oxygen demand:
4238 mg/L)

99% of chemical
oxygen demand

2011 Yang et al. Submerged membrane
bioreactors with
electrocoagulation and
electro-flotation

Synthetic oil-in-water
emulsion (p-xylene:
3000 mg/L; total
organic carbon:
3817 mg/L)

96% of p-xylene and
total organic carbon

2011 Zhao et al. Combined sorption
with membrane
filtration

Diesel oil 70.6 g/g of diesel oil

2011 Sokker et al. Adsorption by hydro-
gel of chitosan-based
polyacrylamide pre-
pared by radiation-
induced graft
polymerization

The aqueous solution
with 500–30,000 mg/L
of crude oil

1.8 g of crude oil
per g of seawater

2011 Santander
et al.

Flocculation and flota-
tion in a modified
jet cell.

Simulated offshore
petroleum effluents
with 50–600 mg/L of
oil

80–85% of oil
removal

2012 Yang et al. Ceramic
microfiltration mem-
branes with powdered
activated carbon

Simulated restaurant
wastewater with 5 and
100 mg/L oil

98.3% of chemical
oxygen demand for
5 mg/L oil content
and 99.1% of chemi-
cal oxygen demand
for 100 mg/L oil
content

2012 Santo et al. Coagulation-floccula-
tion and flotation
processes

Refinery wastewater
with 580 � 4 mg/L
chemical oxygen
demand

> 80% of chemical
oxygen demand

2014 Ong et al. Submerged membrane
photocatalytic reactor
consisting of
polyvinylidene fluo-
ride TiO2

Synthetic oily waste-
water with
250–10,000 mg/L oil

>90% of oil

2014 McLaughlin
et al.

Modified jet cell Shipboard bilge water
with oil content of up to
129.56 � 55.53 mg/L

97% of oil



been widely chosen as the adsorbent material as it exhibits large surface area with
plentiful distributed micropores (Coca-Prados et al. 2013). For example, Yang et al.
(2012) combined the ceramic microfiltration with the powdered activated carbon
which had seen 96% of the total organic carbon and p-xylene was removed from the
oily wastewater. However, the presence of powdered activated carbon did not
contribute to the removal of oil emulsion.

11.6 Challenges and Future Directions

There are lots of opportunities in the recycling of oily wastewater to improve the raw
crude oil exploitation efficiency. Likewise, there are also opportunities for the selling
of the concentrated oil obtained from the oily wastewater treatment plant to the oil
recycle industries. Moreover, the recuperation of the valuable metals from the oily
wastewater, particularly from the petrochemical industries, will present a feasible
economic opportunity if it is realized. However, the transformation of these oppor-
tunities into reality has remained an entangled endeavor.

In the real industry, the oily industrial effluent generally contains various
suspended and dissolved components that are difficult to be removed or recovered
using the one-size-fits-all treatment methods. In addition, the continuous review of
the regulatory wastewater discharge standards with more stringent limits further
increases the challenges faced by the treatment plants. For instance, the Department
of Petroleum of China imposes strict standards on the oily wastewater recycle with
the maximum allowable discharge limit of only 2 mg/L (Zeng et al. 2007). As the
result, the endeavor towards achieving the ideal treatment for the recycle or reuse of
the treated oily wastewater continues to be a challenging task (Tir and Moulai-
Mostefa 2008; Zouboulis and Avranas 2000). Hence, the treatment plant should be
tailored based on the types and conditions of the effluents, as well as the local
wastewater discharge standards.

Moreover, studies on the removal or recovery of heavy metals in the oily
wastewater are critically lacking. The presence of these heavy metals can be a
major hurdle for the recycle and reuse of the oily wastewater. In fact, some industrial
oily wastewaters, particularly from the oil and gas refineries, contain various heavy
metals, such as chromium, mercury, nickel, cadmium, copper, zinc, silver, and lead
(Yavuz et al. 2010). The hazardous features of heavy metals could result in malicious
impact if being released into the environment without proper treatment. Therefore,
future research should also direct towards the removal or recovery of heavy metals in
the oily wastewater. Electrochemical oxidation appears to be a prevailing and
effective approach for the removal of heavy metals from oily wastewater. For
instance, electrochemical treatment using the boron-doped diamond stone and plat-
inum anodes could considerately remove various kinds of heavy metals (dos Santos
et al. 2014). Electrocoagulation treatment is another effective method in removing
heavy metals from oily wastewater. However, this method suffers from high oper-
ational cost due to heavy electricity consumption. Therefore, there is also a need to
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develop newer electrode materials with less energy consumption, as well as imple-
ment the system integration with sustainable energy sources for enhanced oily
wastewater treatment performance.

Membrane technology has been playing an increasingly important role in the oily
wastewater treatment, especially for the post-treatment stages. However, the current
membrane technology can only cope with small volume treatment, which is less than
190 m3/day (Zeng et al. 2007). In addition, membrane technology also suffers from
the membrane fouling issues. Frequent process interruptions are required for mem-
brane cleaning or replacement of the new membranes, which leads to more economic
loss. Hence, the research on the development of membranes from readily recyclable
materials with high separation capacity and oil fouling resistance is crucial
(Hosseinzadeh and Mohammadi 2014). In recent years, innovative efforts in the
development of functionalized materials with unique wettability properties for oily
wastewater treatment have been reported, such as activated carbon/iron oxide
composite (Ngarmkam et al. 2011), nanocellulose aerogel (Cervin et al. 2012),
reduced graphene oxide foam (Niu et al. 2012), and poly(acrylamide) hydrogel
(Xue et al. 2011). These materials exhibit different unique wettability properties
suitable for oil–water separation, such as (1) superoleophilic and superhydrophobic,
(2) underwater superhydrophilic and superoleophobic, (3) superoleophobic and
superhydrophilic, and (4) switchable wettability (Wang et al. 2015; Chen and Xu
2013). The incorporation of these materials in the development of membranes could
be interesting to improve the oil–water separation performance of the membranes.

Lastly, the economic analysis of the advanced treatment technologies is essential
to identify the feasibility of scaling up the technologies for large scale industrial use.
However, the economic analysis on these technologies are still limited. Today, most
of the studies on the advanced oily wastewater treatment technologies are still in
small or laboratory scale. Therefore, future studies should focus on the pilot scale
research and comprehensive economic analysis so that the technologies can be
scaled up for industrial applications.

11.7 Conclusion

The direct discharge of oily wastewater would pollute the water sources which
consequently affects the environment and the health of the surrounding community.
The effects of water pollution have been widely discussed and efforts have been
devoted to the development of the treatment technologies for oily wastewater to
combat these challenges. In this chapter, we have reviewed various types of oil
wastewater treatment technologies, which include the conventional oily wastewater
treatment technologies and advanced technologies such as membrane, electrochem-
ical, and hybrid technologies. The advanced technologies have shown some prom-
ising results and could be the future trends for the commercial implementation of
oily wastewater treatment. However, the operative support from the organization and
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authorities are also essential to ensure the effectiveness of these technologies in
complying to the wastewater discharge standards.

In a nutshell, the development of the sustainable treatment technologies is pivotal
towards the preservation of the quality of the environment. Most of the conventional
methods are costly and involves the use of chemicals that require long degradation
time. Hence, this chapter discusses comprehensively on the effective advanced
technologies to treat the oily wastewater. Furthermore, the presence of the extremely
toxic contaminants in the oily wastewater such as radionuclides, persistent organic
pollutants, hydrocarbon and some endocrine disruptor components should also be
given more attention. The release of these substances to the environment would pose
serious threats to the survival of the living organisms and environmental sustain-
ability. However, the use of single technology is not efficient enough to satisfy all the
discharge requirements for different contaminants. Hence, the approach of integrat-
ing different technologies is perceived to be more effective and could provide the
best solution to these never-ending problems.
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Abstract Oil contamination in seawater, groundwater, and wastewater including
vegetable oil, fat and grease, waste oil, gasoline, diesel, heavier fuels, oily white
refuse, crude oil, and animal oil has become a serious global challenge in the last
decades. The contaminants have negative effects on the marine life, leisure activities,
tourism and aesthetic appeal. Some components of oil that are soluble can enter the
organs of animals, accumulate, and thus enter the food chain, causing health
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problems for humans. Thus, remediation technologies to treat oil contamination
have attracted great attention. There are two main categories of oil removal technol-
ogy: remediation and bioremediation. The type and the quality of the contaminants,
the type and the environmental situation of the contaminated site, and the cost of
treatment determine the best remediation method.

We reviewed the physical and chemical remediation as well as bioremediation
methods and in situ and ex-site processes. Physical methods are eco-friendly but
these are expensive, time-consuming methods and need a large number of personnel
and equipment, resulting in failure to remove spilled oil in harsh and frozen sea
conditions. The main disadvantage of the chemical methods is the formation of
secondary pollutants, which may have irreparable effects on marine life. However,
chemical agents can be used to improve physical removal methods. On the other
hand, sorbents are the alternative choice for spilled oil removal process. Natural
sorbents are biodegradable, low cost, and eco-friendly compared to synthetic sor-
bents, but their sorption efficiency is lower than that of synthetic and inorganic
sorbents. Bioremediation can be applied in all weather conditions, needs less
manpower, is cost-effective, and can mineralize oil to CO2 and H2O. However,
low capacity of microbes to survive against oil pollutants is its limitation factor. In
addition, the performance of bioremediation depends on the indigenous microor-
ganisms and the available nutrients at the contaminated site. As a most important
conclusion, it should be notified that the most powerful remediation response to the
oil spill is a combination of physical, chemical, and biological treatments, which is
also the most cost-effective method.

Keywords Water pollution · Oil spill · Remediation · Bioremediation · Sorbent ·
Oil-contaminated water · Characteristics of oil spill · Microorganisms · Physical
methods · Chemical methods

12.1 Introduction

Nowadays, water pollution with spilled oils has become a global environmental
concern. Oil spills are caused by industrial accidents, transport accidents, routine
ship operations, and illegal discharge of industrial or domestic wastewater
(Putatunda et al. 2019; Jernelöv 2010). Most sources of oil are insoluble in water
and float on the top of water surface due to their lower specific gravity. Once an oil
spill occurs on the surface of water, the oil is subject to several processes simulta-
neously, such as floating, spreading, drifting, dispersion, emulsification, sinking,
photolysis, formation of tar ball, evaporation, and biodegradation (Fig. 12.1)
(Al-Majed et al. 2012). The emulsion and floating film of spilled oil influences on
the marine life, the quality of drinking-water sources, air, economy, and tourism.

388 M. Fatehi et al.



Therefore, the treatment of the spilled oil on the water surface becomes an essential
and inevitable task.

This work presents an overview of oil removal technologies and their advantages
and limitations. There are two broad categories for oil removal technologies: reme-
diation and bioremediation methods. There are three types of remediation technol-
ogy: physical methods, chemical methods, and oilsorbents, and will be explained in
Part I.

One of the most important global challenges of the last decades has been
oil-contaminated seawater, groundwater, and wastewater. Municipal runoffs and
liquid release are human activities that generate health hazards directly or indirectly
(Sajna et al. 2015). Industry activities produce wastewater full of fats, oils, and
greases. The components of municipal wastewater are water (99.9%) and a small
amount of organic and inorganic materials in solid and dissolved form. The organic
materials in sewage include proteins and their decomposition materials, lignin,
carbohydrates, fats, soaps, synthetic detergents, different natural and artificial
organic chemicals in industries, a number of potentially toxic elements like copper,
arsenic, chromium, lead, mercury, cadmium, zinc, and so on (Zhang et al. 2008).
Sewage produced by food processing, restaurant trade, and dairy industry
(Cammarota et al. 2001; Wakelin and Forster 1997; Vidal et al. 2000) are some
samples of the potential contaminants in wastewater because of the high oil concen-
tration. Animal and vegetable oils are handled in some industries like oil extraction
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Fig. 12.1 The physical, chemical, and biological variation process of oil after it spills into the sea.
Reprinted with permission (A Sustainable Approach to Controlling Oil Spills, Al-Majed et al.,
Elsevier)
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from plant grains including olive oil and palm oil mills, butter, dairy, slaughter, and
detergent and soap manufacturing where fat or grease are used (Stams and Oude
1997). Greases often cannot dissolve and the emulsified fats efficiently enter the
waterremediation system. The oils, fats, and greases that are not treated can enter
oceans, seas, and rivers with harmful effects (Stams and Oude 1997). Heavy oil
causes physical blockages in pumps, screens, and filters. Light oils may accumulate
in the wet wells of pumping stations or floating systems. The major source of energy
and one of the most important initial materials for industries are crude
oilhydrocarbons that cause significant environmental threats and pollution (Varjani
and Upasani 2016; Arulazhagan et al. 2010). Pipelines accidents, vessels, land
runoff, offshore exploration, production operations, shipping activities, transport,
wide-scale production, coastal oil refining, and illegal bilge water discharges are the
main reasons for marine oil pollution (Lucas and MacGregor 2006). Repeated
accidental leak and illegal oil disposal impact on the sea ecosystems severely.
During the years 1970–2010, around 5.71 million tonnes of oil were entered to
seawater due to tanker incidents (Dave and Ghaly 2011). The oil spills have negative
effects on marine life, leisure activities, tourism, and aesthetic appeal. Some soluble
components of oil can enter the food chain via accumulating in the organs of animals
(Mackay and Fraser 2000). The average estimated cost to clean a crude oil spill is
$2730 per barrel (Dave and Ghaly 2011). Since the environmental fallout of cleanup
methods is inevitable, selecting the best methods is based on a trade-off between the
side effects of oil spill and the cleanup method. The type, quantity and characteri-
zation of oil spill, age of oil, impact of oil on marine life, environment situation, sea
behavior and weather conditions determine the most effective treatment technique
(Choi and Cloud 1992; Lessard and Demarco 2000; Buist et al. 1999). Several
methods including burning, use of dispersants, mechanical recovery, bioremedia-
tion, and use of solidifiers are applicable as response to an oil spill (Dave and Ghaly
2011; Ismail et al. 2019). In bioremediation, microorganisms degrade and metabo-
lize chemical materials in order to restore the environment quality. The ubiquitous
microorganisms in the indigenous oil spill site degrade hydrocarbons in marine oil
spills. The specie of microorganisms introduced in the site depends on the process
design, environmental conditions, and the mode of plant operation (Amin et al.
2013). There is an ideal environment for many microorganisms in an activated
sludge system because of the agitation, constant aeration, and recirculation. Today,
the activated sludge system widely uses bioremediation processes for both domestic
and sewage wastewaters. The main microorganisms in wastewater are fungi, pro-
tozoa, bacteria, viruses, and nematodes. Reduction in the levels of oils, fats, and
greases in sewage is therefore very desirable and an appropriate potential candidate
for bioaugmentation. Biological augmentation includes the addition of archaea or
bacterial cultures in order to speed up the rate of degradation of the pollutants. Use of
bioaugmentation has other positive effects like increasing the efficiency and reduc-
tion of the toxic molecules (Brooksbank et al. 2007).

In this chapter, the source of oilcontaminants, the related prevention regulation
and bioremediation techniques, bioremediation mechanisms, its advantages and
disadvantages compared with other treatment methods and factors affecting
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bioremediation were studied in details. Moreover, some case studies that have
considered the bioremediation in different locations were reviewed.

12.2 Oil Spills

12.2.1 Characteristics of Oil Spills

Waste oil, gasoline, diesel, heavier fuels, oily white refuse, and crude oil are the
components of marine oil spills (Dave and Ghaly 2011). After an oil spill, chemical
and physical changes occur in the oil (Annunciado et al. 2005). Different weathering
processes such as spreading, drifting, evaporation, dissolution, biodegradation,
photolysis, and formation of water–oil emulsions that change the oil viscosity,
density and interfacial tensioner processes result from the formation of oil slicks
(Daling and StrØm 1999). All these processes form the chocolate mousse and tar ball
(Daling and StrØm 1999). Also, formation of many other products is a challenge to
oil recovery. Photolysis of oil results in oxygenated products like benzoic acid,
aliphatic, aromatic, naphthanoic acids, alcohols, aliphatic ketones, and phenols
(Hussein et al. 2009). The quantity of oil and its physical and chemical properties
affect transformation and weathering processes. Crude oil includes aliphatic and
aromatic hydrocarbons. According to their types, their degradation by microorgan-
ism can be easy or complex. Two complex degradation classes of hydrocarbons are
aliphatic hydrocarbons with long-chain and polycyclic aromatic hydrocarbons,
which are carcinogenic, cytotoxic, and genotoxic (Hasanuzzaman et al. 2007).

12.2.2 Physical Characteristics

The surface tension, color, viscosity, and specific gravity are the physical properties
of oil. These properties change based on the kind of spilled oil in waters. The brown
and black color of oil can become red, green, and yellow (Dave and Ghaly 2011).
The surface tension, viscosity, and specific gravity determine the capacity of oil spill
to spread. The surface tension of oil is affected by temperature and in warmer
watersthe spreading tendency of oil increases. A lower surface tension of oil
means it has a higher and quicker ability to spread even without wind or waves.
Most of the oils have a lower density than that of seawater; therefore, they float on
the water surface and horizontally disperse but the lighter components of oil can
evaporate and increase the oil gravity. This allows the formation of tar balls for
heavier oils, which can interact with sediments and rocks in the bottom of water after
the oils sink. Oils with higher viscosity tend to spread out less, and form a “chocolate
mousse” that is difficult to degrade or treat (Dave and Ghaly 2011). According to the
report of Nordvik et al. (1996) 10–50 �C increase in temperature decreases the
density and viscosity of oil from 0.88 to 0.855 kg/dm3 and 5000 to 200 cSt,
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respectively. This in turn reduces the oil’s resistance to flow and increases its ability
to horizontally spread out.

12.2.3 Chemical Characteristics

Molecular weight, solubility, explosivity limits, partition coefficient, boiling point,
flash point, melting point, and flammability limits are the oil’s chemical properties.
Different types of oils have different chemical characterizations (Dave and Ghaly
2011). Oil includes hydrocarbons and can include nitrogen, oxygen, sulfur, and
some other metals. Hydrocarbons include alkanes (the simplest form of hydrocar-
bons); alkenes and alkynes (unsaturated molecules); cycloalkanes, which are
carbon–hydrogen (ring-like in structure), aromatic hydrocarbons; and a carbon–
hydrogen ring. Oils are classified into four groups with various components (Clayton
2005) including unsaturated, saturated, polar compounds, and aromatics. Crude oil
has on average 50% naphthenes or cycloalkanes, 15% aromatics, 30% paraffins or
alkanes, 5% nitrogen, oxygen, and sulfur. Gasoline includes paraffins, olefins,
napthenes, and aromatics (Dave and Ghaly 2011).

Response to Oil Spills and Prevention Guidelines

Table 12.1 shows three events with large marine oil spills and their effect, cost, and
cleanup (Dave and Ghaly 2011).

To prevent the oil spills in an offshore environment, the countries have many
government regulations. Most of them are related to design of the used device and
equipment in the offshore medium as well as safety inspections. The regulations of
Canada, USA, and UK are the most detailed regulations.

Canadian Prevention Regulations

According to Canadian regulations, a development schedule including the scope,
goal, place, time, and nature of a plan for an oil field or an oil pool has to be approved
before starting its construction. This development plan also must contain the eval-
uations of the area, production rate, recovery methods, potential recovery measures
of gas and oil, technical proposals, monitoring processes, costs and environmental
agents. The National Energy Board takes the responsibility to review the project to
be safe, before its beginning. The board seeks advice from the Chief Safety Officer to
decide if the proposed oil field or pool is safe for the environment and workers (Dave
and Ghaly 2011).
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Response Regulations of Canada

Based on the regulations of Canada, if accidently an oil spill occurs, workers must
report that to the Chief Conservation Officer. The workers must do everything
possible to prevent more spillage and decrease serious environmental fallout. The
Chief Conservation Officer must take emergency environmental measures to clean
up and do preventive measures for more impact. The company responsible for the oil
spillage must pay all the costs for remedial measures and the destructions and
negligence according to the decision of court. Other Canadian organizations are
also involved with response to oil spill. One of the organizations that should be
informed immediately, especially in oil tanker spill, is the Canadian Coast Guard.
The negative effect of the spilled oil on marine life and migratory birds is determined
by the Canadian Wildlife Services (Dave and Ghaly 2011).

US Prevention Regulations

According to US regulations, if a facility has more than 1320 gallons or more than
4.2 � 104 gallons of capacity of the aboveground and underground oil storage,
respectively, or the certain expectation of the oil leakage in US waters and adjacent
shorelines, it must be under the cover of the Regulations by Spill Prevention, Control
and Countermeasure. Such a facility must prevent oil spills and the prevention
actions concern the oil containers and periodical tests. The oil handling operations,
discharge controls, drainage controls, spill prevention practices, staff, instruments,
and resources at the facility should be described by Spill Prevention, Control, and
Countermeasure plan (Dave and Ghaly 2011).

Response Regulations of USA

In the USA, any oil spill must immediately be notified to the National Response
Center, providing all the necessary information for Regional Administrator. In the
case that more than 1000 gallons (3785 liters) of oil are spilled into water in one
accident or more than 42 gallons (159 L) of oil in any of two spillages to adjacent
shorelines or navigable water occurs within any 12-month period, United States
Environmental Protection Agency must be notified by the operator or owner of the
facility (Dave and Ghaly 2011).

UK Prevention Regulations

All the operators of installations and facilities and also harbor authorities must have a
plan for oil contamination based on the regulations of Merchant Shipping. With
attention to the regulations of Offshore Activities, applying for a permit that contains
the details about the installation, the oil for discharging and the monitoring of the
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discharge based on the measures planned is mandatory for any oil discharging
through an offshore installation. Also the capacity and installation of the oil con-
tainers have been regulated according to the Control of Pollution (Oil Storage-
England) Regulations 2001 to prevent burst or leak under ordinary use (Dave and
Ghaly 2011).

Response Regulations of UK

In the UK, any unplanned or unexpected oil spill to sea must be announced by the
Oil Operations Notice No. 1 immediately. In the case that the source of oil spill is not
specified, the oil is taken for analysis. Ship owners or operators, persons who handle
facility and are responsible for an offshore installation must report any oil spill
caused by other ships or offshore installations immediately to the near Coastal State
or Her Majesty’s coast guard based on the Merchant Shipping (Oil Pollution
Preparedness, Response, and Co-operation Convention) Regulations 1998 (Dave
and Ghaly 2011).

12.3 Part I: Remediation Technology

12.3.1 Physical Methods

The physical methods, which can be applied for low and high viscous oils, even in
the presence of ice are conventional recovery methods to remove the spilled oil. Oil
skimmers and booms are the familiar types of this method, explained below.

Skimmers

The skimmers are engineered devices for oily water treatment and can be divided
into oleophilic (adhesion), weir, elevating submersion, suction, and centrifuged type
according to their function. For example, the oleophilic skimmers use the oleophilic
materials to separate oil from water and are classified into drums, discs, and rope
mops. For selecting an appropriate oil skimmer, some parameters must be consid-
ered such as oil type, oil viscosity, and sea and environmental conditions.

Recently, some researches were performed to improve and increase the recovery
rate of these equipments. Broje and Keller (2007b) emphasized the essential role of
interfacial tension between various petroleum products and recovery surface of the
skimmers. The interfacial tension has important effects on the wetting surface, the oil
thickness, and eventually recovery rate. The wetting and oleophilic properties were
evaluated by use of the contact angles of oil and hydrocarbon liquids. They used
various hard polymers, metals, and elastomers as cover. According to the results,
Neoprene and Hypalon (oleophilic elastomers) have high oleophilicity and more

396 M. Fatehi et al.



ability to keep oil at their surface. On the other hand, an increase in oil viscosity
enhances the oil recovery rate.

Moreover, they investigated the effect of operational parameters like recovery
surface material, speed of drum, oil properties, thickness of oil slick, and temperature
on the efficiency of drum skimmer with oleophilic surface in another study (Broje
and Keller 2007a). Three types of drum cover (aluminum, polyethylene, and neo-
prene) and oils (Diesel, Endicott, and HydroCal 300) were tested.

The results showed that the neoprene cover had better efficiency than aluminum
or polyethylene covers in oil removal for thicker slick and low viscosity oil. While,
for thin oil slicks polyethylene had the highest effectiveness. The recovery rate also
increased for thicker oil slicks and decreased for thinner oil slicks with increasing the
oil viscosity. Figure 12.2 illustrates the effect of thickness of oil slick, drum speed,
and temperature on the HydroCal recovery rate of drum with aluminum cover.

The obtained results showed that an increase in the thickness of slick (two or three
times) increases the recovery rates, but there is no significant change for the light oil.
At low temperatures, HydroCal and Endicott oil recovery rates were higher than at
the warmer temperatures. This is caused by the temperature impact on the oil
viscosity.

However, using conventional skimmers is not feasible in turbulent conditions and
when the oil slicks are thin. A 3D (three-dimensional) printed superhydrophobic–
oleophilic mesh based oil skimmer was fabricated and its surface modified with
octadecyltrichlorosilane (Yan et al. 2016). On-site and rapid fabrication is the
notable advantage of the presented production method. This oil skimmer contained
a top 3D printed mesh cap to remove the spilled oil and a bottom vessel to collect the
removed oil (Fig. 12.3).

The modified mesh had water contact angle of 150�, which shows its
superhydrophobicity. The oil removal efficiency of the designed skimmer was
more than 90% for hexadecane, gasoline, corn and mineral oils. Pore diameter of

Fig. 12.2 The effect of thickness of oil slick, drum speed, and temperature on the HydroCal
recovery rate using aluminum drum. (Modified after Broje and Keller2007a)
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printed mesh had significant effect on the permeation rate, so that the penetration rate
of hexadecane increased by enhancing pore size. In addition, the oil removal
efficiency of the skimmers was more than 90% during ten oil removal cycles,
which shows the durability of the designed skimmer. This skimmer has the high
potential to be used under sea wave and even storm because the collected oil is kept
stable by the vessel.

This equipment removes oil mechanically and no secondary pollutions remain.
Nevertheless, exorbitant energy for oil recovery, expensive operational conditions,
and higher removal efficiency in sheltered water condition than in harsh one are its
important disadvantages.

Booms

Booms are floating barriers with a variety of sizes, materials, and designs, and are
applied as the vanguard of spill control. Above-water freeboard, below-water skirt,
flotation foam or buoyant material, longitudinal tension member, and ballast are
several types of oil booms. They act as oil containment or oil concentration to
prevent oil spread and thicken oil slick, oil deflection to divert spilled oil at the
collection point for subsequent removal, and as a protector to divert spilled oil from
important biological and economical locations. In turbulent conditions, the applica-
tion of booms is not feasible (Ivshina et al. 2015). Currents deflect the booms by a
transverse dynamic pressure force and the pressure of surface currents and wave

Fig. 12.3 (a) The top 3D printed mesh cap and bottom vessel; (b) digital photo of the
octadecyltrichlorosilane modified printed mesh cap with pore diameter of 500 μm; and (c and d)
different magnifications of scanning electron microscope images of printed mesh. Reprinted with
permission from (3D printing as feasible platform for on-site building oil-skimmer foroilcollection
from spills, Yan et al., Wiley Online Library)
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motion deform the boom’s structure, reducing its effectiveness (Lee and Kang
1997).

The containment booms are of various types according to their operation condi-
tions like coastal, estuary waters, and open sea. The boom design, operation condi-
tions, and improved booms are the subject of much research. Structural analysis of
oil booms is an effective method to select suitable oil boom for various environ-
mental conditions, investigate the effect of operational conditions, and optimize the
oil boom design. The best position of booms is a less well, which affects the oil
containment and boom resistance against currents (Muttin 2015).

Zhu and Strunin (2001) presented a mathematical model using a potential theory
for a vertical barrier like a vertical floating boom in oil/water system. The model was
formulated by nonlinear integral equations. This model predicts the oil confined by
floating boom. Zhu and Strunin investigated the confined oil by use of water–oil
upstream contact point with the rigid lid. The results showed that the leakage beneath
the barrier was impossible in stagnation contact point, while in tangential contact
point, Froude number was used to estimate flow behaviour. In another study, they
presented new results of obtained model and discussed the relationship between
Froude number, the amount of trapped oil, and the barrier submergence depth (Zhu
and Strunin 2002). The viscous effects were used to upgrade the presented model in
their previous study.

Muttin (2008) investigated the boom efficiency and its behavior under a strong
current. His case study analysis showed that the boom skirt angle changed and
decreased the boom efficiency. Moreover, a model was proposed to analyze the
structure of oil booms in inshore and estuary waters. The results indicated that the
angle (θ) between the cross section of the boom skirt and the vertical axis influenced
the containment efficiency. Therefore, controlling the boom position by use of a
three-dimensional boom model is essential. On the other hand, the chain and the
leach stiffness changed the skirt angle. Figure 12.4 shows the effect of current
velocity on the skirt angle. According to the obtained third-degree polynomial for
presented data in Fig. 12.4, the inflexion of curve was at 0.45 m/s, while the empiric
value was 0.35 m/s for the maximal admitted current velocity.

These results showed the nonlinear manner of the boom structure. To prevent
breaking the booms, a computation using tide coefficient of an installation period
was suggested. Depending on where the oil pollution occurred, the crisis team
should have the best choice with respect to the intrinsic limitation of the booms.

In another study, a realistic physical model was used to investigate the relation-
ship between the design parameters of a floating boom and its efficiency under
different waves and current conditions (irregular and regular). In this study, various
booms were used, which were different in geometry properties and buoyancy–
weight ratio (Castro et al. 2010). Computer Vision system developed ad hoc was
applied for analyzing the boom displacements. The effective boom drafts are defined
in order to characterize the booms’ performance.
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In regular waves, an increase in the wave height or current velocity had a negative
impact on the effective draft. When the current velocity increased, the effect of wave
height diminished. On the other hand, an increase in buoyancy–weight ratio
decreased the effective draft. The long skirt boom models had higher significant
effective drafts than the short skirt booms models, in the absence of current.
Moreover, the same behavior was obvious for the minimum effective draft. In
irregular waves, the significant effective drafts decreased as the current velocity
increased and the effect of wave height is secondary in the absence and presence of
current. The effects of buoyancy–weight ratio and skirt length were similar to that of
the regular waves’ conditions. Forasmuch as the effective boom draft influences on
the drainage failure, this research emphasizes the right choice of booms based on the
wave and current conditions.

The boom flexibility also affects the floating boom performance to contain spilled
oil. Shi et al. (2018) used an improved multiphase Smoothed Particle Hydrodynam-
ics method to simulate contained oil by flexible boom and compared the obtained
results with experimental data and the results of rigid boom. This model was applied
for simulation of flexible boom movement in the presence of simultaneous waves
and currents. The simulated and experimental results showed water vortices were
generated in the forepart and behind the boom skirt. An increase in the current
velocity decreased the size of the forepart vortex while the rear vortex increased. On
the other hand, the skirt of the flexible boom swayed and rolled easily compared to
the rigid one. The heave responses of the booms did not depend on the boom

Fig. 12.4 The skirt angle of floating boom versus current velocity. (Modified after Muttin2008)
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flexibility. In one wave cycle, the escaped oil from the rigid boom was lower (about
5%) than that from the flexible one.

The boom characteristics, contained oil properties, and environmental conditions
have a considerable effect on the performance of the booms while there is less
information about their effect. Moreover, it is suggested that the oil spread model on
the surface of water and physio-chemical mechanisms of the spreading should
comprehensively be studied to improve and develop a hind cast model for booms.
Sometimes, the oil booms are used to improve the skimmer efficiency but there is a
main problem with containment booms. The booms collect and concentrate both oil
and surrounding ice so that the ice concentration rapidly decreases the skimmer
efficiency, contrary to the positive effect of oil concentration.

As a result, the recovery rate of physical methods like booms is a notable
weakness. In addition, these methods are unable to remove spilled oil in brush and
broken ice conditions and need to improve their application with some chemical
agents.

12.4 Chemical Methods

The chemical methods are cheaper than physical methods for spilled oil removal.
These methods are quick and used for various oils. However, they have disadvan-
tages like secondary pollution and unrecoverable oil. In the following, different
types of chemical methods for oilremediation with some of their advantages and
disadvantages are discussed.

12.4.1 In Situ Burning

In situ burning is an easy and fast thermal means to treat oil contaminated sites and
requires a minimum of specialized equipment like fire igniters and resistant booms.
It provides high rates of oil removal efficiency. In situ burning is applied to treat jet
fuel and oil spilled in snow and ice covered waters by ship accidents, pipelines,
storage tanks in Scandinavian countries, European countries, USA, and Canada
(Mullin and Champ 2003). The method is effective in calm wind conditions and is
useful for the spills of light refined products or fresh oils because they can burn
quickly and without any danger for marine life, but there is a probability that the
residue will sink and cover up an underground water resource (Dave and Ghaly
2011). The residue can be removed using the mechanical techniques. The thickness
of oil and the adequate amount of oxygen are the factors that limit the successful
performance of burning (Buist et al. 1999). There are two factors including
(a) burning agents including light crude oils, gasoline, and (b) wicking factors
including wood, straw, silica, and glass beads, in order to sustain the oil combustion
and provide sufficient oxygen to the fire (Fingas et al. 1979). In spite of the success
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of in situ burning for oil spill response, there are some limitations to applying this
method, including (a) fear of probable other fires and (b) environmental hazards and
danger to human health because of burning by-products (Buist et al. 1999). Burning
can have some effects on the aquatic life and vegetation near the site. In situ burning
is efficacious as treatment if applied immediately after the oil spill occurs (Dave and
Ghaly 2011). Thick oil slicks have an important role in spreading oil and the
efficiency of in situ burning. The spilled oil quickly spreads and becomes thin in
loose, broken ice conditions. The best range for thick slicks is 2–5 mm (Buist et al.
2011).

Secondary pollution, time consuming, excessive energy, and increasing water
temperature are the disadvantages of this method. The thickness of spilled oil is an
important factor to choose this method for oil removal.

12.4.2 Chemical Agent

Chemical agents are synthetic materials that are able to change the surface tension or
change the structure of oil molecules. These agents are used either alone or to
improve other methods like skimmers. Herding, dispersant, and solidifier agents
are familiar types of chemical agents that are used in oil removal processes.

Herding

The herding agents are used widely to clear and contract spilled oil in open water due
to their high spreading coefficient and specific surface activity. These chemical
materials, also called oil herders, form a monolayer on the surface of water and
increase the tension of oil/water surface. Then the herders change the balance of
interfacial forces and thicken the oil layer (Fig. 12.5).

Silicone-based, hydrocarbon-based, and fluorosurfactant-based are familiar types
of herders. Laboratory experiments have proved that the silicone-based herders have
the best performance followed by hydrocarbon-based and fluorosurfactant-based
herders. In general, the herder can improve some oil removal processes like skim-
mers and in situ burning techniques.

In light ice conditions, the proper performance of booms is questionable, the
challenging behavior of booms is contemplative. The small-scale and mid-scale
experiments showed that the herded slicks ignited well in brush and slush ice
conditions, even at 17 �C. In these ice conditions, the efficiency of burning was
slightly less compared with open water. These results encouraged researchers to
carry out meso-scale experiments with 630 L of Heidrun crude. The oil spreading
lasted 15 min and thick slicks were reduced to 0.4 mm. After applying the herding
agents, the agents contracted and thickened the oil slicks and caused high oil removal
by burning (90%).
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Figure 12.6 shows the ice coverage, ice conditions, volume of crude oil (Alaska
North Slope crude) and wind/wave effects on the in situ burn efficiency in small- and
mid-scale testing by the hydrocarbon-based herder.

According to these results, the hydrocarbon-based herders had excellent perfor-
mance in oil removal. The removal efficiency increased by increasing the crude
volume but the ice conditions (brush and slush) did not have any notable impact on
the oil removal by situ-burning. If the herders were applied before spreading oil, the
oil slicks were thicker than using them after spreading oil. The gelatinization of
hydrocarbon-based herder at low temperatures (below 0º C) was a fatal problem in
cold weather, which was modified by changing the type or amount of solvent in
herder formulation (Buist et al. 2011).

Despite all the abilities of these agents, the herders cannot be used in windy
conditions because of the effect of breaking waves disrupting the herder layer. In
addition, the frazil ice condition in very cold air temperatures has a detrimental effect
on the performance of herders by decreasing thick slicks.

Dispersant

A mixture of surfactant and solvent is used to produce dispersant agent. Dispersants
are the only option when the spilled oil cannot be collected or contained by other oil

Fig. 12.5 Schematic of herder performance to contract and thicken spilled oil. Reprinted with
permission of (Herding surfactants to contract and thickenoil spillsin pack ice for in situ burning,
Buist et al., Elsevier)
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removal methods. These chemical agents are applied over the oil slicks in the form of
aerosol and help the oil components to naturally break down their structure. Here-
upon, the deformed oil compounds are able to connect with water molecule by
chemical bond. Therefore, these agents prevent the spread of oil pollution over the
surface of water and enhance the chance of microorganism degradation. In contrast
to herding agents, dispersants decreased the surface tension between oil and water.

Second generation and third generation are two groups of the current dispersants.
Second-generation dispersants, named conventional type, are produced with
nonaromatic hydrocarbon solvents. The third generations, named concentrate type,
are based on water or hydrocarbons that are facile to use (Putatunda et al. 2019). The
application of dispersant agents has several advantages and disadvantages, which are
discussed below.

One of the main problems with the use of dispersants to treat spilled oil is that
these chemical agents have a disappointing performance on calm water. In these
conditions, there is no mixing energy for prompt performance of agents. In optimis-
tic insight, they will act with increasing sea agitation. But the persistence of
dispersants on calm waters is a notable issue.

Lewis et al. (2010) investigated the persistence of dispersants during six days on
static and flowing water and their performance after six days. They used Intermedi-
ate Fuel Oil 30 and Ewing Bank 873 crude oil with different thicknesses. Moreover,
Corexit 9500 was used as dispersant with the dispersant–oil ratio 1:20. The results
showed that thicker slicks (5 mm) dispersed completely after six days by being
exposed to breaking waves (period of 30 min). Dispersants lost their dispersibility
for thinner slicks (2.5 mm) and weathered oil after 2 days because of dispersant loss.

Fig. 12.6 The effect of the ice coverage, ice conditions, volume of crude oil and wind/wave on the
in situ burn efficiency by the hydrocarbon-based herder. (Modified after Buist et al. 2011)
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In other tests, dispersant loss was determined from crude oil slicks for two
conditions: 43 h water soaked process with water current velocity 13 cm/s (sample
I) and 91 h water soaked process with water current velocity 5–6 cm/s (sample II).
Warren Spring Laboratory effectiveness was used to discuss about dispersant loss. In
no-flow conditions by increasing time on the tank water surface, two soaked samples
showed an initial increase in dispersibility because of increasing oil density, after
which its rapid decline was observed due to surfactant loss. While in flow conditions,
the dispersibility decreased with time (more rapid than no current conditions). The
result of the different current speeds on dispersant loss also indicated that dispersion
was faster and more complete for sample II than sample I.

They also studied the combined effects of thickness of oil slick and oil type on
dispersant detriment in calm and flow conditions. The obtained results showed the
important role of slick thickness in the dispersion potential. The 55 h soaked thick
slick (5 mm) had higher dispersant effectiveness than 18 h soaked thin slick
(2.5 mm), for the same oils.

The oil concentration and dispersant agents influence oil removal efficiency. The
impacts on the removal of total petroleum hydrocarbons were investigated by Zahed
et al. (2010). In initial concentrations of crude oil of 100, 500, 1000, and 2000, the
removal efficiency of total petroleum hydrocarbons by dispersant were reported
67.3, 62.5, 56.5, and 44.7%, respectively. Without dispersant, the crude oil removal
decreased to 64.2, 55.7, 48.8, and 37.6% for the mentioned oil concentrations.
According to the presented results, the removal of crude oil increased by use of
dispersant and decreased by increasing concentrations of crude oil.

Dispersant agents are able to effectively and quickly eliminate large volumes of
oil compared with other removal methods but they have some limitations. They do
not have an effective performance for high viscous oil (>2000 cSt), and thick layers
of oil, which are formed in the low temperatures, weathering conditions, and mousse
oil. On the other hand, these agents consist of different chemical materials, the
presence of which causes environmental problems for marine creatures. In addition,
dispersant spraying techniques require a greater understanding of the effective
factors on their performance. For example, the wind can change the amount and
position of dispersants during spraying with helicopter (Al-Majed et al. 2012).

Solidifier

Oil solidifiers (gelling agents) are dry granular materials that can be divided into two
main groups: polymeric and low-molecular-weight solidifiers. The polymeric
solidifiers are produced from high-molecular-weight polymers with porous matrix
and large oleophilic surface area, which are able to physical contact with hydrocar-
bons. While the low-molecular-weight solidifiers are derived from amino acids,
peptides, sugars, quaternary ammonium salts, metallic soaps, derivatized choles-
terols, and hydrocarbons. To improve the solidification process, the combination of
different types of solidifiers is recommended. These chemical agents increase the
oil’s viscosity and form a solid or semi-solid material and prevent oil release in the
air and water.
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Solidifiers are not toxic and float on water surface and remove easily unlike
sorbents but their application is limited to confined spaces like near coastlines, while
they are usable in rough sea conditions. The solidifier performance depends on
operational conditions (temperature, agitation, and contact time between oil and
solidifier) and oil properties (composition, viscosity, and surface area), especially the
type and composition of spilled oil and slicks (Motta et al. 2018; Adebajo et al. 2003).

Delaune et al. (1999) investigated the effectiveness of granular solidifier to
remediate South Louisiana crude oil in Coastal Wetlands. These researchers efforted
to rectify the lake of solidifier’s application in a large-scale spill. Over 70% of the
crude was recovered by spraying solidifiers over the water surface. The solidified oil
was very cohesive, firm, and with no fracture. The results emphasized that the
granular solidifier can be used in a large-scale spill like open water with high
removal efficiency and solidified oil can be easily removed by either hand or
mechanical means.

To improve solidifier effectiveness at various environmental conditions, the
effects of type of solidifier and oil and salinity of water were investigated
(Sundaravadivelu et al. 2016b). In addition, some operational conditions like mixing
energy, solidifier–oil ratio on the removal efficiency of solidifiers were discussed.
Five solidifiers and three types of oil (Arabian light crude, Prudhoe Bay crude, and
Intermediate Fuel Oil 180) were used in these experiments.

The results showed that the salinity of water had no effect on the oil removal.
While an increase in the mixing speed from 0 to 60 rpm enhanced the removal
efficiency for medium crude but the higher speed (120 rpm) had no benefit effect on
it. The mixing speed did not change the removal efficiency for light and heavy
crudes. The product type and solidifier–oil ratio had a significant effect on the
solidifiers’ performances. The removal efficiencies were about 80% for Arabian
light crude and Prudhoe Bay crude crudes while it was 60% for Intermediate Fuel Oil
180 crude at 1:2 solidifier–oil ratios. In these conditions, the highest removal
efficiencies were obtained for Waste-Set #3200® solidifier while Rubberizer had
the lowest removal. Moreover, the best and worst performances were observed for
Waste-Set #3200® and Rubberizer, respectively, at 1:8 solidifier–oil ratio.

In another study, the physical and chemical characteristics of 12 oil solidifiers were
measured and correlated to define a good solidifier (Sundaravadivelu et al. 2016a).
They observed the best removal performance for solidifiers with a carbonate group
with a pore size >5 mm and bulk densities <0.3 g/cm3. The polymeric solidifiers like
Oil Bond, Waste-Set #3200, Rubberizer, and Imbiber Beads had up to 75% removal
efficiency at 1:2 solidifier–oil ratio. The bulk density had a main impact on the removal
efficiency so that the greatest removal efficiency was observed for the lowest bulk
density solidifiers. Moreover, the solidifiers with small grain size were able to form a
mat-like solidified oil, which was easily collected. Table 12.2 presents the summary of
some researches, which have investigated the effects of properties of solidifiers and
solidified oil on the solidifier’s performance.

The efficiency of chemical agents is strongly influenced by operational conditions
and oil properties. Sometimes, these agents are toxic to marine ecosystem as well as
spilled oil. On the other hand, they have high oil removal efficiency and protect
marine habitat by changing the chemical and physical properties of spilled oil.

406 M. Fatehi et al.



12.5 Sorbents

The sorbents are oleophilic and hydrophobic porous products that they sorb hydro-
carbons and oil and repel water. The sorbents physically sorb oil by adsorption and
capillary and sometimes both of these mechanisms. In oilsorption processes with
sorbents, no chemical bonding occurs. The composition and structure of oilsorbents
influence their oilsorption capacity. Generally, the oilsorbents are divided into
natural, synthetic, and inorganic sorbents.

12.5.1 Natural Sorbents

Recently, growing public environmental concerns have led to more attention being
paid to natural sorbents due to their minimal secondary pollution and toxicity.
Significant capacity for oil removal compared to synthetic product, high biodegrad-
ability, environmental friendly, minimum secondary pollutions, low cost, low den-
sity, and some physical and chemical properties make them attractive as potential
sorbent materials. Some organic natural sorbents were investigated such as vegetable
fibers, cotton fiber, milkweed, kenaf, wool, straw, wood fiber, and so on.

Choi and Cloud (1992) compared the sorption capacity of milkweed floss, cotton
fiber, polypropylene web, and milkweed/polypropylene web in the dry and wet
(soaking in seawater) state. The experiments were performed with three crude oil

Table 12.2 Summary of some researches for the effects of properties of solidifier and solidified oil
on the solidifier’s performance

Property Explanation

Effectiveness a Solidifier consumed for a unit of spilled oil

Rate of solidification a Immobility speed of the solidifier for spilled oil

Phase selectivity a Preference for oil over water

Water uptake a Water uptake of the solidifier that may lead to sink of the solidifier

Oil recovery from final
producta

Oil recovery from the solidified oil per unit of solidified oil

Buoyancy b Ability of the solidifier to be buoyant on the surface of the water

Toxicity b Solidifier concentration fatal to 50% of a test population

Biodegradabilityb Capability of the solidifier to be degraded by biological activity

Mechanical strength c Potential of the solidifier to remain intact under the influence of wind
and water movement and have adequate mechanical strength to facil-
itate recovery

Retention of
hydrocarbonsc

Ability of the solidifier to retain volatile components of oils and avoid
leaching

Solidifiers
bSolidifiers and solidified oil
cSolidified oil
Modified after Motta et al. (2018)
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samples and 1 g of sorbents in media with and without water. Due to wax content
and void structure of milkweed, the results showed the greatest oil uptake for it
(~40 g/g). Cotton fiber had lower capacity than milkweed but it had better sorption
behavior than PPW or fiber. Figure 12.7 shows the oilsorption capacity of dry and
wet with different amounts of light crude oil.

To investigate the highest sorption, the sorption environment was changed to oil
bath. From the results it was concluded that the amount of sorbed oil in oil bath is
higher than that in water bath and the sorption capacity is different for various crude
oils (Fig. 12.8).

According to the results, milkweed and cotton had more ability to sorb oil than
polypropylene web or fiber. Moreover, there was no change in sorption capacity of
milkweed and cotton in water and oil baths. In comparison, the oil capacities of
scoured cotton and milkweed decreased in oil and water bath. The removal of wax
content of these sorbents can be the reason for this reduction. During the first
recovery of oil from all sorbents except polypropylene web, approximately 90% of
oil was removed after squeezing by two rollers. The reduction of oil recovery from
the polypropylene (79–85%) was due to interaction between oil and polymer.
Additionally, the results of the second and third compress showed that cotton,
milkweed, and polypropylene can be used repeatedly. Finally, according to some
disadvantages of two groups of sorbents, they suggested that the combination of
natural sorbents with synthetic ones can be useful in the oil spill cleanup process.

Another study was performed by Choi et al. (1993) about partial or complete
replacement of synthetic product by cotton nonwovens as oil sorbent. They inves-
tigated the effects of compactness of nonwovens, percentage of polypropylene in

Fig. 12.7 Oilsorption capacity of dry and water-soaked sorbents in water bath with different
amounts of light crude oil. COT: cotton fiber, MW: milkweed floss, PPW: polypropylene web,
and MP: milkweed/polypropylene web. (Modified after Choi and Cloud1992)
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blend of cotton/polypropylene and the number of reuse on oil sorption capacity.
They also presented detail information about sorption mechanism and kinetics of
desorption for these sorbents. They found that cotton fiber sorb oil by adsorption and
capillary in lumen, while there was no adsorption phenomenon for polypropylene,
and capillary bridges between fibers controlled the oilsorption. The results showed
that the amount of watersorption for 100% polypropylene nonwoven was higher
than cotton-containing nonwovens (100, 80, 65, and 50% cotton). These sorbents
were used several times to determine reusability. Initially, cotton had the greatest
oilsorption capacity. But during reuse, it had poor performance with respect to the
polypropylene. The results showed that as the amount of cotton increases in the
nonwoven, watersorption increases during reuse.

The gravity desorption behaviors of 100% polypropylene and 100% cotton
nonwoven were investigated during 5 min. For these sorbents, the rate of desorption
was faster during the initial 2 min and changed with increasing the number of passes.
The higher number of passes diminished the rate of desorption of cotton fiber and
had no significant effect on the polypropylene nonwoven. In conclusion, Choi et al.
(1993) emphasized that the cotton-containing nonwovens can be used instead of a
synthetic sorbent like polypropylene.

Straw is also one of the natural sorbents that can be used for oil containment and
cleanup of water. Monohydroxy alcohols, esters, and long chain fatty acids of wax
layer of straw makes it hydrophobic. Adsorption and absorption are two main
mechanisms for oilsorption by straw that depend on specifications of surface of
stalk and leaf, respectively. The oleophilic property of straw was investigated by
Witka-Jezewska et al. (2003) who analyzed contact angles. The contact angles of dry
and wet barley straw were measured for water and decane. The results showed that
dry straw remained oleophilic and absorbed oil, being in direct contact. Moreover,
the contact angle of oil on wet straw was above 150�, which emphasized the
oleophilic property of straw in aqueous environment. After 2 weeks, the

Fig. 12.8 Oilsorption capacity of sorbents in oil bath with different crude oils. COT: cotton fiber,
MW: milkweed floss, PPW: polypropylene web, andMP: milkweed/polypropylene. (Modified after
Choi and Cloud1992)
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microorganisms completely covered the whole surface of straw and the contact angle
of oil on wet straw decreased to 60–70�, which made it hydrophilic. These results
show that if straw is used for the oil cleanup, it should be replaced by fresh straw
after 15 days because of decomposition of its natural wax.

Another natural sorbent, which has attracted the attention of researchers, is wool
fiber. Sorption properties, reusability, and roughness of the recycled wool fibers
persuaded Radetić et al. (2003) to study the possibility of replacing synthetic
sorbents with wool fiber. They used SN 150, diesel, and crude oil for their exper-
iments. All investigations about wool sorption capacity were performed during a
time span of 10 min. The results indicated that amount of oilsorption of the
nonwoven rises by increasing the content of oil in samples in the following order:
SN 150 > diesel > crude oil. These results show that the sorption behaviors of
various oils are different because of their different viscosities.

The sorption behavior of the dry and water-soaked sorbent showed that dry
samples had better sorption than wet samples. Figure 12.9 compares the sorption
behavior of treated and untreated samples. Treated samples are provided by chitosan
and low-temperature air plasma processes. Sorption properties were significant for
low-temperature air plasma-treated samples especially in the case of crude oil. In oil
bath without any water, the sorption capacity of material was slightly higher.

Recycled wool fibers have different sorption behaviors from raw wool because of
the mechanical and chemical changes during reuse. Nature of lanolin and wax of raw
wool play a major role in adsorption of oil. Different sorption behaviours are not
expected for recycled wool fibres, due to small amount or lack of wax and lanolin or
a small mount.

Fig. 12.9 Effect of treatment on sorption capacity of nonwoven wool fiber in artificial seawater
bath containing 40 g of oil. CHT: chitosan and LTP: low-temperature air plasma. (Modified after
Radetić et al. 2003)
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According to the white light scanning interferometry analysis pictures in
Fig. 12.10, chitosan-treated sample has the flattest and smoothest surface. The
depth of valley analysis pointed that low-temperature air plasma treatment increases
the specific surface area and roughness compared to samples without treatment. The
good sorption of low-temperature air plasma-treated samples can be explained by
these analyses. Thus, an adsorption process by physical trapping governs the
oilsorption of low-temperature air plasma-treated samples.

In addition, construction of materials has inevitable impact on the sorption
process. The results of adsorption behavior showed that loose fibers have more
favorable performance than nonwoven material. Sorption capacities of loose fibers
were 103.74 and 111% more than that of nonwoven one for SN 150, diesel, and
crude oil, respectively. Finally, the reusable sorbents were studied by comparison of
sorption capacity for SN 150 after five cycles. As seen in Fig. 12.11, the sorption
capacities decrease with increasing the number of cycles, but are enough for oil
separation. Oil removal was performed by squeezing between rollers. This research
indicated that recycled wool nonwoven sorbents can be effective in oilsorption
processes.

Fig. 12.10 White light scanning interferometry analysis pictures of (a)untreated, (b) LTP-treated,
and (c) CHT-treated samples. CHT: chitosan and LTP: low-temperature air plasma. Reprinted with
permission of (Recycled wool-based nonwoven material as anoilsorbent, Radetić et al.,ACS
Publications)

Fig. 12.11 Reusability of untreated, CHT-treated, and LTP-treated nonwoven wool samples for
SN 150. CHT: chitosan and LTP: low-temperature air plasma. (Modified after Radetić et al. 2003)
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Hydrophobicity, specific gravity, and buoyancy of sorbents are the effective
parameters on the oilsorption capacity. The various vegetable firers are taken into
consideration because of favorable sorption, oleophilic properties, affordable, low
density, and environment friendly. For this purpose, leaves residues, wood shavings,
sisal, coir fiber, Luffa aegyptiaca and silk-floss were evaluated by Annunciado et al.
(2005). For sorption experiments, they used mixture of crude oil and water
(deionized and marine) and experiments were performed with and without agitation.
The evaluation of water uptake was performed by weight difference and distillation
of sorbents. Figure 12.12 shows the different systems used in tests.

The mean specific gravity of fibers revealed that leaves residues, sisal, coir fiber
and wood shavings are weightier than water unlike Luffa aegyptiaca and silk-floss,
which obviously influences their buoyancy in water. At first, different granulometry
ranges of sorbents were used for 60-min experiments. The results indicated that the
reduction of size from 3.35 mm to 0.85–1.70 mm increases the oilsorption up to
205%. As a result, the sorption capacity depends on specific surface area. In static
and dynamic systems, the sorption ability of sorbent was in the following order: silk-
floss > sisal > wood shavings > coir fiber > Luffa aegyptiaca > leaves residues. The
sorption of all fibers also increases by time increment. The poor sorption perfor-
mance of the mixed leaves indicated that this sorbent is not the suitable sorbent. Silk-
floss had the best performance on the sorption test due to its cotton-like nature.
Table 12.3 provides the sorption results of silk-floss fiber in dry, static, and dynamic
systems. According to the results of experiments during 24 h, silk-floss sorbs about
80% of oil in initial 5 min.

In static system, water uptake of silk-floss varied between 6.3 to 2.5% (compared
with dry system) at 5–1140 min, respectively. The sorption of dynamic system was

Fig. 12.12 (a) Static system, (b) dynamic system, and (c) dry system after placement of fibers on
the oil surface at room temperature. Reprinted with permission of (Experimental investigation of
various vegetable fibers as sorbentmaterials foroil spills, Annunciado et al. Elsevier)
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lower than dry system before 60 min, but after that the sorption was higher. The
agitation and frequent water–fiber contact can be the reason of this sorption behav-
ior. Therefore, water and agitation can decrease the oilsorption capacity. In
deionized and marine water, silk-floss showed the highest hydrophobicity (around
98%) and sisal and Luffa aegyptiaca had the opposite behavior (0% hydrophobicity).
The sorption capacities of fibers in various systems are shown in Fig. 12.13.

In total, there is no significant difference between oilsorption of systems with
different water conditions, and silk-floss showed the best sorption. Finally, the
buoyancy results indicated that silk-floss and sisal had the highest and lowest
buoyancy, respectively. The leaves residues and the coir fiber had better perfor-
mance in marine water than deionized water, whereas sisal, Luffa aegyptiaca, and
wood shavings had approximately the same buoyancy in different water conditions.

Table 12.3 Comparison of sorption capacity of silk-floss in different systems

Sorption
time
(min) Dry system Static system Dynamic system

A
Oilsorption
(g/g)

B
Sorption
(g/g)

C
Water uptake
Weight
difference (g)

D
Water
uptake by
distillation
(g)

E
Sorption
(g/g)

F
Water
uptake by
distillation
(g)

5 73.9 78.8 5.0 2.7 68.7 2.0

20 75.2 79.2 3.9 – 72.9 –

40 79.5 83.9 4.4 – 74.5 –

60 81.0 85.2 4.3 3.5 77.6 2.7

1440 84.9 87.1 2.2 2.7 85.8 2.3

Modified after Annunciado et al. (2005)

Fig. 12.13 Oilsorption capacity of different fibers at 60 min sorption in static and dynamic system
with different water conditions. (Modified after Annunciado et al. 2005)
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Rice hull and bagasse were also compared with polypropylene nonwoven web.
The sorption capacity and oil recovery of these sorbents were investigated experi-
mentally (Bayat et al. 2005). Light crude oil, gas oil No. 1, gas oil No. 2, and heavy
crude oil were used as pollutants. The effect of specific surface area was investigated
using two mesh sizes of rice hull and bagasse. In order to easy collect and remove
rice hull and bagasse, they were wrapped into a hydrophobic cloth. Whereas,
polypropylene nonwoven web was without cloth and floated on the simulated sea
water. One gram of sorbent was added to the system containing varying amounts of
pollutants (10, 20, and 30 g) and 400 ml of simulated seawater. Table 12.4 represents
the oil uptake capacity of different sorbents and their recovery yields.

The results revealed that each gram of polypropylene nonwoven can sorb 7–9 g of
different pollutants and has the best oilsorption capacity. Bagasse with mesh 18–45
sorbs oil greater than bagasse with mesh 14–18 and rice hull with mesh 10–14. But
these sorbents showed a better performance for heavy crude oil than other oils. The
important impact of the viscosity of oils on the sorption behavior was apparent. An
increase in the viscosity decreases the oilsorption capacity. On the other hand, low
viscous oil removed faster from sorbents. The results of recovery indicated that the
oil recovery was greater for 14–18 mesh bagasse than that for 18–45 mesh due to the
higher specific surface area. The recovery of heavy crude oil was greater than those
of other oils. Polypropylene nonwoven web had the lowest recovery efficiency for
light crude oil.

According to these results, all adsorbents have good performance in oil cleanup
from seawater and polypropylene nonwoven is the best one. But rice hull and

Table 12.4 Experimental results of oil uptake capacities (g/g sorbent) and recovery yields (%) for
different sorbents and pollutants. LCO: Light crude oil, GO1: gas oil No. 1, GO2: gas oil No. 2 and
HCO: heavy crude oil

Oil
pollutant

Sorbent Bagasse Mesh
14–18

Bagasse Mesh
18–45

Polypropylene
nonwovena

Rice hull Mesh
10–14Results

LCO Oiluptake 3.38 5.55 8.26 3.80

Recovery
yield

100.00 93.13 87.70 94.60

GO1 Oiluptake 4.01 5.22 7.60 3.70

Recovery
yield

97.75 91.51 94.27 90.29

GO2 Oiluptake 4.07 5.39 8.46 3.81

Recovery
yield

94.23 94.53 94.54 92.99

HCO Oiluptake 5.30 5.54 9.12 5.15

Recovery
yield

100.00 96.70 95.67 96.00

aThickness: 5.59 mm, Denier: 12.56, and Mass per area: 593.3 g/m2

Modified after Bayat et al. (2005)
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bagasse showed good oilsorption and recovery, indicating that these natural sorbents
could be a viable alternative choice instead of synthetic products.

In conclusion, natural sorbents are biodegradable, low cost, and can be burned as
fuels. In summary, natural oilsorbents have some deficits like poor recyclability and
adequate floatability, while, there is growing regard for use of natural sorbents
because of their eco-friendly behavior.

12.5.2 Synthetic Sorbents

Nowadays, fabrication of superoleophilic and superhydrophobic surfaces as
oilsorbents has attracted a lot of attention. These porous materials have a significant
oilsorption capacity, high floatability, low surface energy, and good reusability.
They have some shortcomings like expensive, complex and time-cost fabrication
process, and environmental incompatibility. In the following, the performance of
some types of synthetic sorbents and their limitations are explained.

Nanofibers

Nanofibers are hydrophobic–oleophilic surfaces, which are able to trap the spilled oil
inside of their porous structures and transfer liquid oil to a semi-solid structure.
Nowadays, consideration has been given to the development and use of nanofibers
based on their good hydrophobicity–oleophilicity, physical and mechanical proper-
ties, low surface energy, good buoyancy, high surface area, small pore size, and high
uptake capacity. Melt bowling, force spinning, electrospinning, and bicomponent
spinning are the common methods to produce polymeric nanofibers. Figure 12.14
shows the melt-blowing process device, the bicomponent spinning machine, and the
centrifugal spinning device, which were used in some researches.

Electrospinning is used widely as an efficient and typical procedure for fabricat-
ing polymeric nanofibers with micro and nanoscales using various materials. An
ordinary electrospinning process is illustrated in Fig. 12.15. Liquid polymer transfers
to a needle by a syringe pump. The polymer globule surface changes to the Taylor
Cone due to high voltage of needle. A spurt of melt polymer, which errupts from the
needle, moves through the air and forms the polymer fibers. The safety of operators
of the electrospinning apparatus is the most important concern. Inhalation of
nanofibers, high voltage, and evaporation of solvent are disturbing issues.

Surface morphology, porosity, diameter, voids among the fibers and surface
tension influence the behavior and oilsorption capacities of the nanofibers. The
rough surface of the fibers can enhance the oiladsorption. Porous nanofibers are
capable of adsorbing oil due to specific surface area. On the other hand, the high
porosity and small diameter of the fibers increase the capacity of oilsorption. As the
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Fig. 12.14 Schematic of (a) the melt-blowing process device. Reprinted with permission of
(Textile materials and structures for topical management of wounds, Gupta and Edwards 2019,
Elsevier). (b) The bicomponent spinning machine. Reprinted with permission of (Piezoelectric
polymeric bicomponent fibers produced by melt spinning, Lund et al. 2012, Wiley Online Library).
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diameter increases, the sorption rate decreases because of the large void space
between fibers. Also, hydrophobicity and oleophilicity characteristics of surface
are determined by the surface tension. The favored solid surface for oilsorption
has the surface energy similar to that of oil.

Adsorption and capillary action control the oilsorption mechanism of the fibers.
Capillary mechanism traps oil on the its surface physically (adsorption) and fills the
void spaces between fibers with the van der Waals forces. Table 12.5 presents the
sorption capacity of different fibers with various oils. The sorption performance of
these sorbents is affected by oil viscosity, surface tension of fabric sorbents, specific
surface area, floatability, oil retention time, contact angle of sorbent, viscosity of the
spinning solution, kinetic of oilsorption, and pH of environment. Table 12.6 sum-
marizes the effective factors on the oil removal efficiency.

The high viscous oil may have two opposite effects on the oilsorption capacity of
fibers. The adsorption of oil increases by adhering the oil to the surface of fiber,
whereas the capillary of the oil becomes difficult due to the high viscosity. Addi-
tionally, oil thickness has positive effects on the sorption performance. The accept-
able oil-water selectivity decreases the water collection and mass of sorbents in the
oil spill site. The oil selection of fabric sorbents can be changed by specific surface
area. Moreover, the high porous structure increases the oilsorption capacity by
retaining the oil in the voids of fibers.

⁄�

Fig. 12.14 (continued) (c) The centrifugal spinning device for preparation of polyacrylonitrile
(PAN)/ poly-methyl methacrylate (PMMA) precursor and porous carbon nanofibers (PNFs).
Reprinted with permission of (Centrifugal spinning: a novel approach to fabricate porous carbon
fibers as binder-free electrodes for electric double-layer capacitors, Lu et al. 2015, Elsevier)

Syringe
Positive electrodes

Copper wire

Polymer solution

Needle
Single jet

Power supply

Fibre collector

Charged fibres

Fig. 12.15 Typical electrospinning process to fabricate polymeric nanofibers. Reprinted with
permission of (A review of polymer nanofibres by electrospinning and their application inoil–
waterseparation for cleaning up marineoil spills, Sarbatly et al., Elsevier)
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The surface roughness of the fibers has an influence on the oiladsorption capacity
based on its effects on the pore, the pore size distribution, and the contact angles of
oil and water. Fibers with hierarchical roughness have low oil contact angles and
high water angles. Nevertheless, surface roughness of fibers has less impact than
pore size of fiber. Therefore, oilsorption capacity of small-diameter porous fibers
with smooth surface are greater than that of large-diameter porous fibers with rough
surface.

Small-diameter and high porosity also reduce fiber’s density, which favors the
buoyancy property. High buoyancy, low density, small diameter, and high porosity
provide a high oilsorption capacity for the fibers. The oil retention behavior of the
fibers depends on the porosity. The oil retention of high porosity fibers is less than
that of lower porosity fibers. The fibers with different porosity structures have
different oilsorption kinetics.

Whole oilsorption process depends on contact time, except oilsorption process of
nonporous fibers (which is a constant process). For natural corn fibers, the kinetics of
the oilsorption process has a second-order equation. There is not enough information
about the oilsorption kinetics of various fibers and needs more study. Tearing,
deterioration, and crushing influence the number of effective reuse cycles of fibers.
Compression techniques are widely used for oil removal from the fibers. But
irreversible changing and undermining of their inner structure decreases the
oilsorption capacity. For instance, the oilsorption capacity of polystyrene–polyure-
thane decreased after two reuses. Therefore, tensile strength of the fibers is
important.

Some studies have confirmed that the combined fibers had better sorption per-
formance. Polystyrene–polyurethane fiber exhibits excellent reusability due to its
resiliency and strength. In addition, durability at the pressure applied during the
reuse process is an important characteristic because of its influence on the

Table 12.5 Sorption capacity of different fibers with various oils

Material type

Adsorption capacity (g/g)

System with only oil Water–oil mixture

Polyvinyl chloride–polystyrene fibers Engine oil: 146
Peanut oil: 119
Ethylene glycol:81
Diesel: 38

Engine oil: 149
Peanut oil: 107
Diesel: 37

Polystyrene fibers Engine oil: 84.41
Sunflower seed oil: 79.62

Not applicable

Polystyrene fibers Not applicable Engine oil: 113.87
Bean oil: 111.80
Sunflower seed oil:
96.89

Composite polystyrene–polyurethane
mat

Not applicable Engine oil: 64.40
Sunflower seed oil:
47.48

Modified after Sarbatly et al. (2016)
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hydrophobicity characteristic. The polystyrene nanofiber membrane has excellent
durability and flexibility at pressure lower than 10 kPa.

Lin et al. (2013) represented an improved electrospun fiber that had oil sorption
capacity more than that of conventional polypropylene fibers. Strength and resilience
of electrosun fibres are reduced during oil sorption process and their recovery. This
problem was fixed by the core–shell configuration of fibers via coaxial
electrospinning to provide improved sorbent.

They used polystyrene and polyurethane as the shell and core solution, respec-
tively. The oilsorption ability of polystyrene–polyurethane fiber was investigated by
use of engine oil and sunflower seed oil. The spinning voltages, solvent compounds,
and core solution concentrations influenced fiber morphology and its structure.
Moreover, the effects of the specific surface area and structure of as-prepared fiber
on the oilsorption capacity, the oil retention, reusability, and resiliency were

Table 12.6 The factors affecting the oil removal efficiency

Material type Factor affecting Value

Polystyrene
Polystyrene/
polyurethane

Oil viscosity Engine oil: 270 mPa.s�1

Sunflower seed oil: 50 mPa.s�1

Polystyrene Surface tension of
oil

Peanut oil: 23.17 μNm�1

Silicon oil: 19.61 μNm�1

Engine oil: 23.53 μNm�1

Diesel oil: 24.39 μNm�1

Polyvinyl chloride/
polystyrene

Oil–water selectivity 1000 times higher than polypropylene fibers

Polystyrene Specific surface area Polystyrene 50.64 m2g�1

Cellulose acetate
(modified)
Polystyrene

Surface roughness Ra ranges from 4 to 1.44
Ra for fiber with smooth surface: 9.26 μm
Ra for fiber with rough surface: 21.98 μm

Polyvinyl chloride/
polystyrene

Sorbent buoyancy Sorbent stay afloat after 60 min in static and
dynamic system

Polystyrene/
polyurethane

Oil retention time 0–60 min

Polystyrene
Polystyrene (modified)
Cellulose acetate
(modified)

Contact angle Water contact angle: 151.3� � 1.6�

Engine oil contact angle: 0�

Water contact angle: 155� � 3�

Diesel oil contact angle: 0�

Water contact angle: 161�

Oil (dichloromethane) contact angle: 3�

Polystyrene
Polystyrene/
polyurethane

Spinning solution
viscosity

190–73.5 mPa.s�1

0.265–15 pa.s

Corn straw Sorption kinetic Second-order equation

Cellulose acetate
(modified)

pH pH range 2–14

Modified after Sarbatly et al. (2016)
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investigated. Oilsorption capacities (g/g) were measured at 25 �C in oil–water bath
(formed by 150 ml water and 20 g oil) with 0.1 g of as-prepared sorbent.

The composite polystyrene–polyurethane fiber possesses the porous structure
range 20–80 nm. This three-dimensional structure showed good hydrophobicity–
oleophilicity properties with high oilsorption capacity. The applied voltages affect
the structure and stretch of as-prepared sorbent. It was noticeable that the
polystyrene–polyurethane fibers, which formed at higher voltage, possess a high
porous surface and stronger stretching action. Table 12.7 gives the impact of voltage,
concentration, and composition of solvent on the specific surface area, volume of
pores, and width of the electrospun composite polystyrene–polyurethane fibers.

Figure 12.16 shows amount of oilsorption of these fibers. As one can see from
Fig. 12.16, the sample B has the highest oilsorption capacity for engine oil and
sunflower seed oil. It is obvious that the inter-fiber voids among the fibers have
major impact on the oilsorption capacity than the intra-fiber porosity. The results of
engine oil retention of sample A and polypropylene fibers indicated the same trend
for two sorbents. The oil release rate was very high in the initial 10 min and after that
decreased to achieve steady state. In addition, the polypropylene fibers had more oil
retention ability than the composite polystyrene–polyurethane fibrous mats because
of their low porosity.

Figure 12.17 illustrates the results of the oilsorption capacity of sample A after
five reuses for engine oil.

As can be seen, the oilsorption capacity decreased after first squeezing sorbent.
Nevertheless, the oilsorption capacity after five cycles is greater than that of wool
sorbents in previous studies. In some cases, polymeric nanofibers were applied to
create a superhydrophobic–superoleophilic surface. Lee et al. (2013) achieved the
superhydrophobic–superoleophilic stainless steel mesh using one-step deposition of

Table 12.7 The specific surface area, total pore volume and average pore width of the electrospun
composite polystyrene–polyurethane fibers in various applied voltages, solvent composition, and
core solution concentration. PU: polyurethane, DMF: N, Ndimethylformamide, and THF:
tetrahydrofuran

Samples

Applied
voltage
(kV)

Core solution
concentration
(wt% PU)

Solvent
composition
(DMF:THF)

Specific
surface
areaa (m2/
g)

Total pore
volumeb

(cm3/g)

Average
pore
widthc

(nm)

A 20 100 1:4 6.10 0.043 29.27

B 25 100 1:4 10.99 0.109 37.91

C 25 75 1:4 15.02 0.120 34.37

D 25 50 1:4 19.57 0.139 24.47

E 25 50 1:3 18.43 0.138 28.25

F 20 50 1:0 15.72 0.114 27.79
aSpecific surface area was calculated by the Brunauer–Emmett–Teller (BET) method
bTotal pore volume was calculated by the Barrett–Joyner–Halenda (BJH) method from the desorp-
tion branch of nitrogen physisorption isotherm
cAverage pore width indicates BJH desorption average pore width
Modified after Lin et al. (2013)
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PS onto it by electrospinning. Ability of the polystyrene nanofibers for oil–water
separation was investigated for low viscosity oil, namely, diesel, gasoline, and
mineral oil. Figure 12.18 shows the detailed information on fabrication process of
polystyrene nanofibers, the scanning electron microscope pictures of the polystyrene
nanofiber with low and high magnifications, oil and water contact angles, and the
real scale of the stainless mesh.

The superhydrophobicity and superoleophilicity depend on the porous structure
of polystyrene nanofibers. The results of wetting behavior of porous and nonporous
structures indicated that the water contact angle decreased in the absence of the
pores. The uncovered stainless steel was soaked by oil and water unlike nanofiber
membrane. The nanofiber was wetted by diesel oil faster than uncovered stainless

Fig. 12.16 The oilsorption capacity of the polystyrene–polyurethane fibrous mats (properties of
A-F samples are presented in Table 12.7) for engine oil and sunflower seed oil. (Modified after Lin
et al. 2013)

Fig. 12.17 The impact of reuse cycles on the oilsorption of the polystyrene–polyurethane fibrous
mat (sample A, its properties are presented in Table 12.7) for engine oil. (Modified after Lin et al.
2013)
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steel mesh, which shows superoleophilicity. The results of experiments in Fig. 12.19
confirmed the superhydrophobicity and superoelophilicity properties. As one can
see, low water adhesion of the membrane prevents water permeation.

The results of oil-water separation showed that the membrane had approximately
100% separation efficiency in nonsevere conditions. Application of membrane under
severe conditions was investigated by the injection pressure of 3 ml water and 5 mL
oil, which passed through the membrane. The setup of oil–water separation exper-
iments with diesel oil is illustrated in Fig. 12.20.

According to the results, the oil permeated through the membrane due to its
superoleophilicity and accumulated in the box until tinj ¼ 100 s, while water did not
permeate the membrane. However, there is a serious problem with the pressure of
water, which deformed the membrane in tinj � 20 s. They also studied the effect of
different thicknesses of the PS nanofibers membrane on the separation capability and
concluded that the thicknesses did not affect the separation.

Sponges

A sponge has a porous structure and can be made of polyester, polyurethane, or
vegetal cellulose. Owing to the low density, high sorption capacity, good elasticity,

Fig. 12.18 (a) Schematic of the electrospun membrane fabrication process, (b) scanning electron
microscope images of the polystyrene nanofiber membrane with low and high magnifications, (c)
superoleophilic and superhydrophobic behavior of the polystyrene nanofiber membrane, and (d) the
real scale of polystyrene nanofiber membrane attached to the stainless mesh. Reprinted with
permission of (Electrospun polystyrene nanofiber membrane with superhydrophobicity and
superoleophilicity for selective separation of water and low viscous oil, Lee et al., ACS
Publications)
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and easy fabrication, sponges are considered an alternative choice for oil removal.
Despite all these specifications, the sponges are hydrophilic and simultaneously sorb
oil and water, which makes them inoperative for oilsorption process. Hence,
researchers have reported several methods to develop them into high- or
superhydrophobic surfaces with high oil removal efficiency. Rapid deformation by
mechanical squeezing is another disadvantage of original sponge, which needs to be
improved in order to be used in oilsorption process.

Zhu et al. (2011) fabricated a superhydrophobic and -oleophilic surface with
polyurethane sponge for sorption of various oils and organic solvents from the water
surface. Electroless deposition method was applied to coat the sponge with a film of
copper and then it was modified using solution-immersion process. The improved
sponges sorbed the oils very quickly while repelling water completely. The sponges
showed good stability in reuse process for many cycles and in corrosive conditions.

Fig. 12.19 The superoleophilic and superhydrophobic behavior of the membrane at 0, 2, 4, 6, and
8 min of experiment. The left samples show the nonpermeable nature of the membrane for double
distilled, deionized (DI) water (black liquid). The right samples show the permeable nature of the
membrane for diesel (lemon liquid). Reprinted with permission of (Electrospun polystyrene
nanofiber membrane with superhydrophobicity and superoleophilicity for selective separation of
water and low viscous oil, Lee et al., ACS Publications)
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Figure 12.21 illustrates the scanning electron microscope images with low and high
magnifications of original and copper-coated sponge.

Figure 12.21 (a) and (b) reveal that the copper film changed the smooth structure
of the original sponge. The results of contact angle confirmed that the improved
sponge is superhydrophobic and superoleophilic and the water contact angle was
higher than 170�. The as-prepared sponge floated in water bath while original sponge
sank. When the improved sponge was immersed in water, it did not uptake water and
immediately floated after releasing the force.

The oilsorption capacities of the as-prepared sponges are shown in Fig. 12.22 for
lubricating oil, octane, decane, and dodecane after 1, 5, and 9 recycles. From the
obtained results, it is revealed that the as-prepared sponge is capable of sorbing

Fig. 12.20 The setup of oil–water separation experiments by a syringe pump using deionized water
and diesel oil. The flow rate was constant, 2 ml/min for water and oil. tinj: time of injection.
Reprinted with permission of (Electrospun polystyrene nanofiber membrane with
superhydrophobicity and superoleophilicity for selective separation of water and low viscous oil,
Lee et al., ACS Publications)
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different oils more than 13 times its weight. The recovered sponges still kept high
sorption capacity.

Aerogels

Aerogels are produced with a gel base, where the liquid is replaced in the gel
structure by air. The result is a solid three-dimensional structure, large specific
surface area, high floatability, large open pores, extremely low density, and high
porosity. Based on these ideal characteristics, aerogels have potential as good
sorbents to sorb large amounts of spilled oil. Various materials can be used for
aerogels production like carbon, silica, polymer material, metal oxide, and natural
material. The conventional aerogels are modified by silane and derived by a sol-gel
process. The modified aerogels, which are used in oil removal process, are
superhydrophobic materials and possess high oilsorption capacity.

Liu et al. (2016) reviewed green and low-cost aerogels based on nanocellulose
and presented their fabrication methods, structures, and oilsorption behavior.

Fig. 12.21 Scanning electron microscope images of the sponge before (a) and after (b) copper
coating with low magnification. (c) and (d) are high magnification of the scanning electron
microscope images of as-prepared sponge. Reprinted with permission of (Facile removal and
collection of oils from water surfaces through superhydrophobic and superoleophilic sponges,
Zhu et al., ACS Publications)
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Generally, cellulose aerogels can be grouped into regenerated cellulose aerogels,
cellulose derivative-based ones, and nanocellulose-based aerogels. Depending on
cellulose sources, the nanocellulose includes three main types: nanocrystalline
cellulose, bacterial nanocellulose, and nanofibrillated cellulose. Table 12.8 summa-
rizes the fabrication process, density, porosity, oilsorption performance, and cost of
nanocellulose-based aerogels. The sorption ability was investigated by use of dif-
ferent organic pollutants, like methanol, toluene, hexane, chloroform, acetone,
diesel, gasoline, plant oil, and paraffin liquid.

The effects of sol-gel characteristics on the oilsorption capacity of silica aerogel
were investigated during four reuse cycles by using roll milling (Mahani et al. 2018).
Methyltrimethoxysilane-based aerogels were synthesized via two-step acid-base
catalyzed sol-gel process. Light and heavy commercial crude oils were considered
as pollutants and the sorption experiments were performed in a 3.5% salty water bath
containing 50 g of crude oil. Hydrolysis and polycondensation reactions of
alkoxysilanes are the base of silica sol-gel process, which are performed in an acidic
or basic environment. Therefore, the sol pH influences the structure of the aerogels.
Figure 12.23 illustrates the effect of various pHs on the silica aerogels.

According to the results, the aerogels, which were prepared in acidic conditions,
possessed larger particle size, higher specific surface area, bigger pores, lower
density, and higher porosity than as-prepared aerogels in basic conditions. There-
fore, formation of silica network in lower pH increases the oilsorption capacity. In
addition, pore structure, hydrophobicity, and deformability of as-prepared aerogels
were evaluated by changing the ethanol/methyltrimethoxysilane molar ratio. The
ethanol was used as hydrolysis and diluent agent in methyltrimethoxysilane sol-gel
process. As presented in Table 12.9, with increasing ethanol contact (5–10), the

Fig. 12.22 The oil uptake capacity of the as-prepared sponge after recycle process. (Modified after
Zhu et al. 2011)
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porosity, specific surface area increased and then decreased by further increase in the
ethanol/methyltrimethoxysilane ratio (10–15) in both acidic and basic conditions. In
both conditions, contact angles, which refer to oleophilicity, had greatest value for
high concentration of precursor (methyltrimethoxysilane). As a result, the best
condition is medium concentration of precursor for as-prepared aerogels with high
efficiency.

The results of oilsorption capacity of as-prepared aerogels for light and heavy
crude oils revealed that as-prepared samples in high concentration of
methyltrimethoxysilane had the lowest sorption due to their compact structures.
By increasing the number of reuse cycles, the sorption of these samples increased

Fig. 12.23 Comparison between the structure of as-prepared aerogels in acidic ((a), pH ¼ 4) and
basic ((b), pH ¼ 8) conditions. 1, 2, and 3 refer to low, medium, and high ethanol/
methyltrimethoxysilane ratio. Reprinted with permission of (Sol-gel derived flexible silica aerogel
as selective adsorbent for water decontamination from crude oil, Mahani et al., Elsevier)

Table 12.9 The effect of pH and ethanol/methyltrimethoxysilane molar ratio on the properties of
as-prepared aerogels

pH

Ethanol/
MTMS
molar
ratio

Density
(g/cm3)

Porosity
(%)

Specific
surface
area (m2/
g)

Pore
size
(nm)

Pore
volume
(cm3/g)

Contact
angle
(deg)

Shrinkage
(%)

4 5 0.2 90.4 508 27 3.40 147 27

10 0.11 94.7 712 35 3.03 122 11

15 0.15 92.9 653 54 2.56 107 19

8 5 0.26 87.6 447 15 0.37 141 40

10 0.18 91.1 491 42 0.61 113 23

15 0.21 89.8 543 58 0.52 104 36

Modified after Mahani et al. (2018)
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because of the effect of roll milling on deformation of their stiff structure. These
samples had highest oleophilicity, so their desorption efficiencies are low compared
to the other samples.

The highest sorption capacity was reported for as-prepared samples in ethanol/
methyltrimethoxysilane molar ratio of 10 in acidic conditions (a-2) followed by (b-2)
in basic conditions for light and heavy crudes. Figure 12.24 presents the proposed
adsorption (a-e) and desorption (e-i) mechanisms of as-prepared silica aerogels for
crude oil. Initially, physical adsorption process including capillary action is domi-
nant. Then, the crude oil fills the pores due to the interaction between the fluid
molecules.

The biodegradability and abundant source are the benefits that have attracted the
attention of the researchers to produce natural-based aerogels. The aerogels based on
graphene, silica, cellulose, and polymer, which are used to separate oil, are fabri-
cated with difficult and high-cost processes. In addition, the superhydrophobic
aerogels are blocked by oil during oil/water separation and as a result, the separation
efficiency decreases. Moreover, their widespread applications cause environmental
concerns.

Hence, Dia et al. (2019) proposed a new and environmentally friendly aerogel
based on TiO2–sodium alginate composite for oil–water separation. Alginate was
extracted from brown sea alga, then alginate aerogels were fabricated without
chemical modification. But these aerogels are easily damaged by the UV radiation
because of their polysaccharides content. Therefore, TiO2 nanoparticles can improve

Fig. 12.24 The proposed sorption mechanisms of as-prepared silica aerogels for crude oil. (a)
empty pore, (b) filled pore by capillary action and liquid–liquid interaction, (c) covered pore, (d)
covered pore by liquid–liquid interaction, (e) completely filled pore, (f) squeezed pore by roll
milling, (g) crude repelled out from the pore, (h) stop pore decompression, and (i) remained crude.
Reprinted with permission of (Sol-gel derived flexible silica aerogel as selective adsorbent for water
decontamination from crude oil, Mahani et al., Elsevier)
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the UV-aging resistance of alginate aerogels due to their photocatalysis property. In
the work of Dia et al. (2019), the TiO2–sodium alginate aerogel was produced by
ionic cross-linking and freeze-drying methods. TiO2nanoparticles were dispersed on
hydrophilic alginate matrix to make it oleophobic underwater.

The morphology results of sodium alginate and TiO2–sodium alginate aerogels
showed three-dimensional network structures of these aerogels. The pore size range
of 40–150 μm for both aerogels indicated their excellent oil/water separation ability
and the TiO2–sodium alginate aerogel surface was rougher than the sodium alginate
aerogel surface.

The results of measuring contact angles for oil and water droplets on the sodium
alginate aerogel and TiO2–sodium alginate surfaces in air indicated that both
aerogels were superamphiphilic. This is a result of the presence of hydroxyl groups
on the rough and porous structures of both aerogels. After that the underwater oil
contact angles were investigated by water-soaked aerogels. The underwater oil
contact angles of TiO2–sodium alginate aerogel were greater than those of sodium
alginate aerogel. The lowest underwater oil contact angles of above solvents were
123.1 and 137.2� for sodium alginate and TiO2–sodium alginate aerogels,
respectively.

These results revealed that alginate aerogel possesses excellent water storage
capacity and the TiO2nanoparticles could improve the underwater oleophobicity of
this type of aerogel. Moreover, water-soaked alginate aerogel could store more water
without chemical modification. Figure 12.25 shows the oil/water separation effi-
ciency of both aerogels for different oil/water mixtures. As one can see from this
figure, the separation ability of TiO2–sodium alginate aerogel was greater than that
of sodium alginate aerogel (about 1.4%).

The anti-oil-fouling performance of as-prepared TiO2–sodium alginate aerogel
was evaluated by pump oil (Fig. 12.26). Initially, the white TiO2–sodium alginate
aerogel sank into pump oil (red liquid) and quickly colored. Then the fouled aerogel

Fig. 12.25 Separation efficiency of oil/water mixture of sodium alginate composite (SA) and
TiO2–sodium alginate composite (SAT) aerogels for different organic solvents. (Modified after
Dai et al. 2019)
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was placed into water and oil brought out by wateradsorption. After that, the water-
soaked TiO2–sodium alginate aerogel sank into the oil again. As displayed in
Fig. 12.26 h, the water-soaked TiO2–sodium alginate aerogel adsorbed oil lower
than the TiO2–sodium alginate aerogel (Fig. 12.26 c).

These results confirmed that the water affinity and excellent anti-penetrating
capability of TiO2–sodium alginate aerogel. These properties were significant after
60 times of reuse. Moreover, repeating oil/water separation experiments showed the
excellent reusability of sodium alginate and TiO2–sodium alginate aerogels
(Fig. 12.27). The separation efficiency decreased about 0.5 and 1.4% after

Fig. 12.26 The anti-oil-fouling performance of as-prepared TiO2–sodium alginate composite
(SAT) aerogel into pump oil. Reprinted with permission of (TiO2-alginate composite aerogels as
novel oil/water separation and wastewaterremediation filters, Dai et al., Elsevier)

Fig. 12.27 Separation efficiency of sodium alginate composite (SA) and TiO2–sodium alginate
composite (SAT) aerogels during recycling process. (Modified after Dai et al. 2019)
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60 times of reuse for TiO2–sodium alginate and sodium alginate aerogels,
respectively.

Finally, the photocatalyticity of both aerogels was investigated by methyl orange
degradation under simulated sunlight. The methyl orange degradation rate was
constant during 150 min of irradiation. While in the presence of TiO2, the TiO2–

sodium alginate aerogel was stable against UV corrosion. All of these advantages
make the TiO2–sodium alginate aerogel appropriate for separating oil/water mixture.

Foams

Although the “sponge-like” and “foam-like” structures are frequently used inter-
changeably, there are many differences between them due to their actual physical
properties, ingredients, and molecular structure. A blowing agent (gas or chemical),
which can create multiple small bubbles, is needed to produce an air-filled matrix
structure from a liquid mixture. One of the most common foams used in oil/water
separation is foam rubber. Commercial foam rubbers are generally made of poly-
mers. Three-dimensional porous structure, light weight, low raw material, good
mechanical properties, and excellent buoyant ability make them attractive for
oilsorption processes. Therefore, the improvement of the foam rubber has a signif-
icant effect on their oilsorption behavior. For instance, the ethylene propylene diene
monomer foam rubber was improved by trichloromethylsilane to produce a
superhydrophobic and superoleophilic sorbent (Liu and Kang 2018). The
trichloromethylsilane was used to generate hydrophobic layer on the ethylene
propylene diene monomer foam rubber through hydrolysis and polycondensation.
The as-prepared foam has lower surface energy and rougher surface than the
ethylene propylene diene monomer foam.

The contact angle measurement was used to prove the superhydrophobicity and
superoleophilicity of the improved foam. The water contact angle was 104.1� for
ethylene propylene diene monomer foam, while it was 159.3� for modified foam. To
demonstrate the superoleophilicity of the modified foam, a drop of hexane was
dropped on the foam, which permeated into it completely. In addition, the acidic,
neutral, and basic droplets were dropped on its surface that retained their spherical
shape, which indicates their non-wetting surface and their resistance in corrosive
environment. Moreover, the morphology analyses indicated that the surface of
modified foam with micro-nanometer pore size was rougher than that of the pristine
foam with millimeter pore size. In oilsorption experiments, organic solvents with
high and low viscosities were used with viscosity range of 0.326–409 mPa.s.
Figure 12.28 shows the oilsorption capacity of both foams for various organic
solvents.

The results showed that the oil uptake ability of ethylene propylene diene
monomer foam rubber was acceptable in low viscosity solvents. In addition, the
oil sorption decreased by increasing the oil viscosity due to the reduction of
wettability. While, the modified ethylene propylene diene monomer foam rubber
had an excellent oilsorption behavior for various oils and sorbed oils 8–12 times its
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weight. The squeezing was chosen as oil desorption method. The results of sorption/
desorption processes showed that the modified ethylene propylene diene monomer
foam rubber had the stable oilsorption capacity after 20 cycles. From the cyclic
compression stress–strain measurements it was proved that trichloromethylsilane
improved the mechanical strength of the ethylene propylene diene monomer foam
rubber.

Magnetic Sorbents

Recently, iron-oxide-based magnetic materials have attracted researchers’ interest in
applying them as oilsorbents. Oiladsorption ability, biocompatibility, and magnetic
property are the significant advantages of these materials. While, agglomeration and
oxidization of uncovered iron oxide restrict their application. To protect them from
these problems, forming shell on the surface of ferromagnetic nanoparticles has been
suggested by researchers.

To produce ferromagnetic nanoparticles, there are some current methods. In
coprecipitation method, iron salts react in basic media without oxygen. Functional
materials and surface active agents can be improved by this technique to avoid
agglomeration and oxidization of naked iron oxide nanoparticles. The pH value, type
of iron salts, ratio of Fe (III) to Fe (II) ratio and temperature influence their shape,
size, and the magnetic property.

Coprecipitation method is conventional but has a significant problem. In this
method, the pH value is high and affects the structural integrity of iron oxide
nanoparticles. While, thermal decomposition method can produce monodispersed
iron oxide nanoparticles with high quality. The organometallic compounds and
surfactants are applied to achieve ferromagnetic nanoparticles in high reaction

Fig. 12.28 The oilsorption capacity of ethylene propylene diene monomer (EPDM) foam rubber
and modified one for different organic solvents with various viscosities. (Modified after Liu and
Kang2018)
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temperature of about 200–300 �C. The obtained iron oxide nanoparticles from this
method only dissolve in nonpolar solvents.

On the other hand, in hydrothermal method, chemical reactions occur at high
temperature and vapor pressure (hydrothermal conditions) in an aqueous phase. The
temperature, reactant concentration, and time of process are the significant condi-
tions of this method, which affect the size, shape, structure, and saturation magne-
tization of the iron oxide nanoparticles.

The microemulsion method involves dispersed aqueous phase (water) as
nanodroplets, whereafter surfactant molecules surround them in an organic phase
(oil). These nanodroplets influence the shape and size of iron oxide nanoparticles.
This method provides the iron oxide nanoparticles with size range of 3.5 � 0.6 nm.

The ION based-magnetic sorbents have the preferred properties that make them
appropriate as oilsorbents. The water contact angle is one of the important param-
eters that show the wettability of surface. Figure 12.29a illustrates the behavior of
water and oil droplets on the naked iron oxide and coated iron oxide with polymer.
Polymer-coated iron oxides possess higher hydrophobicity and oleophilicity than the
naked ones. The ability of oilsorption and repelling of water by iron oxide
nanoparticles can be improved by coating their surface.

The modified iron oxide nanoparticles could also stay on the surface of oil/water
mixture due to their lower density than water, buoyancy ability, and hydrophobic
coat. The floatation ability and facile removal of modified iron oxide nanoparticles in
sorption process are shown in Fig. 12.29b. The polymer-modified
Fe3O4nanoparticles float after being added to the system and finally are recycled

Fig. 12.29 (a) The behavior of water and oil droplets on the surface of (a, b) uncovered iron oxide
and (c–f) polymer covered iron oxide, (c, e) water droplet, and (d, f) oil droplet. (b) The floatation
ability and facile removal process of modified iron oxide by external magnetic field. Reprinted with
permission of (Application of magnetic adsorbents based on iron oxide nanoparticles for oil
spillremediation: A review, Qiao et al., Elsevier)
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by an external magnetic field. The ferromagnetic property of Fe3O4nanoparticles
makes them appropriate for grafting these nanoparticles to other oilsorbents for easy
and quick reusability after sorption. Then ultrasonic washing treatment was used as
reuse method and indicated the reusability of magnetic sorbents.

Coating with organic and inorganic compounds, inserting iron oxide into the fiber
and membrane and other porous materials, and combining with activated carbon are
the familiar and useful techniques for protection and improvement of naked iron
oxide. The organic materials like surfactants, polymers, macro-molecules, and bio-
molecules could physically or chemically passivate the iron oxide nanoparticles.
Oleic acid as a surfactant uses the chemical precipitation to coat the ferrite. The –

COOH group of oleic acid reacts with the Fe atoms and its hydrophobic tail
fabricates a nonpolar coat. The sorption efficiency of oleic molecule-Fe3O4 hybrid
nanomaterials was reported at about 95 wt% for crude oil. The appropriate surface
area, density, and chemical stability make the polymeric materials excellent coating
materials. The rich functional group of polymer is connected to iron oxide
nanoparticles by ligand exchange reaction. According to reported literature, polymer
coated with polyvinylpyrrolidone could adsorb oil 100%. The starch, chitosan, and
alginic acid are the common macromolecules that are used to modify iron oxide due
to their biodegradability, high stability in various pHs, and nontoxicity. Moreover,
the protein as biomolecule has good performance in ferrite modification. Neverthe-
less, the organic coating materials have some disadvantages like leaching by acidic
solution, low intrinsic stability at higher temperature, and negative effect of thick
shell on the saturation magnetization.

Inorganic materials such as silica, metal oxide, and carbon were used to improve
the stability of uncovered iron oxide nanoparticles. The carbon covered iron oxide
enhances the chemical and thermal stability of modified iron oxide. The water angle
contact of carbon-coated magnetic nanoparticles was reported near
superhydrophobic structure (> 150�). But silica-coated magnetic nanoparticles
have a significant sorption capacity and reusability. The inorganic-coated iron
oxide nanoparticles processes have not been developed and understood completely.

As mentioned in Sect. 1.5.2.1, electrospinning is a facile method to produce
nanofibers, especially magnetic nanofibers like polystyrene/Fe3O4, polyvinyl alco-
hol/Fe3O4, polyacrylonitrile/Fe3O4, and polyvinyl pyrrolidone/Fe3O4. High
oleophilicity, selective adsorption, quick removal, and high saturation magnetization
value are the advantages of this type of nanofibers. Other porous sorbents like
aerogels, foams, and sponges can be modified by magnetic nanoparticles to achieve
higher sorption capacity and easy collection.

Activated carbon is applied as inorganic oil sorbent due to its high specific surface
area and porosity. The magnetic activated carbon has the desirable benefits of
activated carbon and the magnetic property of magnetic materials (Qiao et al.
2019). Table 12.10 presents the summary of magnetic sorbents’ properties and
their sorption capacities. Although there are many different methods to fabricate
magnetic sorbents, still this field needs more investigation.

Zhu et al. (2010) used a thermal decomposition method to coat
Fe3O4nanoparticles with a carbon layer and modified the surface of as-prepared
nanoparticles with polysiloxane layers to achieve superhydrophobic and
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superoleophilic properties. The modified nanoparticles had varying size range from
30 to 200 nm. The results demonstrated that the water contact angle on the bed of
modified Fe3O4nanoparticles with a carbon layer (162.9�) is greater than that of the
bed of pristine Fe3O4nanoparticles with a carbon layer, while the lubricating oil
droplet quickly spreads.

The presented results emphasize the superhydrophobic and -oleophilic properties
of polysiloxane-coated Fe3O4nanoparticles with a carbon layer. The behavior of
modified Fe3O4nanoparticles with a carbon layer in corrosive media for long time
showed its stability and kept the superhydrophobicity and water contact angle.
Another interesting property of modified Fe3O4nanoparticles with a carbon layer
was their unsinkable property, which was considerable in both surface (water and
oil) and in the mixture under vigorous agitation conditions.

Figure 12.30 shows the removal process of lubricating oil from water by modified
Fe3O4nanoparticles with a carbon layer. The lubricating oil formed a layer on the
surface of water (Fig. 12.30 a, red: oil), then added modified Fe3O4nanoparticles
with a carbon layer quickly adsorbed the oil (Fig. 12.30 b, up to 3.70 times of its
weight), which is greater than the value adsorbed by the pristine Fe3O4nanoparticles
with a carbon layer (2.18 times of its weight). Finally, oil-loaded nanoparticles were
collected by the external magnetic field with strength of 0.35 T (Fig. 12.30 c).

The collected nanoparticles could be reused by ultrasonic washing in ethanol.
These sorbents kept their thermal stability and superhydrophobicity after washing.
Only, the water contact angle changed slightly after each reuse cycle (Fig. 12.31),
but was still above 150�. Therefore, polysiloxane-coated Fe3O4nanoparticles with a
carbon layer can be selected as strong oil sorbent even in agitation and corrosive
conditions.

In another study, the hydrothermal synthesized Fe3O4nanoparticles were coated
by poly(Styrene/Divinylbenzene) (hydrothermal sample) and modified with poly
(Methyl methacrylate/Styrene/Divinylbenzene) (modified sample) (Gu et al. 2014).
These modified nanoparticles were also floatable, thermal stable, and corrosion
resistant. The SEM images showed the greatest smooth surface for modified sample.

The water contact angles of hydrothermal and modified samples emphasized their
high hydrophobicity. They used three kinds of oil to investigate the oilsorption
behavior of as-prepared nanoparticles, such as diesel, salad, and lubricating oils.

Fig. 12.30 Oilsorption and sorbent removal processes of polysiloxane-coated Fe3O4nanoparticles
with a carbon layer (Fe2O3@C) for lubricating oil under magnetic field. Reprinted with permission
of (Fast and selective removal of oils from water surface via highly hydrophobic core–shell
Fe2O3@C nanoparticles under magnetic field, Zhu et al., ACS Publications)
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The modified sample quickly spread on the oil/water mixture surface and sorbed the
oil and also prevented the distribution of spilled oil. In addition, the effect of removal
time in sorption capacity of hydrothermal and modified samples was considered. The
results indicated that the maximum uptake capacity of both nanoparticles was
observed at 30 s for diesel. After that the oilsorption capacity did not change by
increasing removal time. In all experiments, the capacity of modified sample was
greater than that of the hydrothermal sample. The modified sample sorbed 3.63,
4.26, and 9.41 g/g of thin diesel, salad, and lubricating oil, respectively. While, the
hydrothermal sample sorbed 2.37 g/g thin diesel. Moreover, the oil uptake capacity
of modified sample was greater for viscous oil. To investigate the reusability of
modified sample, the water contact angles and oilsorption capacities were measured
during ten reuse cycles (Fig. 12.32). As a result, this kind of magnetic modification
prepares a facile method to fabricate high hydrophobic magnetic oilsorbents.

Zhou et al. (2019) designed a superhydrophobic polyurethane@Fe3O4@polystyrene
sponge with great sorption and good reuse property. Iron oxide nanoparticles and
polystyrene were attached on the polyurethane sponge surface. The modified sponge
was collected with the external magnetic field after oilsorption and recovered by a
negative pressure system. The modified sponge did not have some disadvantages of
common polyurethane sponge like tedious production and fragility. Figure 12.33
illustrates the fabrication process of modified (polyurethane@Fe3O4@polystyrene)
sponge and water contact angles during preparation, which shows high
superhydrophobicity of as-prepared sponge. The water contact angle was the
greatest for modified sponge (151.3�).

Various kinds of organic solvents and oils were selected to investigate the
sorption performance of modified sponge. The results showed the oilsorption capac-
ity was about 24–105 times of as-prepared sponge’s weight, which was influenced
by viscosity and density of contaminants (Fig. 12.34).

It is obvious that the modified sponge shows greater sorption capacity compared
to other superhydrophobic sponges. The reusability of as-prepared sponge was

Fig. 12.31 Change of water contact angle (�) of polysiloxane-coated Fe3O4nanoparticles with a
carbon layer during reuse cycles. (Modified after Zhu et al. 2010)
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investigated by squeezing process for diesel, castor oil, toluene, and chloroform. The
adsorption capacities were above 90% of initial capacity and the sponge’s weight
decreased 5% after 20 reuse cycles. The water contact angles were 151 and 143.6� at
initial and final cycles for diesel. Therefore, polyurethane@Fe3O4@ polystyrene
sponge has excellent ability in cleaning up spilled oil. As a result, synthetic sorbents
can be used for various kinds of oil and have excellent hydrophobic and oleophilic
properties, but biodegradability is an important disadvantage.

Fig. 12.32 (a) water contact angle of the Fe3O4nanoparticles modified with poly(MMA/St/DVB)
(modified sample) and (b) oilsorption capacity of modified sample, for diesel oil during separation
cycles. MMA Methyl methacrylate, St Styrene, DVB Divinylbenzene. (Modified after Gu et al.
2014)
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12.5.3 Inorganic Products

Inorganic materials are not able to sorb oil in the natural form. Hence, their structure
should be improved to fabricate hydrophobic sorbents.

Perlite

One mineral porous material is perlite with porosity of about 45–55%. If this
material is quickly heated at 700–1200 �C, its volume will increase to 8–15 times.

(a)

(b) (c) (d)

PU sponge PU@Fe3O4 sponge PU@Fe3O4@PS sponge

Fe3O4 nanoparticles

Dip-coating

Phenylethylene

SIPGP

Fig. 12.33 (a) The preparation of PU@Fe3O4@PS sponge and water contact angles for (b) PU
sponge, (c) PU@Fe3O4 sponge, and (d) PU@Fe3O4@PS sponge. PU: polyurethane and PS:
polystyrene. Reprinted with permission of (Design of Recyclable Superhydrophobic PU@
Fe3O4@ PS Sponge for Removing Oily Contaminants from Water, Zhou et al., ACS Publications)

Fig. 12.34 Oilsorption capacity of PU@Fe3O4@PS sponge for various organic solvents and oils.
PU: polyurethane and PS: polystyrene. (Modified after Zhou et al. 2019)
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The expanded perlite possesses excellent buoyancy ability, low density, and high
porosity (>90%). Therefore, the expanded perlite has all the popular properties of an
oil sorbent.

The fatal problem is that this mineral material is not hydrophobic for the
oilsorption process. Treating with polysilicons makes the expanded perlite hydro-
phobic and is appropriate for selective oilsorption. In oilsorption processes, the
expanded perlite spreads over the polluted water and sorbs the oil; finally, it is
removed from the water surface by pumping.

Roulia et al. (2003) used three sizes of expanded perlite as a carrier of emulsifiers.
They produced modified expanded perlite by adding expanded perlite to an emulsi-
fier solution. The effect of grain size of the expanded perlite was investigated on the
heating oil and watersorption capacities. In all sizes, watersorption capacity of
expanded perlite was greater than its sorption for oil. Among Among 0-2.5 mm
(A), 0-4 mm (B) and 1-5 mm (C) particle size, group A had the greatest water and oil
uptakes.

Figure 12.35 shows the effects of different sizes of the expanded perlite, oil/water
ratio, and soaked-perlite on the sorption percentage. According to Fig. 12.35 a, d,
and e, the watersorption capacity of the expanded perlite is again greater than that of
its oilsorption capacity, about 1.8 times. In the case of b (Fig. 12.35 b), first, perlite
was added to water and after that oil was added, but still oilsorption was ~30%.

They suggested that oil and water may be sorbed at different sites and oilsorption
capacity of the expanded perlite did not exceed 45%. The hydrogen bonds of Si-OH
and Si-O groups with water were considered as a possible mechanism for
watersorption of the expanded perlite. On the other hand, mechanical adsorption
and van der Waals forces cause sorption of the oil molecules. Then, the expanded
perlite was modified by various emulsifiers. Table 12.11 presents the amount of
emulsion adsorbed for different perlite samples.

The spread of modified perlite over the spilled oil showed that the emulsifier
molecules dispersed the oil and perlite, simultaneously (in laboratory conditions).
The light perlite particles, which adsorbed more emulsion, moved on the surface and
spread quickly over it and acted as an adsorber of the emulsion formed. In the
experiments, the lowest oilsorption capacity was observed for the hydrophobic
perlite (with silicon). Therefore, the silicon and emulsifiers were not compatible.
The modified expanded perlite may be appropriate for calm and rough sea conditions
because of the quick sorption action and no agitation required.

Fly Ash

Many industries produced a lot of fly ash annually, which was released into the
atmosphere in the past. Nowadays, air pollution control laws prevent their release.
Therefore, fly ash is collected and used in many industries like the cement industry.
This low cost and ample waste is generally spherical in shape with size range of
0.5–300 μm. The main chemical compositions of fly ash are SiO2, Al2O3, Fe2O3,
MgO, TiO2, and sometimes CaO. Recently, fly ash has attracted a lot of attention for
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Fig. 12.35 Water and oilsorption capacities (1/kg) of different sizes of the expanded perlite. (a)
Oil: water ¼ 1:1 (v/v), oil and water were completely mixed before adding perlite. (b) Oil:
water ¼ 1:1, water and perlite were added together initially (water saturated perlite), and then oil
was added to mixture. (c) Oil: water¼ 1:1, at first, the perlite was saturated with oil, then water was
added to the mixture. (d) Oil: water ¼ 3:7, oil and water were completely mixed before adding
perlite. (e) Oil: water ¼ 7:3, oil and water were completely mixed before adding perlite. (Modified
after Roulia et al. 2003)
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Fig. 12.35 (continued)

Table 12.11 The adsorbed emulsion for various perlite samples

Emulsifier-modified expended (grade
size)

Emulsion adsorbed (1/kg perlite)

Emulan
Aa

Emulan
AFb

Lutensol
AO3c

Lutensol
AO5d

A (0–2.5 mm) 1.90 1.90 1.70 1.70

B (0–4 mm) 1.75 1.75 1.55 1.55

C (1–5 mm) 1.65 1.65 1.45 1.45

Hydrophobic perlite modified by
emulsifiers

0.95 0.95 1.10 1.10

Expanded perlite A (unmodified) 3.90 3.90 3.90 3.90
aOleic acid ethoxylate
bFatty alcohol ethoxylate
cRO(CH2CH2O)3H, R ¼ C13C15 oxo alcohol
dRO(CH2CH2O)5H, R ¼ C13C15 oxo alcohol
Modified after Roulia et al. (2003)
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use in oilsorption processes as a sorbent. Fly ash has hydrophilic surface, which must
be improved for use as sorbent.

Banerjee et al. (2006) modified fly ash by hexadecyltrimethylammonium as a
cationic surfactant. Then, they investigated the ability of modified fly ash for the
uptake of crude oil (Arabian light) and weathered crude oil. Some properties of crude
oil and fly ash are provided in Table 12.12.

They treated the hydrophobic fly ash by hexadecyltrimethylammonium cation,
[(CH3)3NC16H33]

+, to make organophilic fly ash. Moreover, the oil uptake of
modified fly ash was compared with wood shavings. The modification of fly ash
was performed with the following reaction:

Si‐OH þ Br CH3ð Þ3NC16H33
� � ! Si‐O‐N CH3ð Þ3 C16H33ð Þ� �þ HBr ð12:1Þ

where the hydroxyl group of fly ash reacts with cation [(CH3)3N(C16H33)]
+.

The scanning electron microscope images of fly ash and modified fly ash revealed
that the modification with hexadecyltrimethylammonium cation changed the surface
roughness of fly ash and the surface of modified fly ash was smoother than that of fly
ash. For different ratios of oil/water, the oilsorption results of fly ash and modified fly
ash (Fig. 12.36) indicated that the oil uptake of fly ash was lower than that of
modified fly ash due to its SiO polar group that reacts with water and nonpolar
organic material cannot compete with it.

Table 12.12 Some properties of crude oil and fly ash characteristics (Banerjee et al. 2006)

Property/characteristic Value

Mean particle size of fly ash 47.90 μm
Surface area of fly ash 3.12 m2/g

Viscosity of crude oil 42.46 cp

Specific gravity of crude oil 0.894 g/cm3

Fig. 12.36 The oilsorption capacity of fly ash (FA) and modified fly ash by
hexadecyltrimethylammonium (HDTMA-FA) for different ratios of oil/water. (Modified after
Banerjee et al. 2006)
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While the hydrophobic tail (C16H33) of modified fly ash causes it to sorb oil and
enhances the oilsorption capacity, the oilsorption capacity of wood shavings was
greater than that of the modified fly ash. But the oilsorption capacity of modified fly
ash increased by partition mechanism; whereas wood shavings very quickly sorbed
water and severely decreased its oil uptake. In addition, the contact time impact on
the oil uptake of fly ash and modified fly ash was demonstrated. It was revealed that
the highest oilsorption capacity was observed in the first 5 min, which reduced the
possibility of oil dispersal into sea.

To study the impact of light oil fraction in crude oil, samples were selected with
various ratios of kerosene to crude oil (1:4, 3:2, and 4:1). The crude oilsorption
capacity of modified fly ash increased from 1550 to 1690 mg/g by increasing the
amount of kerosene in crude oil, while the crude oilsorption capacity of fly ash
decreased (515 to 480 mg/g). This is due to increased water insolubility in kerosene
as compared to crude oil.

Weathered oil-contaminated seawater was obtained during the stimulation of
photooxidation and microbial degradation process of 100 ml crude oil in 10 L of
seawater. The sorption results of dissolved organic carbon from weathered
oil-contaminated seawatersorption by use of fly ash and modified fly ash showed a
higher dissolved organic carbon sorption capacity for modified fly ash compared to
fly ash. When the dissolved organic carbon concentration (mg/L) was increased, the
amount of sorbed dissolved organic carbon was enhanced; While, the polypropylene
sorbent does not have satisfactory performance for weathered oil-contaminated
seawatersorption.

They also suggested the Freundlich sorption model in the following form,
according to the crude oil and dissolved organic carbon sorption results of fly ash
and modified fly ash:

Cs ¼ KC1=n
e ð12:2Þ

where Cs and Ce are the equilibrium-sorbed concentration of the solute (mg/g) and
the equilibrium aqueous concentration of the solute (mg/L), respectively. Also, K
and n refer to the Freundlich isotherm constants. Table 12.13 represents the

Table 12.13 Freundlich isotherm constants for the sorption of crude oil and dissolved organic
carbon. DOC: dissolved organic carbon, FA: fly ash and HDTMA-FA: modified fly ash by
hexadecyltrimethylammonium

Crude oil Weathered oil (DOC)

FA HDTMA-FA FA HDTMA-FA

K (mg/g) 41.11 57.54 0.063 0.218

1/n 0.239 0.298 0.773 0.901

Modified after Banerjee et al. (2006)
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Freundlich parameters for uptake of crude oil and dissolved organic carbon. The
Freundlich isotherm constants for the sorption of crude oil and dissolved organic
carbon by both sorbents indicated that the crude oil sorbed greater than the dissolved
organic carbon from weathered oil-contaminated seawatersorption.

In another study, high calcium fly ash from lignite combustion in electric power
plants was utilized as oil sorbent (Karakasi and Moutsatsou 2010). Particle size,
porosity, buoyancy ability and hydrophobicity are notable characteristics for oil spill
processes. For this purpose, an oil spill was simulated by artificial ocean water and
three different oils: heating oil, light crude oil, and Iranian light crude oil. To
investigate the effect of high calcium fly ash composition on the oilsorption capacity,
Ca-rich and Si-rich samples of high calcium fly ash were used. Sodium oleate,
C17H33COONa was selected as a surface active agent (surfactant) for modification
of high calcium fly ash, and the effect of this agent on the sorption behavior of high
calcium fly ash was investigated. The oilsorption capacities of high calcium fly ash
were 0.7–0.9 and 0.5–0.6 g/g for Ca-rich and Si-rich samples, respectively (in dry
media during 24 h). The oil was adsorbed in the high calcium fly ash pores and
formed a semi-solid phase with high calcium fly ash. Figure 12.37 compares the oil
uptake of Ca-rich sample and modified Ca-rich sample (with sodium oleate) for
heating oil, light crude oil, and Iranian light crude oil.

As seen from Fig. 12.37, the light crude oil and Iranian light crude oil made more
cohesive semi-solid phase than light viscous oil, heating oil. In addition, The Ca-rich
and Si-rich samples of high calcium fly ash had different oilsorption behaviors due to
greater hydrophobicity of Si-rich sample than the Ca-rich sample. But Ca-rich

Fig. 12.37 Comparison of oil uptake behavior of AD and SO-modified AD with ratio of HCFA:
SO ¼ 1: 0.004 for HO, LCO, and ILCO.SO: Sodium oleate, AD Ca-rich sample, HCFA high
calcium fly ash, HO heating oil, LCO light crude oil and ILCO Iranian light crude oil. Reprinted
with permission of (Surface modification of high calcium fly ash for its application in oil spill
cleanup, Karakasi and Moutsatsou, Elsevier)
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sample expanded in the presence of water (due to its free CaO content) and then
trapped oil in its structure; as a result, the sample showed better sorption behavior
than the Si-rich sample. Moreover, modified Ca-rich sample had no notable differ-
ence with nonmodified Ca-rich sample in oilsorption performance. Table 12.14
summarizes the oil uptake of Ca-rich, Si-rich, and modified Ca-rich samples in dry
media for three different oils after 15 min and 24 h.

The effect of CaO content Ca-rich sample appeared in the uptake capacity at
different high calcium fly ash: sodium oleate mass ratios. In low mass ratio of high
calcium fly ash: sodium oleate ¼ 1: 0.004, the more calcareous high calcium fly ash
had excellent oilsorption efficiency, while the less calcareous high calcium fly ash
had much higher mass ratio of high calcium fly ash: sodium oleate ¼ 1: 0.5. This is
explained by the CaO conversion to calcite and calcium oleate during modification,
which enables high calcium fly ash to retain oil tightly.

Clay

The possibility of adsorbing and hosting molecules, fixed and interchangeable
charges, nonmetric particle size, layered construction, possibility of tailored surface
and interlayer chemical modification, among others are the unique properties of
clays and clay minerals. Clay is hydrophilic in nature and contains some metal
oxides and SiO2. The clay mineral surface can be modified by some materials and
surfactants for adsorbing organic compounds.

Carmody et al. (2007) used the ion exchange method to produce organophilic
clays or organo-clay by use of various surfactants like octadecyltrimethylammonium
bromide (C21H46NBr), dodecyldimethylammonium bromide (C22H48BrN), and di
(hydrogenated tallow) dimethylammonium chloride (tallow). In this method, ions
exchange with organic cation for creating a hydrophobic or organophilic surface and
enhance organic removal capacity. Sodium in Wyoming Na-montmorillonite was
used for ion exchange in this study. The diesel, hydraulic oil, and engine oil were
used to evaluate the oilsorption behavior of organo-clay. The effects of the used
material and surfactant were also investigated on the sorption capacity.

The oil uptake of modified organo-clays is presented in Table 12.15 and com-
pared with other sorbents. It is obvious that the sorption capacity of organo-clay

Table 12.14 Comparison of oil uptake (g/g) of AD, M, and SO-modified AD in dry media for three
different oils after 15 min and 24 h

HCFA Samples

HO LCO ILCO

15 min 24 h 15 min 24 h 15 min 24 h

AD 1.1 0.9 0.9 0.8 1.4 0.7

AD-SO 1.1 0.8 1.0 0.7 1.7 0.9

M 0.6 0.5 0.5 0.5 0.7 0.6

Modified after Karakasi and Moutsatsou (2010)
AD Ca-rich sample, M Si-rich sample, SO Sodium oleate, HCFA high calcium fly ash, HO heating
oil, LCO light cycle oil, ILCO Iranian light crude oil
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depends on the materials and surfactants used for surface modification. The sorption
capacities of organo-clay increased when dodecyldimethylammonium and tallow
were used as surfactants. This is due to their two long carbon chains, C18, which
provide more sites for oilsorption. The greatest oilsorption capacities were achieved
for sodium in Wyoming Na, 1.5 cation exchange capacity,
dodecyldimethylammonium and sodium in Wyoming Na, 1.5 cation exchange
capacity, tallow because of the effect of clay’s cation exchange capacity (cation
exchange capacity ¼ 1.5) on surfactant formation between the clay layers and
modification with Na-montmorillonite.

According to the proposed multi-criteria decision-making analysis, the top five
preferred sorbents for oilsorption are placed in the following order:

Table 12.15 Oilsorption capacities of various modified organo-clays and other sorbents for diesel,
hydraulic oil, and engine oil

Sorbent

Diesel
sorption
capacity (g/g)

Hydraulic
sorption
capacity (g/g)

Engine
sorption
capacity (g/g)

Watersorption
capacity (g/g)

Organo-clay sorbent
Swy-2, 1 CEC, ODTMA
(SD1)

1.2 1.4 1.6 0.3

Bentonite, 1.5 CEC,
DDDMA (BD1)

3.5 2.2 2.1 0.2

Swy-2, 1.5 CEC,
DDDMA (SD2)

5.2 3.6 3.6 0.2

Bentonite, 1.5 CEC, tal-
low (BT1)

3.1 1.3 1.3 0.2

Swy-2, 1.5 CEC, tallow
(ST1)

7.2 2.2 2.1 0.2

Other sorbent
Pelletized grain, cotton-
based (GC)

1.0 1.4 1.5 4.1

Milled wood, cellulose
fibers (WF)

2.1 2.9 2.8 2.5

Organic/mineral powder
(OM)

1.0 1.3 1.3 2.9

Cellulose/mineral pow-
der (CM)

0.9 1.2 1.4 2.4

Organic/zeolite powder
(OZ)

0.8 1.2 1.0 3.2

Organic with pecan nut
shells/mineral powder
(PM)

1.5 3.0 3.4 2.6

Zeolite (Z) 0.6 0.9 0.9 1.0

Sand (S) 0.2 0.3 0.3 0.3

Modified after Carmody et al. (2007)
CEC cation exchange capacity, DDDMA dodecyldimethylammonium, ODTMA
octadecyltrimethylammonium, Swy-2 Sodium in Wyoming Na
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Dodecyldimethylammonium > tallow > milled wood, cellulose fibers > pelletized
grain, cotton-based > Bentonite, 1.5 cation exchange capacity,
dodecyldimethylammonium. Bentonite, 1.5 cation exchange capacity, tallow,
Sodium in Wyoming Na, 1 cation exchange capacity,
octadecyltrimethylammonium, organic/mineral powder, organic/zeolite powder,
organic with pecan nut shells/mineral powder, and cellulose/mineral powder have
the middle performance in oilsorption processes. The least preferred sorbents are
zeolite and sand. The proposed multi-criteria decision-making analysis was com-
bined from PROMETHEE and GAIA methods, which ranked the sorbents based on
sorption capacity, cost factor, retention capacity, hydrophilicity, environmental
factors, ease of use, biodegradability, and oil emulsion sorption capacity. The results
demonstrated that the organo-clays are able to clean up oil spilled because of their
high sorption capacity, retention capacity, and hydrophobicity. However, their cost,
biodegradability, and reusability have a negative effect on the applications of these
sorbents.

Carbon-Based Sorbents

Recently, carbon-based sorbents have attracted the attention of researchers because
of their suitable surface area, excellent mechanical properties, large pore volumes,
and good chemical stability. They also have high ability to sorb oil because of their
porous structures. Graphite, grapheme, and activated carbon are used alone to
remove spilled oil or improve other materials for this purpose. The carbon-based
sorbents with superhydrophobic and superoleophilic surfaces can be produced by
various methods.

Activated carbons are produced from raw source like wood, coconut shell, and
charcoal. High surface area, porous structure, and acceptable surface reactivity have
made them an appropriate strong sorbent to remove organic pollutants from water
surfaces. These sorbents are used in powdered activated carbon and granular acti-
vated carbon forms. They are widely used in oilremediation processes, although less
information is available on the mechanism of their adsorption. Fulazzaky (2011)
investigated mass transfer resistance by activated carbon and developed the current
mathematical models. In addition, this study emphasized the impact of porosity,
nature of the raw source for activated carbons production, surface characters,
molecular structure, and molecular weight on the sorption ability.

In another study, Fulazzaky and Omar (2012) examined the sorption ability of
granular activated carbons (used in the block filter) to remove oil and grease from
steam water and determined their accumulation rate and adsorption capacity. Finally,
numerical models were developed for dynamic uptake of oil and grease. Oil and
grease concentration, space of pores and accumulation time were selected as vari-
ables to improve the linear equations. The oil and grease concentrations before and
after crossing the block filter with granular activated carbons were 5.7–101.2 and
0.0–0.1 mg/L in steam water, respectively. These results showed excellent behavior
of block filter to uptake oil and grease contaminant. Figure 12.38 compares oil and
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grease accumulation in the block filter from the theory, experiment, and calculation.
The curves show a good agreement between the obtained results from experiments
and improved model. The capacity of the block filter to uptake oil and grease was
6.53 g oil and grease per kg granular activated carbons from steam water for
accumulation rate of 0.23 g/ (kg h).

Activated carbon can be used to improve the sorption capacity of other
oilsorbents. For this purpose, Keshavarz et al. (2016) modified the surface of
polyurethane foam by different amounts of activated carbon to increase its oil
removal efficiency from water. Activated carbon 0.5, 1, 2, and 3 wt% were used
for impregnation of polyurethane foam. The results showed that the toughness and
thermal resistance were improved by grafting of activated carbon on the foam
surface. In addition, the oilsorption capacity increased while watersorption capacity
decreased in all cases. Table 12.16 presents the oil removal efficiency of these
sorbents. The optimal performance was observed for the polyurethane foam with

Fig. 12.38 (a) The theory, (b) experiment and calculation of OG accumulated in the BF. C (g/kg):
amount of OG accumulated in the BF, L (g/kg): final uptake of the BF, P (g/kg): filled space of the
BF by OG, P0 (g/kg): total existing space of the BF before any accumulation of OG and t (h):
accumulation time. OG: oil and grease and BF: block filter with granular activated carbons.
(Modified after Fulazzaky and Omar2012)
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1 wt% of activated carbon on its surface. This sorbent adsorbed up to 27.15 g/g for
30 g initial amount of oil.

They also compared the oilsorption capacity of the modified polyurethane foam
with other reported sorbents (Table 12.17) to emphasize the excellent ability of the
modified polyurethane foam to remove oil. The optimum sorbent achieved was 85%
of the initial uptake of the modified polyurethane foam after four cycles of chemical
regeneration, which shows its good reusability.

The activated carbon-based amendments are applied widely for in situ subsurface
remediation of oilcontaminants. The combination adsorption and degradation is the
base mechanism for oil removal in activated-carbon-based remedial technology. The
effectiveness and persistence of contaminant degradation are less known in activated
carbon-based remedial technologies. The uncertainty and the impacts of the specific
amendment methods on the evaluation of treatment performance have caused this
technology to be considered an emerging technology for oil removal. Fan et al.
(2017) presented the first independent analysis of the activated-carbon-based reme-
dial technology to improve its current understanding in the remediation industry.
They emphasized that the adsorption and degradation occur at the same time in
activated-carbon-based remedial technologies and focused on the effects of adsorp-
tion on degradation. The adsorption process enhances the contact time between oil
pollutant and degradation reagents and concentrates the pollutant inside the pore

Table 12.16 Oil removal yield of initial and improved foam in different initial amounts of oil. AC:
activated carbon and PU: polyurethane

Initial oil (g) Removal yield Initial PU foam

Modified PU foam by AC

0.5 wt% 1 wt% 2 wt% 3 wt%

5 Yield% 29.66 37.87 45.29 46.32 50.12

10 Yield% 40.29 52.15 52.61 57.59 60.39

20 Yield% 70.66 76.54 79.45 83.80 85.21

30 Yield% 75.85 92.10 93.93 94.85 95.91

50 Yield% 90.61 96.24 97.79 98.41 99.09

80 Yield% 99.02 97.99 99.38 100.0 100.0

Modified after Keshavarz et al. (2016)

Table 12.17 The comparison of the oilsorption capacity of the blank PU foam and 1 wt% AC
surface-modified PU foam with some reported sorbents

Sorbent Oils Maximum uptake (g/g)

Carbonized pith bagasse Gas oil 25.5

Natural wool fibers Engine oil 5.56

Exfoliated graphite Wasted engine oil 13.2

Nonwoven polypropylene Light crude oil 9

Macroporous organogel Crude oil 18.2

Blank PU foam Light crude oil 20.38

Modified PU foam with 1 wt% AC Light crude oil 27.15

Modified after Keshavarz et al. (2016)
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structure of activated carbon. But the rates of adsorption are faster than that of
degradation, thus it is difficult to collect certain evidence about degradation process.

Graphene and graphite are the other carbon-based oilsorbents, which are classi-
fied as high sorption capacity sorbents. Graphene has a two-dimensional structure,
which can be fabricated by mechanical and chemical methods (Gupta and Tai 2016).
Different types of graphene adsorbents are reported, which have high adsorption
capacity.

Iqbal and Abdala (2013) investigated the ability of thermally reduced graphene
for oil removal process. They fabricated thermally reduced graphene by thermal
exfoliation of graphite oxide and used API crude oil and API oil as oil contaminant.
The sorption capacity, the oil recovery, and recyclability of these sorbents were
studied. The highest capacity (131 and 108 g/g for API crude and API oils) was
observed for thermally reduced graphene sample (density of 3 g/L) and carbon-
oxygen (C/O) ratio of 17.9. Figure 12.39 shows the changes of oilsorption capacity
with different C/O ratios and bulk densities.

Fig. 12.39 The effects of (a) C/O ratio for ρave ¼ 4.3 g/L and (b) bulk density on the oilsorption
capacity of TGR. C/O: carbon/oxygen and TGR: thermally reduced graphene. (Modified after Iqbal
and Abdala2013)

454 M. Fatehi et al.



According to the results, thermally reduced graphene hydrophobicity increased
by increasing the C/O ratio, while thermally reduced graphene sorption capacity
decreased by increasing bulk density. Furthermore, thermally reduced graphene
sorption capacity was higher for lower viscosity oil. Thermally reduced graphene
capacity also depends on the total pore volume. An increase in the total pore volume
increases the sorption capacity. The large pores (>50 nm) had a significant effect on
the increase in sorption capacity.

The results of recovery process with vacuum filtration showed that the filtration
time enhanced with increasing the number of recovery cycle and oil viscosity. In
addition, the sorption capacity decreased with recycling of the thermally reduced
graphene because of retaining or uncovering the amount of oil during recycling and
decreasing of pore volume during filtration and compression processes. A significant
reduction of sorption capacity was observed after the second cycle. During six
cycles, the sorption capacities of API crude oil are greater than those of API oil
because of its greater viscosity. Furthermore, some types of graphene with high
sorption capacity are reported, like spongy graphene with sorption capacity of 20–86
times its own weight and reduced graphene by natural phenolic acids with sorption
capacity of 15–61 times its own weight (Gupta and Tai 2016).

Graphite is fabricated with the accumulation of graphene sheet (ten or more) by
van de Waals forces. The exfoliated graphite fabricates with the graphite by chem-
ical, mechanical, and thermal methods. The exfoliated graphite is a porous material
with higher volume, lower density, and higher specific surface area than graphite
(Chung 2016). Therefore, the exfoliated graphite can be selected as an oil sorbent.

Toyoda et al. (1998) found that exfoliated graphite was able to uptake the heavy
oil and it was collected from the water surface easily. The maximum sorption
capacity of exfoliated graphite for heavy oil was reported to be more than 80 times
its own weight. They also succeeded to recover about 80% of the sorbed oil. Three
types of oil with various viscosities and specific gravities were used. Table 12.18
gives the sorption results of these three kinds of oil. The uptake of oil A was greater
than that of oil B and its sorption process was faster due to its lower viscosity. The

Table 12.18 Comparison of oilsorption capacity of exfoliated graphite (EG) for different oils

Weight of
heavy oil (oil
per 1 g of EG)

Oil A (heavy oil)
(specific gravity:
0.8640 g/cm 3, viscosity:
4 poise)

Oil B (heavy oil) (specific
gravity: 0.9449 g/cm 3,
viscosity: 350 poise)

Oil C (crude oil)
(specific gravity:
0.8259 g/cm 3,
viscosity: 4 poise)

40 Ο Ο Ο

60 Ο Ο Ο
75 Ο Ο Ο
80 Ο Δ (Ο)
86 Ο Χ Δ
98 (Ο) Χ Χ

105 Δ Χ Χ

Modified after Toyoda et al. (1998)
Ο complete sorption, Δ trimming by transparent oily materials, Χ not complete sorption
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sorption rate of oil A was similar to oil C but the maximum sorption capacity of oil C
was similar to oil B. These results showed the exfoliated graphite can be used as
effective oil sorbent.

In another study, Toyoda and Inagaki (2000) investigated the effect of bulk
density of oil on the sorption behavior of exfoliated graphite. The highest uptakes
of two types of the exfoliated graphite are shown in Fig. 12.40 for different oils.

According to the results, up 70 g of oilsorption was obtained for 1 g of exfoliated
graphite-1, while the sorption capacity of exfoliated graphite-2 was slightly lower
than that of exfoliated graphite �1 (about 70 g/g). For high viscous heavy oils
(B-grade and C-grade), the sorption capacities were lower than the values for
A-grade because of their higher viscosity. Moreover, the effects of temperature
and viscosity were determined on the maximum sorption capacity by exfoliated
graphite-1. The maximum sorption capacities increased by increasing temperature
and decreasing viscosity (except for crude oil). The crude oil had a different behavior
so that the crude sorption capacity decreased with increasing viscosity in viscosity
greater than 1 kg/m.s and below 0.5 kg/m.s.

The highest sorption time was observed for A-grade oil with exfoliated graphite-
1. In addition, the sorption capacities decreased with increasing bulk density and
decreasing pore volume of exfoliated graphite samples. A compression or suction
filtration was used to recover sorbed oil, and recovery rate was estimated at about
60–70%. These results clearly emphasized the ability of exfoliated graphite for oil
removal, but investigation of the effect of other properties and development of the
understanding of their sorption mechanism were suggested.

Graphite can improve the sorption capacity of other materials as oilsorbents. Hu
et al. (2013) added graphite to the pure isobutylene-isoprene rubber (IIR) cryogel to

Fig. 12.40 The maximum sorption capacities of EG-1 (bulk density: 6 kg/m3, total pore volume:
2.3 � 10�2 m3/kg) and EG-2 (bulk density: 10 kg/m3, total pore volume: 2.0 � 10�2 m3/kg) for
A-Grade (specific gravity: 864 kg/m3, viscosity: 0.4 kg/m.s), crude (specific gravity: 825 kg/m3,
viscosity: 0.4 kg/m.s), B-grade (specific gravity: 890 kg/m3, viscosity: 27 kg/m.s), and C-grade
(specific gravity: 949 kg/m3, viscosity: 35 kg/m.s) oils at 25 �C. EG: exfoliated graphite. (Modified
after Toyoda and Inagaki2000)
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increase its oil removal ability. They reported the modification method of
isobutylene-isoprene rubber 1751 by graphite and explained its sorption properties.
The maximum sorption capacities were 17.8, 21.6, and 23.4 g/g for crude oil, diesel,
and lubricant oil, respectively. The modified isobutylene-isoprene rubber showed
reusability after 30 cycles and the sorption capacity had no significant change during
reuse by centrifugation. In addition, this modified isobutylene-isoprene rubber was
able to sorb the organic solvents like benzene, toluene, xylene, hexane, heptane, and
cyclohexane.

To improved graphite, Ding et al. (2014) presented an improved expanded
graphite with magnetic particles for oil uptake. They added magnetic particles to
expanded graphite by the blended calcination method. The expanded graphite can
float on the water surface because of its low density. Adding magnetic particles can
improve expanded graphite’s application in oil removal processes especially in oil
recovery. The sorption capacity of expanded graphite with magnetic particles was
35.72 g/g for crude oil at the first time of sorption and sorbed oil recovered about
80% of its initial value.

Carbon aerogels, graphene or carbon nanotubes-coated sponges, carbon nanotube
forests, graphene foams or sponges, carbon coatings, porous carbon nanoparticles,
and carbon fibers are other carbon-based materials, which can be used as oilsorbents.
Table 12.19 summarizes the best performances of various carbon-based sorbents.

Other Mineral Powders

The possibility of using superhydrophobic and oleophilic calcium carbonate powder
selectively for oilsorption was laboratory investigated by Arbatan et al. (2011). They
improved the calcium carbonate powder with fatty acid to achieve a
superhydrophobic and oleophilic surface. The sorption capacity of this porous
sorbent was examined for diesel oil and crude oil.

Comparison between scanning electron microscope images of calcium carbonate
crystal before and after treatment revealed that the modified crystal had a rougher
surface because of treatment erosion. The results of contact angles of treated powder
indicated that the fatty acid-treated-calcium carbonate powder sorbed oil, while
water cannot penetrate into the mass powder (Fig. 12.41).

Figure 12.42 also shows the oil separation process from water by use of treated-
calcium carbonate powder, qualitatively. As one can see, the as-prepared powder
sorbed the diesel oil and oil-loaded powder could be recovered, effortlessly.

In addition, the adsorption efficiencies of treated calcium carbonate powder of
varied oil /water mixtures were studied and the results are prepared in Table 12.20.
The mixtures with light weight of water had lower oilsorption efficiency for both
oilcontaminants. But low amount of water in the separation process is preferred. An
environmentally friendly, low-cost, easy surface modification and excellent
oilsorption behavior make an appropriate superhydrophobic calcium carbonate
powder for cleaning up spilled oil.
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Fig. 12.41 (a) A water droplet on the fixed powder on a glass slide using a thin layer of glue,
contact angle (CA) ¼ 152�, (b) a water droplet on a flat piece of fatty-acid-treated natural calcite
crystal, CA ¼ 93�, (c) a diesel oil droplet on the treated flat piece of calcite crystal, CA ¼ 42� and
(d) a crude oil droplet on the treated flat piece of calcite crystal, CA ¼ 25 �C. Reprinted with
permission of (Superhydrophobic and oleophilic calcium carbonate powder as a selective oil
sorbent with potential use in oil spill cleanups, Arbatan et al., Elsevier)

Fig. 12.42 Oil–water mixture: (a) before addition, (b) after addition, and (c) after separation of
powder; 10 g of diesel oil (red) was added to 90 g water, then 10 g of as-prepared sorbent was added
to the mixture. Reprinted with permission of (Superhydrophobic and oleophilic calcium carbonate
powder as a selective oil sorbent with potential use in oil spill cleanups, Arbatan et al., Elsevier)

Table 12.20 The oilsorption efficiency (%) for diesel and crude oils for different oil/water ratios

Oil/water ratio (w/w) Diesel oil–water Crude oil–water

1:100 99.6 99.5

1:50 99.2 99.1

1:20 98.7 98.9

1:5 98.5 98.2

1:1 98.3 98.1

Modified after Arbatan et al. (2011)
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Incorporating nanoparticles by some materials with low surface energy in sol–gel
technique has been suggested to produce a superhydrophobic surface, as a cost-
effective method. The SH surfaces are generally self-cleaning and oleophilic. Nev-
ertheless, improvement of their oleophilicity is very important in order to use them in
practical applications like cleaning up spilled oil. Lakshmi et al. (2012) modified
silica nanoparticles with perfluoroalkylmethacrylic copolymer to fabricate a sol–gel
nanocomposite coating. The wetting property of different coatings like sol–gel,
perfluoroalkylmethacrylic copolymer, sol–gel-perfluoroalkylmethacrylic copoly-
mer, sol–gel-silica and sol–gel-perfluoroalkylmethacrylic copolymer-silica coating
was compared with each other by determining water contact angle, ethylene glycol
contact angle, and lubricant oil contact angle.

The water contact angle of the perfluoroalkylmethacrylic copolymer coating
(108.2�) was greater than that of sol–gel coating (89.0�). With incorporating of
perfluoroalkylmethacrylic copolymer to the sol–gel coating (sol–gel-
perfluoroalkylmethacrylic copolymer coating), the water contact angle decreased
to 97.3�. While, after incorporating of fumed silica in the sol–gel and sol–gel-
perfluoroalkylmethacrylic copolymer mixtures, the water contact angle of sol–gel-
silica and sol–gel-perfluoroalkylmethacrylic copolymer-silica were 155� and 158�,
respectively. The results of organic contact angle measurements indicated that
ethylene glycol and oil contact angle of perfluoroalkylmethacrylic copolymer coat-
ing was greater than those of sol–gel and sol–gel-perfluoroalkylmethacrylic copol-
ymer coating. The greatest amounts of ethylene glycol and oil contact angles were
observed for sol–gel-perfluoroalkylmethacrylic copolymer-silica (13.2 wt% of
perfluoroalkylmethacrylic copolymer), 146.7 and 113.3�, respectively.

The effect of perfluoroalkylmethacrylic copolymer concentration in the coating of
sol–gel-perfluoroalkylmethacrylic copolymer-silica was investigated on the water
contact angle, ethylene glycol, and oil contact angles (Fig. 12.43). According to the

Fig. 12.43 Effect of FP concentration in the coating of MT-CS-FP-silica on the WCA, EG-CA,
and oil CA. FP: perfluoroalkylmethacrylic copolymer, MT-CS-FP: sol–gel-FP, WCA: water contact
angle, EG-CA: ethylene glycol contact angle and CA: contact angle. (Modified after Lakshmi et al.
2012)
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obtained results, the water contact angle does not change by increasing the
perfluoroalkylmethacrylic copolymer concentration in the coating of sol–gel-
perfluoroalkylmethacrylic copolymer-silica and remains about 155�. While, ethyl-
ene glycol and oil contact angles enhance by increasing the
perfluoroalkylmethacrylic copolymer concentration and reach the greatest value
for 7.8 wt%, whereafter they are approximately constant.

The results indicated that the increased oleophobicity is due to the
perfluoroalkylmethacrylic copolymer effects on the surface energy (decreases that)
and the random distribution of silica on the surface roughness. Therefore, low
concentration of the perfluoroalkylmethacrylic copolymer can fabricate the
superhydrophobic (water contact angle >150�) and superoleophilic (oil contact
angle <10�) surfaces.

The sliding angle is another parameter for measuring superhydrophobicity of
surface (<10�). The water sliding angle was <2� for all coatings, whereas in all
perfluoroalkylmethacrylic copolymer concentrations, the sliding angle value
decreased for ethylene glycol (>90� to 20�) and did not change for oil (>90�). The
reported method for fabrication of superhydrophobic and oleophobic sol–gel
nanocomposite coatings is low cost and feasible. The authors suggested this method
can be used for glass, metal, and other composites with various shapes. Moreover,
this method needs fluorine less than the other reported methods.

In summary, Table 12.21 compares the sorption or removal performance of
various tools or sorbents of remediation technology for oil spills. To select the
best one, the effective parameters of oil spill control should be considered. The
effects of water conditions, wind conditions, current, tides, and atmospheric condi-
tions were investigated on oil cleanup (Al-Majed et al. 2012).

In conclusion, inorganic adsorbents can be used for spilled oil removal and have
the same sorption capacity as synthetic sorbents. These sorbents are less expensive,
readily available, and buoyant; nevertheless, it is necessary to improve their structure
for using them as spilled oil adsorbents.

12.6 Part II: Bioremediation Technology

12.6.1 Bioremediation: Definition, Advantages,
and Disadvantages

In bioremediation, microorganisms degrade chemical materials and metabolize them
in order to restore the quality of environment. The aim is accelerating the natural
treatment process as well as producing by-products like H2O, CO2 and heat by
microorganisms via assimilating the organic molecules to cell biomass (Atlas 1995).
For marine oil spill, the ubiquitous microorganisms in the oil spill location degrade
hydrocarbons. Microorganisms degrade paraffinic and aromatic hydrocarbons with
different degradation rates. The easiest degradation hydrocarbons are alkanes with a
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Table 12.21 Sorption or removal performance of different tools and sorbents for oilremediation
technology

Sorbent or tool Type of oil

Maximum sorption capacity
(g/g) or removal efficiency
(%) References

Oleophilic drum skimmer HydroCal 300 Recovery rate
~25 L/min

Broje and Keller
(2007a)

Octadecyltrichlorosilane
modified 3D-printed oil
skimmer

Hexadecane
Gasoline
Corn oil
Mineral oil

90% Yan et al. (2016)

Hydrocarbon-based herder Alaska north
slope crude

90% Buist et al.
(2011)

Corexit 9500 dispersant Total petro-
leum
hydrocarbons

67.3% Zahed et al.
(2010)

Nochar A 650 solidifier South Louisi-
ana crude oil

70% Delaune et al.
(1999)

Waste-set #3200 ® and
Rubberizer solidifiers

Arabian light
crude
Prudhoe Bay
crude
Intermediate
fuel oil 180

80%
80%
60%

Sundaravadivelu
et al. (2016b)

Milkweed
Cotton
Polypropylene web
Milkweed/polypropylene

Light crude
oil

~40 g/g
~35 g/g
~12 g/g
~28 g/g

Choi and Cloud
(1992)

Nonwoven wool fiber SN 150 oil ~15 g/g Radetić et al.
(2003)

Silk-floss Crude heavy-
oil

85 g/g Annunciado et al.
(2005)

Poly propylene nonwoven Light crude
oil
Gas oil no.1
Gas oil no.2
Heavy crude
oil

8.26 g/g
7.6 g/g
8.46 g/g
9.12 g/g

Bayat et al.
(2005)

Polyvinyl chloride-
polystyrene fibers
Polystyrene (PS) fibers
Composite polystyrene–
polyurethane (PU) mat

Engine oil 149 g/g
113.87 g/g
64.40 g/g

Sarbatly et al.
(2016)

Electrospun composite PS–
PU fibers

Engine oil
Sunflower
seed oil

~65 g/g
~48 g/g

Lin et al. (2013)

Electrospun polystyrene
nanofiber membrane

Diesel 100% Lee et al. (2013)

Modified sponge Lubricating
oil

~20 g/g Zhu et al. (2011)

(continued)
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Table 12.21 (continued)

Sorbent or tool Type of oil

Maximum sorption capacity
(g/g) or removal efficiency
(%) References

Nanofibrillated cellulose-
based aerogel

– 139–356 g/g Liu et al. (2016)

Methyltrimethoxysilane
based silica aerogels

Heavy crude
oil
Light crude
oil

16.7 g/g
13.7 g/g

Mahani et al.
(2018)

TiO2–sodium alginate com-
posite aerogels

Soybean oil ~100% Dai et al. (2019)

Modified foam rubber Compressor
oil

~12 g/g Liu and Kang
(2018)

Magnetic composite resin
PS/Fe3O4 fibrous
Fe3O4–carbon nanotubes
(CNT) sponges
Fe3O4@SAS

Kerosene
Edible oil
Diesel oil and
gasoline
Crude oil

100%
~100%
99%
90%

Qiao et al. (2019)

Modified Fe3O4@C
nanoparticles

Lubricant 3.8 g/g Zhu et al. (2010)

Modified magnetic polymer
nanoparticles

Salad oil
Lubricating
oil

4.26 g/g
9.41 g/g

Gu et al. (2014)

PU@Fe3O4@PS sponge Various oils 24–105 times of its own
weight

Zhou et al.
(2019)

Emulsifier-modified
expanded perlite

Heating oil ~45% Roulia et al.
(2003)

Modified organo fly ash Arabian crude
oil

1.8 g/g Banerjee et al.
(2006)

Modified high calcium fly
ash

Heating oil
Light crude
oil
Iranian light
crude oil

1.1 g/g
1 g/g
1.7 g/g

Karakasi and
Moutsatsou
(2010)

Organo clay Diesel oil 7.2 g/g Carmody et al.
(2007)

Granular activated carbon
(GAC) block filter

Oil and grease 6.53 g/kg GAC Fulazzaky and
Omar (2012)

Activated carbon modifica-
tion of PU foam
PU foam

Light crude
oil

27.15 g/g
30.38 g/g

Keshavarz et al.
(2016)

Thermally reduced
graphene

Crude oil 300 g/g Iqbal and Abdala
(2013)

Exfoliated graphite Crude oil ~85 g/g Toyoda and
Inagaki (2000)

Graphite/isobutylene-iso-
prene rubber

Lubricant oil 23.4 g/g Hu et al. (2013)

(continued)
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chain of 10–26 carbons and aromatic hydrocarbons with low molecular weight.
High-molecular-weight aromatic hydrocarbons and branched alkanes are two classes
of hydrocarbons difficult to biodegrade (Atlas and Cerniglia 1995). The main genera
of fungi and bacteria for oil degradation are listed in Table 12.22.

In aquatic systems, the dominant hydrocarbon degraders are bacteria. In marine
environment, the concentration of oil and bioavailability of nutrients, the extent to
which the natural biotreatment has already taken place and time affect the biodeg-
radation of an oil spill (Zahed et al. 2010). To grow the hydrocarbon-degraders,
nutrients like phosphorus and nitrogen, which are always found in marine environ-
ment with low concentrations, are necessary. However, the natural attenuation does
not proceed with a noticeable rate because of the scarcity of nutrients (Atlas and
Bartha 1973). Moreover, high concentration of oil causes a remarkable lag phase in
around 2–4 weeks into its bioremediation process. Microorganisms normally need at
least 1 week to acclimatize to the environment and the completion of bioremediation
process takes months and years (Zahed et al. 2010). To improve the rate of the
natural biodegradation, addition of dispersants and fertilizers (biostimulation), and
insemination of contaminated seawater with hydrocarbon-degrading microorgan-
isms are essential. Although there is a competition between the indigenous and the
inoculated microorganism because of the vast distribution of fungi and bacteria,
screening the microorganism from the polluted sites and inoculating them to the
polluted seawater is a way for seawater bioremediation. Bioaugmentation cannot be
an effective way for oil spill bioremediation (Venosa et al. 1991). The application of
fertilizers such as nitrogen and phosphorous nutrient supplements for
oil-contaminated seawater is effective but with low efficacy for the bioremediation
of severely degraded oil (Bragg et al. 1994; Zahed et al. 2010). Surfactants or
dispersants improve the oil bioavailability to hydrocarbon degraders and the success
of their application was reported in the study of Zahed et al. (2010). Some studies
have been performed on the eutrophication caused by adding phosphorus and
nitrogen to the water. According to the work of Bragg et al. (1994) and Atlas and
Cerniglia (1995), applying fertilizer has not caused the eutrophication and no critical
toxicity has been found for the sensitive species. Always the resisting
nonbiodegradable components of oil remain as asphaltic residues and can coat
and suffocate marine life. During bioremediation technology, hydrocarbons biota
toxicity is removed from the contaminated site.

Table 12.21 (continued)

Sorbent or tool Type of oil

Maximum sorption capacity
(g/g) or removal efficiency
(%) References

Magnetic expanded
graphite

Crude oil 35.72 g/g Ding et al. (2014)

Modified calcium carbonate
powder

Diesel oil
Crude oil

99.6%
99.5%

Arbatan et al.
(2011)
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An analysis at an international level was performed by Quintella et al. (2019) for
bioremediation technology based on strengths, weaknesses, opportunities, and
threats. They reported that the bioremediation is growing for water (53%), soils
(36%), and sludge (11%) yearly and at nearly constant rates. Predominantly, bacteria
(57%), enzymes (19%), fungi (13%), algae (6%), plants (4%), and protozoa are the
bioremediation agents and the oils (38%), metals (21%), organic waste (21%),
polymers (10%), food (5%), cellulose (5%), and biodiesel are the main pollutants.
Basically, the final aim of remediation methods is providing the net benefits for
environment. Selection of each response method depends on conditions of sea and
weather; the kind of oil, biological, physical, and economical characteristics of the
spilled site; depth of water; the season and effectiveness of cleanup; concentration of
oil spilled; and the rate of spillage (Dave and Ghaly 2011). The most effective

Table 12.22 Major genera of oil-degrading bacteria and fungi

Microorganism Degradable compounds

Bacteria
Pseudomonas spp. 4-chlorobenzoate

Brachybacterium

Janibacter Polycyclic hydrocarbon

Flavobacterium Chlorophenols

Nocardia spp. 4-chlorobenzoate

Mycobacterium Pyrene, polycyclic hydrocarbon,
Diesel, phenanthrene

Arthrobacter spp. Phenanthrene, methyl-tert-butyl ether,

Tert-amyl methyl ether, ethyl-tert-butyl ether

Dietzia n-C12 to n-C38 alkane components

Brevebacterium Oil, Asphaltenes

Rhodococcus Hexadecane, polychlorinated-biphenyl,

Polycyclic hydrocarbon, trichloroethane

Fungi
Fusarium Tert-butyl alcohol and methyl-tert-butyl ether

Aspergillus Pyrene, Benzo(a)pyrene

Candida Toluene

Trichoderma Phenanthrene

Phanerochaete Benzo [a] pyrene, phenanthrene, and fluorine

Mortierella 2, 4-Dichlorophenol

Trichoderma harzianum Naphthalene Aspergillus fumigatus

Aspergillus spp. Crude oil

Cunninghamella elegans Phenanthrene

Aspergillus Niger n-hexadecane Penicillium sp

Cunninghamella elegans Pyrene

Aspergillus ochraceus Benzo [a] pyrene, Trametes versicolor

Aspergillus sp. RFC-1 Different PHs

Penicillium sp. RMA1 and RMA2 Crude oil

Modified after Al-Hawash et al. (2018); Dave and Ghaly (2011)
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response to the oil spill with much decreased cost is a combination of physical,
chemical, and biological treatments. Recently, Villela et al. (2019) have reported an
analysis of the patent documents in bioremediation, which use microorganisms to
clean seawater. According to their report, China, Russia, and USA have various
temporal deposit profiles dictated by their historical, political, and economic regu-
lations. In their list of countries, which have patent applications, China has the first
place with 152 deposits followed by Russia with 133 and then USA with 48. Among
500 patent documents considered in this study, 368 patents presented a description
of oil degradation exclusively by bacteria, 24 by yeasts and fungi, 32 by mixed
consortia, 1 using a microalgal strain, and 1 by archaea. The major microbial genera
are Pseudomonas with 114 patents, Bacillus with 75, and Rhodococcus with 60.

Metabolic Processes of Bioremediation

The first level of the organic compound metabolism is use of the substrate, which
serves as an electron donor for microbial growth and acts as a source of energy and
carbon. When the nature of the molecular structure, which induces the essential
catabolic enzymes, cannot provide the energy and carbon, co-metabolism to site-
treatment of xenobiotics is required to be applied. The term co-metabolism refers to
the metabolism of a material that cannot act as a source of energy, carbon, and
essential nutrient. The essential nutrients are provided only in the presence of a
primary (enzyme inducing) material (Boopathy 2000). The term aerobic process
refers to the metabolic activities involving oxygen as a reactant. The two primary
enzymes employed during mineralization and transformation of xenobiotics by
aerobic organisms are dioxygenases and monooxygenases. Aerobic bacteria like
Alcaligenes, Pseudomonas,Mycobacterium, Sphingomonas, and Rhodococcus have
ability to treat pollutants. These microbes degrade hydrocarbons including alkanes
and polycyclic aromatic compounds as well as pesticides. When an activity of an
organism involves other molecules besides oxygen, the process is anaerobic. Anaer-
obic microbes apply electron acceptors like iron, nitrate, manganese, carbon dioxide
and sulfate based on their availability and the dominant redox conditions. Use of
anaerobic bacteria for biotreatment of polychlorinated biphenyls in sediments of
river, dechlorination of the solvent chloroform, and trichloroethylene has been
attracting much interest (Lovley 1995). In conclusion it can be said that the
oxidation–reduction reactions play important role in bioremediation.

The Classes of Bioremediation

Bioremediation techniques are divided into two classes: in situ and ex situ. In ex situ
technology, the treatments involve the physical removal of the polluted materials
from contaminated site and transporting them to another site (Azubuike et al. 2016),
while in situ technology is involved with treatment of the polluted materials at the
site of contamination (Boopathy 2000). Therefore, excavation and its extra cost are
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not required. It does not disturb the structure of the soil. However, the important
challenges of in situ techniques are the on-site installation of some complicated
equipment and cost of design to increase the activity of microbes during bioreme-
diation (Jain et al. 2011). The type and the quality of the contaminants, the type and
the environmental situation of the contaminated site, and the cost of treatment
determine the best treatment method (Khan et al. 2004). It is also required that
before selecting the best method, a thorough investigation of the properties of the
contaminated site be conducted. This process is important especially for in situ
remediation since the performance of the treatment process is more complicated
for monitoring and controlling through treatment than the ex situ remediation
process (Morgan and Watkinson 1992). Achieving uniform remediation throughout
the treatment is an important challenge for in situ treatment. In situ bioremediation
methods were successfully applied to treat many contaminants like hydrocarbons in
crude oils (Kim et al. 2014). To achieve successful in situ bioremediation, the
important environmental conditions include the moisture content, status of electron
acceptor, pH, availability of nutrient and temperature (Philp and Atlas 2005).
Transferring the bioremediation methods, which have been tested in laboratory
with good results to the field is the specific challenge of in situ bioremediation.
The ex situ technology needs shorter time to treat than in situ technology and
because of the ability to monitor, homogenize, and screen, it provides more unifor-
mity of treatment. It can be used for a wide range of pollutants and is controlled
easily. However, ex situ technology needs excavation that requires more cost and
engineering for equipment. The base of the ex situ methods is the cost of treatment,
type of contaminant, degree of pollution, depth of pollution, geographical location,
and geology of the contaminated site. Philp and Atlas (2005) have described the
performance criteria to select the ex situ method. In situ bioremediation includes
bioventing, biosparging, permeable reactive barrier, intrinsic bioremediation,
bioslurping, and phytoremediation. In conclusion, both in situ and ex situ technol-
ogies are beneficial in bioremediation; however, the type and the quality of the
pollutants, the type and the medium of the contaminated site, and the cost of
treatment determine the effective treatment method.

Bioventing

The method, which is also called soil vacuum extraction (Boopathy 2000), increases
the bioremediation and the activity of indigenous microorganisms in order to
microbial transformation of contaminants to safe state (Philp and Atlas 2005),
using controlled airflow to deliver oxygen to the unsaturated zone (Azubuike et al.
2016). It is useful to remove the oily phase contaminants above the water table.
Undissolved subsurface contaminants which get biodegraded contact with the oxy-
genated air. Appearance of CO2 in an extraction well, which is near the contamina-
tion points but above the water table shows the biological activity. In comparison
with the use of electron acceptors such as nitrates and hydrogen peroxide, bioventing
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is a cheaper technique and has obtained popularity especially to restore the sites
contaminated by light spilled products (Höhener and Ponsin 2014).

Biosparging

In this method, air is injected with pressure below the water table in order to increase
the concentration of oxygen in groundwater and enhance the rate of biotreatment
using natural microorganisms. Biosparging increases the contact between soil and
groundwater as a result of increasing the mixing in the saturated zone. The advantage
of this method is that the installation of the small-diameter air injection points is easy
with low cost and therefore the design and construction of the system is flexible.

Phytoremediation

In this method, plants are used to remove pollutants from water and soil via physical,
biological, chemical, biochemical, and microbiological interactions. Depending on
the contaminant, the types of phytoremediation include rhizofiltration,
phytoextraction, phytovolatilization, phytodegradation, phytostabilization,
rhizodegradation, and hydraulic control (Mahajan and Kaushal 2018; Yadav et al.
2018; Muthusaravanan et al. 2018). The factors to select a plant as a phytoremediator
are: the required time to obtain the desired level of cleanliness of root system,
toxicity of contaminant for plant, rate of plant growth, site monitoring, resistance
of plant against disease and pests (Lee 2013). Based on the study of Miguel et al.
(2013), the treatment by plants involves the uptake, displacement from roots to
shoots accomplished by xylem flow, and accumulation in shoot (Azubuike et al.
2016). Moreover, accumulation and replacement are dependent on partitioning and
transpiration between neighbor tissues and xylem sap, respectively. However, the
process can be different based on the nature of pollution and type of plant. Most
plants that grow in the contaminated site perform phytoremediation very well. Thus,
the efficiency of phytoremediation method depends on the optimization of treatment
by indigenous plants that grow in contaminated site by biostimulation or
bioaugmentation using exogenous or endogenous plant rhizobacteria (Azubuike
et al. 2016). Also, plant growth-promoting rhizobacteria is a factor that might play
an important role in phytoremediation. It increases the biomass production and the
ability of plants to tolerate the undesirable soil situations (Yancheshmeh et al. 2011;
De-Bashan et al. 2012). Based on the study of Grobelak et al. (2015), the plant root
growth, plant height, and plant stem growth increased when Festuca ovinia L. and
Brassica napus L. subsp. napus were inoculated with exogenous plant growth-
promoting rhizobacteria through germination of seeds, 14 days after plant growth,
therefore protect the plants and seeds inhibition in heavy metal contaminated soil.
Mesa et al. (2015) investigated phytoremediation of polluted site by metal with
Spartina maritime in a similar way. They concluded that bioaugmentation with
endogenous rhizobacteria increased metal accumulation and enhanced metal
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removal as well as plant subsurface biomass. Table 12.23 lists various plant species
that participate in phytoremediation of different pollutions (Azubuike et al. 2016).

Wang et al. (2012) and Kuiper et al. (2004) described other plants with
phytoremediation potentials. One of the advantages of phytoremediation is
phytomining, a process to use plants for remediating the polluted site by precious
metals for bioaccumulating in plants and recovering after treatment. Other advan-
tages include low cost, low installation and maintenance cost, large-scale operation,
leaching of metal, prevention of erosion, protection of the structure of soil, and
environmentally friendly (Khan et al. 2004; Van Aken 2009). There are some factors
like contaminant concentration, depth of roots, longer treatment time, toxicity for
plant, bioavailability to plant, and slow plant growth rate that restrict use of
phytoremediation (Vangronsveld et al. 2009; Kuiper et al. 2004). There also is a
probability that accumulated toxic pollutions transfer along the food chain. Some
human interventions are required to enhance the capacity of phytoremediation
because the plant–microbiome interactions are not adequate for a successful
phytoremediation to CO2 and H2O is another disadvantage (Lee 2013). To under-
stand and determine factors with a major role for beneficial microbiota assembly
degrading PGP (plant-growth promoting) along with phytoremdiation processes, a
competition-driven model for the interaction between rhizosphere and microbiome
was proposed by Thijs et al. (2016). To ensure that the pathogenic microbial
populations and opportunistic are controlled in the contaminated sites to increase
the ability of enhanced phytoremediation processes using PGP microbes, some

Table 12.23 Some plants with phytoremediation potential

Plant (References)
Kind of
pollutant Initial concentration

%
removal

Mechanism of
removal

Dracaena reflexa
Dadrasnia and
Agamuthu (2013)

Diesel 1–5 wt% 90–98 Rhizodegradation

Ludwigia octovalvis
Almansoory et al.
(2015)

Gasoline 2078 � 102 mg/kg
total petroleum
hydrocarbons

~94 Biosurfactant
enhanced
rhizodegradation

Rizophora mangle
Moreira et al. (2013)

Total petroleum
hydrocarbons

33215.16 mg/kg 87 Phytostimulation
and
Phytoextraction

Sparganium sp.
Gregorio et al. (2013)

Polychlorinated
biphenyls

6.260 � 9.3
10�3 μg/g

~92 Biostimulated
Rhizodegradation

Phragmites australis
Gregorio et al. (2014)

Polycyclic aro-
matic
hydrocarbons

229.67 � 15.56 μg/g 58.5 Rhizodegradation

Aegiceras corniculm
Chen et al. (2015)

Brominated
diphenyl ethers
(BDE-47)

5 μgg�1dw 58 Biostimulated
degradation

Luffa acutangula
Ignatius et al. (2014)

Fluoranthene
and Anthracene

50 mg/kg 50–100 Phytostimulationa

aHypothetical, needs further investigation
Modified after Azubuike et al. (2016)
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strategies are determined. These are including root exudate interference, disturbance,
selection of plant in performance of microbiome, and feeding of the supply lines are
determined to ensure that pathogenic microbial populations and opportunistic are
controlled in polluted sites for increasing the ability of enhanced phytoremediation
processes using PGP microbes. Since the plant–microbiome interaction is not
adequate for a successful phytoremediation, to enhance the capacity of
phytoremediation some human interventions are required. Some approaches to
enhance phytoremediation have been reported by Wenzel (2009) and
Schwitzguebel (2015).

Mechanisms of Phytoremediation

The mechanism of phytoremediation and its yield depend on the properties of the
contaminated site and the type of pollution as well as bioavailability (Cunningham
et al. 1996). For phytoremediation there are several ways. A root system where the
main mechanisms to prevent toxicity are found primarily uptakes the pollutions.
Here we have listed the mechanisms to treat soil, sediments, and water with impact
on the mobility, volume, or toxicity of pollutants. There is overlap or similarities
between some of the mechanisms.

Phytoextraction

In phytoextraction, which is also called phytoaccumulation, the plant roots uptake
the translocation of metal pollutants from the soil to the aboveground parts of the
plants (Yadav et al. 2018; Muthusaravanan et al. 2018). The method is inexpensive
with a permanent removal of pollution. The mechanism depends mainly on the plant
to grow fast, eradicate metals, tolerate their high concentrations, and accumulate
high amounts in their shoots (Mahajan and Kaushal 2018; Brennan and Shelley
1999).

Rhizofiltration

This is applicable to remove metals or inorganic compounds from surface of water,
groundwater, and wastewater. Rhizofiltration includes the uptake or precipitation
into roots or the solution surrounding the roots. It is similar to phytoextraction but it
is applicable for water than soil. The tobacco, sunflower, rye, Indian mustard, corn,
and spinach have shown the potential to treat the contaminated waters by lead.
Among them, sunflower has the greatest potential (Mahajan and Kaushal 2018). The
plant should have substantial amount of surface area and high capacity to accumulate
and tolerate the significant amount of pollutions. The ideal plant needs low cost to
maintain, can grow in submerged situation, has the minimum secondary waste, and
involves easy handling (Yahav et al. 2018).
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Phytovolatilization

In this mechanism, the contaminants are adsorbed from the soil into the body of the
plant to transform them into volatile products. Finally, the volatile degradation form
is transpired with water vapor from the leaves, stems or other parts of plant, which
the pollutants cross before attaining the leaves (Muthusaravanan et al. 2018). The
method is applicable for contaminated soil, sediment, and water. The metal contam-
inants such as mercury, volatile organic materials like trichloroethene, and volatile
forms of inorganic chemicals such as selenium and arsenic can be treated by
phytovolatilization (Yadav et al. 2018; Muthusaravanan et al. 2018).

Phytostabilization

Plants immobilize pollutants of groundwater and soil through absorption and accu-
mulation by precipitation or roots in the rhizosphere (the root zone of plants). The
processes via reducing the mobility of the pollutant prevent migration to the ground-
water and it in turn decreases metal bioavailability in the food chain
(Muthusaravanan et al. 2018). Phytostabilization is useful to treat lead, cadmium,
arsenic, zinc, chromium, and copper, and takes advantage of the soil chemical and
environmental changes induced by the presence of the plant (Yadav et al. 2018). The
mechanism is highly effective and treats a broad variety of contaminations. Addi-
tional resolution of phytostabilization includes the stabilization of waste and
decreasing the next complications, hydraulic control, and reducing erosion via
wind and water (Yadav et al. 2018).

Phytodegradation

In phytodegradation, which is also referred to as phytotransformation (Trap et al.
2005), either complex organic compounds are degraded to simple molecules or they
are incorporated into the tissues of plant. First, the contaminants are taken up by the
plants and then they are broken down by plants utilizing enzymes (Yadav et al.
2018). The enzymes are dehalogenase, peroxidase, oxygenase, nitrilase, phospha-
tase, and nitroreductase (Jabeen et al. 2009). Because the heavy metals are
nonbiodegradable, this mechanism is limited to treat organic pollutions.

Hydraulic Control

In this mechanism, plant (tree) is used to control the movement of pollutions from
the polluted site through groundwater. Large amount of water is utilized by trees
with long roots and therefore they act as pumps to pull out the water. So the
pollutions are absorbed along with water in this process (Muthusaravanan et al.
2018). Hydraulic control has been reported in some plants (reader is referred to the
Table 12.6 of Muthusaravanan et al. 2018).
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Rhizodegradation

In rhizodegradation, which is also referred to as rhizosphere bioremediation, the
breakdown of pollutions occurs within the rhizosphere or plant root zone. It is
carried out using fungi and bacteria (Yadav et al. 2018). Microorganisms are
widespread in the rhizosphere since the plants exude enzymes, amino acids, sugars,
and other compounds, which are effective to stimulate bacterial growth. It has been
observed (Zhang et al. 2010) that the fungal and microbial degradation is stimulated
by releasing of enzymes/exudates in the root zone of plant. The ideal performance
depends on the association between plants and microorganisms in the rhizosphere,
concentration of pollutions, the temperature, pH, texture and nutrition of soil, and
rate of metabolism of microorganism (Yadav et al. 2018).

Permeable Reactive Barrier

The method is often maintained as a physical technique to treat the pollution in
groundwater due to its mechanism and design to remove contaminants
(Thiruvenkatachari et al. 2008); however, it has been reported that one of the
mechanisms of contaminants removal in permeable reactive barrier methods is the
biological reaction, which includes degradation, precipitation, and sorption (Obiri-
Nyarko et al. 2014). Apart from the proposed alternative terms like passive
bioreactive barrier, biological permeable reactive barrier, and bioenhanced perme-
able reactive barrier to accommodate the biotreatment or biotechnological aspects of
this method, the microorganisms’ role is mainly to enhance rather than an indepen-
dent biotechnology (Azubuike et al. 2016; Philp and Atlas 2005). Generally, per-
meable reactive barrier is an in situ technique to treat the polluted groundwater with
heavy metals and chlorinated compounds. Xin et al. (2013) reported biodegradation
with 84.7–97.8% efficiency for ethylbenzene, p-xylene, toluene, and benzene with
bioaugmented (Pseudomonas sp. and Mycobaterium sp.) permeable reactive barrier.
The inherent gradient of contaminated water causes its flow through the barrier, thus
the contaminants are trapped and enter a series of reactions that result in clean water
from the flow (Obiri-Nyarko et al. 2014; Thiruvenkatachari et al. 2008). An ideal
barrier is reactive enough to trap pollutions, allow water to flow, and penetrate but
prevent the penetration of contaminants, passive with little energy input, low cost,
accessible, and available easily (De Pourcq et al. 2015). The efficiency of the method
is related to the kind of media that is affected by the kind of contaminant, health
effect, biogeochemical conditions, cost, mechanical stability, hydrogeological con-
ditions, and environmental effect (Liu et al. 2015). Today, combining permeable
reactive barrier with other methods like electrokinetics to treat the different kinds of
contaminants has attracted great attention (García et al. 2014; Mena et al. 2015).
Mena et al. (2015) and Ramırez et al. (2015) reported 30% diesel removal and 39%
decrease in biodegradable fractions of diesel where biopermeable reactive barrier
was combined with electrokinetics to treat the contaminated soils by diesel after
14 days, respectively. Folch et al. (2013) observed 97% decay of Orange G dye in a
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man-made aquifer in laboratory standard when a fungus was applied as a biological
barrier. They reported that the fungus can be used as a barrier (permeable reactive
barrier) in natural aquifers. When a permeable reactive barrier was applied to treat
the contaminated groundwater by chlorinated solvents, the main constraint was the
carbonate precipitated in the iron zone rather than the velocity precise measurement
of groundwater. For the performance of permeable reactive barrier, maintaining
barrier reactivity and preserving the permeability of barrier are crucial for its success
and can be achieved via retaining the suitable size distribution of particles (Vogan
et al. 1999; Mumford et al. 2014). The most critical challenges in this method are
decrease in barrier reactivity, zero-valent iron, inability to use the method on
contaminated site for some recalcitrant compounds, reduction of porosity, and
chlorinated hydrocarbons. Polyhydroxybutyrate as a biodegradable polymer showed
a slow-release nutrient capability (carbon capacity) and can improve the biological
activity as a barrier and enhance the treatment of chlorinated compounds (Baric et al.
2014). Some studies (Henderson and Demond 2007) have showed that change in
climate conditions can make a complicated hydrogeological site characterization and
flaws of design can decrease the success of this method. The improved designs of
permeable reactive barrier and developed cost-effective techniques for site charac-
terization enhance the efficiency of the method (Gibert et al. 2013). Moreover, to
remove the challenges like lack of permeability under the given geological situa-
tions, which are related to using of zero-valent iron, the use of iron sulfide (FeS)
barrier is useful (Henderson and Demond 2007).

Natural Attenuation

Natural attenuation, which is called intrinsic bioremediation, is an in situ
biotreatment method that includes passive treatment of contaminated sites, through
an absence of external forces (human intervention). The technique involves both
anaerobic and aerobic processes to biodegrade pollutions including those of recal-
citrants (Azubuike et al. 2016). The lack of external force means that the method is
not costly as compared to other in situ methods. Based on the US National Research
Council, there are some challenges including proof of pollutions loss from polluted
sites, proof according to the analyses to show that the isolated microorganism from
polluted sites has the inherent potentials for biodegrading or transforming the present
pollutions at that polluted site, and proof of realization of biodegradation potentials
on-site (Philp and Atlas 2005). Adetutu et al. (2015) studied chlorinated compounds
and compared the efficiency different bioremediations including natural attenuation
to dechlorination of polluted groundwater by trichloroethene. They found a good
decrease in the concentration of trichloroethene, less than stipulated by the US
Environmental Protection Agency. Moreover, biodegradation is the principal mech-
anism of contaminant removal during natural attenuation. The disadvantage of this
method is that the intrinsic bioremediation takes more time to get the aimed
concentration level of contaminants. It was also reported that it does not result in
enough removal of polycyclic aromatic hydrocarbons and the corresponding
decrease in contaminated soil eco-toxicity (García et al. 2014).
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Bioslurping

Bioslurping combines soil vapor extraction, bioventing, and vacuum-enhanced
pumping to treat groundwater and soil via indirect preparing of O2 and stimulation
of biodegradation. The method is not appropriate to treat low permeable soil;
however, it is cost-effective because of lesser content of groundwater after operation,
so the costs of storage, treatment, and disposal are minimized (Gidarakos and
Aivalioti 2007). The major challenges of this in situ technique (Philp and Atlas,
2005) are the fluctuating water table and the need to establish a vacuum on a deep
and high-permeable site.

Ex situ bioremediation includes land farming, windrows, bioreactors, and
biopiles.

Land Farming

One of the simplest bioremediation techniques with less equipment and low cost
requirement is land farming. This can be an ex situ or in situ technique depending on
the site of treatment. Pollutant depth plays a major role in whether the method carried
out is ex situ or in situ. In this method, the contaminated soil is commonly excavated
and/or tilled; however, the kind of bioremediation is obviously specified by the site
of remediation. Whenever the excavated contaminated soil is remediated on-site, it is
classified as in situ and in other cases it is ex situ. It has been showed that
bioremediation can proceed without excavation if a contaminant lies <1 m below
the ground surface, while contaminant lying >1.7 m must be carried to ground
surface to enhance efficiency of biotreatment (Nikolopoulou et al. 2013). Land
farming system can be used in any climate and location. The method is very easy
to implement and design, can treat a large volume of contaminated soils with the
minimum of environmental impact and required energy as well as low capital input
(Maila and Colete 2004). Some limitations of the technique are big operating space,
decrease in the activities of microbes because of undesirable environmental situa-
tions, further cost because of excavation, as well as decreased efficacy in inorganic
contaminant removal (Maila and Colete 2004). Land farming technique is not
appropriate to treat soil contaminated with toxic volatiles because of its mechanism
of contaminant removal (volatilization) and design and especially in high-
temperature (tropical) climate regions. The limitations are that the farming-based
biotreatment can be time-consuming with less success in comparison with other ex
situ bioremediation methods.

Windrows

It is based on turning of piled contaminated soil periodically, in order to enhance
biotreatment by improving the degradation activities of native microorganisms and
transient hydrocarbonoclastic bacteria. The periodic turning and addition of water
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increase uniformity of pollutant distribution, aeration, nutrients, and microorganism
activity, increasing the bioremediation rate, which is done through biotransforma-
tion, mineralization, and assimilation (Azubuike et al. 2016).

Bioreactors

Bioreactor is a vessel that converts raw materials to particular product(s) via different
biological reactions. The various bioreactors include batch, sequencing batch,
fed-batch, continuous, and multistage. Market economy and capital expenditure
are the two factors in choosing the operating mode. In a bioreactor, the situation
provides cell natural process via mimicking and retaining its natural environment. It
provides the optimum conditions to grow. Contaminated samples such as dry matter
or slurry can be fed into a bioreactor. One of the important advantages of bioreactor-
based bioremediation is outstanding control of bioprocess parameters including pH,
temperature, agitation rates, substrate and inoculum concentrations, and aeration
rates. Control and manipulating the process parameters in a bioreactor provides the
possibility to enhance the biological reactions and thus effectively reduce the
bioremediation time. Other factors that can limit the bioremediation process like
controlled bioaugmentation, increased contaminant bioavailability, addition of nutri-
ent, and mass transfer (collision between contaminant and microbes) can efficiently
be performed in a bioreactor; thus, the bioreactor-based biotreatment can be more
effective. The method can be applied to treat water or soil contaminated by volatile
organic compounds, including benzene, toluene, ethylbenzene, and xylenes
(Azubuike et al. 2016).

Biopiles

This method is used to treat surface contaminated with hydrocarbons and is a
combination of land farming and composting. Biopiles provide an appropriate
medium for indigenous aerobic and anaerobic microorganisms. Biopile-mediated
remediation treats aboveground piling of excavated contaminated soil with aeration
and nutrient amendment to improve biotreatment via enhancing microorganism
activity. This method has some components including irrigation, aeration, leachate
collection systems, nutrient, and a remediation bed. The ex situ method is widely
used because of constructive features such as cost-effectiveness that enables efficient
biodegradation when temperature, nutrient, and aeration are well controlled. This
special ex situ method is being used increasingly (Whelan et al. 2015) because of its
constructive features like cost-effectiveness that provides successful biodegradation
on the condition that temperature, aeration, and nutrient are well controlled. Using
biopiles helps to limit volatilization of contaminants with low molecular weight. The
method is effectively used to treat environments in extreme situations like very cold
regions (Gomez and Sartaj 2014; Dias et al. 2015). It has been observed that the
concentration of hydrocarbons decreases up to 71% and the structure of bacteria
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changes during 50 days following preremediation of polluted soil before the forma-
tion of biopile and then biostimulation using fishmeal (Dias et al. 2015). Sieving and
aeration of polluted soil before the processing are the important factors in the
efficiency of biopiles (Delille et al. 2008). In order to increase the bioremediation
process in a biopile construction, bulk agents like dust, saw, straw, bark or wood
chips, and other organic compounds can be used (Rodrıguez-Rodrıguez et al. 2010).
Conserving space is the advantage of biopile systems in comparison with other ex
situ bioremediation methods.

Factors Influencing Bioremediation

Indigenous microorganisms like bacteria, yeast, and fungi (Talaromyces,
Cunninghamella, Aspergillus, Amorphotheca, Penicillium, Fusarium, Neosartorya,
Paecilomyces, Graphium) provide a reliable method to remove the exterior contam-
inants like crude oil (Haritash and Kaushik 2009; Ghanavati et al. 2008; Deshmukh
et al. 2016). In the study by Lee et al. (2015), biodegradation of ligninolytic fungi
was investigated. They proved that in the lignin system there are major enzymes like
peroxidases, lignin, phenol oxidases, manganese-dependent peroxidases, and hydro-
gen peroxide-producing enzymes that can degrade hydrocarbons. Many researches
have studied the influence of the different environmental factors on biodegradation
of hydrocarbons in crude oil (Cooney et al. 1985). The poor biodiversity of local
microbes, availability of microorganisms, which is limited in the environment,
shortage of local specialized microbes with supplementary substrate properties
(Ron and Rosenberg 2014), accessibility of hydrocarbons-degrading organism,
chemical composition of the hydrocarbons, biological activity optimization, pH,
electron acceptors, energy sources (electron donors), inhibitory substrates or metab-
olites, temperature, nutrients, and oxygen are the factors that affect
hydrocarbonsbiodegradation. For success, microorganisms should improve their
catabolic activities to convert the pollutants via developing their metabolic capability
by genetic changes, induction of special enzymes and electric enrichment of micro-
organism. Crude oilhydrocarbons include aromatics, resins (carbazoles, pyridines,
sulfoxides, amides, and quinolines), asphaltenes (esters, ketones, phenols, fatty
acids, and porphyrins), and aliphatics (Al-Hawash et al. 2018), and their degradation
is influenced mainly by their nature and amount. In the marine environment, the
maximum degradation rate is in a temperature range of 15–20 �C, while this range in
freshwater is 20–30 �C (Al-Hawash et al. 2018). Leaked crude oilhydrocarbons in
water are spread by wind and waves and can form emulations. In the absorption of
hydrocarbons by microorganisms, formation of emulations is a main factor. As a
short list, the biological factors affecting bioremediation are accessibility of
hydrocarbons-degrading organism, local specialized microbes with supplementary
substrate properties, inhibitory substrates or metabolites, and nutrients. In addition,
the chemical and physical factors are chemical composition of the hydrocarbons, pH,
electron acceptors, electron donors, temperature, and oxygen.
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Temperature

Temperature is a significant factor that affects bioremediation via its effect on the
chemical and physical compositions of contaminants (Zhang et al. 2019). The
activity of enzymes and the degradation rate are reduced at low temperatures
(Bisht et al. 2015). At high temperature from 30 to 40 �C, the hydrocarbon metab-
olism reaches the maximum level (Al-Hawash et al. 2018). The ranges of temper-
ature with the greatest rate of degradation are 30–40, 15–20, and 20–30 �C in soil,
marine, and freshwaterenvironments, respectively (Al-Hawash et al. 2018).

Oxygen

One of the factors to limit the rate of crude oilhydrocarbons degradation is the
concentration of oxygen (Von Wedel et al. 1988). According to the report of
Haritash and Kaushik (2009), anaerobic degradation of crude oilhydrocarbons
using microorganisms can be at insignificant rates. Based on the study of McNally
et al. (1998), the aerobic biodegradation of crude oilhydrocarbons is higher than their
anaerobic biodegradation. For the catabolism of all aromatic and aliphatic and cyclic
materials by microorganisms, substrate oxidation by oxygenases is a key step in the
biodegradation process.

Nutrients

Nutrients including nitrogen, phosphorus, and iron in some cases have an important
role in successful biodegradation and act as a limiting factor for this process (Atlas
1995). Carbon can be provided from organic materials. Oxygen and hydrogen can be
supplied from H2O (Kalantary et al. 2014). Oil spills in freshwater and marine
environment increase the amounts of carbon and reduces the phosphorus and
nitrogen levels and thus affects biodegradation. There are low levels of nitrogen
and phosphorus in marine environments. Moreover, nutrients cannot be provided by
wetlands since there is a high nutrients demand by plants. Therefore, adding
nutrients is essential to increase the biodegradation of pollutants (Hesnawi and
Adbeib 2013). It should be noted that the extra nutrients concentration can inhibit
the biodegradation activity. Mineki et al. (2015) investigated the degradation of
polycyclic aromatic hydrocarbons by Trichoderma/Hypocrea applying pyrene as a
source of carbon. The strains growth and pyrene-degrading efficiency were
increased in comparison with the control sample after 1 and 2 weeks of incubation
when 0.1% of lactose or 0.1% of sucrose and 0.02% of yeast extraction were added.
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Salinity

In estuarine sediments, there is a positive relation between polycyclic aromatic
hydrocarbons mineralization rate and salinity (Kerr and Capone 1988). Some studies
have reported that the evaporation of salt ponds shows that the rate of hydrocarbon
metabolism is highly reduced with increased salinity range of 3.3–28.4% because of
a general decline in the rate of microbial metabolism (Al-Hawash et al. 2018).
Salinity has an important effect on biodegradation and bioremediation processes; it
affects the diversity and growth of microbes and has a harmful effect on the activity
of some principal enzymes in the degradation of hydrocarbons (Qin et al. 2012;
Ebadi et al. 2017).

pH

The pH must be considered to improve biological treatment methods. Catalytic
reaction balance, cell membrane transport, and activities of enzyme are influenced
by the environmental pH (Bonomo et al. 2001). Many of the heterotrophic bacteria
grow in a neutral to alkaline pH compared to the pH of many aquatic ecosystems
(Jain et al. 2011). The acidity of soil can widely vary between pH 2.5 and 11 in
alkaline deserts. Generally, bacteria and fungi prefer almost neutral pH; however,
fungi can bear the acidic pH. The microbial mineralization of octadecane and
naphthalene occurs at pH of 6.5 (Al-Hawash et al. 2018). It has been reported that
the highest level of crude oilbiodegradation in water by Pseudomonas aeruginosa is
at pH ¼ 8.0. Moreover, the highest rate of biodegradation in an oil sludge sample is
at pH 7.8 (Al-Hawash et al. 2018).

Activity of Water

In terrestrial ecosystems, the treatment of hydrocarbons can be limited due to the
available water for metabolism and growth of microbes. In oil sludge, the optimal
biodegradation is in 30–90% water saturation (Al-Hawash et al. 2018). The growth
and movement of microorganism are directly influenced by availability of water.

Microbial Community

The main factor that contributes to biodegradation is availability of yeast, bacteria,
fungi, and some algae that catabolize pollutants. Hydrocarbons in crude oil are the
source of food for microorganisms that may be available in high levels near the sites
contaminated by oils like crude oil: ports, oil fields, shipping lanes, gas stations,
seeps, and other facilities.

12 Remediation of Pollution by Oil Spills 479



Bioavailability

The effect of the microbial, physical, and chemical factors on the extent and rate of
biodegradation is defined as bioavailability. It refers to the amount of a soil contam-
inant that is transformed and taken up using microorganisms. Other factors like the
extent of hydrocarbons deterioration, microbial community, and pH may be widely
influenced by the limitations in the hydrocarbons bioavailability. The bioavailable
component of the hydrocarbons is the accessible part to microorganism (Semple
et al. 2003). Hydrocarbonorganic pollutants have little water solubility and therefore
they are stable to chemical biological and photolytic breakdown. The reducing of
bioavailability with time is often referred to as weathering or aging. It may result
from the chemical oxidation reactions incorporating pollutants into natural organic
materials, slow diffusion into very small pores and absorption into organic materials
as well as the formation of semi-rigid films close to non-aqueous-phase liquids with
a good stability toward non-aqueous-phase liquids-water mass transfer (Boopathy
2000). Using of food-grade surfactants that enhance the availability of pollutants for
microbial degradation overcomes bioavailability problems (Boopathy et al. 1998).
Table 12.24 lists all the main factors affecting bioremediation.

Degradation Mechanism of Crude Oil Hydrocarbons

Most organic contaminants need aerobic conditions for a rapid and complete degra-
dation. The primary intracellular organic contaminant attack takes the form of
oxidation and activation. The key enzymatic catalyst by oxygenates and peroxidases
needs integration of oxygen. The key degradation pathways transform organic
contaminants in intermediates of the main intermediary metabolism. The biosynthe-
sis of cell biomass occurs from the central precursors metabolites like the succinate,
pyruvate, and Acetyl-CoA. The essential saccharide for various biosynthesis and
growth is synthesized using gluconeogenesis. Crude oilhydrocarbons treatment can
be performed by a specific enzyme system, attaching microbial cell to substrates and
biosurfactant production (Rahman et al. 2003). Cytochrome P450 hydroxylases,
which is isolated form Candida species like C. maltose, C. tropicalis and Candida
apicola attends in the biodegradation of chlorinated compounds and other materials
(Van Beilen and Funhoff 2007). The system of extracellular enzymes in Aspergillus
spp., isolated from crude oil contaminated soil, efficiently treats crude oil (Zhang
et al. 2016). The efficiency of anthracene degradation of ligninolytic and
non-ligninolytic fungi was studied by Jové et al. (2016). They reported less effi-
ciency of anthracene degradation for Irpex lacteus and Pleurotus ostreatus than
those for Phanerochaete chrysosporium. As a conclusion, aerobic situations provide
the best medium for a quick and complete degradation of organic pollutants.
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Case Studies on Oil Bioremediation

Case 1: North Sea

Oil contamination in the North Sea was investigated by Carpenter (2018) over
several decades. For many decades, high amount of oil contamination was intro-
duced into the North Sea. The sea contaminants were the cause of much pollution
and death of seabirds continuously from the early years of the twentieth century
(Dunnet et al. 1987). Carpenter (2018) reviewed the legislation of oil pollution in the
North Sea from 1954 to 2009 (reader is referred to the Table 12.1 of Carpenter
(2018)). The article presents data on trades in contaminants from ships and oil
illustrations. Many actions and measures have resulted in reduction of oil introduced

Table 12.24 Main factors affecting bioremediation

Microbial

Growth until critical biomass is reached
Mutation and horizontal gene transfer
Enzyme induction
Enrichment of the capable microbial populations
Production of toxic metabolites

Substrate

Too low concentration of contaminants
Chemical structure of contaminants
Toxicity of contaminants
Solubility of contaminants

Environmental

Depletion of preferential substrates
Lack of nutrients
Inhibitory environmental conditions

Biological aerobic vs. anaerobic process

Oxidation/reduction potential
Availability of electron acceptors
Microbial population present in the site

Physico-chemical bioavailability of pollutants

Equilibrium sorption
Irreversible sorption
Incorporation into humic matters

Growth substrate vs. co-metabolism

Type of contaminants
Concentration
Alternate carbon source present
Microbial interaction (competition, succession, and predation)

Mass transfer limitations

Oxygen diffusion and solubility
Diffusion of nutrients
Solubility/miscibility in/with water

Modified after Boopathy (1998)
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into the North Sea. More than two decades, the annual total number of oil leakage in
the sea have denied from all sources. In this region, in 1999, the ratio of reported
slicks by flight hours was 22� 10�2 and it decreased to 4� 10�2 in 2010. This study
indicates that international cooperation is required to reduce the marine contamina-
tion and lead to a cleaner environment.

Case 2: Northern Gulf of Mexico

Liu et al. (2017) studied the environmental factors that have effect on the
oil-degrading bacterial populations in the Northern Gulf of Mexico in both the
deep and surface waters. Their purpose was investigation of the roles of nutrients,
temperature and initial bacterial community to select the oil degraders via a series of
incubation experiments in the Gulf of Mexico. Pyrosequencing and gas
chromatography-mass spectrometry have applied to analyze the bacterial commu-
nity and residual oil, respectively. The results indicated that temperature has a key
role to select the oil-degrading bacteria. Nutrients and the initial community also
have the important effects on the enhancement of hydrocarbon-degrading bacterial
communities. Additional analysis revealed that temperature, initial community, oil
and water chemistry explained 57%, 19%, 14%, and 10% of the variation observed,
respectively.

Case 3: Arctic Seawater

McFarlin et al. (2014) studied the biodegradation of dispersed oil in Arctic seawater
at �1 �C. Biodegradation in cold regions is a slow process and the degree of its
success depends on the properties and fate of oil spilled, and major microbial and
environmental limitations. Understanding the impact of oil in Arctic seawater is an
important factor to consider since offshore gas and oil exploration expands in the
Arctic. The purpose of the article was to study the chemical loss due to bioremedi-
ation of crude oil at Alaska North Slope that happens in the water column after
successful dispersion of a surface oil slick. They measured mineralization and
biodegradation in mesocosms containing Arctic seawater collected from the Chuk-
chi Sea, Alaska and incubated at �1 �C. Indigenous microorganisms treated the
weathered as well as fresh oil over 60 days, with oil losses ranging from 46% to 61%,
up to 11% mineralization. Their study indicated that the indigenous microorganisms
to Arctic seawater have ability to perform extensive biodegradation of physically
and chemically dispersed oil at an environmentally relevant temperature (�1 �C) in
the absence of additional nutrients. They concluded that the biodegradation of oil in
Arctic seawater is extensive at �1 �C.
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Case 4: Rich Savannah of Palogue, Upper Nile Area-Southern in Sudan

Ecological benefits of biotreatment of oil-polluted water in Rich Savannah of
Palogue, Upper Nile Area-Southern in Sudan were investigated by Elredaisy
(2010). The article reviewed the ecological benefits of bioremediation to treat the
oil-polluted water and how far it could benefit Sudan, supported by various world
experiences. They obtained valuable results by the Reed Bed Phragmites australis
that degrades hydrocarbons, produces clean water, and is appropriate for forestry
development and recovery of natural fauna after decades of military conflict. They
concluded that community awareness is necessary and a national strategy is required
for further adaptive techniques toward environment conservation.

Case 5: Wastewater in Egypt

Biodegradation of industrial wastewater contaminated by oil in Egypt was studied
by El-Borai et al. (2016) using bacterial consortium immobilized in various kinds of
carriers. They examined the effectiveness of some carriers and immobilization
methodology for some samples of hydrocarbon-degrading strains. Adsorbing cells
on a sponge resulted in optimal efficiency of hydrocarbon removal for some cultures
compared with free cells. Comparison of a designed bacterial consortium with
individual cultures indicated that the highest percentage of crude oil degradation
was seen in a mixed culture (81.70% removal efficiency), 1.083 times higher than
that recorded for Bacillus brevis (75.42%). The use of a fixed bed bioreactor for
biotreatment of crude oil by bacteria held on sponge cubes indicated that the highest
percentage of crude oil degradation was seen in a mixed culture (87.53%), followed
by individual cultures of Pseudomonas aeruginosa KH6 (82.97%), providing
insight for biotreatment using immobilized bacterial consortia within bioreactors.
Degradation in both aromatic and aliphatic hydrocarbons was observed significantly
from adsorbed mixed culture on sponge. Gas Chromatography-Mass Spectrometry
was used to analyze the results. Applying simulation strategy for oily wastewater
sample recommended the combination of bioaugmentation and biostimulation
methods, which obtained 92.17% and 91.30% removal efficiencies in a bioreactor
packed with sponge or polyethylene, respectively. Thus, the tested strains can be
employed for industrial effluent treatment and remediation of natural contaminated
areas.

Case 6: Nitex Textiles in Serbia

Marić et al. (2015) studied enhanced in situ bioremediation of contaminated ground-
water at Nitex textiles, Serbia. This study aimed to provide an insight into the
enhanced in situ bioremediation used for remediation of groundwater contaminated
by hydrocarbons. Before the application of this remediation method, the source of
groundwater pollution – an underground storage tank and polluted sediments – was
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removed from the unsaturated zone. The hydraulic conductivity characterization of
the site was used to prove the hydraulic feasibility of this remediation. A combina-
tion of biostimulation and bioaugmentation within the closed bipolar system (one
extraction and two injection wells) was applied to enhance the in situ bioremedia-
tion. For biostimulation, nutrients were added and for stimulation of oxidation
processes, H2O2 was injected into the aquifer. The injection of a zymogenous
consortium of isolated hydrocarbon-degrading microorganisms from the polluted
groundwater was used for bioaugmentation/reinoculation. The obtained average
extraction capacity in their study was 0.5 L/s, with an average injection capacity
of 0.25 L/s per well. By evaluating the changes in the content of total
chemoorganoheterotrophic and hydrocarbon-degrading microorganisms as well as
total hydrocarbon, the efficiency of the remediation method was measured. The
number of total chemoorganoheterotrophic and hydrocarbon-degrading microorgan-
isms started to increase after bioaugmentation and biostimulation. Then the hydro-
carbon concentration decreased in the groundwater from an initial 6.8 to 0.5 mg/L at
the end of the biotreatment. The used remediation method was very effective in
treating the contaminated groundwater.

Case 7: Southern Mediterranean

Bioremediation of Southern Mediterranean oil-polluted sites was investigated by
Daffonchio et al. (2013). The intense maritime traffic of oil tankers and high number
of oil extractive and refining sites through the basin coasts cause the Mediterranean
Sea to be at a very high risk of oil contamination. There are severe regulations
adapted by all Mediterranean countries to reduce the contamination resources and
great attention has been paid to biotreatment feasibility studies for the most critical
contaminated sites. Many studies have also discussed its serious polluted sites.
Analyses of the scientific studies indicates that the international research has
neglected the Southern Mediterranean side. Many researches in the Mediterranean
Sea were performed in contaminated sites of the Northern side of the basin.
Recently, the EU-funded research project ULIXES has been assigned to investigate
the bioremediation potential of the south of the Mediterranean Sea. The targets of
ULIXES are four main contaminated sites on the coastlines of Morocco, Jordan,
Tunisia, and Egypt including seashore sands, lagoons, and oil refinery contaminated
sediments. A cooperation of 12 Southern Mediterranean and European partners aims
to plug the present gap of information to develop novel bioremediation processes for
these contaminated sites with poor investigation. This study focuses on unraveling,
categorizing, cataloguing, exploiting, and managing the ecology and diversity of
microorganisms thriving in the contaminated sites. Isolation of new microorganisms
with the ability to degrade hydrocarbon and a series of state-of-the-art “meta-omics”
techniques are the baseline tools to extend our information on biodegradation ability
mediated by microorganisms under various environmental settings and to design the
new site-tailored bioremediation methods.
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The common remediation methods are physical, chemical, thermal, and biolog-
ical methods. Table 12.25 compares the advantages and disadvantages of all the
methods.

The criteria for evaluation of the methods, the definitions, and the assigned scores
based on the advantages and disadvantages of the methods are listed in Table 12.26.

Table 12.27 provides the final comparative results of the methods. The results of
the analysis based on the oil spill response methods indicated the highest score
(73) for bioremediation. Economic and the environmentally friendly properties of
bioremediation are its two important advantages and its main limitations are time-
consuming treatment, low response of microbes to high concentrations, the biode-
gradability of limited hydrocarbons, influenced by the environmental factors, and the
heterogeneity of marine oil spill (Dave and Ghaly 2011).

For in situ burning, score 59 was obtained, but it cannot be used for all the areas of
oil spill. Score 55 was for booms and skimmers that are useful for all kinds of oils but
their efficiency is highly dependent on the conditions of sea and weather. Score
54 was obtained for dispersants, which are always applied to bioremediation
processes.

As a conclusion and according to the information of Table 12.25 and the scores
discussed in Table 12.27, bioremediation can be the best choice if the situation is
appropriate for its performance. However, to have the best efficiency, a combination
of all the methods provides the highest level of remediation.

12.7 Conclusions

Oil-polluted water has harmful effects on marine life and human health. Immediate
action is required to remove oil spills. The choice of an appropriate removal method
depends on the site conditions, limitations of the method, and environmental
considerations.

Physical methods are eco-friendly but these are expensive and time-consuming
methods requiring a large number of personnel and equipment and are not feasible in
harsh sea conditions and brush or broken ice conditions. In situ burning methods
produce a large amount of secondary pollutants like CO2, which may have irrepa-
rable effects on marine life. Therefore, these methods are not recommended at any
time. Chemical agents can be used to improve other removal methods like skimmers,
while some types such as dispersant agents break the oil components and oil
recovery is impossible in such conditions.

Sorbents have excellent sorption and recovery performance because of their high
sorption capacity, porous structure, low density, high specific surface area,
oleophilicity, and reusability. Synthetic and modified inorganic sorbents have
greater oilsorption capacity than natural sorbents. Nevertheless, secondary pollution
is a major disadvantage. On the other hand, natural sorbents have no significant
resistance during reuse cycles. Therefore, composition of natural or inorganic and
synthetic sorbents can modify the defects of both types of sorbents.
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Table 12.25 Comparison of advantage and disadvantage of physical, chemical, thermal, and
bioremediation

Kind of
treatment Disadvantage Advantage

Physical treatment
Booms Costly All types of oil

Labor-intensive Recovery of oil possible

Complex

Including oil
Other technologies must be applied

Efficient in considered weather conditions

Skimmers Costly All types of oil

Labor-intensive Inflammable

Complex Recovery of oil possible

Collected oil
Additional treatment is needed

Efficient in considered weather conditions

Clogging is possible with floating debris

Maintenance is needed

Oil recovery should be before emulsified

Adsorbents Costly All types of oil moderate

Labor-intensive Effective as ultimate cleanup

Considered weather conditions Step

Dispose with regulation required Simple

A challenge is biodegradability with a syn-
thetic sorbents

No maintenance required

A challenge is sinkage in water with natural
adsorbents

Synthetic sorbents made of poly-
propylene and oleophilic
properties

Chemical treatment
Dispersants No oil recovery All weather conditions

Nonspreading,
Not effective on highly viscous

Quick

Not effective on waxy oil Successful for wide range of oil

The localized and temporary increase in
amount of oil in water concentration that
could have an effect on the surrounding
marine life

The degradation of the oil by nat-
ural processes is accelerated

An effect on the surrounding marine life
If dispersion is not reached other response
method

Advanced formulations have
reduced the previous concern
about toxicity

Effect may be reduced on less dispered oil Less manpower needed

Less expensive and mechanical
methods

Solidifiers No practical application All weather conditions

Large amount required Quick

Not effective

(continued)
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Table 12.25 (continued)

Kind of
treatment Disadvantage Advantage

Selected oil

No oil recovery

Thermalremediation
No oil recovery Effective

Worry about flashback and secondary fires Quick

Emit many hydrocarbons-related compounds
to air environment

Requires minimal but some spe-
cialized equipment

Considered oil Less manpower needed

Threaten for human, surrounding recourse
and marine life

Cost-effective

Initial product is less viscous than burn
residue

Advisable on area covered with snow or ice

Advisable on open water area

Bioremediation
No oil recovery All weather conditions

Selected oils Less manpower needed

Less capacity of microbes to survive against
oil pollutants

Cost-effective

Depends on the indigenous Mineralize oil to CO2 and H2O

The presence of microorganisms at the site

Dependent on nutrient, available at the pol-
luted site

Modified after Dave and Ghaly (2011)

Table 12.26 The criteria to evaluate the treatment methods for marine oil spill

Criteria Definition Score

Cost Relatively inexpensive 15

Efficiency 95–99% removal 20

Time Removes contaminant within days 15

Oil recovery Chances of oil recovery 5

Impact on marine life No health risks involved with method 10

The need for further treatment No further treatment required 5

Weather Favorable for application of method 10

Level of difficulty Easy to maintain and operate 10

Effect on physical/chemical charac-
teristic of oil

No changing in physical and/or chemical char-
acteristic of oil

5

Reliability The method works the majority of the time 5

Modified after Dave and Ghaly (2011)

12 Remediation of Pollution by Oil Spills 487



T
ab

le
12

.2
7

A
ss
es
sm

en
t
of

m
ar
in
e
oi
ls
pi
llr
em

ed
ia
tio

n
m
et
ho

ds

P
hy

si
ca
lm

et
ho

ds
C
he
m
ic
al
m
et
ho

ds

In
si
tu

B
ur
ni
ng

B
io
re
m
ed
ia
tio

n
C
ri
te
ri
a

S
ki
m
m
er
s

B
oo

m
s

A
ds
or
be
nt
s

D
is
pe
rs
an
ts

S
ol
id
ifi
er
s

C
os
t

7
7

8
8

7
10

12

W
ea
th
er

5
5

4
8

8
5

10

O
il
re
co
ve
ry

4
4

1
0

1
0

0

Im
pa
ct
on

m
ar
in
e
lif
e

9
9

9
5

5
3

9

L
ev
el
of

di
ffi
cu
lty

2
2

2
5

4
5

8

E
ffi
ci
en
cy

10
10

10
13

7
17

18

T
im

e
10

10
8

8
8

13
7

R
el
ia
bi
lit
y

2
2

2
3

2
3

4

T
he

ne
ed

fo
r
fu
rt
he
r
tr
ea
tm

en
t

1
1

1
4

0
3

5

E
ff
ec
t
on

ph
ys
ic
al
an
d
ch
em

ic
al
ch
ar
ac
te
ri
st
ic
s
of

oi
l

5
5

0
0

0
0

0

T
ot
al
sc
or
e

55
55

45
54

42
59

73

M
od

ifi
ed

af
te
r
D
av
e
an
d
G
ha
ly

(2
01

1)

488 M. Fatehi et al.



It seems that carbon-based sorbents that are modified by magnetic nanoparticles
have the best sorption behavior among remediation methods. Further research on the
production and improvement of these types of sorbents is recommended.

Among all the remediation techniques, bioremediation has attracted great atten-
tion thanks to its advantages and acceptable performance. In bioremediation, micro-
organisms degrade and metabolize chemical substances in order to recover the
environment quality. Its aim is to accelerate the intrinsic bioremediation process
via assimilating the organic compounds to cell biomass and produce by-products
like CO2, H2O, and heat by microorganisms. The specie of microorganisms intro-
duced in the system depends on the process design, environmental conditions, and
the plant operation mode.

Different aspects of bioremediation investigated in ten different locations includ-
ing North Sea, Northern Gulf of Mexico, Nile River, Arctic seawater, Rich Savannah
of Palogue, Upper Nile Area-Southern in Sudan, wastewater in Egypt, Nitex textiles
in Serbia, Southern Mediterranean, Antarctic sea-ice and Gulf of Gdansk (Southern
Baltic Sea) in Poland were studied and the obtained results have been mentioned.

As a result, increasing the oil contaminated waters require an urgent attention to
conduct the related researches in order to improve the clean up technologies. The
bioremediation is a special useful technique that has an acceptable efficiency. Its
efficiency can be increased by some methods or by being combined with other
techniques.
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Remediation of Organic Pollutants in Water
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Abstract In the past few decades, there has been an increase in the production of
organic chemicals for their utilization in the fields, such as agriculture, pharma, flame
retardants, and personal care products. Many of them are characterized as pollutants
due their harmful effects on humans and the environment. Even today, adequate
methods are not matured enough to prevent their release from industry into the
environment. This is a serious challenge in front of the global community, and the
responsibility to save the environment and humans from these hazardous chemicals
is enormous. Organic pollutants accumulated into the human body generally lead to
various types of carcinogenic effects. So, it is necessary to understand the flow cycle
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of these pollutants in the environment to save ourselves. In this regard, the first part
of the chapter focuses on the various sources of organic pollutants, their transport
process, and their impact on human health.

The second part of the chapter explores the recent possible solutions reported for
removing these organic pollutants from the water. The treatment methods are
selected based on their performance efficiency and their feasibility in employing
them as remediation technology. The major treatment methods covered in this
chapter are adsorption, photocatalytic process, advanced oxidation process, electro-
chemical methods, and bioremediation. Adsorption using carbon nanospheres are
reported with 100% removal efficiency. All the photocatalytic materials covered in
this chapter possesses degradation efficiency above 91% for the degradation of
organic dyes.

The bioremediation section details the various species of microorganism reported
for the degradation of pesticides in the water. Finally, the technological gaps existing
in this field to be addressed in near future are highlighted.

Keywords Organic Pollutants · Water · Environment · Remediation · Health ·
Harmful Effects, Hazardous Chemicals, Human Health · Adsorption ·
Bioremediation

13.1 Introduction

During the second half of the twentieth century, it has been found that numerous
organic contaminants having harmful side effects exist in water bodies. These
contaminants enter the water bodies mainly due to industrial and agricultural prac-
tices. The usage of organic chemicals in sectors, such as flame retardants, pesticides,
pharmaceuticals, personal care products, and textiles has increased after the indus-
trial revolution. This increased consumption of organic chemicals is due to the
increase in global population. Most of the synthesized organic compounds still
have wide range of applications in human life, but their residues enter the water
cycle and pose threats to the environment. So, an organic substance with an elevated
risk to harm the environment is referred as organic pollutant.

The first commonly known organic pollutant is dichlorodiphenyltrichloroethane,
an organochlorine used as an insecticide to protect crops from damage. Dyes, such as
rhodamine B, methylene blue, and acid red, are used in textile industries also
contribute as organic pollutant. Effluents from dyeing industry percolate down the
soil and even make the ground water colored. Organic pollutants tend to remain in
the soil and in the environment for longer years due to their poor biodegradability.

In recent times, many methods have been studied for treating organic pollutants.
Some of such methods are absorption/adsorption, biological methods, electrochem-
ical, and photocatalysis. Absorption/adsorption using activated carbon prepared
from different precursors is generally reported widely in the literature (Menya
et al. 2018; Li et al. 2019). In the biodegradation process, microorganisms, such as
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bacteria, fungi, algae, and their enzymes, are utilized to degrade and transform the
organic pollutant into harmless products. Being a natural process, it is economically
favorable (Shaw and Burns 2003). Recently, several articles are reported on the
photocatalytic degradation of organic pollutants. Photocatalyst which is responsive
to photons generates oxidative species for nonselective oxidation and degradation of
organic contaminants (Areerachakul et al. 2019).

13.2 Sources of Various Organic Pollutants

The major source of organic pollutant is the industries which produce and process
these chemicals. Mostly, synthesis of organic compounds involves more than one
step and, in each step, there may be formation of byproducts. Once the desired
product is synthesized, it must be separated from other byproducts and purified using
different organic solvents. On the whole, from the starting compound till the final
desired product, numerous chemicals are used, and only few chemicals are recycled
back or treated before discharge into the environment.

The synthetic organic compounds of different classes, such as pesticides, insec-
ticides, phthalates, phenolic compounds, and nitrogen-containing compounds, are
often found as pollutants in water. Halogenated hydrocarbons, such as trichloroeth-
ylene, tetrachloroethylene, and 1,1,1- trichloroethane can sweep into the soil and end
up in ground water. Even in surface water, lower concentrations of dioxins and
polynuclear aromatic hydrocarbons are found. Moreover, disinfection byproducts,
such as N-halamines, trihalomethanes, and haloacetic acids, which are produced
during disinfection process by the reaction of chlorine and organic materials, are
often found in drinking water.

Apart from the organic pollutants discussed above, there are other organic
contaminants, which enter the water cycle through human activities. Generally,
drugs administered to the patients and the extent of elimination from the human
body decide the concentration levels of such residues in waste water. The drug
diclofenac prescribed as analgesic and antirheumatic has been detected as one
among the most important drug residues in the water cycle (Heberer 2002a,
2002b). The analgesic drug ibuprofen has been detected in sewage effluent plants
of countries, such as Spain, France, and Germany (Farré et al. 2001). The
cancerogenic and mutagenic antineoplastic agent cyclophosphamide found in the
hospital sewage water sample has been analyzed using GC/MS. The concentration
ranging from 20 ng L�1 to 4.5 μg L�1 is found in the sewage water sample (Steger-
Hartmann et al. 1997). Kolpin et al. has reported the detection of 29 pharmaceutical
residues across 139 rivers and streams in 30 states of the United States (Kolpin et al.
2004). From the reported works, it is well known that the major source of pharma-
ceutical residues in water is due to the medication given to humans and feed
supplements provided for livestocks. The administration of medications to livestocks
and humans is considered as one of the main sources of pharmaceutical residues in
the environment (Boxall et al. 2004). As of now, more than 100 pharmaceutical
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residues have been identified in various water bodies (Daughton and Ternes 1999;
Heberer 2002a, 2002b; Boxall et al. 2004). Some reports show that these pharma-
ceutical residues percolate down the soil and even enter the ground water stream,
making it unfit for drinking purpose (Heberer 2002a, 2002b).

The herbicide is the other class of organic pollutant, which pollutes the ground
water by the release of herbicides from soil surface and further transport through the
vadose zone to the aquifer by rain water. These pollutants enter the water cycle due
to various agricultural practices adopted for obtaining better yield in crops. The
pollutants are carried to various surface water resources by rain water, and their
concentration in surface water found to vary depending on the season (Bodur and
Bakırdere 2019). The common herbicides found in water bodies are atrazine,
terbutylazine, and simazine as well as their metabolites. In recent years, the usage
of herbicides has gone down, as there is a strong link found between herbicide usage
and their occurrence in surface water.

The major industrial source of organic pollutants that enter water cycle is dyes
and detergents. Organic synthetic dyes having wide applications in industries, such
as textile, paper, pharmaceutical, food, and cosmetic industries, contribute to a large
extent for the entry these chemicals in the water cycle (Zheng et al. 1999).
Figure 13.1 shows the possible ways through which the organic pollutants enter
the water cycle.

Fig. 13.1 Sources and transport processes for persistent organic pollutants and their interaction
with the hydrological cycle. (Reprinted from Han and Currell (2017) with the permission of
Elsevier)
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The other common organic pollutants widely studied are polychlorinated biphe-
nyls, perfluorinated compounds, brominated flame retardants, polycyclic aromatic
hydrocarbons, and polychlorinated naphthalenes. Polychlorinated biphenyls have
been widely used as additives to oils and industrial fluids, such as dielectric fluids in
transformers. Generally, a class of 209 chlorinated aromatic compounds is being
extensively used in industrial equipment and consumer products (Breivik et al. 2002;
Breivik et al. 2007). Polychlorinated naphthalenes originate mainly from chlor-alkali
industry and through waste incineration. These compounds deposited in the soils are
being washed away by rain water to surface water.

13.3 Health Impact of Organic Pollutants on Human

The organic compounds not only enter the human body through food chain but also
through water. Chemical disinfection is widely employed as a purification method to
destroy pathogens in water. The disinfection byproducts are one of the main sources
of organic pollutants in water. Disinfection byproducts are reported for the four
major disinfectants: chlorine, ozone, chloramines, and chlorine dioxide, as well as
their combinations. Table 13.1 lists the common chemical disinfectants and their
byproducts.

The main health risks reported for these disinfection byproducts include bladder
cancer; problems in the kidney, liver, and central nervous system; reduced ability of
red blood cells to carry oxygen; early-term miscarriage (Li and Mitch 2018); and
birth defects. Most of the disinfection byproducts containing nitrogen are generally
more cytotoxic and genotoxic than those without nitrogen.

Swimming pool exposure of these disinfection byproducts causes asthma and
other respiratory illnesses. When human inputs, such as urine, sweat, hair, and
personal care products, are introduced to pools by swimmers, they react with
chlorine, resulting in the formation of complex mixtures of disinfection byproducts.
Epidemiologic studies have shown that such exposure to disinfection byproducts

Table 13.1 Disinfectants and associated disinfection byproducts

Disinfectant Disinfection byproducts

Chlorine (e.g., gas, sodium hypochlo-
rite, tablets, bleaching powder)

Trihalomethanes, haloacetic acids, chloramines, chlo-
rinated acetic
acids, halogenated acetonitriles, chloral hydrate,
chlorophenols.

Chlorine dioxide Chlorite, chlorate, and chloride.

Ozone Bromate, formaldehyde, aldehydes, hydrogen perox-
ides, bromomethanes.

Chloramines Monochloramines, dichloramines, trichloramines,
haloacetonitriles, cyanogen chloride, chloral hydrate.

Acknowledgement: https://www.epa.ie/pubs/advice/drinkingwater/DrinkingWaterGuide4_v8.pdf
(Open source)
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increases the risk of respiratory adverse effects and bladder cancer (Manasfi et al.
2017).

Even traces of pharmaceuticals were identified in ground water and surface water
which are used as drinking water supply. The health risk due to pharmaceuticals is
hardly reported because of their low concentration in water. The total concentration
of drugs present in the contaminated water might not match the dosages prescribed
by the doctors. So one cannot rule out the long-term effect of these compounds
present in water, but, at the same time, it is impossible to prove that the risk of any
pollutant in water is zero (Jones et al. 2005).

Herbicides and pesticides are the other organic contaminants which pose a threat
to human health. Literature supports the link between pesticides and various types of
cancer (Alavanja et al. 2004). Even fetuses are vulnerable to pesticides as they can
pass through the placenta and the blood-brain barrier, and they are found in amniotic
fluid (Bradman et al. 2003). It is due to the higher heart rate, food consumption
pattern, and their hand-to-mouth behavior, making children more susceptible to
pesticide poisoning than pregnant women (Garry 2004). Organic dyes generally
impart color to water, a clear proof of water contamination. Mostly, azo dyes exhibit
carcinogenic activity, and some of them causes allergic reactions too. Toxicity of
dyes increases with the increase of benzene rings in their structure. A few studies
have reported the DNA damage due to dyes (Uysal et al. 2017).

Some studies have shown the carcinogenic nature of organic pollutants, such as
chlorinated and brominated polyaromatic compounds. Polybrominated biphenyl is
reported as a probable compound that causes liver tumors (Groce and Kimbrough
1984). Generally, most of the organic pollutants on long term exert a carcinogenic
effect on human health. Persistent organic chemicals contribute to large number of
endocrine disrupting chemicals which mimic human hormones by blocking or
binding to hormone receptors (Basile et al. 2011). Some of the common endocrine
disrupting chemicals are listed in Table 13.2.

13.4 Common Methods Employed for the Treatment
of Organic Pollutants

Some organic chemicals are degraded by natural events, such as bioremediation,
using naturally occurring bacteria. However, most of the organic chemicals show
some resistance to such degradation and require physical and chemical methods for
remediation. In the last decade, numerous methods have been reported for the
removal of organic contaminants from water. Among the various methods available
for the removal of organic pollutants, the most common methods are adsorption,
advanced oxidation, photocatalysis, electrochemical methods, and bioremediation.
Different types of materials are being developed and investigated under these
methods for the removal of organic pollutants. Similarly, a wide variety of

506 G. Dheenadayalan and R. Thiruvengadathan



microorganisms are also studied for the degradation of organic pollutant using the
natural pathway.

13.4.1 Adsorption

Adsorption is a process in which the adsorbate gets adsorbed on the surface of the
adsorbent. Generally, the interaction between adsorbate and adsorption can be due to
an electrostatic interaction which is called as physisorption. In some cases, adsorp-
tion can also occur via formation of chemical bonds, which are termed as chemi-
sorption. Numerous adsorbents are being synthesized and tested for the removal of
organic pollutants from water. Among these adsorbents, the highly investigated

Table 13.2 Examples of endocrine disrupting chemicals

Compound Structure Intend use

Nonylphenol HO Surfactant

Bisphenol – A HO OH Plasticizer

Tetrabromobisphenol-
A

HO OH

Br

BrBr

Br

Flame retardant

Tributyltin

Sn

Biocide

Diethylstilbestrol

OH
HO

Pharmaceutical
waste
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material is carbon-based materials. There is a large number of reports for producing
carbon-based materials from various natural sources. The most investigated source
for this purpose is natural source, which includes leaf, flower, stem, seed, and fruit
(Mallampati and Valiyaveettil 2012). Cereal ashes, from barley, oat, triticale, and
wheat grains, have been used as adsorbents for the removal of organic pollutants,
such as benzene, phenol, tetrachloroethylene, and toluene. Barley cereal ash is
reported to remove benzene and toluene effectively, whereas wheat ash is found to
remove tetrachloroethylene and toluene (Ghiaci et al. 2008). In some reports,
synthetic organic chemicals have been also used as a source for preparing carbon-
based materials. Carbon nanospheres with porous nature were synthesized by
hydrothermal method and have also been tested for the removal of phenol and
methylene blue as model source of organic pollutants. The triblock copolymers
were used as the source for preparing the carbon nanospheres in this work. These
carbon nanospheres show 98.9% adsorption for phenol and 100% adsorption for
methylene blue (Kundu et al. 2018).

MgAl-LDHs nanosheets exhibit an excellent adsorption capacity of
229.82 mgL�1 for methyl orange (Li et al. 2016). In this work, MgAl-layered double
hydroxide nanosheets with surface area of 65.94 m2 g�1 were prepared by hydro-
thermal synthesis. Metal oxides are also being studied for the adsorptive removal of
organic pollutants. Table 13.3 lists the various metal oxides which are used for the
removal of organic pollutants (Nagpal and Kakkar 2019).

13.4.2 Photocatalytic Process

In recent years, photocatalysts are widely studied for the degradation of organic
contaminants in the water. Photocatalysis occurs when the photocatalyst absorbs
photons to create electrons and holes, which can initiate reduction and/or oxidation
process in the system. In this process, free radicals, such as hydroxyl radicals, are
generated to oxidize organic compounds present in the water. Peng Yue et al.
developed a bismuth-based photocatalyst for the degradation of phenol and

Table 13.3 Different metal oxides for dye adsorption

S.
no Adsorbent Dye

Adsorption capacity
(mg/g) Reference

1. MgO nanoplates Congo red 297 Hu et al. (2010))

2. ZnO/CuO
nanocomposite

Methyl
orange

341 Hassanzadeh-Tabrizi et al.
(2016))

3. Hierarchical MnO2 Methyl
blue

259.2 Chen et al. (2013)

4. Amine
functionalized ZnO

Acid blue
25

1250 Mahmoodi and Najafi
(2012))

5. Fe3O4 hollow
nanospheres

Neutral red 105 Iram et al. (2010)
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Rhodamine B under visible light irradiation (Yue et al. 2019). In this study, BiPO4/
BiOCl0.9I0.1 composite was prepared by varying the molar ratio of BiPO4 and
BiOCl0.9I0.1. 300 W Xe lamp was used as light source. 3% BiPO4/BiOCl0.9I0.1
showed 52.9% removal for rhodamine B. In literature, several works have been
reported for the photocatalytic removal of dyes by using wide variety of
photocatalytic materials. Table 13.4 shows the degradation percentage obtained for
various organic pollutants using different materials.

In recent years, numerous articles were reported for the degradation of organic
dyes by using a photocatalyst. Apart from dyes, various other substances are also
investigated for their photocatalytic degradation. 2D-bismuth oxychloride (BiOCl)/
2D-g-C3N4 heterojunction photocatalyst was investigated for the degradation of
amine-based pharmaceutical nizatidine. The result of this study showed 96% deg-
radation in 30 minutes (Al Marzouqi et al. 2019). LaMnO3/graphitic carbon nitride
(g- C3N4) hybrid was used as an efficient visible light photocatalyst for the degra-
dation tetracycline. The near complete degradation of tetracycline was achieved after
270 minutes of prolonged visible light irradiation (Luo et al. 2019).

13.4.3 Advanced Oxidation Process

Advanced oxidation is a non-waste-generating process employed in water treatment.
In this process, reactive oxygen species and hydroxide radical are generated by using
ozone, hydrogen peroxide, and ultrasound. The efficiency of the process is normally
increased by using a catalyst. Hydrogen peroxide in the presence of a catalyst, such
as ferrous ion, decomposes to form hydroxide radical and hydroxide ion which is
called as Fenton process. The free radical produced in this process oxidizes the

Table 13.4 Percentage photocatalytic degradation of different dyes in water

S.
no Material studied Pollutant

Degradation
percentage Reference

1. Polyaniline/reduced
graphene oxide

Malachite
green

99.68% Mitra et al. (2019)

Rhodamine
B

99.35%

Congo red 98.73%

2. n-Alkylamine-intercalated
titanate

Methylene
blue

100% Anto Jeffrey et al.
(2019)

3. Fe4%Cr4%:BaTiO3 Methyl
orange

94% Amaechi et al.
(2019))

4. KAPs-B/Cu2O Methyl
orange

92% Zhao et al. (2019))

5. SnO2–Ta2O5 nanocomposite Methylene
blue

91.6% Velaga et al. (2018))

6. Benzoic acid/TiO2 Tartrazine 99.08% Zhou et al. (2019)
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organic pollutants present in the water. In a recent study, CuFeO2 nanocubes and
nanoplates were tested for the degradation of ofloxacin. This study proved that the
oxidation efficiency of the CuFeO2 material depended on the facet of oxide material
(Dai et al. 2018). Fe0/CeO2 with hydrogen peroxide act as Fenton’s reagent to
degrade tetracycline was studied. In this study, hydrogen peroxide alone showed
less than 20% degradation of tetracycline, whereas hydrogen peroxide with
Fe0/CeO2 showed 91% degradation efficiency. The material showed recyclability
up to five cycles (Zhang et al. 2019). In another study, CaO2/Fe(II) system shows
complete degradation of benzene in 10 minutes, whereas CaO2/Fe(III) system with
molar ratio of 15:15 took 80 minutes for degradation of benzene. The study also
proved that molar ratio of CaO2 and Fe influenced the degradation time of benzene
(Xue et al. 2019). Fe-zeolite catalyst was studied for the removal of ibuprofen
(20mg/L) in water (Adityosulindro et al. 2018). The Fe-zeolite catalyst along with
two times the stoichiometric amount of H2O2 showed 88% degradation of ibuprofen
at natural pH. In a reaction time of 60 minute, H2O2 dosage of 170 mg L�1, HNO3-
modified coal fly ash (HFA) loading of 10.0 g L�1, at pH 2.0, and mixing speed of
150 rpm showed 98% removal of p-nitro phenol (Wang et al. 2017).

13.4.4 Electrochemical Methods

Water electrooxidation is an indirect anodic oxidation process. This process is
classified as an electrochemical advanced oxidation process (EAOP), as it leads to
the in situ production of the hydroxyl radical (•OH). In this process boron-doped
diamond electrode is used as the anode. The electrochemical reaction at the anode is

Mþ H2O ! M •OHð Þ þ Hþ þ e� ð13:1Þ

where M represents the anode material and M(•OH) hydroxyl radical adsorbed on
the anode. Pollutants (R) are then oxidized as follows:

M •OHð Þ þ R ! Mþ ROþ Hþ þ e� ð13:2Þ

Lindane was oxidized by the hydroxyl radical, (•OH), formed due to the oxida-
tion of water on the anode (M) surface (Dominguez et al. 2018). Carbon sponge and
carbon felt cathodic materials showed good degradation when compared with SS
cathode. The anode used was Boron-doped diamond electrode. The lindane degra-
dation reaction at the anode surface is given in the following reaction,

C6H6Cl6 þ 12 H2O ! 6 CO2 þ 6 Cl� þ 30 Hþ þ 24 e� ð13:3Þ

The decay in lindane concentration during electrolysis was observed as a function
of current density. Lindane conversion varied from 35% to 80% at current density,
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varying from 2.08 to 16.67 mAcm�2, respectively, was achieved at 6 min of
electrolysis. The electrooxidation process was used for the degradation of paracet-
amol using graphite electrode. The study shows 90% degradation of paracetamol at
pH 4, having 20 mg L�1 paracetamol concentration at a constant current density of
5.1mA/cm2 with 0.1M Na2SO4 as supporting electrolyte. A mechanism based on
hydroxyl free radical has been proposed in the study for the degradation of paracet-
amol as shown in Fig. 13.2 (Periyasamy and Muthuchamy 2018).

Boron-doped diamond electrode was used for the electrooxidation of activated
sludge. Organic pollutants, such as bisphenol A, triclosan, and nonylphenols, were
reported to be partially oxidized. Partial degradation of selected pollutants was
obtained with efficiencies of 51% for bispenol A, 69% for nonylphenols, and 62%
for triclosan (Barrios et al. 2016). The current densities applied to reduce emerging
pollutants in industrial sludge ranged from 20 to 40 mA cm�2 and a treatment time of
60 min was applied.

13.4.5 Bioremediation

Most of the synthetic organic dyes are chemically stable and cannot be degraded
easily by using biological process. Most of the studies report that the microorgan-
isms were isolated from the soil and studied under aerobic and anaerobic conditions
in the laboratories for their degradation properties. Bacillus sp. YZU1 isolated from
the soil around a textile factory was studied for of various reactive textile dyes,
including azo dye. Bacillus sp. YZU1 shows approximately 95% decolorization of
reactive black 5 in 120 hours under static condition at pH 7.0 and 40 C (Wang et al.
2013). Pajot et al. (2011) reported the degradation and also the accumulation of
several textile dyes by the yeast Trichosporon akiyoshidainum (Pajot et al. 2011).
Awasthi et al. reported the degradation of α and β isomers of endosulfan by two
Bacillus strains. The study showed a degradation of 92.0% of α-endosulfan and
86.0% of β-endosulfan at the end of the incubation period (Awasthi et al. 2003). On
the other hand, Abraham and Silambarasan reported that a defied bacterial consor-
tium and a defied fungal consortium completely degrades the pesticide endosulfan in
an aqueous phase as well as in soil amended with different nutrients, being the fungal
consortium faster than the bacterial consortium (Abraham and Silambarasan 2014).
Streptomyces M7 produced dechlorinase enzyme which degraded lindane into
γ-pentachlorocyclohexene and 1,3,4,6-tetrachloro-1,4 cyclohexadiene (Cuozzo
et al. 2009).
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Fig. 13.2 Mechanism of paracetamol degradation by electrooxidation process. (Reprinted from
Periyasamy and Muthuchamy (2018) with the permission of Elsevier)
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13.5 Perspectives

Accompanied with massive industrialization, the inevitability to meet demands for
various applications has led to unhindered production of a greater number of
chemicals and byproducts. Consequently, these chemicals and byproducts are
being let out into the environment either during the production process or as a
volatile waste, though may be in smaller concentration, thanks to the compliance
of rules enforced by environment protection agencies. However, there have been
some anomalies in the past that have led to environmental pollution on a larger scale
too, affecting both air and water quality severely. Among them, water contamination
by these chemicals albeit in smaller concentration is posing a huge threat to
environment. At the same time, there are clear guidelines for environmental risk
assessment apart from the government enforcing ban on toxic pollutants. Wide
publicity in media and awareness programs is being conducted by both state and
nongovernmental agencies, emphasizing the hazards of organic pollutants and the
need to sustain the good environment. Despite all these efforts, the goal to realize
drastic reduction both in usage of chemicals and generation of chemical wastes and
byproducts is indeed challenging. Many physical and chemical methods are being
developed to remove and degrade these organic pollutants from the water bodies. All
of these methods have their own advantages and disadvantages.

In case of adsorption process, the adsorbate gets adsorbed on the surface of the
adsorbent. Repeated use of the adsorbent is possible only if the adsorbate is removed
from the adsorbent. This again creates the disposal problem of organic pollutants.
The other drawback is that complete adsorption of organic pollutants on the adsor-
bent is hardly reported in literature. In the photocatalytic process, the organic
pollutant is normally converted into smaller products attributed to the catalytic
activity of photocatalyst. Generally, carbon dioxide and water are the degradation
products formed in this process. Moreover, this process generates free radicals,
which degrade the organic pollutants present in the water. Advanced oxidation
process uses a catalyst and oxidizing agents, such as H2O2, for the degradation of
organic pollutants. Complete degradation is not achieved with most of the catalysts
and reagent combinations. This process leaves the oxidized products as residue in
the water. In electrochemical remediation of organic pollutant, electrical energy is
used to degrade the organic pollutants. This process requires higher investment and
continuous maintenance for efficient degradation of pollutants. Bioremediation is a
greener approach for degrading organic pollutants. Bioremediation process is highly
selective with respect to microbes used in the degradation of organic pollutants. So, a
wide range of organic pollutants cannot be treated effectively using this method.

Increased use of alternate and, yet, suitable greener chemicals rather than toxic
organic compounds in various applications is a must for sustainable development.
Government agencies must enforce stringent regulations besides ensuring such toxic
organic compounds are not released into the environment even inadvertently. Simul-
taneously, newer methods to study and remove these toxic organic pollutants should
be developed to holistically address this issue. The lessons should be drawn from
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developed countries where restrictions on the excessive use of toxic chemicals and
sometimes even prohibitions have resolved the serious problems to a great extent.
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Abstract Fenton oxidation process is an effectual technology for the abatement of
organic compounds seen in wastewater. The homogeneous Fenton process is highly
pH-dependent, sludge production, interference by the formation of complex iron
ions etc. To overcome these disadvantages, environmentally friendly and cheaper
heterogeneous solid catalysts which are highly reactive and stable were used as an
iron source. The usage of a heterogeneous catalyst can decrease the rate of sludge
production and work in an extensive range of pH. Among the different heteroge-
neous catalyst in Fenton oxidation, soil can be used as an efficient Fenton catalyst for
the degradation of various organic pollutants. This chapter provides an inclusive
review focusing on soil as a heterogeneous catalyst for Fenton processes. Three
major soil classifications, such as clay, volcanic, and laterite, used for degradation of
pollutants are explained. Further, the chapter also reviews the various research
conducted with modified soil minerals.
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14.1 Introduction

Advanced oxidation processes gained much attention during the recent decades in
the domain of water and wastewater treatment because of its capability to mineralize
nonbiodegradable organic compounds, including those that are recalcitrant in nature.
Advanced oxidation processes result in the formation of hydroxyl radicals in the
water mainly by chemical methods. Hydroxyl radicals have high oxidation potential
and attack pollutants nonselectively. They are the second-highest oxidant, subse-
quent to fluorine with a standard oxidation potential of 2.85 eV. Hydroxyl radicals
attack the organic pollutant via redox reaction, dehydrogenation, and hydroxylation
reactions. Complete mineralization of an organic pollutant is the most desirable
feature of all advanced oxidation processes. Organic pollutants, including complex
aromatic compounds, get mineralized into carbon dioxide, water, and other minerals
due to their reaction with hydroxyl radicals. The intermediate compounds formed
during the mineralization process are also found as more biodegradable than the
parent compound, and thus combining advanced oxidation process with biological
treatment was proposed to treat the wastewater to reduce the treatment time as well
as treatment cost. Reduction of toxicity is another advantage of advanced oxidation
processes. In most of the cases, intermediate compounds and byproducts formed
after the oxidation are found less toxic than their parent compounds.

The hydrogen peroxide decomposition and successive production of hydroxyl
radicals are the primary reaction in the advanced oxidation process. Decomposition
of hydrogen peroxide in the presence of ferrous ion known as Fenton reaction is a
recognized advanced oxidation process and got much consideration during the last
few decades in water and wastewater treatment, even though the reaction was first
reported by H. J. Fenton in 1984. All the transition metals having different oxidation
states with a unit difference in oxidation state can decompose hydrogen peroxide as
given in Eq. (14.1). Ferric ions generated via Fenton reaction can also regenerate via
Eqs. (14.2) and (14.3).

Fe2þ þ H2O2 ! Fe3þ þ OH� þ HO • ð14:1Þ
Fe3þ þ H2O2⟶Fe2þ þ Hþ þ HO •

2 ð14:2Þ
Fe3þ þ HO •

2⟶Fe2þ þ O2 þ Hþ ð14:3Þ

Based on the catalyst used, the Fenton oxidation processes can be parted into
homogeneous and heterogeneous Fenton processes. The homogeneous Fenton pro-
cess has certain disadvantages, such as pH dependency at the narrow range, diffi-
culty in the separation and regeneration of end products, the generation of different
ferric complexes with pH variation, etc. (Xavier et al. 2015). Researches in the
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direction of overcoming the drawbacks associated with homogeneous Fenton cata-
lyst have been conducted to develop solid materials with high catalytic activity. The
use of dynamic heterogeneous catalyst as a source for iron in the Fenton process can
control the sludge production, effectiveness at circumneutral pH, and the option to
recycle the iron promoter (Purceno et al. 2012). Immobilizing iron compounds on
various solid supports, such as carbon, zeolite, clay, alumina, etc., have been
comprehensively explored for the removal of organic pollutants (De Leon et al.
2013). This chapter briefly explains the use of different soil minerals as heteroge-
neous Fenton catalyst for toxicant degradation.

14.2 Heterogeneous Fenton Process

Classical Fenton process using ferrous ion is much efficient for the mineralization of
different organic pollutants. Pollutants, such as dyes (Xavier et al. 2015), pesticides
(Saini et al. 2016), phenol (Gümüş and Akbal 2016), sulfanilic acid azochromotrop
(Hassan et al. 2019), and amoxicillin (Verma and Haritash 2019), were effectively
decomposed via attack of hydroxyl radicals produced due to the reaction between
ferrous ions and hydrogen peroxide. This process is also found effective for the
treatment of real effluents generated from distillery (David et al. 2015), agro-food
industry (Leifeld et al. 2018), and textile industry (Cetinkaya et al. 2018) as well as
to treat turpentine processing wastewater (Huang et al. 2018), coke plant wastewater
(Razaviarani et al. 2019), triethyl phosphate wastewater (Yang et al. 2019), phar-
maceutical wastewater (Changotra et al. 2019), and sulfide minerals processing
wastewater (Meng et al. 2019).

Generation of sludge after the treatment is one of the key limitations of the Fenton
process (Nidheesh 2015; Nidheesh and Gandhimathi 2012). The main reason behind
this sludge production is the rise in solution pH by Fenton reaction. Hydroxyl ion
generated in Fenton reaction results in an increase in solution pH. This elevated
solution pH reduces the concentration of ferrous and ferric ions in their ionic forms.
Ferric ions generated via Fenton reaction undergo complexation reactions. This
results in a reduction in ferrous regeneration and subsequent hydroxyl radical
generation. The concentration of ferrous ions required for the maximum pollutant
removal is on the scale of g/L (Nidheesh et al. 2013), and this higher concentration
leads to the increased sludge generation. Thus, conventional Fenton process removes
pollutants via degradation and the coagulation process.

Extended Fenton process, which utilizes external energy, is an option to reduce
the sludge production and to increase the pollutant abatement rate of conventional
Fenton process. The photo-Fenton process which uses energy in the form of light
(Clarizia et al. 2017; Rahim Pouran et al. 2015), electro-Fenton process with
electricity energy (Brillas et al. 2009; Nidheesh et al. 2018a, b), and ultrasound-
based sono-Fenton process (Nidheesh et al. 2013) found effective than conventional
Fenton process in terms of pollutant mineralization rate, reduced sludge production,
and minimized optimal iron concentration.
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Another option to minimize the sludge production in the Fenton process is to
utilize insoluble iron catalysts instead of soluble ferrous ions (Nidheesh 2017, 2015).
Ferrous or ferric ion in solid form reduces the complexation reactions and will help
to improve the mineralization rate rather than coagulation of pollutants. Waste
materials, such as fly ash (Bansal and Verma 2017; Narayani et al. 2017); iron
minerals, including pyrite (Khataee et al. 2016), hematite (Changotra et al. 2018),
magnetite (Nidheesh et al. 2014; Xavier et al. 2016), goethite (Wang et al. 2015),
ferrite (Kurian and Nair 2015; Sharma and Singhal 2018), iron molybdophosphate
(Baiju et al. 2018), and ferrihydrite (Xu et al. 2016); and zero-valent iron (Devi et al.
2016; Malik et al. 2018), are found as effective heterogeneous Fenton catalysts.
These solid materials contain iron and can decompose hydrogen peroxide. Another
type of heterogeneous Fenton catalysts includes the iron or iron minerals loaded over
stable support. Supports, such as activated carbon (Nidheesh and Rajan 2016),
alumina (di Luca et al. 2015), biosorbents (Laiju et al. 2014), biochar (Rubeena
et al. 2018), zeolite (Sruthi et al. 2018), fiber (Su et al. 2018), alginate beads
(Hammouda et al. 2016), silica (Jinisha et al. 2018; Kumar et al. 2016; Thirumoorthy
and Satishkumar 2019), and sewage sludge, are found effective for iron and iron
oxides. The performances of these catalysts are detailed in the review articles
published recently (Mirzaei et al. 2017; Munoz et al. 2015; Nidheesh 2015;
Nidheesh et al. 2018a, b).

Pollutant removal mechanism, as well as reusability of heterogeneous Fenton
catalyst, purely depends on the iron leaching. Effective Fenton reaction rate depends
on the amount of exposed iron, not on the iron content in the solid catalyst. If the iron
leaching rate of solid catalyst is high, reusability of the material is less. The leached
iron will undergo Fenton reactions in the water medium and follows the principles of
homogeneous Fenton process. Pollutants will be removed via degradation and
coagulation. At the same time, a solid catalyst with lesser iron leaching is generally
highly reusable, and reactions will take place on the surface of the catalyst. Here, the
pollutant removal will be mainly by degradation because of the attack of hydroxyl
radicals, and adsorption of pollutants over the surface also improves the performance
of heterogeneous Fenton catalyst.

14.3 Soil as Heterogeneous Fenton Catalyst

Soil can be considered as an ideal heterogeneous catalyst with higher catalytic
activity and stability. They are rich in minerals and other oxide contents. Higher
availability, environmental friendliness, and lower cost make them an ideal hetero-
geneous catalyst for pollutant degradation. The higher surface area and low leaching
of iron put it into perspectives of many researchers for using it a suitable heteroge-
neous Fenton catalyst. Among the different soil samples, laterite, clay, and volcanic
soils have been successful for heterogeneous Fenton process.
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14.3.1 Laterite Soil

Laterite soil is abundant in the earth crust and is found in different parts of the world.
This soil can be employed as a heterogeneous Fenton catalyst, as it is rich in iron
oxides and other minerals. Typical laterite soil contains 38–43% silicon dioxide,
26–30% ferric oxide, 25–28% aluminium oxide, 3–4% titanium dioxide, 1–2%
potassium oxide, 0.5% calcium oxide, and 0.2% carbon (Khataee and Pakdehi
2014). This soil is effective to decompose hydrogen peroxide in water medium
and subsequently produce hydroxyl radicals by means of Fenton reactions. Such
heterogeneous Fenton process is able to degrade 4-nitroaniline (Amritha and Manu
2018), 2-Aminopyridine (Karale et al. 2014), 2-nitroaniline (Amritha and Manu
2018), 3-nitroaniline (Amritha and Manu 2018), fluoroquinolone antibiotics
(Kamagate et al. 2018), acid red 17 (Khataee et al. 2016), acetaminophen (Koottatep
et al. 2017), sodium azide (Khataee and Pakdehi 2014), and methylene blue
(Kpinsoton et al. 2018).

The dye degradation efficiency of laterite is quite higher in the presence of
ultraviolet irradiation (photo-Fenton process) than in heterogeneous Fenton process
(Khataee et al. 2016). After 120 min of reaction, the photo-Fenton process with 2 g/L
laterite as the iron source was able to remove 94.7% of acid red 17 dye from its initial
concentration of 20 mg/L. Meanwhile, the Fenton process can remove 49% of the
dye with similar experimental conditions. Based on the experiments, radical gener-
ation and pollutant removal mechanisms within the sight of laterite catalyst were
proposed by Khataee and Pakdehi (2014) as given below in Eqs. (14.4), (14.5),
(14.6), (14.7), (14.8), (14.9).

S� Fe3þ þ H2O2 ! S� Fe� OOH2þ þ Hþ
ads ð14:4Þ

S� Fe� OOH2þ ! S� Fe2þ þ HO�
2 þ Hþ

ads ð14:5Þ
S� Fe2þ þ H2O2 ! S� Fe3þ þ HO� þ �

:OHads ð14:6Þ
S� Fe2þ þ �

:OH ! S� Fe3þ þ HO�
ads ð14:7Þ

S� Fe3þ þ H2O
� ! S� Fe2þ þ O2 þ Hþ

ads ð14:8Þ
S� Fe2þ þ HO�

2 ! S� Fe3þ þ HOO�
ads ð14:9Þ

Laterite is indicated by S-Fe3+ in the above reactions.
Coupled heterogeneous Fenton process and constructed wetland are found effec-

tive for the degradation of micropollutants from real wastewater (Koottatep et al.
2017). The effectiveness of the combined process was tested by the authors for the
treatment of hospital wastewater, containing 2.3 μg/L acetaminophen along with
446 mg/L of suspended solids, 506 mg/L of chemical oxygen demand, 24.5 mg/L
ammoniacal nitrogen, and 13.8 mg/L phosphorus at pH 7.4. They have used laterite
soil as construction wetland media. The amount of acetaminophen uptake in the
plant was limited to 0.04–1.35%, while hydrogen peroxide was released with the
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uptake of micropollutant. This exogenous hydrogen peroxide release in the rhizo-
sphere was found maximum at 12 days and resulted in Fenton reactions in the
presence of laterite soil. The authors observed a decrease in hydrogen peroxide
concentration with time and are credited to the utilization of hydrogen peroxide in
Fenton reactions. Thus, about 35.34% of acetaminophen was removed with the
action of hydroxyl radicals. A total of 60–64% of acetaminophen removal was
occurred in the combined process, and it is also due to adsorption, microbial
degradation, and byproduct transformation other than the plant uptake and Fenton
reactions.

Reusability of the catalyst is a significant factor which should be considered for
the real-field implementation of the heterogeneous Fenton process. Laterite is found
highly reusable as reported by Khataee and Pakdehi (2014) and Kamagate et al.
(2018). Fluoroquinolone antibiotics removal efficacy of the heterogeneous photo-
Fenton process was 94% and 70%, respectively, at pH 3 and 6.5. A slight reduction
in efficiency was observed after the first recycling. The efficacy of the photo-Fenton
process to mineralize fluoroquinolone antibiotics was found 72% and 50% at pH 3
and 6.5, respectively. This efficiency remains the same after five cycles. Very low
iron release from laterite was observed by Kamagate et al. (2018). This is also an
important characteristic of a reusable heterogeneous catalyst.

Calcination is an option to improve the catalytic activity of every solid catalyst.
Kpinsoton and co-workers (Kpinsoton et al. 2018) tested the changes in morphology
and the catalytic activity of laterite with calcination. The authors did the calcination
at 400, 600, and 800�C and tested its performance for the Fenton oxidation of
methylene blue. Hematite and goethite are the chief iron oxides present in the laterite
and are embedded in kaolinite and quartz frameworks. Calcination at 400�C resulted
in the shrinkage in surface area of laterite significantly due to the transformation of
goethite (which was previously associated with kaolinite) to hematite crystals.
Further calcination process at 600 C resulted in the formation of “amorphous meta
kaolin matrix containing mainly surface defectively crystalized hematite
nanophases” (Kpinsoton et al. 2018). This calcined laterite exhibits highest Fenton
catalytic activity with 99% of methylene blue removal after 100 min of reaction.

Synthesis of iron nanoparticles from laterite and its utilization in the heteroge-
neous Fenton process is an interesting area, recently proposed by Prof. Manu and his
groups (Sangami and Manu 2019). The researchers prepared iron nanoparticles
using laterite and Tectona Grandis extract and used it for the degradation of
herbicide mixture (Sangami and Manu 2019). The mixture contains 3.5 mg/L
ametryn, 94 mg/L dicamba, and 25 mg/L 2,4-D, and the authors found complete
mineralization of the herbicide mixture within 135 min of heterogeneous Fenton
oxidation with 430 mg/L of hydrogen peroxide and 25.29 mg/L of catalyst at pH 5.
In similar way, iron nanoparticles prepared from laterite soil and eucalyptus leaves
extract are able to remove ametryn completely from water medium (Sangami and
Manu 2019).

524 A. V. Karim et al.



14.3.2 Clay

The usage of clay minerals as heterogeneous Fenton catalyst is a highly attractive
method, as it can exhibit higher catalytic property for the Fenton oxidation of organic
compounds. Clay minerals are low-cost promising materials for the fabrication of
reinforced catalysts with a high possibility of recovering the catalyst after the
treatment. Even though clay minerals contain iron and other cations, the low
concentration of iron in it can affect the heterogeneous Fenton degradation effi-
ciency. The incorporation of iron into clays through pillaring and impregnation
seems to be a potential alternative for the preparation of heterogeneous catalyst
(Herney-Ramirez et al. 2010). It improved the catalytic properties of the clay
mineral, and the catalyst can be reused for several degradation cycles. Also, the
acid treatment of clay structures can eliminate the impurities present in its structure
and increase the surface area of the clay minerals (Ayodele 2013). The stability and
reusable potential of the prepared catalyst have a significant impact on the Fenton
process efficiency. Among the different clay minerals, montmorillonite, bentonite,
kaolinite, laponite, etc. are most commonly used as a heterogeneous Fenton catalyst.

Bentonite is a highly colloidal natural clay mineral belonging to the class of
smectites and is normally formed through volcanic ash weathering in the presence of
water (Gao et al. 2016; Nidheesh 2015). These clay minerals are smaller in size with
higher surface area and stability (Ma et al. 2018). A study conducted by Feng et al.
(2005) explored the degradation efficiency of bentonite clay-based iron
nanocomposite coated on the inner wall of photo-reactor and with suspended
nanocomposite catalyst for discoloration of orange II. Even though a decreased
decoloration rate was observed for the film catalyst because of a decreased specific
area, multiple experimental runs revealed that the coated catalyst has more stability
and diminished iron leaching than the suspended nanocomposite catalyst. In another
study, innovative photo-Fenton catalysts were prepared by arresting iron species on
bentonite plates by two distinct techniques and utilized for the degradation of
resorcinol (González-Bahamón et al. 2011). They have observed that the catalyst
prepared by forced hydrolysis of ferric nitrate on the bentonite plate shown an
enhanced activity due to an increased surface and high reusability potential. Iron-
supported bentonite prepared by Gao et al. (2015) had shown a substantial increase
in the specific surface area of the catalyst and improved the adsorption performance
of the catalyst. Rhodamine B was completely removed due to the combined effects
of adsorption and degradation under visible light-emitting diode lamps at natural
pH 4.2, 0.25 g L�1 and 12 mM H2O2 concentration.

The synthetic clay mineral Laponite, made-up from natural inorganic mineral
sources, has received significant importance as a Fenton catalyst due to its unique
physical properties. As heterogeneous catalyst, laponite clay-based Fe
nanocomposite was studied for the discoloration and mineralization of reactive red
dye in the presence of hydrogen peroxide and ultraviolet light (Feng et al. 2003). The
higher surface area and total pore volume of the catalyst resulted in complete
discoloration of the compound at an optimal condition of 500 mg/L H2O2, 1.0 g of
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laponite clay-based Fe nanocomposite/L, and pH 3. In a parallel study by Feng et al.
(2003) with the same catalyst and operating conditions, a slower kinetic rate was
observed for photo-assisted degradation of orange II. The presence of Fe ions in the
clay mineral and amount of adsorbed dyes on the surface of the catalyst governs the
degradation rate. Further, a detailed investigation was conducted by Sum et al.
(2004) for the synthesis of laponite clay-based Fe nanocatalyst by studying the
effect of thermal ageing and calcination temperature on the crystal structure and
chemical compositions of the catalyst. Entire mineralization of the model pollutant
acid black was observed due to higher photocatalytic property and insignificant Fe
leaching of the laponite clay-based Fe nanocatalyst. In addition to that, Iurascu et al.
(2009) observed that calcination temperature during the preparation catalyst has a
substantial role in the catalytic activity of Fe-laponite catalysts as shown in Fig. 14.1.
They have observed that the catalyst prepared by thermal treatment at a calcination
temperature of 350�C given the excellent catalytic performance in the photo-Fenton
removal of phenol.

Montmorillonite is a very soft phyllosilicate group of minerals with unique
physicochemical properties possessing a negative charge (Nidheesh 2015; Zhang
et al. 2011). An acid-modified montmorillonite clay containing a higher content of
iron and higher oxidation potential in a heterogeneous Fenton system was success-
fully used by Deng et al. (2010) for the removal of acetaminophen. The degradation
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Fig. 14.1 Effect of Calcination temperature during the preparation Fe–laponite catalysts for phenol
conversion. Note that the catalyst prepared by thermal treatment at a calcination temperature of
350�C given the excellent catalytic performance in the photo-Fenton removal of phenol
(H2O2 ¼ 50 mmol L�1, pH ¼ 3; T ¼ 30 �C, 40 W UV-A lamp). (Adapted from (Iurascu et al.
2009) with permission. Copyright © 2008 Elsevier Ltd.)
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process was primarily through the combined attack of phenoxy and superoxide
radicals produced by the Fenton reaction mechanism. In a similar kind of study,
aluminium-pillared montmorillonite clay blended with ferric oxalate has also shown
higher stability and resistance to iron leaching during the photo-Fenton degradation
of amoxicillin (Ayodele et al. 2012). Consistent performance on the catalytic activity
was seen due to the increased availability of inner layer catalyst sites of the clay to
reactant molecule due to aluminium pillaring. Iron-pillared montmorillonite clay of
two aggregate sizes ranging below 250 μm and 250–450 μm were prepared at
400 and 600�C calcination temperature for the photo-Fenton discoloration of meth-
ylene blue aqueous solution (De Leon et al. 2013). Due to the higher surface area and
pore volume, the catalyst prepared at 400�C had shown higher catalytic activity. In
another study conducted by De León et al. (2017), montmorillonite was modified
with the trinuclear ferric–acetate complex at three different ratios of 0.5,1, and
3.5 mmol per gram of clay, and the observed phenol degradation was shown in
Fig. 14.2. The decline in degradation rate at higher iron content is due to the
accumulation of maghemite nanoparticles on the surface of the catalyst which
hinders the accessibility to the microporous structure of the catalyst where iron
oxides are present. A hybrid heterogeneous catalyst was prepared by Barreca et al.
(2014) which is rich in ferrous and was supported on montmorillonite/alginate beads
for the photo-assisted Fenton degradation of 4-nitrophenol. They have concluded
that even though the catalyst showed higher stability, the catalyst dosage and
hydrogen peroxide concentration should be carefully selected to prevent excessive
iron leaching. A highly stable visible light-responsive heterogeneous catalyst,
glutamic acid-iron chelate, interpolated into montmorillonite clay was prepared by
Huang et al. (2016) for the removal of reactive blue 19. Enhanced degradation of dye
was observed due to the synergistic effect of chelation and the noticeable light
sensitivity of glutamic acid under different pH conditions. Lanthanum–iron
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Fig. 14.2 Phenol
degradation at different
concentration of Fe with the
trinuclear ferric–acetate
complex at three different
ratios of 0.5,1, and 3.5 mmol
per gram of clay. (Adapted
from De Leon et al.
(De Leon et al. 2017) with
permission. Copyright
© 2017 Elsevier Ltd.)
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montmorillonite heterogeneous ion catalyst synthesized by precipitation method was
also used for the removal of rhodamine B and methylene blue.

Vermiculite is an economical and commonly available clay mineral which con-
sists of a sandwich arrangement of octahedral alumina or magnesia in the middle of
two tetrahedral silicate sheets (Chen et al. 2010). Due to its layered structure and iron
species being covalently bound to these clay layers, the leaching of iron species will
be minimum (Barabaszová and Valášková 2013; Purceno et al. 2012). Iron-pillared
vermiculite prepared by replacing the interlayer cations of the clay with iron ions in
the interlayer spaces and free iron ions on its surface effectively decolorized azo dye
reactive brilliant orange X-GN (Chen et al. 2010). The heterogeneous photo-Fenton
catalyst enhanced the color removal by producing more hydroxyl radicals to attack
the chromophoric group of pollutant and have shown longer stability resulting in
more than 90% decolorization for three successive reuses studies. In another study, a
heterogeneous Fenton catalyst montmorillonite K10 containing ferric oxide was
used by Daud et al. (2010) for the discolorization of acid red 1, and the effects of
different parameters affecting was studied. They have observed that the decoloriza-
tion of dye occurs due to the catalytic reaction between the ferric ions and hydrogen
peroxide and observed a maximum removal of 99% at 0.14 wt.% iron-
montmorillonite K10, 5.0 g L�1 catalyst dosage, and 16 mM of H2O2 at
50 mg L�1 initial acid red dye concentration.

Kaolinite is a layered clay mineral consisting of one tetrahedral sheet connected
through an oxygen atom with a central alumina octahedral sheet. They are rich in
oxides of aluminium and silica created from the chemical weathering of rocks in the
hot and wet atmosphere (Ayodele 2013). Ayodele (2013) observed that phosphoric
acid treatment on kaolinite clay gave a satisfactory and suitable anchoring of iron
metals because of the introduction of a monolayer of phosphate functional groups on
the surface of the catalyst. In another study, Ayodele and Hameed (2013) reported
that incorporating iron ions on phosphoric acid-treated kaolinite clay resulted in a
larger surface area to produce sufficient hydroxyl radicals during the photo-Fenton
degradation of nitrophenol. The formation of monolayer phosphate functional
groups increased the negatively charged active sites on the catalysts and resulted
in degradation of nitrophenol without pH adjustments. Apart from this, Guo et al.
(2014) synthesized a Fe2O3–kaolin heterogeneous catalyst for the degradation of
rhodamine B through photo-Fenton under visible light irradiation. The possible
degradation mechanism occurred by the cyclic formation of ferric/ferrous ions in
the system where the ferric ions get photoreduced to ferrous on the catalyst surface
and to generate hydroxyl radicals while reacting with hydrogen peroxide and get
oxidized into ferric ion.

Sepiolite is a microfibrous clay mineral with its basic structural units consisting of
silicon–oxygen tetrahedra and magnesium–oxygen octahedra bonds (Gao et al.
2013). These clay minerals possess a high adsorbing capacity and larger surface
area, due to the block and tunnel structure of the mineral, which could reduce the
leaching of iron ions during the degradation reaction (Su et al. 2016). A heteroge-
neous catalyst poly-hydroxyl-iron/sepiolite fabricated through an impregnation
method was used for the visible light irradiated photo-Fenton-like removal of
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organic pollutants rhodamine B and 4-nitrophenol (Gao et al. 2013). The degrada-
tion of pollutants was primarily through hydroxyl radical attack which was formed
during the reaction of reduced ferrous ions on the catalyst surface of the clay and
hydrogen peroxide in the solution. Apart from the abovementioned studies, few
naturally available clay minerals are also used as heterogeneous catalyst. Bel
Hadjltaief et al. (2014) prepared a novel heterogeneous catalyst by incorporating
iron species on the surface of natural Tunisian clay. The Fe-clay plate heterogeneous
catalyst showed a higher catalytic activity by attaining 100% removal of phenol in
60 mins with negligible loss in their activity at the end of five successive reaction
cycles under ultraviolet irradiation. Iron-impregnated pillared saponite clay was used
as a heterogeneous catalyst for Fenton by Herney-Ramirez et al. (2008) for the
degradation of orange II dye. They have observed that catalyst concentration and
temperature have a momentous influence on the dye oxidation process. Clay min-
erals pillared with few metal ions and used in the heterogeneous Fenton process are
shown in Table 14.1.

14.3.3 Volcanic Soil

Volcanic soils are formed due to volcanic action and are a natural source of iron
oxides. These soils are generally known as andisols and “dominated by amorphous
aluminium silicates and/or Alorganic matter complexes” (van Breemen and
Buurman 1998). Magnetite, maghemite, goethite, and hematite are the main iron
oxides present in andisols (Pizarro et al. 2018). These oxides are found effective

Table 14.1 Clay minerals pillared with metal ions

Clay Pillared material Experimental Observations References

Montmorillonite Mesoporous iron
modified Al2O3

nanoparticles pillared

100% degradation of organic dyes,
such as acid blue and reactive blue

Pradhan
et al.
(2013)

Kaolinite Nano zero valent iron 88% degradation of direct black G at
0.6 g L�1 of catalyst, 33 mM H2O2,
100 mg L�1 initial dye concentration,
and pH of 7.06

Liu et al.
(2014)

Sepiolite Iron and manganese 91.98% degradation of reactive bril-
liant blue at pH 2.5, catalyst dose 0.4 g,
0.3 mL H2O2 within 60 min

Su et al.
(2016)

Bentonite Iron and cerium
pillared

98.13% degradation of tetracycline at
initial pH 3, 0.5 gL�1 catalyst dose,
15 mmol L�1 H2O2 under UV irradia-
tion for 60 min

Zhang
et al.
(2014)

Montmorillonite Magnetite/Fe-Al Complete conversion of phenol within
80 a slow induction reaction followed
by an accelerated decomposition with
increase in Fe in the solution

Wei et al.
(2017)
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heterogeneous Fenton catalyst. For example, magnetite is found effective for the
degradation of dye (Nidheesh et al. 2014), p-nitrophenol (Sun and Lemley 2011),
phenol (Chun et al. 2012), bisphenol A (Cleveland et al. 2014), carbamazepine (Sun
et al. 2013), and ibuprofen (Sun et al. 2013). Volcanic ultisols are found as effective
heterogeneous Fenton catalysts (Aravena et al. 2010). The authors (Aravena et al.
2010) collected soil samples from Collipulli and Metrenco located in southern Chile
and checked the hydrogen peroxide degradation rate. The soils are rich in iron oxides
and other minerals as given in Table 14.2.

Hydrogen peroxide decomposition efficiency of sand and magnetic portions of
ultisols collected from Collipulli was found the same but is more efficient than that
collected from Metrenco. Collipulli sand is eight times more efficient than Metrenco
sand, whereas hydrogen peroxide degradation rate in the presence of Collipulli
ultisol magnetic portion is six times higher than Metrenco ultisol magnetic portions.
Iron content in both ultisols is similar. The higher efficiency of ultisols collected
from Collipulli may be a result of the presence and higher concentration of manga-
nese and titanium. Manganese and titanium will undergo Fenton-like reactions and
are efficient to decompose H2O2 (George et al. 2014; Nidheesh and Gandhimathi
2014). The same is confirmed by the authors (Aravena et al. 2010).

Effectiveness of heterogeneous Fenton catalyst is directly proportional to the iron
content. This is effectively demonstrated by Matta et al. (Matta et al. 2008) for the
degradation of 2,4,6-trinitrotoluene by hydrogen peroxide activated with different
minerals containing iron. 2,4,6-trinitrotoluene degradation of pyrite, green rust,
magnetite, and goethite has followed the first-order kinetics of 3.75x10�4 L
m�2 min�1 > 2.55 x 10�4 L m�2 min�1 > 1 x 10�4 L m�2 min�1 > 1 x
10�6 L m�2 min�1, respectively (Matta et al. 2008). Lesser iron dissolution rate or
lesser exposure of iron to hydrogen peroxide is one of the reasons behind the lower
efficiency of these catalysts (Nidheesh 2015; Nidheesh et al. 2018a, b). Chemical
treatment to the iron-bearing minerals is an option to avoid low hydrogen peroxide
activation and lesser pollutant degradation rate in the heterogeneous Fenton process.

Table 14.2 Chemical composition (data expressed in mass % of the corresponding element, on an
oxide basis) for the whole soil and sand (including its magnetic extract) and clay fractions from the
Collipulli and Metrenco soil samples. Taken from Aravena et al. (Aravena et al., 2010) with
permission. Copyright © 2009, Springer Science Business Media B.V

Sample Fraction Fe2O3 Si2O Al2O3 TiO2 MnO2

Metrenco Soil 12.5 42.9 10.4 1.8 nd

Sand 16.9 51.9 19.0 2.4 nd

Clay 11.9 56.9 10.0 1.7 nd

Magnetic portion from sand 57.0 nd nd 3.1 1.6

Collipulli Soil 17.8 39.8 23.2 2.3 0.4

Sand 14.6 43.2 23.1 2.0 0.3

Clay 15.8 32.5 30.2 1.2 0.2

Magnetic portion from sand 56.7 nd nd 3.6 1.5

nd not determined
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To improve the efficiency of ultisols, Manzo and co-workers (Manzo et al. 2011)
treat ultisols with sodium hydroxide of 5 mol L�1. Iron oxide concentration in
the raw ultisols was 12.2 � 0.3%. Alkali treatment of this soil three times increases
the iron oxide content to 23.3� 0.7%. A similar type of treatment was carried out for
the soil of size fraction <53 μm. Three and five times alkali treatment of the soil
resulted in iron oxide concentration as 25.1 � 0.2 and 23.3 � 0.2, respectively. This
improved iron content with alkali treatment resulted in higher hydrogen decompo-
sition rate (Fig. 14.3). Raw soil was not able to decompose hydrogen peroxide. At
the same time, hydrogen peroxide degradation rate constants for three and five times
alkali-treated soils were found as 16.0 � 0.8 � 10�5 mol L�1 min�1 and
7.1 � 0.7 � 10�5 mol L�1 min�1, respectively (Manzo et al. 2011).

14.4 Conclusions

The soil used as a heterogeneous catalyst for Fenton oxidation has gained significant
attention for the treatment of organic compounds. Among different soil classifica-
tions, laterite, clay, and volcanic soils are commonly used as iron source in the
Fenton process. Laterite soil is abundant in the earth crust and can be employed as a
heterogeneous Fenton catalyst, as it is rich in iron oxides and other minerals. Clay
minerals are highly stable and can exhibit higher photocatalytic activity for the

Fig. 14.3 Rate of hydrogen peroxide decomposition with alkali treatment to ultisols. Higher iron
content in the soil resulted in more decomposition of hydrogen peroxide when compared to raw soil.
(Taken from Manzo et al. (Manzo et al., 2011) with permission. Copyright © 2011, Springer
Science Business Media B.V)
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Fenton oxidation of organic pollutants. The incorporation of iron into clays through
pillaring and impregnation improved the catalytic properties of clay. Volcanic soils
formed due to volcanic action dominated by amorphous aluminium silicates and/or
Al organic matters are also found effective heterogeneous Fenton catalyst. These
catalysts were highly stable and exhibited less leaching and higher reuse potentials.
Considering the catalytic properties and lower cost of soils, more research should be
focused to improve the catalytic performance and post-recovery of catalysts.
Research should also focus on increasing the surface area of the catalyst.
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Abstract Phthalates or phthalate esters, formed from phthalic acids and the alcohols
with 1–14 carbon atoms, are extensively used as additives in the production of
plastics and related products, such as packaging materials, toys, medical blood bags,
hoses, floors, wallpapers, detergents, lubricants, and personal care products. Without
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stable chemical bonds to polymer, they can migrate easily from these products into
the environment and pollute food, water, and air. Through drinking, digestion, and
inhalation, the phthalates in the environment can easily enter into the human body
and bioaccumulate in the adipose tissue. The rivers, lakes, seas, even drinking water,
and rainwater around the world have been detected with phthalates. The epidemio-
logical and laboratory evidence has shown their adverse effects on human health
which leads to widespread concern all over the world. There have been numerous
reports on their analytical methods in water samples in the past decade, which is
beneficial to the accurate evaluation of their potential risk to human health, and their
pollution trend predication and remediation effect assessment. The sample treatment
methods of phthalates in water samples mainly include liquid-liquid extraction,
liquid-liquid microextraction, solid-phase extraction, solid-phase microextraction,
and their derivative techniques. The separation and detection methods are mainly gas
chromatography with flame ionization detection or mass spectrometric detection,
high-performance liquid chromatography with ultraviolet detection or mass spectro-
metric detection. Owing to the ubiquity of phthalates in the environment, strict
prevention measures should be taken during the analysis of phthalates.

In the future, except for the development of novel adsorption materials for
extraction of trace phthalates in water, the application of carbon nanotubes, magnetic
carbon nanotubes, graphene oxide, electrospun nanofibers will be further exploited.
In addition to the highly sensitive gas and liquid chromatography coupled with a
high-resolution mass spectrometer, it is also necessary to develop new analytical
techniques that are capable of on-line or on-site detection, such as miscellaneous
biosensors, micro-total analysis system, surface-enhanced Raman scattering system,
and surface plasmon resonance system.

Keywords Phthalates · Water · Sample treatment · Analytical method

15.1 Introduction

Phthalates, also known as phthalate esters, generally refers to the esters formed from
phthalic acids and the alcohols with 1 to 14 carbon atoms. Since the 1920s, they have
been produced and added in plastics such as polyvinyl chloride, polyethylene
terephthalate, polyvinyl acetates and polyethylene to enhance the suppleness, flex-
ibility and longevity of the plastics. Approximately 8.4 million tonnes of phthalates
were produced globally each year, and China was the single-largest plasticizer
market in the world, accounting for nearly 42% of world consumption in 2017.
(https://ihsmarkit.com/products/plasticizers-chemical-economics-handbook.html).
Except for the production of plastics and the related products such as food packaging
materials, medical blood bags, toys, hoses, floors, wallpapers, phthalates are also
used for production of detergents, lubricants and personal care products such as nail
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polish, hair spray, soap and shampoo. Phthalates can be subdivided as high and low
molecular weight phthalates, depending on their molecular weight. High molecular
weight phthalates include those with 7 or more carbon atoms in their chemical
backbone, giving them increased permanency and durability. The most common
high molecular weight phthalates are di(2-ethylhexyl) phthalate and dioctyl phthal-
ate. Low molecular weight phthalates include those with less than 7 carbon atoms in
their chemical backbone. The most common low molecular weight phthalates
include dimethyl phthalate and diethyl phthalate.

15.1.1 The Toxicity and the Physicochemical Properties
of Phthalates

Without stable chemical bonds to polymer, the phthalates in flexible plastics can be
released easily and migrate into the environment. Through drinking water, digestion
of food and inhalation of air, the phthalates in the environment can easily enter into
the human body and then bioaccumulate in fat tissues, because they are lipophilic
chemicals.

Many epidemiological and laboratory evidences have shown that phthalates are
toxic, especially to the reproductive and endocrine systems, which can lead to fetal
malformations and abnormal growth, as well as the maldevelopment of children
(Li et al. 2019; Rashad et al. 2018; Gao et al. 2017; Keresztes et al. 2013).

Herreros et al. (2013) found that di(2-ethylhexyl) phthalate interfered with
the estrogen level. The blood estrogen level of the sheep exposed to di(2-ethylhexyl)
phthalate was significantly higher than that of the control group, and the blood
progesterone concentration was also significantly increased from the second day of
the luteal cycle. Swan et al. (2005) found that fetal phthalate exposure could reduce
the anogenital distance in male infants and affect their development of the repro-
ductive system. These findings supported the hypothesis that exposure to phthalates
at fetal environmental levels could adversely affect male reproductive development.
Studies by Parks et al. (2000) have indicated that di(2-ethylhexyl) phthalate has an
antiandrogen effect, and it could reduce the testosterone level of male fetal mice in
the critical period of reproductive system differentiation to the female level.
Ferguson et al. (2014) found that spontaneous abortion was strongly correlated
with the concentration of phthalate metabolites in the urine of pregnant women in
the third trimester of pregnancy. In addition, the carcinogenicity of phthalates was
studied by the National Toxicology Agency (National Toxicology Program, NTP) in
1982 (Chen and Ni 2010). The results showed that long-term absorption of
phthalates for rats and mice could lead to their liver cancer. The mutagenicity and
neurotoxicity of phthalates and their association with obesity in adults (Stahlhut et al.
2007), asthma, and allergic symptoms in children (Bornehag et al. 2004) have also
been reported. Yang et al. (2008) confirmed the adjuvant effect of di(2-ethylhexyl)
phthalate in mice immunized with ovalbumin. The dose of di(2-ethylhexyl)
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phthalate exposure was positively correlated with airway hyperresponsiveness,
airway remodeling, and eosinophil infiltration in mice, suggesting that phthalates
may be related to asthma. Wang (2002) studied the mutagenicity of di(2-ethylhexyl)
phthalate by Ames test, micronucleus test of mouse bone marrow polychromatic
erythrocytes, and chromosome aberration test in mouse bone marrow cells. The
results showed that di(2-ethylhexyl) phthalate had micronucleus and chromosome
effects. Zhu et al. (2006) found that dibutyl phthalate exposure had a significant
inhibitory effect on the proliferation of nerve cell line PC12 cells and had a toxic
effect mainly on apoptosis under the condition of low dose chronic exposure.

At room temperature, the majority of phthalates are colorless oily liquids with
distinctive odors. Their boiling points vary greatly within the range of 190–530 �C
with the melting points below 10 �C. But some of them have higher melting points,
like dibenzyl phthalate (+40–42 �C), dicyclohexyl phthalate (+63–67 �C), dimethyl
terephthalate (+141 �C), and diphenyl phthalate (+73 �C), so they exist in solid form
at room temperature (Yang et al. 2015). Most of the phthalates display stable
chemical properties in the natural environment. Low molecular weight phthalates
are slightly soluble in water, whereas high molecular weight phthalates are insoluble
in water, but easily soluble in most organic solvents (Yu et al. 2015). For low
molecular weight phthalates, the water solubility decreases with the increase of the
number of carbon atoms in the alkyl chain. The relationship between the water
solubility of high molecular weight phthalates and their number of carbon atoms is
not conclusive. Phthalates can be hydrolyzed in alkaline medium to form phthalic
acids and alcohols, but almost do not hydrolyze in water. Figure 15.1 is the general
chemical structure of phthalates. Table 15.1 is the physicochemical properties of the
common phthalates.

15.1.2 The Contamination Level of Phthalates in Water

Since phthalates are not covalently bonded to the polymeric matrix, such as soft
polyvinyl chloride plastic, and exist in a leachable form, they can migrate into the
environment easily upon disposal through the plastic aging and decomposition (Gao
et al. 2018) and lead to their ubiquitous occurrence in environmental matrices. These
chemicals have been detected in drinking water and many environmental water
samples, including wastewater, surface water, seawater, rainwater, tap water, and

Fig. 15.1 The general
chemical structure of
phthalates. R and R’ in the
structure is an alkyl or an
aryl group
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bottled water, even purified water. For example, the total concentration of the six
phthalates, including dimethyl phthalate, diethyl phthalate, benzyl butyl phthalate,
dioctyl phthalate, di(2-ethylhexyl) phthalate, and dinbutyl phthalate, in lake water of
Taihu, China was found to be 0.740–13.0 μg/L (Gao et al. 2019). In more than
300 brands of bottled water samples collected from 21 countries, the detected
frequencies of the five phthalates were 67.6% for dinbutyl phthalate, 61.7% for di
(2-ethylhexyl) phthalate, 47.1% for diethyl phthalate, 36.9% for benzyl butyl
phthalate, and 30.1% for dimethyl phthalate. The phthalate concentrations from
the top five countries were 61.1, 8.8, 6.3, 6.2, and 6.1 μg/L (Luo et al. 2018). The
total concentrations of 14 phthalates in the seawater of seamount area in the tropical
western Pacific Ocean were found to be from 12.13 ng/ L to 60.69 ng/ L with an
average concentration of 28.86 ng/ L, dominated by dinbutyl phthalate, di
(2-ethylhexyl) phthalate, and diisobutyl phthalate (Zhang et al. 2019). Dinbutyl
phthalate and di(2-ethylhexyl) phthalate were detected in greywater from French
households with the concentrations of 9.64 μg/L and 6.21 μg/L, respectively
(Deshayes et al. 2017). Phthalates have also been detected in rainwater in China,
with di(2-ethylhexyl) phthalate and dinbutyl phthalate both at levels of over 1 μg/L
(Zhu et al. 2004). Dimethyl phthalate, dinbutyl phthalate, dioctyl phthalate, and di
(2-ethylhexyl) phthalate were detected in river water and lake water in Anshan,
China with the concentrations of 0.0446–18.186 mg/L (Yao et al. 2011), which were
much higher than other reports. Dargnat et al. (2009) detected six phthalates,
including dimethyl phthalate, diethyl phthalate, dinbutyl phthalate, benzyl butyl
phthalate, di(2-ethylhexyl) phthalate, and dioctyl phthalate in the densely populated
estuary of the Seine in France. The detection rates of dimethyl phthalate, diethyl
phthalate, dinbutyl phthalate, and di(2-ethylhexyl) phthalate were 100%, and the
highest concentration range of di(2-ethylhexyl) phthalate was 160–314 ng/L. Yuan
et al. (2002) detected eight phthalates in surface water and river sediment in Taiwan,
China, and the contents of di(2-ethylhexyl) phthalate and dinbutyl phthalate were the
highest in all samples. The distribution of 14 phthalates in the water and sediment of
Eshan lake in South Korea has been studied. The total concentration of phthalates in
the water body was less than 2.29 μg/L, with the highest concentration of di
(2-ethylhexyl) phthalate, followed by dinbutyl phthalate (Lee et al. 2019).

Phthalates were extensively detected globally, and their potential risk to human
health has aroused widespread concern all over the world. The United States
Environmental Protection Agency has identified six congeners, including dimethyl
phthalate, diethyl phthalate, dinbutyl phthalate, di(2-ethylhexyl) phthalate, dioctyl
phthalate, and benzyl butyl phthalate, as priority pollutants (Gao et al. 2018) and has
set an enforceable regulation for di(2-ethylhexyl) phthalate in drinking water, a
maximum contaminant level at 6 μg/L. (https://www.epa.gov/ground-water-and-
drinking-water/national-primary-drinking-water-regulations). China has listed
diethyl phthalate, dioctyl phthalate, and dimethyl phthalate as priority control
pollutants and set the limit of di(2-ethylhexyl) phthalate in drinking water at 8 μg/
L (Ministry of Health2006). The limits of di(2-ethylhexyl) phthalate in drinking
water set by Australia, Japan, and New Zealand are 9, 100, and 10 μg/L, respec-
tively. The European Union proposed a guideline of 1.3 μg/L for di(2-ethylhexyl)
phthalate in fresh and marine waters (Net et al. 2015).
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The rivers, lakes, and the seas around the world have been contaminated by
phthalates, owing to their mass production and application in the world. Due to
concerns about the impact on human health, there have been numerous reports on the
detection methods of phthalates in water in the last decade. In this chapter, we will
summarize the analytical methods of phthalates in different water matrices, with
emphasis on the sample treatment techniques, the separation, and detection methods.

15.2 The Sample Treatment Methods

Phthalates are present at very low concentrations in water samples except for some
wastewater samples, so the development of sample treatment methods with high
enrichment factor is indispensable. Sample treatment procedure includes extraction,
cleanup, and concentration steps. Liquid–liquid extraction is a classical and com-
monly used extraction and preconcentration technique for organic analytes, because
it has reliable accuracy and satisfactory precision. But it is time-consuming, tedious,
and expensive, and the evaporation and redissolution procedures are usually required
to concentrate the analytes and enhance the sensitivity of the method. So liquid–
liquid extraction has been gradually replaced by other superior treatment methods,
such as solid-phase extraction, solid-phase microextraction, liquid-phase
microextraction, and their derivative techniques, such as dispersive liquid-phase
microextraction, solidified floating organic drop microextraction, hollow fiber
liquid-liquid microextraction, and magnetic solid phase extraction.

15.2.1 Liquid–Liquid Extraction

Liquid–liquid extraction is a traditional sample pretreatment method in which the
analytes are transferred from one solvent to another based on the different partition
coefficients of the analytes in two insoluble or partially soluble solvents. Liquid–
liquid extraction has been extensively applied to the extraction of analytes from
aqueous samples for its satisfactory reproducibility and accuracy, but it is time-
consuming, tedious, and needs a large amount of samples and organic solvents.
Some researchers used n-hexane or dichloromethane to extract phthalates from water
samples. For example, Qi et al. (2006) used dichloromethane as extractant to extract
eight phthalates in environmental water samples; after blown to dryness under
nitrogen flow, the residue was redissolved with organic solvent and finally analyzed
using gas chromatography. The method had the recovery rates of 73.5–114.6% and
the relative standard deviations of 0.47–1.83%.
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15.2.2 Liquid–Liquid Microextraction

Liquid–liquid extraction uses a large volume of organic solvents and samples,
i.e. dozens of milliliters to hundred milliliters, which is not friendly to the environ-
ment. Liquid–liquid microextraction, proposed by Liu (Liu and Dasgupta 1996) and
Jeannot et al. (Jeannot and Cantwell 1996, 1997) in the mid-1990s, provides a
miniaturized liquid–liquid extraction mode in which the organic solvent used is in
the range of tens to hundreds of microliters, and the amount of sample is in the range
of several to tens of milliliters. This greatly reduces the cost of analysis, and very
small volume of organic solvents can bring very high enrichment factor, so no
subsequent concentration steps are needed. Liquid–liquid microextraction integrates
sampling, separation, purification, and concentration into one step. It is especially
suitable for the analysis of trace phthalates in water samples. In addition, fewer
operational steps and less solvent consumption could reduce the risk of phthalates
contamination. The technique has been utilized for the extraction of analytes in
complex matrices, including water, food, and biological materials. But its extraction
efficiency and precision need further improvement.

Liquid–liquid microextraction can be classified into single drop microextraction,
dispersive liquid–liquid microextraction, solidified floating organic drop
microextraction, and hollow fiber liquid–liquid microextraction (Yamini et al. 2019).
Except single drop microextraction, hollow fiber liquid–liquid microextraction, dis-
persive liquid–liquid microextraction, and solidified floating organic drop
microextraction have been extensively applied in the extraction of phthalates in
water samples.

Hollow Fiber Liquid–Liquid Microextraction

Hollow fiber liquid–liquid microextraction is membrane-based liquid–liquid
microextraction which has become popular for their advantages over the other
microextraction methods, such as more effective sample cleanup, more stable
extraction procedures, greater enrichment factor, and negligible consumption of
organic solvents. It has a three-phase mode and two-phase mode. The three-phase
mode is an aqueous–organic–aqueous system in which the immobilized organic
solvent or supported liquid membrane is exposed to two aqueous phases of the sam-
ple solution and the aqueous acceptor phase located inside the hollow fiber. In
contrast, in the two-phase mode, the acceptor phase solution is also the same as an
organic solvent of supported liquid membrane, and both are immiscible in water
(Esrafili et al. 2018). In hollow fiber liquid–liquid microextraction, assisted by
magnetic stirring, the extraction time is commonly more than tens of minutes
(Sarafraz-Yazdi and Amiri 2010). The method needs a special extraction device,
and the operational requirements are relatively high. Toluene and ionic liquid
[BMIm]PF6 have been utilized as extractants by many researchers to extract
phthalates in water samples. For example, Psillakis et al. (Psillakis and Kalogerakis
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2003) applied hollow fiber membrane liquid–liquid microextraction for the extrac-
tion of six phthalates, including dimethyl phthalate, diethyl phthalate, dinbutyl
phthalate, benzyl butyl phthalate, di(2-ethylhexyl) phthalate, and dioctyl phthalate,
in water samples. They used toluene as the extraction solvent, because it can provide
high solubility for the target phthalates and compatible with the gas chromatographic
system. Furthermore, it has a low solubility in water to prevent solvent dissolution
during extraction, and it has a polarity matching that of the hollow fiber material, so
it could impregnate and become immobilized within the pores of the hollow fiber.
The method had linear ranges of 0.02–10 μg/L for most target phthalates with the
limits of detection of 0.005–0.1 μg/L. The relative standard deviations of the method
varied between 4% and 11%. Vortex solvent bar microextraction, an improved
hollow fiber solvent bar microextraction method, has been proposed for the extrac-
tion of nine phthalates in bottled mineral water samples. It used 2 cm length Q3/2
hollow fibers immobilized with xylene (extraction solvent) as the solvent bar, which
was then thrown into the stirring water sample and stirred around the bottom of the
vortex during extraction. After extraction, the fibers were vortex eluted with micro-
amount of acetone, and the eluent was applied to gas chromatography–mass spec-
trometric analysis. The vortex solvent bar microextraction gave enrichment factors
over 1500, with the relative standard deviations of less than 7.1% (Huang et al.
2012). Yang et al. (2018a) extracted four phthalates in water using hollow fiber
liquid-phase microextraction and determined the phthalates by high performance
liquid chromatography. An ionic liquid, i.e. [BMIm]PF6, was used as extractant, and
dodecanol was used as the supporting membrane. The detection limits of the method
were 1.67–7.38 μg/L with the relative standard deviations of 2.1% �5.7%.

Dispersive Liquid–Liquid Microextraction

Dispersive liquid–liquid microextraction, developed by Rezaee and coworkers in
2006 (Rezaee et al. 2006), is that the water-insoluble extractant is dispersed into the
aqueous phase to form a cloud-like solution, and the contact area between the
aqueous phase and the extraction phase increases tremendously, so that the analytes
can be quickly transferred from the aqueous phase into the extraction phase. The
extraction solvent is reaggregated by centrifugation, and then it is withdrawn for
subsequent analysis.

Dispersive liquid–liquid microextraction is much time-saving, and a very small
amount of organic solvents is needed compared with other extraction methods.
Furthermore, it does not need a special device and is easy to operate (Viñas et al.
2015). Based on the density of the extraction solvent, this technique can be divided
into a high-density solvent dispersive liquid–liquid microextraction and a low
density solvent dispersive liquid–liquid microextraction.

Dispersive liquid–liquid microextraction requires an organic dispersant which
has to be fully soluble with the aqueous phase. For this purpose, acetone, acetoni-
trile, and methanol are usually used. The extraction solvent should have satisfactory
extraction efficiency for the analytes. Also, the extraction solvent has to be soluble in
the dispersant, but it is insoluble in the aqueous phase. Furthermore, the density of
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the extraction solvent has to be different greatly from that of the aqueous phase to
facilitate the phase separation (Zgoła-Grześkowiak and Grześkowiak 2011). It is
worth to note that the dispersant may change the polarity of the aqueous phase and
affect the partition coefficient of the analytes, in turn, to affect the extraction
efficiency of the analytes. There are many modes, such as ultrasonic-assisted dis-
persive liquid–liquid microextraction, vortex-assisted dispersive liquid–liquid
microextraction, and air-assisted dispersive liquid–liquid microextraction. Ultra-
sonic- and vortex-assisted dispersive liquid–liquid microextraction can achieve
dispersion without any dispersant, but it would take much longer time to achieve
full dispersion. For high-density solvent dispersive liquid–liquid microextraction,
after extraction and centrifugation, the extractant deposits under the aqueous phase,
and then it can be withdrawn using a syringe for analysis. For example, carbon tet-
rachloride (Liang et al. 2008), 1,1,2,2-tetrachloroethane (Farajzadeh and Mogaddam
2012), and the mixture of chloroform, dichloromethane, and carbon tetrachloride
(Farajzadeh and Khoshmaram 2015) have been reported for extraction of phthalates
in water samples. But high-density solvents are usually halogen-containing solvents
which are highly toxic to human health. The low toxic ionic liquid (Zhang et al.
2011) and other low-density organic solvents, such as n-hexane (Xu et al. 2007),
toluene (Psillakis and Kalogerakis 2003; Zhang and Lee 2013), and xylene (Huang
et al. 2012), have been used for extraction of phthalates in water samples. For
low-density dispersive liquid–liquid microextraction, after centrifugation, the
extractant phase will float on the surface of the aqueous phase. Figure 15.2 is the
schematic diagrams of high-density solvent dispersive liquid–liquid
microextraction.

Fig. 15.2 The high-density solvent dispersive liquid–liquid microextraction procedure. Into the
water sample, a dispersive solvent containing high-density extractant is injected. The extractant is
dispersed into the water sample quickly, and a cloud-like solution is formed. The analytes are
transferred from the water to the extractant. After centrifugation, the sedimented phase, i.e. the
extractant is withdrawn with a syringe and injected into a chromatograph for analysis
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Solidified Floating Organic Drop Microextraction

Solidified floating organic drop microextraction uses a low-density extraction sol-
vent with a melting point range of 10–30 �C. After extraction and centrifugation, the
extractant floating on the surface of the aqueous phase can be quickly solidified at a
lower temperature, and then the solidified extractant is taken out by using a metal
spoon and placed in a glass vial. After melting at room temperature, the melted
solution is used for analysis. In the recent years, the low-density solvents, such as
dodecane (Ranjbari and Hadjmohammadi 2012), 1-dodecanol (Farahani et al. 2008;
Yang et al. 2018b), and n-hexadecane (Pérez-Outeiral et al. 2016), have been used
often in the extraction of phthalates in water samples. Farahani et al. (2008) used
suspended 1-dodecanol microdrop to extract seven phthalates, including dimethyl
phthalate, diethyl phthalate, diallyl phthalate, dinbutyl phthalate, benzyl butyl
phthalate, dicyclohexyl phthalate, and di(2-ethylhexyl) phthalate from 10 ml of
tap, mineral, and river water samples by magnetic agitation in a sealed vial. After
extraction, the vial was placed in an ice beaker, and 1-dodecanol was quickly
solidified. The solidified 1-dodecanol was transferred into a conical vial and melted
immediately at room temperature. The melted solution was used for analysis. The
detection limits of the method were in the range of 0.02–0.05 μg/L, whereas the
relative standard deviations for the analysis of 5.0 μg/L of the analytes were below
7.7%. The method exhibited enrichment factors ranging from 307 to 412. Figure 15.3
is the schematic diagrams of solidified floating organic drop microextraction
procedure.

Fig. 15.3 The solidified floating organic drop microextraction procedure. Milliliters of water
sample is taken into a test tube and then into the water sample; a low-density extractant (melting
point 10–30 �C) and a dispersant are injected. After vortex mixing and centrifugation, the extractant
floating on the surface of water phase can be quickly solidified in an ice bath, and, finally, the
solidified extractant is taken out by using a metal spoon and placed in a glass vial. After melting at
room temperature, the melted solution is used for analysis
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15.2.3 Solid-Phase Extraction

Solid-phase extraction is based on the principle of liquid–solid chromatography. The
solid adsorbent is used to adsorb the target compounds or impurities in the liquid
sample. After elution of the impurities with an adequate solvent, the target com-
pounds are then eluted with a specific solvent from the solid adsorbent, and the
eluted solvent is used for analysis. This technique can be divided into online solid-
phase extraction and offline solid-phase extraction. The former connects the extrac-
tion cartridge with the chromatographic system to achieve simultaneous extraction
and analysis. Compared with the liquid–liquid extraction, solid-phase extraction has
the advantages of simple operation and solvent-saving and is conducive to the
realization of automation. However, most of the commercialized solid-phase extrac-
tion cartridges use plastic columns, which are easy to bring high phthalate back-
ground. The reproducibility of lab-made glass cartridges is poor, and also, they are
rather expensive.

According to the physicochemical characteristics of the packing material, solid-
phase extraction can roughly be divided into three modes, i.e. normal phase, reverse
phase, and ion exchange. The mode used in the extraction of phthalates in water is
usually reverse phase.

The packing materials of the reverse phase cartridges used for phthalates extrac-
tion are generally non-polar or weak polar materials, such as octadecylsilane (Sala-
zar-Beltrán et al. 2017), magnetic graphene (Ye et al. 2014), ionic liquid-mixed
hemimicelles (Li et al. 2008), poly(2,6-diphenyl-1,4-phenylene ether) (Liu et al.
2008), and molecularly imprinted polymers (Yang et al. 2016; Guo et al. 2019a).
Chao et al. (2016) used octadecylsilane glass as solid-phase extraction cartridge to
extract 16 phthalates in water samples. They used dichloromethane as eluent, and the
eluent was separated and detected by gas chromatography–mass spectrometry. The
average recovery rates of the method were 72.0–112%. Ma et al. (2009) compared
the extraction efficiencies of different cartridges, i.e. Supelclean LC-18, Supelclean
ENVI-Carb, and Cleanert ODS-SPE, for phthalates in water samples. Supelclean
LC-18 was considered superior, so it was applied to the extraction of dimethyl
phthalate, di(2-ethylhexyl) phthalate, and dioctyl phthalate in tap water samples
and then eluted with methanol, and finally, the phthalates were analyzed by high-
performance liquid chromatography. The recoveries of the method were between
83.6% and 110.2%. Cai et al. (2003) used multi-walled carbon nanotubes packed
cartridges to extract four phthalates in tap, river, and sea water samples using
acetonitrile as eluent. The eluent was separated and detected by high-performance
liquid chromatography, and the recoveries of 80.3–104.5% were obtained.

Solid-Phase Microextraction

Solid-phase microextraction, developed by Pawliszyn and coworkers (Piri-
Moghadam et al. 2016) in 1989, uses adsorbent-coated fibers (extraction head) to
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concentrate the analytes from the water samples. After the extraction procedure, the
fibers are inserted into the injection port of the gas chromatograph; the analytes are
thermo-desorbed from the fibers and then directly carried to the gas chromatographic
system by carrier gas for analysis. There are two main modes for solid-phase
microextraction, i.e. direct immersion and head-space solid-phase microextractions.
The former is mainly used for the extraction of the analytes with higher boiling
points and low volatility. The latter is mainly used for the extraction of the analytes
with higher volatility. Solid-phase microextraction has numerous advantages,
including (1) minimum or no solvent consumption, (2) small sample amount
requirement, (3) short sample preparation time, (4) simplified automation leading
to high-throughput analysis, (5) extraction and preconcentration of analytes from
solid, liquid, and gaseous sample matrices (Risticevic et al. 2009). In recent years,
solid-phase microextraction in combination with gas chromatography or gas
chromatography–mass spectrometry has been widely applied to the analysis of
numerous compounds, including phthalates. It was also introduced for direct cou-
pling with high-performance liquid chromatography and ultra-performance liquid
chromatography coupled with tandem mass spectrometry in order to analyze
involatile or thermally labile compounds which are not amenable to gas chromatog-
raphy or gas chromatography–mass spectrometry (Risticevic et al. 2009).

The main commercially available solid-phase microextraction heads include
non-polar polydimethylsiloxane, polar divinylbenzene/polyacrylate, and bipolar
diethylbenzene/carbon molecular sieve/polydimethylsiloxane. For the extraction of
phthalates in water samples, the most commonly used solid-phase microextraction
heads are polydimethylsiloxane/divinylbenzene (Cao 2008). Some new coating
materials have been reported for phthalates extraction in water, such as carbon
nanotubes (Luo et al. 2012; Song et al. 2016), polyaniline fiber (Li et al. 2006),
nano-TiO2 fiber (Banitaba et al. 2013), polypyrrole-coated Fe3O4 magnetic micro-
sphere (Meng et al. 2011), Carbowax–divinylbenzene fiber (Luks-Betlej et al. 2001),
and mag-graphene@PDA (Wang et al. 2015a).

Luks-Betlej et al. (Luks-Betlej et al. 2001) compared the solid-phase
microextraction performances of six different non-polar and polar fibers for the
extraction of seven phthalates from drinking water. They concluded that 70 μm
Carbowax–divinylbenzene fiber was especially suitable for the extraction of the
selected phthalates.

Zhang et al. (2017) applied a probe of CNWBOND Si SPME to the extraction of
16 phthalates in sea water. The probe was immersed in 10 ml sample solution with
stirring at 500 rpm for 40 min at 35 �C. After the extraction, the probe was thermally
desorbed for gas chromatography–mass spectrometric analysis. The limits of detec-
tion of the method were 0.005–0.32 μg/L, and the relative standard deviations were
0.24–8.8%. Liu et al. (2009) extracted 13 phthalates in lake water with 100 μ m
polydimethylsiloxane fibers and determined the phthalates by gas chromatography.
The limits of detection of the method were 0.02–0.83 μg/L, and the recovery rates
were 75.3–111.0%. Zhao et al. (2013) used bamboo charcoal as a fiber-coating
material for the extraction of 11 phthalates in environmental water samples and
determined by gas chromatography–mass spectrometry. The limits of detection were

15 Analytical Methods for Phthalates in Water Samples 553



0.004–0.023 μg/L, and the recoveries were 67.9–87.1%. Amanzadeh et al. (2016)
used graphene/polyvinyl chloride-coated fibers for head-space solid-phase
microextraction of four phthalates in drinking water, and the separation and detec-
tion were performed on a gas chromatograph. The limits of detection of the method
were 0.06–0.08 μg/L with the recoveries of 87–112%, and the relative standard
derivations were less than 8.3%.

Magnetic Solid-Phase Extraction

Magnetic solid-phase extraction is a kind of dispersive solid-phase extraction, in
which magnetic adsorbent materials are dispersed in an aqueous sample to adsorb
the target compounds, and then the magnetic adsorbent materials are aggregated on
one side of the glass tube by the external magnetic field to realize the separation of
the adsorbent from the aqueous sample. The target compounds on the adsorbent can
be eluted by using a proper eluent, and the eluent can be injected into the chromato-
graphic system for analysis. Magnetic solid-phase extraction is simple and time-
saving and has high extraction efficiency and low organic solvent consumption. So
far, there are few commercial magnetic adsorbents available.

In recent years, magnetic nanomaterials have been extensively used as adsorbents
for the concentration of the analytes from aqueous samples in solid-phase extraction.
There are numerous magnetic materials reported for adsorption of phthalates from
water samples, such as mag-graphene@PDA (Wang et al. 2015a), Fe3O4@SiO2-G
(Wang et al. 2013), magnetic multi-walled carbon nanotubes (Luo et al. 2012),
Py-rGOx-Fe3O4(Pinsrithong and Bunkoed, 2018), Fe3O4@PPy magnetic
nanoparticles (Zhao et al. 2016), polypyrrole-coated Fe3O4 magnetic microsphere
(Meng et al. 2011), Fe3O4@r-GO magnetic nanoparticles (Santana-Mayor et al.
2018), Fe3O4@void@C–molecularly imprinted polymers (Yang et al. 2016), and
3D N-Co@C/HCF (Wang et al. 2019c). These magnetic nanomaterials have a large
specific surface area and macroporous structure and exhibit high adsorption capacity
and selectivity to the analytes.

Figure 15.4 is the schematic diagram of magnetic solid-phase extraction
procedure.

Fig. 15.4 The magnetic solid-phase extraction procedure. The magnetic nanomaterials are dis-
persed in an aqueous sample to adsorb the analytes, and then the magnetic nanomaterials are
aggregated on one side of the glass vial by the external magnetic field to realize the separation. The
magnetic adsorbent is collected, and the target compounds on the adsorbent are eluted using a
proper solvent, and finally, the eluted solvent is used for chromatographic analysis
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Ye et al. (2014) extracted seven phthalates from water samples by using magnetic
graphene solid-phase extraction. They used ethyl acetate to desorb ultrasonically the
analytes. The eluted solution was applied to gas chromatography–mass spectrometric
analysis. The method had recovery rates of 88–110%, and the limits of detection were
0.01–0.056 μg/L, with the relative standard deviations less than 8.5%. Zhao et al.
(2016) prepared Fe3O4@PPy magnetic nanoparticles as sorbents for the
preconcentration of 16 phthalates in tap and lake water. They analyzed the phthalates
by gas chromatography coupled with tandem mass spectrometry and obtained recovery
rates of 80.4–108.2%, with the limits of detection of 0.006–0.021 μg/L, and the relative
standard deviations were less than 12.8%. Luo et al. (2012) prepared magnetic carbon
nanotubes and used it for the extraction of 16 phthalates from tap water samples. A
small amount, i.e. 0.10 mL, of magnetic carbon nanotubes suspension was added into
10 mL sample solution and vortex agitated for 3 min. Then an external magnet was
applied to gather magnetic adsorbent, and the phthalates were eluted with 1.00 mL
acetone which was collected and evaporated to dryness at 35 �C under nitrogen flow
followed by redissolving in 0.10 mL acetone for the subsequent gas chromatography–
mass spectrometric analysis. The limits of detection of the method were
0.0049–0.038 μg/L, and the recovery rates were 64.6–125.6%, with the relative
standard deviations less than 11.7% (intra-day) and 14.6% (inter-day). Wang et al.
(2015a) used magnetic graphite carbon nitride nanocomposites for the determination of
four phthalates in water samples by high-performance liquid chromatography. The
detection limits of the method were 0.05 � 0.1 μg/L, and the recoveries were in the
range of 79.4–99.4%. Wu et al. (2012) used graphene-based magnetic nanoparticles as
adsorbents for the analysis of five phthalates in water and beverage by high-
performance liquid chromatography. The detection limits of the method were
0.01–0.04 μg/L, and the enrichment factors were 1574–2880. Liu et al. (2015a) used
magnetic nanoporous carbon to adsorb phthalates in lake water and juice samples, and
the detection limits of three phthalates in water samples were 0.10 μg/L, with the
relative standard deviations of 4.2–7.0%. The magnetic zeolite imidazolate framework-
8 has been applied to the extraction of five phthalates in environmental water and
separation and detection by high-performance liquid chromatography. The detection
limits were 0.08–0.24 μg/L, and the relative standard deviations were less than 5.5%,
with the recoveries of 85.6–103.6% (Liu et al. 2015b). The magnetic molecularly
imprinted polymer nanoparticles combined with gas chromatography–tandem mass
spectrometry has been reported to detect di(2-ethylhexyl) phthalate in water samples.
The method has a detection limit of 0.02 μg/L. The recoveries were 93.3–103.2%, and
the relative standard deviations were 1.2–3.2% (Li et al. 2016).

15.3 The Separation and Detection Methods for Phthalates
in Water

The commonly used separation and detection methods for phthalates in water
samples are gas chromatography with flame ionization detection or mass spectro-
metric detection and high-performance liquid chromatography with ultraviolet
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detection or mass spectrometric detection. The mass spectrometric detection is most
favorable, because it not only has strong qualitative ability but also has very high
sensitivity, but for accurate quantification, isotope or deuterated internal standards
are needed.

15.3.1 Gas Chromatography

Gas chromatography has the characteristics of high resolution, high selectivity, and
rapidity, and there is almost no plastic parts used in the instrument, so its background
contamination can be ignored. Most phthalates are weak polar chemicals; with the
boiling point below 400 �C, it is suitable for analyzing them without derivatization.
Flame ionization detector and mass spectrometer especially tandem mass spectrom-
eter have been often used for detection of phthalates. The different brands and
specifications of capillary columns with weak or non-polarity, such as HP-5
(30 m � 0.32 mm, 0.25 μm)(Li et al. 2006), DB-17 (30 m � 0.25 mm, 0.25 μm)
(He et al. 2010), HP-1 (30 m � 0.32 mm, 1 μm) (Mousa et al. 2013), and SPB-1
(30 m � 0.25 mm, 0.25 μm) (Farajzadeh and Khoshmaram 2015), have been used
for separation of phthalates in water samples.

A head-space solid-phase microextraction has been applied to the extraction of
six phthalates from water samples, and then the target phthalates were separated on
an HP-5 capillary column (50 m � 0.32 mm, 0.52 μm) and detected by a flame
ionization detector. The method had the linear ranges of 1–100 μg/L, and the limits
of detection were 0.032–0.451 μg/L with the relative standard deviations less than
9.73% (Guo et al. 2019b). Liu et al. (2010) used an HP-5 column to separate
13 phthalates from water samples and detected by a flame ionization detector.
OV-1701 column (Jia et al. 2005) and SE-54 column (Li and Liao, 2016) have
been reported too as the separation column for the phthalates in water samples.

Compared with flame ionization detector, mass spectrometric detector not only
has high sensitivity, but also can provide rich chemical structure information of the
target analytes, so it can identify partially separated or even unseparated analytes,
based on the library of National Institute of Standards and Technology of the United
States or other databases.

Zhang et al. (2017) applied solid-phase microextraction to absorb 16 phthalates in
sea water and determined the phthalates by gas chromatography–tandem mass
spectrometry. They used DB-1MS column (30 m� 0.25 mm, 0.25 μm) as separation
column. The recovery rates of the method were 55.4–114%. The limits of detection
were 0.005–0.32 μg/L, and the relative standard deviations were 0.24–8.8%. Ye
et al. (2014) used gas chromatography–tandem mass spectrometry to determine
seven phthalates in environmental water samples. The phthalates were separated
by HP-5MS column, and selective ion monitoring was applied for quantification.
The recoveries were in the range of 88–110% with the relative standard deviations
less than 8.5%.
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The electron capture detector was reported for detection of phthalates in mineral
water, river water, and bottled water (Eskandarpour and Sereshti 2018) with similar
sensitivities to a flame ionization detector.

15.3.2 High-Performance Liquid Chromatography

High-performance liquid chromatography is selective, sensitive, accurate, and repro-
ducible, and it is particularly suitable for the analysis of difficult-to-volatile analytes,
so it has a very wide application in analysis of the organic compounds. The high
molecular weight phthalates have a boiling point higher than 300 �C, and it is
difficult to be effectively volatile under the normal inlet port temperature of a gas
chromatograph. So it is preferable to analyze them by high-performance liquid
chromatography. Even low molecular weight phthalates have satisfactory sensitiv-
ities. The benzene ring and double bond in the chemical structure of phthalates make
them be easily detected by an ultraviolet detector or a diode array detector. Of
course, a mass spectrometer is the best choice for phthalates detection. The most
often used separation columns are octadecylsilane chemically bonded silica column
(Yang et al. 2018a, b; Santana-Mayor et al. 2018) and octylsilane chemically bonded
silica column (Liang et al. 2008). The mobile phase is generally composed of
methanol–acetonitrile and water–formic acid solution.

Yang et al. (2018b) determined 15 phthalates in tap water, bottled water, and river
water by high-performance liquid chromatography after solidified floating organic
drop microextraction. The separation was performed on an octadecylsilane column
(250 � 4.6 mm, 5 μm) and detected by an ultraviolet detector. The method’s linear
ranges were 0.1–100 μg/L, and the limits of detection were 0.013–0.158 μg/L. The
recovery rates of the method were 86.8–119% with the relative standard deviations
of 3.0–13.7%. Luo et al. (2014) established a high-performance liquid chromatog-
raphy with diode array detection for the analysis of five phthalates in tap water and
bottled water. ZORBAX SB-octadecylsilane column was used for separation with
methanol–water as mobile phase. The detection wavelength was 226 nm, and the
recoveries were 87.7–100.9%. Octylsilane column was used as separation column,
and acetonitrile–water was used as mobile phase has been reported for analysis of
phthalates in water samples too (Liu et al. 2015b).

The sensitivity and qualitative ability of ultra-performance liquid chromatogra-
phy coupled with tandem mass spectrometry are much higher than those of ultravi-
olet detection-based conventional liquid chromatography and are suitable for trace
analysis of phthalates. However, the instrument is quite expensive, and the mainte-
nance cost is high as well. Santana-Mayor et al. (2018) concentrated and cleaned-up
14 phthalates from mineral water, pond water, and wastewater samples by using
magnetic-micro-dispersive solid-phase extraction technique; then the separation was
performed on an octadecylsilane column (50 mm � 2.1 mm, 1.7 μm), and finally
detected by tandem mass spectrometer; dinbutyl phthalate-d4 was used as an internal
standard. The method had recoveries varying from 70% to 120%, and the limits of
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quantification were 0.006–0.178 μg/L, with the relative standard deviations less than
20%. Fifteen phthalates in drinking water were separated on a phenyl column. The
mobile phase was methanol–water, and electrospray ionization in multiple reaction
monitoring mode was applied. The detection limits of the method were 0.7–632 ng/
L, and the recoveries were between 81.3% and 109% (Zhang et al. 2014). López-
Jiménez et al. (2005) used ultra-performance liquid chromatography coupled with
tandem mass spectrometry to detect di(2-ethylhexyl) phthalate, benzyl butyl phthal-
ate, and dinbutyl phthalate in waste water. The detection limits were 0.07–0.1 μg/L,
with the relative standard deviations of 2–5%.

15.3.3 Other Methods

Based on the principle of chromatographic separation, capillary micellar electroki-
netic chromatography can achieve efficient and rapid analysis with less solvent
consumption. Sun et al. (2014) used capillary micellar electrokinetic chromatogra-
phy to detect three phthalates in environmental water samples with the limits of
detection of 2.07–4.06 ng/mL.

Enzyme-linked immunosorbent assay has the characteristics of no sample
pretreatment, simplicity, rapidity, and high specificity. Zhou et al. (2017b) synthe-
sized the hapten 4-amino-dibutyl phthalate of dinbutyl phthalate and prepared the
polyclonal antibody against dinbutyl phthalate by immunizing New Zealand white
rabbits with the corresponding immunogen. The hapten 4-amino phthalate diethyl
ester of diethyl phthalate was synthesized, and the monoclonal antibody of diethyl
phthalate was achieved after immunizing Balb/C mice with the corresponding
immunogen. The indirect competitive enzyme-linked immunosorbent assay for
dinbutyl phthalate and diethyl phthalate was established and applied to the analysis
of dinbutyl phthalate and diethyl phthalate in water and sediment samples.

In addition, sensor detection holds the characteristics of rapid, high sensitivity,
and high selectivity, and it has also been used in phthalate analysis. Zhou et al.
(2017a) synthesized a fluorescent molecularly imprinted sensor for the determination
of dinbutyl phthalate in tap water. The recovery rate was 97.8%, and the limits of
detection were 0.04 μmol/L. Table 15.2 presents the analytical methods for
phthalates in water samples.

15.4 The Pollution Preventive Measures

Owing to the presence of phthalates in many laboratory chemicals and glassware,
high background may occur for the analysis of phthalates in real samples. To avoid
any carryover of phthalates, all laboratory glassware was washed with concentrated
hydrochloric acid and then rinsed with deionized water and acetone, finally dried in
the laboratory oven at 100 �C for 1 h (Ye et al. 2014). Some researchers used acetone
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to soak all laboratory glassware used in the experiment for at least 30 min and then
rinsed with n-hexane, and finally dried at 120 �C for at least 4 h before use. The
organic solvents used have to be treated with aluminum oxide before use (Luo et al.
2012). Furthermore, phthalates free gloves and pipette tips were employed during
the experiment (Santana-Mayor et al. 2018).

15.5 Conclusion and Perspectives

In recent years, many novel analytical methods for phthalates in water sample have
continuously emerged. In order to concentrate trace level of phthalates in water
samples, pretreatment methods, such as liquid–liquid microextraction and solid-
phase extraction and their derivative techniques, including dispersive liquid–liquid
microextraction, hollow fiber liquid-phase microextraction, solidified floating
organic drop microextraction, and magnetic solid-phase extraction, are mostly
used. The commonly used separation and detection methods are gas chromatography
with flame ionization detection, gas chromatography–tandem mass spectrometry,
high-performance liquid chromatography-ultraviolet or diode array detection, and
ultra-performance liquid chromatography–tandem mass spectrometry. Researchers
have developed numerous new adsorption materials for the concentration of trace
phthalates in water samples. Some of these adsorption materials have good speci-
ficity and higher enrichment factors. Besides, other new adsorption materials, such
as carbon nanotubes/magnetic carbon nanotubes, graphene oxide, and electrospun
nanofibers, have been increasingly obtained attention, because they are environmen-
tally friendly, non-toxic, cheap, and easily available. However, the current analytical
methods seldom cover all the possible phthalates that occur in the different water
matrices. In the future, in addition to the highly sensitive gas and liquid chromatog-
raphy coupled with high-resolution mass spectrometers, it is also necessary to
develop new analytical techniques that are rapid, sensitive, accurate, or capable of
on-line or on-site detection, such as various biosensors, micro-total analysis system,
surface-enhanced Raman scattering device, and surface plasmon resonance system.
These techniques have potential applications in phthalates analysis in water, espe-
cially in real-time or on-site analysis.
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Abstract Tannery industry is considered to be one of the most important industry
because of their economic, employment, and export potential. At the same time,
because of the discharge of untreated effluents, these are treated as primary source of
pollutants which has immense potential to pollute the soil and water. More than
200 chemicals are being used in this process, and further a mixture of complex toxic
substances, such as polychlorinated biphenyl, chromium, sulphides, nitrates, etc.,
gets discharged as waste. Chromium is considered as the most toxic to humans and
biota along with other environments. Various environmental agencies have enforced
regulations related to the discharge of these toxic chemicals in to the water bodies.
Thus, removal of toxic, such as hexavalent chromium, from the water becomes
utmost important. Less work has been reported for the removal of chromium,
sulphides, and toxic substances from tannery wastewater.

In this chapter, we have discussed (1) tanning process, which involves various
processes through which leather is produced in the tannery industry; (2) characteris-
tics of tannery waste, i.e. liquid waste, solid waste, and gaseous waste; (3) effect of
waste on the environment that includes its effect on the soil, water, plant growth, and
plant and animal health; (4) treatment technologies, that involve various treatment
techniques through which these wastes can be treated or neutralized; and further
(5) tannery waste management.

Keywords Tannery · Effluents · Environments · Untreated · Hexavalent chromium ·
Toxic substances · Waste management · Wastewater

16.1 Introduction

The basic need of one’s life is water. Every organism, including human beings,
plants, and animals, needs this essential resource for their survival. Apart from
domestic purposes, such as drinking, cooking, washing, etc., water has many other
essential usages, such as in agricultural purposes, industrial purposes, hydropower
generation, and maintenance of healthy ecosystem (Bibi et al. 2016). While due to
the continuous increase in the population, demand of water is rising at a rapid rate in
order to satisfy their needs. Water is one of the main threats that the whole world is
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facing today in terms of quality and quantity. This problem further deteriorates in the
case of developing countries, as most of them are not able to provide clean potable
water to the majority of the population, resulting in severe health ailments or even
death; approximately, 3.1% of the deaths are related to consumption of contaminated
water (Pawari and Gawande 2015). Some health impacts are immediate, whereas
some are noticed over time; these include illnesses related to the stomach and
intestines, such as vomiting, diarrhea, cramps, and many other harmful effects
(Montgomery and Elimelech 2007). The World Health Organization indicates that
nearly 80% of diseases are somewhere and somehow related to water contamination,
and a notable number of countries are not able to fulfil the standards laid by them for
drinking water (Khan et al. 2013). There are a number of reasons associated with this
issue; out of which, the most common is the enormous increase in the number of
industries in the last few decades because of their contribution in economic growth.
Rapid industrialization is associated with increase in level of environmental pollu-
tion in context of not only water but also to noise, air, and soil.

We all know that for any industrial process, water acts as a key raw material; in
any form either volume or weight, it exceeds all other liquid or solid inputs used in
manufacturing process. It also plays a key role in deciding the location of any
industrial setup (Kollar and MacAuley 1980). As observed, most of them are located
near banks of water bodies so that water is readily available. Apart from huge water
requirement for different industrial purposes, the problem further rises, as only a
small fraction of the water is converted in their required product, and only a small
amount is lost by evaporation, and the rest makes its way into water bodies in form of
waste. The waste generated from industrial units joins the municipalities which
results in pollution of natural water bodies. These industrial wastes join water bodies
either directly or emptied into municipal sewers carrying waste, which affect normal
functioning of the water body. Now, a general perception of people has changed
towards industries that only chemical industries cause pollution; apart from them, a
number of industries are there which are degrading the natural environmental
balance, and the extent of pollution varies from industry to industry. In general, no
industry is pollution free in present scenario. Some of the industries related to
cement, steel, petroleum, textile, pesticides, chemicals, transport vehicles, and
leather are hugely polluting the nature. Waste originating from different industries
can be divided into three main categories: biodegradable, nonbiodegradable, and
radioactive or poisonous waste.

Tannery industry is one of the industries that is polluting the environment and its
resources particularly water bodies (Leta et al. 2003). This ancient craft was initially
practiced for over years at the village level of developed countries, and with the
passage of time, this industry has shown a notable growth in developing countries as
well due to strict norms of the former. Now, it has acquired status of a mature
industry which plays an important role in the economy of producing country and
lead to its development, as leather is an important foreign exchange earner due to its
application in making a number of useful products (Joseph and Nithya 2009).

Tannery industry is basically associated with the manufacturing of leather and
related products; more specifically, it is the place where a process termed as tanning
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takes place. Tanning is a process in which skin and hides of animals are processed
through many stages to make leather (Dargo and Ayalew 2014). This process uses
variety of chemicals, such as sodium sulfide, lime, ammonium sulfate, vegetable
tannins, sodium chloride, chrome salts, and bactericides, and further high quantity of
water is used for its processing (Cooman et al. 2003). Conventional tanning tech-
nology is adversely affecting the environment due to large amount of chemical and
organic pollutant generation. These generated pollutants mostly present in effluent
discharge and emerge as a serious threat to the environment.

16.2 Tannery Process

Manufacturing of leather during tanning process is a complex method which is
performed into two parts: beam house operations and tanning process. Figure 16.1
shows various processes that are involved in the manufacturing of leather. In first
step, i.e. beam house operations, blood and dirt from hides of animals are removed
by washing which is followed by softening and salt removal from hides by soaking
in water (Cassano et al. 2001). Fatty acids are also removed by fleshing. In order to
provide better penetration of tanning agents and hair removal, swelling of hides is
required which is done by liming. We use alkaline medium of sulphide and lime for
chemical dissolution of the hair and epidermis. To facilitate de-hairing, sodium
sulphide is added (O’Flaherty et al. 1965). In the process of liming, a high concen-
tration of sodium sulphide, organic matter, and lime is produced which joins the
effluent. To remove hair remnants and to degrade proteins, hides are neutralized by
ammonium salts followed by treatment with enzymes. This leads to generation of
high ammonium waste in the effluent.

After these stages, hides are prepared for tanning by a process known as pickling.
Acids, mainly sulphuric acid, are added in order to adjust the pH value of hides
(Cassano et al. 2001). In order to prevent hides from swelling, salts are added. In
tanning process, reaction of collagen fibers present in hides takes place with chro-
mium, tannins, alum, or other chemical agents. There are a number of compounds
which are used as tanning agents; some of them are alum, formaldehyde, syntans,
heavy oils, and glutaraldehyde. Nearly 300 kg of chemicals are used per ton of hides
during the tanning process. Table 16.1 shows list of chemicals that are consumed for
leather processing.

On the basis of tanning agent, tanning operations are further divided in chrome
tanning and vegetable tanning. In vegetable tanning, natural organic substances are
used which are derived from plants, and it is done in series of vats (Zywicki et al.
2002). In the case of chrome tanning, chromium salts are used, and it is performed at
higher pH. Out of the total leather produced nearly 90% uses chromium salt for
tanning (Stein and Schwedt 1994). When tanning is completed, tanned leather is
piled down, wrung, and graded for required thickness and quality. Retaining, fat
liquoring, and dyeing are the additional steps which are used in chrome tanning
unlike vegetable tanning. During fat liquoring, oil gets introduced into the skin
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before the leather is dried in order to replace the natural oil that had been lost in beam
house and tan yard processes. Subsequent finishing operations are performed after
drying, such as buffing, embossing, and plating, which are done to make leather soft
and aesthetically appealing (Midha and Dey 2008). In the tanning industry

Fresh Hides

Soaking

Liming

Lime f leshing

Bating

Deliming

Pickling

Tanning

Fat liquoring

Finishing

Leather

Measure size & height

Trimming

To remove blood, salt and dirt

Removes lime & other alkalis

Swelling hides and removing hairs

Removing hair & f lesh by roller

Reduce swelling

Removes non leather protein materials

Water washing

Making pelts slippery

Treating bated pelts with salt solution

Addition of oil in leather before drying

Tanning hides in to leather using chrome salt

Tanning hides in to leather with tanning

Makes leather soft & aesthetically appealing

Fig. 16.1 Leather manufacturing process
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putrescible hides or skin is converted into leather; tanning agents provide permanent
stabilization of skin against biodegradation.

16.3 Characteristics of Waste Generated

The waste generated from tannery industries consists of a mixture of organic and
inorganic pollutants and is characterized by strong color, high biological oxygen
demand (BOD), high dissolved salts, and high pH. Tanning agents are responsible
for processing of hides into leather; during this process, effluent having turbidity,
color, and foul smell generates (Dargo and Ayalew 2014), (Buljan and Kral 2011).
Studies associated with tannery industries found that chlorinated phenols and chro-
mium were found as a part of tannery effluents (Reemtsma and Jekel 1997).
Chromium is an inorganic pollutant and found in oxidation state, having trivalent
and hexavalent as most common form (Kotaś and Stasicka 2000). On the other hand,
chlorinated phenols are organic pollutants associated with this industry and are
proved to be toxic for cellular compounds of animals which may come under
influence of this compound (Pasco et al. 2001).

Other notable concerned pollutants include cadmium compounds, azo dyes,
copper, cobalt, antimony, lead, pesticide residues, barium, selenium, zinc, arsenic,

Table 16.1 Various chemicals consumed in leather processing (Murad et al. 2018)

Name of Chemical In kg/ton of Hides or Skin Process

Soaking aids 1.0–2.5

Preservatives 2.5–5.0

Lime 80–200

Sodium sulphide 20–30

Sodium chloride 80–100

Ammonium salts 10–15

Sulphuric acid 12–20

Sodium formate 5–12.5

Basic chromium sulphate 60–120

A1uminium (A12O3) 1–20

Zirconium (ZrO2) 0–15

Vegetable tanning 10–220

Synthetic tanning a 20–60

Fatliquores 25–100

Dyes 2.5–20

Binders 20–45

Pigments 10–25

Top coats 20–45

Wax emulsions 2.5–5.0

Feel modifier 1.0–2.0
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polychlorinated biphenyls, mercury, nickel, and formaldehyde resins (Mwinyihija
2010). Effluents are ranked top as the highest pollutants among the entire industrial
wastewater tannery process (Shen 1995). Table 16.2 shows various wastes that arise
because of tanning process.

Different wastes generated during tannery can be classified as:

16.3.1 Liquid Waste

Tanneries are one of the major water-consuming industries, and a large portion of
water goes into waste. Approximately, 30–40 litres of water are required for the
processing of 1 kg of raw hide into finished leather that is the reason why most of the
tanneries are located near river banks. A study reveals that in India alone 1,75,000
cubic metre per day of liquid waste is generated by 3000 large, medium, and small
scale tanneries (Kaul et al. 2005). Characteristics of liquid waste generated not only
vary from tannery to tannery but also vary from time to time. Water generated from
beam house after soaking, liming, and deliming is highly alkaline in nature and
contains lime, hair, decomposed organic matter, organic nitrogen with high BOD,
sulphide, and chemical oxygen demand (COD). Due to presence of organic matter in

Table 16.2 Types of pollutants released at various leather processing

Leather
Process Liquid Pollutants Solid Pollutants

Gaseous
Pollutants

Fresh hides

Socking Salt, BOD, COD, DS, and organic
nitrogen

Liming/
unhairing

Hair, lime, and organic
sludge

H2S

Lime
fleshing

BOD, COD, TDS, SS, alkanity, and
sulphides

Fat containing lime

Lime
splitting

Lime split and organic
matter

Bating/
deliming

BOD, COD, TDS, and ammonia N NH3

Tanning Acidity, vegetable tans, and syntans

Chrome
splitting

Organic matter
containing Cr

Shaving Chrome containing
organic matter

Retaining BOD, COD, DS, SS, fats, dyes, vegeta-
ble tans, and syntans

Bating/
trimming

Formaldehyde and
chrome trimming

Leather
product

All other finished agents, solvents, and
formaldehyde

CH2O and
solvents

16 Environmental Impact and Treatment of Tannery Waste 583



waste, reduction in dissolved oxygen takes place by microbial decomposition which
adversely affects the life of aquatic animals (Balasubramanian and Pugalenthi 2000),
(Song et al. 2000), (Mwinyihija et al. 2006).

Tanyard process viz. pickling, chrome tanning, leads to generation of acidic and
colored wastes. During vegetable tanning, waste consists of organic matter, whereas
high amounts of chromium are formed as waste in case of chrome tanning.

16.3.2 Solid Waste

As per European Commission, the amount of solid waste produced depends on
different type of factors, such as type of leather produced, technique applied, and
source of hides and skins (Basegio et al. 2002). Waste in solid form generated in
tannery can be divided into following forms:

– Non-proteinous waste.
– Non-collagenous protein waste.
– Tanned collagen.
– Untanned collagen.

On average, only 20% weight of hide is transformed into leather, and the
remaining goes as waste. Only 200 kg out of 1 ton of hides gets converted into
finished leather, whereas the remaining gets discharged as waste in form of waste
that contains blood, manure, protein, greases, and fat (Cooray 1999). A part of solid
waste or byproducts fixed consumers in the gelatin, textile, glue, and artificial leather
industry. Approximately, 35% of the original protein material comes out as effluent
tannery sludge, flashings, showings, and brimming. Only a small fraction of solid
waste produced in different tannery steps is utilized due to insufficient market
(Cheda et al. 1984).

16.3.3 Gaseous Waste

Tanneries are well known to discharge dust, odorous gases, and smoke into the
atmosphere (Shastri 1977). Nitrogen and sulfur are the main source of foul smell in
the tannery industries. Decay of hides of animals starts immediately after its removal
from animal body before its proper curing (Kiernan 1985). Hides which have given
delayed curing may not smell bad in salted condition, but curing salt is removed
during soaking, and it increases chances of protein putrefaction and possibility of
bacterial growth (Mckinney 1969).

Chrome tanning or mineral tanning has an advantage of having no foul smell
generation unlike vegetable tanning which suffers from bad smell as tanning agent
comes from variety of plants and found in bark, twigs, nuts, and leaves which have
their own peculiar smell.
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16.4 Effect of Waste on Environment

Pollution due to tannery industries causes horrible ecological crisis to which we are
subjected in the modern time. Due to improper management practices, tannery
industry is polluting the environment day by day, and further condition becomes
worsen as nearly 95% of tannery industries are built in unplanned way throughout
the world (Kaul et al. 2005). Wastes generated from tanneries are the primary
pollutant to the environment and has potential to pollute both soil and water because
of its properties, such as discoloration, toxic chemical constituents, and high oxygen
demand (Song et al. 2000).

Most of the tanneries throughout the world use chromium salts for tanning
purpose in order to provide better leather water resistance, flexibility, and high
shrinkage temperature, but chromium salts are not fixed completely by hides, and
the remaining nearly 70% joins the spent tanning liquor (Cassano et al. 2007). High
amount of chromium has mutagenic, carcinogenic, and teratogenic effects on ani-
mals, humans, and many plants along with bacteria inhabiting aquatic environments
(Naik et al. 2007). This may lead to effects, such as headache; dizziness; irritation to
skin, eyes, and lungs; poisoning of kidney, liver, or nervous system; or collapse due
to insufficient oxygen (Lippmann 2000).

Chromium pollution is increasing in the world due to the increase in tannery
industries and can be notably observed in countries, such as India, Pakistan,
South Africa, Latin America, Burkina Faso, Ethiopia, and Sudan, where a large
number of tannery industries are operating, and all of them are releasing waste
containing toxic chromium and phenolics (Felsner and Kiruthu 1996). More specif-
ically, adverse effect of tannery effluents can be studied in the following:

16.4.1 Soil Profiles

We all know the importance of soil in our ecosystem, as it is crucial for plant and
animal life due to its vitality as a growth substrate for their development and
continual growth. But this crucial resource of life is adversely affected by the
presence organic and inorganic contaminants that are produced during tannery
operation and discharge with effluent waste. The area of soil adjacent to tanneries
are adversely affected by pollutants and lead to heavy metal contamination in the
agricultural soil notably shown in areas of Kanpur, Jajmau in India. Continuous
application of sludge for irrigation causes accumulation of heavy metals in soil, such
as cadmium, zinc, lead, chromium, manganese, and many more, and it will lead to
the release of heavy metal into groundwater or soil solution available for plant intake
due to reduction in soil capacity to retain heavy metal. Soil contamination with
heavy metal or micronutrients in phytotoxic concentrations affects adversely both
human health as well as plants (Avudainayagam et al. 2003). As the land is irrigated
with the wastewater rich in chromium sulphate, it leads to the increase in the amount
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of harmful chromium in the soil (Babyshakila and Usha 2009). At high level,
chromium is mutagenic, noxious, carcinogenic, and teratogenic in nature and sub-
sists as an extremely poisonous anion. Apart from chromium, chlorides and nitrates
also released as the end product, when sodium chloride is used as a raw material
(Mondal et al. 2005) in the tanning process. Increase in pH of the soil results due to
alkalization caused by presence of sodium carbonate, sodium bicarbonate, sodium
chloride, and calcium chloride produced during the tanning process (Tadesse and
Guya 2017).

16.4.2 Water Profile

Effluents produced during tannery operations release color and diminish the quality
of the water that is why they are of a large scale environmental concern (Pepper et al.
1996). Waste produced during the tannery process is consists of biodegradable
organic matter, such as carbohydrates and proteins, which is responsible for the
depletion of dissolved oxygen level of the water body, resulting from microbial
decomposition of organic matter (Mwinyihija et al. 2006).

Due to reduction in oxygen level, anaerobic activity starts in the water system,
and it will lead to the release of toxic gases into the water body which is harmful for
the survival of aquatic species (Mwinyihija et al. 2006), (Barman and Lal 1994).
Fishes and other aquatic animals are badly affected by the presence of sulphide
released during the tannery process.

16.4.3 Vegetable and Plant Growth

Crop growth and yield gets highly affected when water from the tannery is used as
source of irrigation (Camplin 2001). Further, it leads to the accumulation of different
heavy toxic metals through the food chain at different tropical levels. Wastewater
generated from tanneries, if used for irrigating crop, causes phytotoxicity in plants
and results in salinity stress in plants. It affects various metabolic activities that lead
to reduction of vegetative growth and also reproductive growth loss of plants in long
term. Apart from this, it affects activities, such as photosynthesis, respiration, mitotic
activities, and shortened germ sprouting and also leads to the increase in number of
reactive oxygen species in the system (Camplin 2001). Accumulation of heavy
metals depends upon number of factors, such as plant species, pH, redox, cation
exchange capacity, dissolved oxygen, secretion of roots, temperature, and its bio-
availability and element present in waste.

Studies suggest that all the parameters responsible for vegetative growth and
biomass are reduced in sunflower due to the increase in effluent discharge from
tanneries, and this adversely affects sunflower’s root and shoot development (Rusan
et al. 2007). Similarly, another study had also shown the same adverse growth effect

586 N. Patel et al.



of tannery wastewater on other crops, such as wheat plant, soybeans, and maize
(Kılıçel and Dağ 2006, Hewitt and Keller 2003, Nath 2009). Due to high level of
salts in tannery waste, such as chlorides and sulphates, the average growth of crop
and development of maize were reduced (Hewitt and Keller 1999). Due to the excess
amount of dissolved solids, chromium, sulphides, chlorides, high COD, and BOD in
the effluents make it unsuitable for crop growth (Mishra and Bera 1995), and lower
dilution of effluents inhibits seed germination and seeding growth (Khan and Ghouri
2011). More than 80% concentrations of effluent are harmful for both reproductive
and vegetative stages of plants.

16.4.4 Atmospheric System

Air plays an important role in the life of everyone, as it is required for respiration,
and no one can live without air. But disappointingly, the whole world is under the
influence of air pollution, and the condition further deteriorates in developing
countries. One or more hazardous substances are generally present in the polluted
air which imparts problem to its belongings. Polluted air contains particulate matters,
polycyclic aromatic hydrocarbons (PAHs), ground-level ozone, carbon monoxide,
heavy metals, benzene, sulphur dioxide, nitrogen dioxide, ammonia, hydrogen
sulphide which are readily present in the waste, originating from tannery industries
during liming, deliming, unhearing, and bating processes and mix with the air and
cause air problems (Classification of wastes 2009). Chromium is another harmful
ingredient which is being released in the atmosphere. 60–70% of chromium in the
atmosphere is mainly because of anthropogenic activities. Retention of chromium in
the lungs leads to high health risks because of its carcinogenic nature. Till now,
industries remains as major source of environmental pollution.

16.4.5 Human and Animal Health

Microorganisms are generally sensitive to chromium (VI) toxicity; tannery worker’s
exposure to chromium for a period of five months to fourteen years represents a
relevant risk factor for the development of disease associated with the genetic
damage. Initial exposure to toxic effluents, such as chromium, lead, zinc, hydrogen
sulphide, formaldehyde, and cadmium, leads to headache, dizziness, damage in skin
or lungs, irritation of eyes as temporary symptoms. Further exposure leads to
poisoning of the liver and collapse of the kidney or nervous system due to limited
availability of oxygen and in long term leads to illness, such as ulcers, occupational
asthma, genetic defects, bronchitis, and dermatitis, in human as well as animal health
(Tare et al. 2003).
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16.5 Tannery Waste Treatment Technologies

Generally, various physico-chemical and biological methods or combination of both
are used for treatment of tannery waste effluent. Tannery waste can be treated by
various methods. In general practice, individual tannery applies only to
pre-treatment or a part pre-treatment, and sometimes there is no treatment, and
they simply send the effluent to a centralist treatment plant, but a treatment is
necessary due to toxicity of the effluent at each and every level (Midha and Dey
2008). Generally, for treatment of tannery effluent, physical and chemical methods
are generally employed, but they often are unable to remove the contaminants, and
they are found to be costly in comparison to biological methods. That is why
biological methods are more favorable and cost-effective for treatment of tannery
effluents. A group of organisms work together in the presence or absence of oxygen
to carry out decomposition of pollutants, as they utilize them as a source of energy or
nutrients (Buljan and Kral 2011). Many research works have reported that tannery
effluent can be treated by using activated sludge process (Ahmad 2002, Srivastava
and Thakur 2006). By using activated sludge process, BOD5 removal of tannery
effluent can be attained to 90–97% as suggested by these studies, which indicate that
this process of treatment is highly efficient. We have already discussed the necessity
of removal of chromium and other heavy metals from industrial waste effluent not
only due to its toxicity to human beings but also its adverse effect on soil fertility. For
carrying out removal of heavy metals, a number of physico-chemical methods have
been employed, such as precipitation by hydrolysis, use of ion-exchange resins,
carbonates and sulphides, membrane separation, adsorption on activated carbon, and
bioremediation, despite that effluents emerging out of leather industries (Spiegel
et al. 2012).

In recent times, low-cost industrial proven advanced methods have been applied
which includes hair-save liming, salt-free preserved raw hides and skins, advanced
chrome management system, ammonia free or low ammonia bating, deliming
methods and many more. By using above mentioned methods, it is possible to
reduce pollution load significantly as BOD5 and COD by more than 30%, ammonia
nitrogen by 80%, sulphides by 80–90%, total kjeldahl nitrogen (TKN) by 50%,
sulphates by 65%, chlorides by 70%, and chromium by up to 90%.

Generally, in the following different phases, treatment of tannery effluents takes
place:

16.5.1 Preliminary Treatment

It is often used in developing countries where common effluent treatment plants is
used for examining the tannery clusters and for removal of not only sand/grit, grease,
and large particles but also helps in the reduction of sulphides and chromium before
the effluent gets discharged into the collection tank.
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16.5.2 Primary Treatment

Primary treatment is associated with physico-chemical processes where sedimenta-
tion and skimming are used for the removal of settleable organic and inorganic
solids. Moreover, the extra advantage of this method includes satisfaction of
25–50% of BOD5, 65% of oil and grease, and 50–70% of total suspended solids
(TSS). The sludge generated from primary sedimentation is known as primary
effluent or sludge.

16.5.3 Secondary Treatment

Secondary treatment is related with the biological treatment of the waste, which is
carried out in the presence or absence of oxygen by aerobic and anaerobic microor-
ganisms, respectively, or in some cases by facultative microorganisms.

16.5.4 Tertiary Treatment

Tertiary method is employed for the removal of waste constituents that cannot be
removed by using primary and secondary treatment methods. This method gets
associated with the advanced treatment methods for reduction of residual COD.

Choice of treatment method depends upon a number of factors, such as location
of plant in respect to neighboring use of land; if a number of tanneries exist together
then cooperative treatment will prove to be more economical as compared with the
individual tannery waste treatment. It also depends on the final tannery and discharge
standard specified by the law (Dixit et al. 2015).

16.6 Tannery Waste Management Process

After discussing all the harmful impact of tannery industry on the environment, it is
the need at present hour to work together in order to find a suitable solution that will
help to satisfy our needs of leather and causing minimal/zero effect on the environ-
ment. For this, we have to adopt following waste management practices.
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16.6.1 Waste Management

Fundamental control practices have to be adopted in order to reduce the harmful
impact of tannery industry; the general waste management hierarchy must include
prevention and reduction of waste, recycle and reuse along with treatment, and
disposal of waste (Tare et al. 2003).

16.6.2 Cleaner Technology for Leather Manufacturing

It will reduce the cost of environmental compliance due to reduction in effluent
loadings and saving in chemical cost used in manufacture of leather. The need to
adopt cleaner technology emerges environmental imperatives, such as reduction in
treatment cost, need to meet specific discharge needs, and to provide occupational
safety and health standards (Germann 1999). It is good to see that now a days every
tannery industry has developed some wastewater management systems and use
several on site cleaning equipments (Mizan et al. 2016).

16.6.3 Management and Disposal of Sludge

The main purpose of sludge management or disposal is not only limited to reduction
of material by the weight or volume that has to be transported but also to attain the
dry matter content. Sludge coming from primary clarification, secondary clarifica-
tion, and tertiary clarification is transferred to the sludge thickener by the help of a
pumping system. After that, water is removed by sludge drying beds, or in some
cases, mechanical dewatering is done by centrifuge. And finally, solid is obtained
which can be processed more easily (Dixit et al. 2015).

16.6.4 Utilization of Sludge

Sludge generated from tanneries consists of greater heavy metal content, and greater
inorganic matter content especially compound content of chromium and sulfur. A
number of methods for disposal or utilization of safe tannery sludge have been
proposed, practiced, tested, and applied at industrial scale that consists of vitrifica-
tion, land filling, composting, stabilization, and anaerobic digestion. But none of the
abovementioned methods have been founded to be satisfactory enough, and no
effective universal solution has been provided for sludge utilization, till now. So,
detailed investigation has to be done in order to provide a solution for sludge
utilization.
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16.6.5 Some Developed Techniques for Treatment of Tannery
Effluents

In recent time, some techniques have been proposed for effective treatment of
tannery effluent. Some of them are as follows:

• Application of low-cost absorbent for mitigation of pollution caused by tannery
effluents in water (Mottalib et al. 2014).

• Treatment of tannery effluents must be simple and effective (Alvarez et al. 2004).
• Characterization of tannery effluents (beam house) and study of chromium

recovery by water hyacinth (Panov et al. 2003).
• Exhausted chrome tanning solution regeneration method (Usha et al. 2017).
• Application of gamma radiation for treatment of wastewater from leather industry

(Fettig et al. 2017).
• Use of membrane bioreactor for treatment of wastewater from leather industry

(Yusuf 2018).
• Nonconventional application of basic chromium sulphate for wet blue production

(Muralidhara et al. 1982).

16.6.6 Tannery Byproduct

Apart from principal product, if we are able to produce some product which has
utility to us, it is known as byproduct. In case of tannery some solid waste are
produced during processing of skins, as well as in trimming and fleshing process are
termed as tannery byproducts.

16.7 Conclusion

Tannery operation is growing rapidly due to its application in the leather manufactur-
ing which acts as a source of foreign exchange. But at the same time, it is imparting a
huge burden on environmental agencies to treat them due to its potential to pollute
the environment and its belongings. Complex characteristics, such as COD, BOD,
chromium, sulphide, suspended matters, and heavy metals, are the main reasons
because of which there is difficulty in treating waste associated with tanneries. A
series of different methods have been used worldwide, but only few of them have
given fruitful results. Efficiency of these methods can be improved by using them in
combination of one another, as compared with the application of individual method.

To stop tannery operation for the sake of our environment is not the solution. As it
is possible to reduce the pollution potential of the waste effluent below a level so that
it can’t create a disastrous situation for its inhabitants and provide a safe
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environment. So active work has to be done by the government agencies to strict the
norms and regulations on the permissible level of effluent discharge into the envi-
ronment. Furthermore, systematic approaches have to be made in order to not only
reduce the pollutant but also to recover useful things from it which leads to
sustainable development.
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Abstract Dyes and pigments are complex organic molecules that are widely uti-
lized in different industries leading to effluent discharge, thus polluting water and
disturbing the aquatic life. A wide range of physicochemical and biological methods
have been introduced for the dye remediation. Constant research developments over
the last decade resulted in the evolution of traditional physiochemical methods into
advanced oxidation processes. Likewise, biological treatments have also advanced
from using microorganisms to biocatalysts and integrated biochemical approaches
for dye remediation.
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We reviewed a large number of research articles to provide a connoisseur
scientific insight based on the existing methodologies and recent advancements in
the treatment of dye-contaminated wastewaters. All physical, chemical, and biolog-
ical methods show the capability to remove selective dyes; however, the mecha-
nisms, conditions, and limitations of each procedure are different. The use of
adsorbents, nanofiltration, coagulation-flocculation, and ion-exchange methods
have gained popularity because of feasible operational measures, flexibility, low
cost, and harmless end products. Chemical, photocatalytic, and electrochemical
processes are considered equally useful but involve sludge production, causing a
secondary pollution problem. Biological methods, on the other hand, utilize micro-
organisms or biocatalysts for dye remediation and provide cost-competitive and
eco-friendly alternatives to other methods. Current research is focused on improving
the specificity, robustness, and scalability of individual practices as well as designing
the novel approaches based on integrated and emerging techniques.

Keywords Wastewater treatment · Pollution control · Dyes and pigments ·
Remediation · Dye degradation · Dye decolorization · Adsorption · Chemical
oxidation · Biosorption · Environment

17.1 Introduction

The intensive industrialization and rampant modern textile production facilities
coupled with inadequate wastewater treatment have enhanced the discharge of
poisonous, baleful, and carcinogenic pollutants, which include dyes and pigments
into the environment. Pigments are generally insoluble substances with no chemical
affinity to the substrate to be colored; however, dyes being soluble or partially
soluble compounds interact with the leather or fiber to impart color. The classifica-
tion of various dyes is given in Fig. 17.1.

Recently, the risks of dye pollution have reached an all-time high in a multitude of
industries, especially in the textile industry. With the annual production of over
700,000 tons, industrial consumption of 10,000 types of dyes and pigments, approx-
imately, releases about 20% as effluent at some point in textile dyeing processes
(Almeida and Corso 2019; Ogugbue and Sawidis 2011). Figure 17.2 shows struc-
tures of some prominent dyes.

Adulterated water affects human health and aquatic life severely on direct contact
with the water bodies or hydrosphere through different mutagenic and carcinogenic
effects. Toxic chemicals present in dyes and pigments show lethal effects by
damaging the reproductive system, liver, brain, and renal failure (Baskaralingam
et al. 2006).

The development of novel treatments for dyes and pigments before discharging to
safeguard our ecosystem and natural resources is crucial. Biological degradation,
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physical separation, or chemical processes can be used for the dye removal from
wastewater by employing widely used techniques such as membrane filtration,
coagulation-flocculation, adsorption, oxidation, biological, and electrochemical
treatment (Jebapriya and Gnanadoss 2013).

The implementation of a single or combination of techniques for the removal or
degradation of dyes and pigments depends on the composition of wastewater, nature
of dyes, and other impurities. Among anionic, non-ionic, and cationic dyes with
various chromophoric and auxochromic groups, water-soluble anionic dyes are hard
to remove using conventional methods. Similarly, biological treatments are insuffi-
cient to remove acidic dyes altogether. The disperse nonionic dyes do not ionize in
an aqueous solution and pose resistance to the degradation owing to fused aromatic
ring structure. However, advanced oxidation and adsorption processes can easily
remove a few cationic dyes such as methyl blue (Robinson et al. 2001). The chapter

Fig. 17.1 Major classes and subclasses of dyes with the extended list of azo dyes and constituting
chemical compounds. (Modified after Ajmal et al. (2014))
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presents reports on physical, chemical, and biological techniques for dye degrada-
tion from wastewater published in the recent decade with merits and demerits of each
technique (Kumar et al. 2012) (Table 17.1).

Fig. 17.2 Structures of some prominent organic dyes
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17.2 Physical Methods

Alongside other methods being adapted for degradation or decolorization of dyes
from wastewater, significant contributions come from physical methods (Yagub
et al. 2014). Based on the reported literature, various physical methods, i.e., adsorp-
tion (Gök et al. 2010), coagulation-flocculation (Szyguła et al. 2009), ion exchange
(Bayramoglu et al. 2009), and nanofiltration (Gönder et al. 2011), are discussed.
Physical methods find most of the worth in the industry and are widely used because
of higher effectiveness in dye removal and low operating cost. The most viable
physical methods being used are adsorption, ion exchange, and nanofiltration to treat
different dye-contaminated industrial effluents (Monika 2012). Among the methods
mentioned above, literature reports disclosed that adsorption stands tall due to
feasible operational measures, simplicity of design, flexibility, low cost, insensitivity
to toxic pollutants, and no harmful products (Gupta 2009). Adsorption carries dual

Table 17.1 Physical, chemical, and biological methods of dye removal with advantages and
disadvantages

Treatment Method Advantages Disadvantages

Physical Adsorption Effective for a vast range of
dyes
Waste treatment and waste
management

Costly adsorbents and
nonselectivity to adsorbents

Ion exchange Regeneration and produces
high-quality water

Not applicable for all the dyes

Nanofiltration Effective removal of mineral
salts and all types of dyes

Costly, energy-consuming, and
shorter life span. High pressure is
needed

Coagulation-
flocculation

Cheap and effective for
removing insoluble dyes

Enormous sludge production and
pH-dependent

Chemical Advanced
oxidation
process

Facile method and easy to
apply

H2O agent needs activation by
some means

Photo Fenton Highly effective and selec-
tive for soluble and insoluble
dyes

Sludge production

Ozonation Effective for color removal
and dealing in a gaseous state

High cost and non-sensitivity to
chemical oxygen demand values

Photocatalytic No sludge Not specific in action
Produces many by-products

Biological From bacte-
rial strains

Eco-friendly and 90% effi-
ciency for the oxidizable
matter

Less biodegradability of dye with
no reduction in salt concentration

From algal
strains

Eco-friendly and special
binding affinity for certain
dyes

Not effective for all dyes

From fungal
strains

Eco-friendly and degrade
dyes by releasing enzymes

No release of enzymes in certain
cases
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benefits, i.e., waste treatment and waste management, thus, killing two birds with
one stone (Rafatullah et al. 2010; Salleh et al. 2011).

Besides adsorption, the ion-exchange method is also reported in different studies
but carries a significant drawback of limited efficiency in the removal of dyes from
textile effluents. Moreover, recent studies have also used different anion-exchange
resins (Greluk and Hubicki 2011), ion-exchange membrane adsorbers (Labanda
et al. 2009), and organic hybrid anion-exchange resins (Chiu et al. 2009). Membrane
processes such as nanofiltration possess a major drawback of shorter life span with
periodic replacement and less favorability for scalable usage against dyes and
pigments (Ejder-Korucu et al. 2015).

17.2.1 Adsorption

The adsorption being a surface phenomenon is the accumulation of material at the
interface of liquid-solid or gas-solid phases, thus providing adsorbate (accumulated
at the interface) and adsorbent (solid surface carrying adsorption). Chemical sorption
is based on strong chemical interaction between adsorbate and the adsorbent surface,
and physical sorption results from weak van der Waals interaction between adsor-
bent and adsorbate (Yagub et al. 2014). With time, equilibrium is established
between solute (from bulk material) and solution or adsorbent. The following
equation is used to measure the adsorption at the equilibrium stage:

qe ¼
V C0 � Ceð Þ

M
ð17:1Þ

where V represents mixture volume in liters, M is adsorbent’s mass in grams, and Co

denotes initial and Ce equilibrium concentrations of the adsorbate. Adsorption pro-
vides an attractive solution to wastewater treatment provided that the chosen adsor-
bent must be inexpensive and readily available (Rafatullah et al. 2010). The
efficiency of adsorption depends upon the usefulness of different adsorbents, adsor-
bate to adsorbent ratio, adsorbate-adsorbent interaction, adsorbent particle size,
adsorbent surface area, contact time, pH, and temperature (Gupta et al. 2013; Toor
and Jin 2012).

Adsorption Isotherms

The adsorption isotherm models represent the amount of solute being absorbed at a
constant temperature, per unit weight of adsorbent as a function of equilibrium
concentration. Langmuir adsorption isotherm and Freundlich adsorption isotherm
are generally used to present absorption data. The equation is given as follows:
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Ce

qe
¼ 1

bXm
þ Ce

Xm
ð17:2Þ

where Ce and qe and Xm refer to the solute’s equilibrium concentration (mmol//L),
the quantity of solute adsorbed by per unit weight of adsorbent (mmol/g of adsor-
bent), and adsorption capacity (mmol/g), respectively.

Whereas Freundlich adsorption isotherm explains heterogeneous surface adsorp-
tion and is formulated as

logqe ¼ log kþ 1
nlogCe

ð17:3Þ

where k (mmol g�1) and 1/n are the constants (Mittal et al. 2009; Nandi et al. 2009;
Yagub et al. 2014).

Types of Adsorbents

There are three types of adsorbent, respectively:

1. Agricultural waste material as adsorbent
2. Industrial waste material as adsorbent
3. Naturally occurring adsorbents

Agricultural Waste Material as Adsorbent

The adsorption process not only treats wastewater but also manages the waste
material at a time (Yagub et al. 2014). To get rid of all types of coloring reagents,
including dyes and pigments from wastewater, different agricultural waste materials
are applied as adsorbents. In all types of adsorbents involving agricultural waste
materials, the process of adsorption mainly involves physical forces with a few
exceptions of chemisorption (Fig. 17.3) (Yagub et al. 2014; Demirbas 2009).

Methylene blue (1) and malachite green (2) were removed using Annona
squamosa seeds with a removal efficiency of over 24.33 and 75.66% for 1 and 2,
respectively, at 27� 2 �C and an optimum pH of 6.0. The equilibrium data followed
Langmuir adsorption isotherm and pseudo-second-order kinetics with qmax values of
1 and 2 on A. squamosa seeds as 25.91 and 8.52 mg g�1, respectively (Santhi et al.
2016). Several reports suggest the preparation of activated carbon from agriculture
residues following physical and chemical treatments as shown in Fig. 17.4.

Similarly, Annona squamosa shell was applied to prepare activated carbon which
removed methyl red (3) from wastewater successfully using the batch method by
optimizing influencing parameters. The isotherm modeling of the adsorption data
versus concentration range (80–130 mg L�1) at 303, 313, and 323 K was performed
using nonlinear regression analysis suited well with Langmuir adsorption isotherm.
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Kinetic modeling confirmed pseudo-first-order and pseudo-second-order rate
expressions suggesting activated carbon made from Annona squamosa shell a strong
adsorbent for decolorization of other industrial effluents as well (Khan and Khan
2018). Likewise, adsorbent prepared from Annona squamosa shell adsorbed Orange
II (19) from aqueous solution using a batch process at optimum contact time and
pH. Results from all evaluated concentrations from 5 to 40 mg L�1 followed the
pseudo-second-order kinetics. Both Langmuir and Freundlich adsorption isotherms
confirmed utilization of Annona squamosa seeds as an economic adsorbent for dye
remediation from effluents (Sonawane and Shrivastava 2011).

Another adsorbent, chemically modified barley straw obtained by treating barley
straw with NaOH and a cationic surfactant hexadecyl pyridinium chloride
monohydrate, removed anionic dyes such as Acid Blue 40 (15) and Reactive Blue
4 (20) with qmax determined from the Langmuir adsorption isotherm at 250 �C of

Fig. 17.3 Dye adsorption mechanism by agriculture waste products. Adsorption may take place
naturally, or otherwise waste products are modified to allow physical and chemical adsorption of
dyes. (Modified after Rangabhashiyam et al. (2013))

Fig. 17.4 Process flow diagram of activated carbon preparation from agriculture residue. Agricul-
tural waste products are turned into char by physical pretreatments and pyrolysis, followed by
chemical activation, washing, and drying. (Modified after Demirbas (2009))
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51.95 and 31.5 mg g�1, respectively. Experimental work revealed the pseudo-
second-order reaction proving the fitness of adsorbent for dye-containing wastewa-
ter. In a similar study, surfactant modified barley straw adsorbed 15
(1.02 � 10�4 mol g�1) more effectively than Reactive Black 5 (10)
(~2.54 � 10�5 mol g�1) (Ibrahim et al. 2010; Oei et al. 2009). Peel of breadnut,
Artocarpus camansi adsorbed 1 with qmax values of 409 mg g�1 according to
Langmuir adsorption isotherm under pH 4.8. Rapid kinetics of 1 with a pseudo-
second-order kinetics model suggested provided an alternative biosorbent to obstruct
dyes from wastewater (Lim et al. 2017; Lim et al. 2016).

In the same way, coconut husk and activated carbon adsorbed cyanosine from the
aqueous solutions following Langmuir adsorption isotherm and Freundlich adsorp-
tion isotherm models with first-order kinetics. Batch studies advocated 86 and 98%
dye adsorption by coconut husk and activated carbon with a decrease in chemical
oxygen demand from 1650 to 215 mg L�1 after adsorption by coconut husk, proving
an environmentally benign and low-cost adsorbent (Gupta et al. 2010). Cucumis
sativus fruit peel adsorbed Acid Red 1 dye from textile wastewater with qmax value of
18.76 mg g�1 following Langmuir adsorption isotherm and Dubinin-Radushkevitch
isotherm models thus showcasing Cucumis sativus fruit peel as an effective and
cheap adsorbent for industrial wastewater treatment (Khanna and Rattan 2017).
Moreover, Cucumis sativus fruit peel also adsorbed 1 from wastewater showing
pseudo-second-order kinetics while spontaneity and exothermicity were evident
from negative values of ΔS� and ΔH� (Shakoor and Nasar 2017).

Agricultural solid waste activated by sulfuric acid was employed to remove
crystal violet (7) and Rhodamine B (9) from aqueous solution. Langmuir adsorption
isotherm provided the best relativity for isotherm data to adsorb 7 and 9 onto the
activated solid waste (Smitha et al. 2017). The applicability of Cucumis sativus fruit
peel waste as a cheap biosorbent was evaluated by optimizing various reaction
parameters. The comprehensive isotherm analysis showed that the crystal violet-
Cucumis sativus fruit peel system correlated with Langmuir adsorption isotherm
model having qmax of 149.25 mg g�1. The kinetic and thermodynamic results
showed pseudo-second-order and endothermic nature, respectively (Shakoor and
Nasar 2019).

Adsorption of Acid Black 25 onto cempedak durian peel followed Langmuir
adsorption isotherm model with qmax of 0.064 mmol g�1 at 60 �C. The pseudo-
second-order kinetics was obeyed, and thermodynamics process was endothermic
(Dahri et al. 2016). Durian rind powder, an agricultural waste material, also adsorbed
1 (95.91%) and brilliant green (87.46%) dyes effectively, and data correlated to
Langmuir adsorption isotherm model well (Nuithitikul et al. 2010; Anisuzzaman
et al. 2015).

Similarly, activated carbon produced from durian seeds effectively removed
remazol brilliant blue reactive dye from water in the batch process. Adsorption
data correlated to the Freundlich adsorption isotherm model with the highest
removal capacity at pH 2 (Ahmad et al. 2015a). Similarly, chemically modified
durian seed with activated carbon also exhibited prominent adsorption of 2 in a batch
process by keeping in mind various parameters. Adsorption conformed Freundlich
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adsorption isotherm model with 97% dye removal at pH 8. Adsorption kinetics
matched pseudo-second-order and thermodynamic process being endothermic and
spontaneous for the entire adsorption process (Ahmad et al. 2014).

In another study, modified durian seeds were evaluated for removing 3 from
aqueous solution with 92.52% efficiency at pH 6.0 and followed the
abovementioned adsorption isotherms, kinetics, and thermodynamic analysis
(Ahmad et al. 2015b). Papaya seed was chemically modified to eliminate 1 and
Congo red (6) from aqueous solution. The adsorption data for 1 fitted to Langmuir
and Freundlich adsorption isotherm models, while the adsorption kinetics obeyed
pseudo-second-order with high values of coefficient of correlation (R2 � 0.99)
(Nasuha et al. 2011). Likewise, adsorption data of 1 by papaya seeds from aqueous
solutions correlated to the Langmuir adsorption isotherm model with a qmax of
556 mg g�1 with an initial concentration of 50–360 mgL�1, adsorbent dose and
pH in the range of 0.05–1.00 g to 3–10, respectively, at 30 �C. The adsorption
kinetics followed pseudo-second-order kinetics (Hameed 2009; Mukhlish et al.
2012; Unuabonah et al. 2009).

The papaya seeds also exhibited adsorption of 440 mg g�1 to remove Direct
Black 38, a tannery dye, following the Langmuir adsorption isotherm model and
second-order kinetic equation (Weber et al. 2013). Dye removal and decolorization
potential of rice husk against textile wastewater have been studied for 7, direct
orange, and magenta by optimization of influencing factors. Freundlich adsorption
isotherm and pseudo-first-order kinetics were obeyed (Verma and Mishra 2010;
Chakraborty et al. 2011).

Sorption of 1 was carried with rice husk activated carbon, which achieved
adsorption efficiency of over 97% at pH 10 and the initial concentration of
4 mg L�1 (Rahman et al. 2012). Likewise, another study reported that activated
carbon developed from rice husk removed 2 from aqueous solutions and wastewa-
ters using batch adsorption process with over 63 mg g�1 adsorption efficiency
following Freundlich adsorption isotherm and Langmuir adsorption isotherm
models (Chowdhury et al. 2011; Sharma 2009).

In addition to the use of rice husk, rice husk ash has also demonstrated excellent
adsorption capability for 1 from aqueous medium (Sharma et al. 2010;
Ahmaruzzaman and Gupta 2011). Rice straw fly ash removed 85% of Reactive
Blue 19 (30–100 mg L�1) at highly acidic pH within 1.0 h following Langmuir
adsorption isotherm and Freundlich adsorption isotherm models and pseudo-second-
order kinetics (Chakraborty et al. 2013b). 1 was removed from organo-modified rice
straw using batch adsorption process in which adsorption data correlated to the
Langmuir adsorption isotherm model with qmax values of 296 and 145 mg/g for
modified and unmodified rice straw at 303 K following pseudo-second-order kinet-
ics (Ebrahimian Pirbazari et al. 2016).

Another research endorsed the combination of white-rot fungus Phanerochaete
chrysosporium and rice straw as an efficient adsorbent for 1 with 88% uptake
efficiency from 400 mg/L of initial dye concentration (Cheng et al. 2015). The
adsorption process of Casuarina equisetifolia needle for methyl violet 2B followed
the Langmuir adsorption isotherm model with qmax value of 164.99 mg/g with
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pseudo-second-order kinetics (Dahri et al. 2013). Potential of Casuarina
equisetifolia needle against 1 and 2 was also according to Langmuir adsorption
isotherm model with qmax values of over 110 and 77 mg/g, respectively, under
optimum conditions (Dahri et al. 2015b).

9 was removed using adsorbent Casuarina equisetifolia cone in a batch process
and considering the same experimental parameters. Adsorption data correlated
completely with Langmuir adsorption isotherm model showcasing pseudo-second-
order kinetics, Casuarina equisetifolia cone qmax value as 49.5 mg g�1, and endo-
thermic nature (Dahri et al. 2016). The Casuarina equisetifolia needle was also
employed in a study to remove 9 using a similar process resulting in qmax value of
82.34 mgg�1 (Kooh et al. 2016).

Industrial Waste as Adsorbent

Activated carbon and multiwalled carbon nanotubes were employed to remove
Arsenazo (III) and 3 under optimized conditions. The system followed pseudo-
second-order adsorption kinetics, while thermodynamically the process was sponta-
neous and endothermic (Ghaedi et al. 2011). Figure 17.5 illustrates the production of
activated carbon from industrial sludge via chemical, physiochemical, and physical
methods.

Micro-sized activated carbon was prepared from lather wastage to evaluate
adsorption kinetics and equilibrium of Reactive Red 31 and Reactive Red 2 (21).
The system followed Langmuir adsorption isotherm model and provided qmax from
23.15 to 39.37 and 47.62 to 55.87 mg g�1 for Reactive Red 31 and 21, respectively,
following pseudo-second-order model (Geethakarthi and Phanikumar 2011).

Coconut coir activated carbon was applied as biosorbent for the removal of 1.
Uptake of 1 from wastewater followed Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevitch adsorption isotherm models, and first-order kinetics with the adsorp-
tion rate constant of 1.15 � 10�2 min�1 and thermodynamic analysis reconfirmed
the spontaneous and endothermic nature of the system. Similar findings were
obtained when activated carbon prepared from rice husk was examined to adsorb

Fig. 17.5 Activation of sludge to activated carbon for pollutant remediation. Chemical, physical,
and combined activation methods are used to activate sludge with activated carbon. Large surface
area and improved functionality of activated sludge allow an effective pollutant remediation.
(Modified after Hadi et al. (2015))
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1 (Sharma and Upadhyay 2009; Rahman et al. 2012). Similarly, activated carbon
prepared from apricot stones by carbonization and activation with a mixture of
phosphoric acid and nitric acid displayed efficient adsorption (99.5%) of methyl
orange (8) and 1 (Djilani et al. 2015).

Activated carbon prepared from the epicarp of Ricinus communis also effectively
removed 2 at pH 7 following Langmuir adsorption isotherm model and pseudo-
second-order kinetics (Santhi et al. 2010). The activated carbon based on sludge and
prepared by pulp wastewater was subjected to fixed-bed adsorption column to
remove 1 and Reactive Red 24 (11). The results showed weaker desorption for
1 as compared to 11 because of the stability onto the sorbent, but overall analysis
proved sludge-based activated carbon to be much better than commercial activated
carbon (Li et al. 2011c). The activated carbon prepared from the cotton stalk with
microwave radiations proved as good adsorbent for removal of 1 in another study,
and adsorption data followed the Langmuir adsorption isotherm. Optimum pH range
for absorption was from 9.0 to 10.0, and adsorption efficiency as determined from
Langmuir adsorption isotherm was 315.04 mg g�1 (Deng et al. 2009).

Activated carbon has also been applied to remove 19, 1, and many anionic and
cationic dyes in wastewater treatment (Rodríguez et al. 2009). Different other
sludge-based activated carbons are also reported for dye removal from aqueous
media (Li et al. 2011a). Silver nanoparticle-loaded activated carbon also depicted
significant adsorption affinity (98%) toward Direct Yellow 12 under optimized
conditions. Adsorption data followed Langmuir adsorption isotherm model and
provided qmax value of 454 mg g�1. The thermodynamics studies disclosed the
process as endothermic, while kinetics studies revealed pseudo-second-order kinet-
ics (Ghaedi et al. 2012).

Another study employed activated carbon extracted from pineapple waste bio-
mass to adsorb 1, and adsorption data was analyzed based on the goodness-of-fit to
Langmuir adsorption isotherm with qmax of 288 mg g�1. The study supported the
potential of pineapple waste biomass as efficient and cheap raw material to produce
activated carbon for dye removal (Mahamad et al. 2015). Likewise, activated carbon
prepared from orange peels is reported to have good efficacy for Direct Blue
86 removal from simulated wastewater. Adsorption data based on Langmuir adsorp-
tion isotherm with pseudo-second-order kinetics showed 92% removal of Direct
Blue 86 (100 mg/L) on 25 �C, pH 2 for 6 g L�1 adsorbent dose (El Nemr et al. 2009).

Using fly ash as an adsorbent, the maximum absorption for Reactive Red
23, Reactive Blue 171, Acid Black 1, and Acid Blue 193 (16) was noted as 2, 1.8,
11, and 10 mg g�1, respectively, in basic medium with Langmuir adsorption
isotherm. Moreover, adsorption kinetics followed pseudo-second-order, and ther-
modynamics analysis showed the spontaneous and endothermic nature (Sun et al.
2010). Another study revealed that the fly ash or fly ash-based adsorbent might be
easily applied for the photocatalytic degradation or removal of 1 along with other
heavy metals from the aqueous solutions, and the results were quite optimistic (Visa
et al. 2011).

Using fly ash and photo-Fenton system, the possibility of simultaneous removal
of hazardous dyes like 8 increases, and fly ash composition assists the adsorption
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process (Visa and Duta 2013). Besides, hydrothermally modified fly ash can also be
applied for dye removal as well as the removal of heavy metals (Visa and Chelaru
2014). An interesting study represented the usage of fly ash synthesized from natural
adsorbent zeolite to remove 1 from wastewater using a batch method. Adsorption
data followed Langmuir adsorption isotherm, and kinetics obeyed the pseudo-
second-order model (Chunfeng et al. 2009).

Further, alkaline-treated biomass fly ash demonstrated noteworthy removal of 10
with adsorption efficiency of 107.53 mg g�1 at pH 8.2–10.4 as provided by the
Langmuir adsorption isotherm model with pseudo-second-order kinetics
(Pengthamkeerati et al. 2010). In another study, activated carbon and fly ash were
optimized to remove lignin-based materials from industrial effluents. The experi-
mental data of adsorption correlated well to the Langmuir and Freundlich adsorption
isotherm models for both adsorbents. The adsorbent capacities obtained from the
Langmuir adsorption isotherm equation were 256 mg g�1 (activated carbon) and
17 mg g�1 (fly ash) at 60 �C. The thermodynamic studies revealed the sorption onto
fly ash as exothermic and activated charcoal as endothermic (Andersson et al. 2011).
Another study involving the combined usage of fly ash adsorption and Fenton
oxidation for the removal of 9 showed good results. The chemical oxygen demand
(98%) was removed by the combined method, and chemical oxygen demand
removal capacity of fly ash for Fenton-treated 9 solution was 41 times greater than
that for untreated 9 solution (Chang et al. 2009).

Modified red mud was applied against bisphenol (17), and optimal results of 82%
adsorption were obtained by increasing the experiment duration and dose of adsor-
bent at pH 3. The results were following the Freundlich adsorption isotherm model
and provided the pseudo-second-order kinetics (Zazouli et al. 2013a). Acid-activated
sintering process red mud also successfully adsorbed 2 and 7 using batch experiment
at a pH of 3.2. Adsorption data suited well to Langmuir adsorption isotherm model
and qmax of over 60 and 336 mg/g for 7 and 2 were obtained, respectively, with
pseudo-second-order kinetics and endothermic nature for 2 and exothermic for
7 (Zhang et al. 2014).

In another investigation, CO2-neutralized activated red mud was applied to
remove Safranin O by response surface methodology at an optimal pH of 8.3
following Langmuir adsorption isotherm model and provided the qmax value of
9.7680 mg g�1 (Sahu et al. 2015). The adsorptive removal of remazol brilliant
blue solution using red mud was studied considering the basic experimental param-
eters. The results correlated with the Langmuir adsorption isotherm model with an
adsorption capacity of red mud as 28.0 mg g�1 at 40 �C and pseudo-second-order
kinetics (Ratnamala et al. 2012).

Using activated red mud, Acid Blue 113 and 10 removal was studied with
different reaction parameters. The red mud was found to have a higher removal
efficiency of Acid Blue 113 than 10 at pH 3.0. The results obeyed pseudo-second-
order kinetics and Freundlich adsorption isotherm model with maximum adsorption
capacities as 83.3 and 35.5 mg/g for Acid Blue 113 and 10, respectively (Shirzad-
Siboni et al. 2014).
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Another study opened the horizons of wastewater decolorization containing dyes
using MgCl2/red mud as an adsorbent with an efficiency of 98% against reactive
blue, acid red, and direct dye. Adsorption data was best correlated to both the
Langmuir adsorption isotherm and Freundlich adsorption isotherm models. Lang-
muir adsorption capacities of reactive blue, acid red, and direct dye were around
28, 9, and 23 mg g�1, respectively (Wang et al. 2009). Reactive Red 198 (23) was
adsorbed onto active red mud, providing 90% efficiency of dye removal at pH 2–3.
The increasing adsorbent dose and contact time lead to more removal efficiency.
Adsorption data suited well to Freundlich adsorption isotherm and Temkin iso-
therms (Zazouli et al. 2013b). Another study revealed significant removal efficiency
of phenol, enhanced by an increase in pH. The results showed coherence to
Freundlich adsorption isotherm model and pseudo-second-order kinetics (Shirzad-
Siboni et al. 2013).

Iron-zeolitic tuff and carbonaceous substances were employed to remove indigo
carmine from water, and the latter was more efficient regarding adsorption and
pH-independent nature. Adsorption data fitted to the Langmuir-Freundlich adsorp-
tion isotherm model, and kinetics was reported to be pseudo-second-order (Gutiér-
rez-Segura et al. 2009). The granular activated carbon based on sewage sludge was
employed to remove 1 following Langmuir adsorption isotherm model with maxi-
mum 1 adsorption amount of 132.0 mg g�1 and the overall adsorption process as
heterogeneous, spontaneous, and endothermic with pseudo-second-order kinetics
(Liu et al. 2013b). Another study disclosed that activated carbon prepared from
sewage sludge could be efficiently applied for the removal of 4-chlorophenol, as
inexpensive, environmentally benign, and cheap adsorbent (Monsalvo et al. 2011;
Monsalvo et al. 2012).

Biochar prepared from sewage sludge was opted to remove 1 and 2, and results
conformed with Langmuir adsorption isotherm model and pseudo-second-order
kinetics with spontaneous and endothermic nature (Leng et al. 2015). Activated
carbon-based sludge derived from paper mill waste had been optimized to remove
1 from the aqueous solution (Li et al. 2011b). In another study, activated carbon-
based sludge from paper mill waste was applied for adsorptive removal of 1 and 11.
Experimental data provided the qmax values of 263 and 34 mg g�1 for 1 and 11,
respectively, following Langmuir adsorption isotherm model (Li et al. 2011a, c). The
removal of 1 from palm oil effluent remediation plant by waste-activated sludge was
studied considering the reaction parameters. The adsorption data was best fit to both
the Langmuir adsorption isotherm and the Freundlich adsorption isotherm models,
and kinetics confirmed with pseudo-second-order reaction (Gobi et al. 2011; Zaini
et al. 2014).

Natural Adsorbents

Owing to high adsorption capacity, excellent selectivity, greater surface area, and
negative charge density, mesoporous silica materials have gained considerable
attention as adsorbents to remove basic dyes from wastewater (Anbia et al. 2010).
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Mesoporous silica SBA-3 was used to remove 8, Orange G, and brilliant red X-3B,
and adsorption results were compared with calcined and uncalcined silica and later
showed higher absorption capacity for dyes following Freundlich adsorption iso-
therm model and pseudo-second-order kinetics (Anbia et al. 2010). Mesoporous
SiO2 nanoparticles modified with SnO2 quantum dots provided 100% adsorption of
1 in 5 min conforming to Langmuir adsorption isotherm model and pseudo-second-
order kinetics. The qmax value of the nanocomposite was reported to be
73.15 mg g�1.

The adsorbent was regenerated after being washed with Milli-Q water,
maintaining the adsorption capacity. The environment-friendly nature and reusabil-
ity established quantum dots/mesoporous silica nanocomposite as potential adsor-
bent for dyes form wastewater (Dutta et al. 2015). Another study used modified silica
nanoparticles to remove anionic dyes (Patra et al. 2016). Silica fume waste material
modified with laccase from Russulaceae was employed against 10 in a batch process
at an optimal pH 9.0. The adsorption process was following the Langmuir adsorption
isotherm model and showed qmax value of 323.0 mg g�1 with spontaneous and
endothermic system (Kalkan et al. 2014). Quaternary ammonium polyethylenimine
was modified using silica nanoparticle to remove 8. Adsorption kinetics correlated
well to the Langmuir adsorption isotherm model with qmax value of 105.4 mg g�1

(Liu et al. 2013a).
The peat was also used for adsorptive removal of 9 from aqueous solutions

(Chieng et al. 2015). A study on the peat obtained from Panaga, Brunei Darussalam,
to remove 6 from aqueous solution was validated by Redlich-Peterson isotherm
model and kinetics followed pseudo-second-order equation (Chieng et al. 2014).
Similar findings have been confirmed for the adsorption of 7 using yeast peat
following the abovementioned kinetics (Zehra et al. 2016; Chieng et al. 2013).
Chemically modified fabric peat removed 17 A with qmax value of 31.40 mg g�1

and pseudo-second-order kinetics, while Freundlich adsorption isotherm model best
explained the experimental data (Zhou et al. 2011).

The brown peat was tested against Astrazone blue dye, and removal efficiency of
93.0% was achieved by fitting adsorption data to Langmuir adsorption isotherm
model with qmax value of 24.0 mg g�1, and adsorption followed pseudo-second-
order kinetics (Rusu et al. 2014). The Sphagnum peat moss was employed to adsorb
2 at pH 6.5. Experimental outcomes suited extremely well to the Langmuir adsorp-
tion isotherm model, and qmax value of 122.0 mg g�1 at 20 �C was reported with
pseud-second-order kinetics with the spontaneous and exothermic system (Hemmati
et al. 2016). Peat was employed to remove p-nitrophenol from aqueous solutions
using batch adsorption experiment. Langmuir adsorption isotherm provided qmax
value of 23.4 mg g�1 and followed pseudo-second-order kinetics (Jaerger et al.
2015).

Surface modifications of alumina were carried out using sodium dodecyl sulfate
for the removal of phenol and showed 90% removal efficiency as was determined
from Langmuir adsorption isotherm model with pseudo-second-order kinetics (Adak
and Pal 2009). In another study, surface modifications of alumina were carried using
sodium dodecyl sulfate and employed to remove 1, 2, and 7 from aqueous solution.
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Better removal efficiencies are reported in the pH range of 7.9 to 8.6 (Saitoh et al.
2014). Alumina-coated multiwalled carbon nanotubes adsorbed 23 and Reactive
Blue 19 with adsorption coherence to Langmuir and Freundlich adsorption isotherm
model, respectively, showing pseudo-second-order kinetics (Malakootian et al.
2015).

The adsorption of 2 from aqueous solution with γ-Al2O3 nanoparticles modified
by sodium dodecyl sulfate exhibited linear calibration graph over the range of
1.2–250 μg L�1 with a relative standard deviation of 1.50% at 100 μg L�1, and
Langmuir adsorption isotherm model explained data appropriately with reasonable
adsorption efficiency, 72.4 mg g�1 (Mohammadifar et al. 2015). Nano-alumina
adsorbed Reactive Red 120 dye from aqueous solution significantly at pH 3.0
ensuing Langmuir adsorption isotherm model and pseudo-second-order kinetics
(Nadafi et al. 2014). Similarly, aluminum-modified activated carbon as an adsorbent
removed 1 from aqueous solution with qmax value of 182 mg g�1 following Lang-
muir adsorption isotherm and pseudo-second-order kinetics (Kazeem et al. 2018).

Natural clay was used to remove nile blue and brilliant cresyl blue from the water
with a qmax values of 25 and 42 mg g�1 calculated from Freundlich adsorption
isotherm with pseudo-first-order kinetics (İyim and Güçlü 2009). Moroccan natural
clays removed 1, 2, and 8 from water when adsorption data of 1 and 2 correlated well
to Langmuir adsorption isotherm model and 8 to Dubinin-Radushkevitch isotherm
model with pseudo-second-order kinetics for dyes (Elmoubarki et al. 2015). The
ultrasound-assisted polymerization was carried out to synthesize poly(acrylic acid)
hydrogel composite by incorporating kaolin to remove brilliant green from solution
at pH 7. Adsorption data followed both Freundlich adsorption isotherm and Lang-
muir adsorption isotherm with pseudo-second-order kinetics (Shirsath et al. 2013).

Naturally occurring red clay also showed significant adsorption capacity
(125 mg g�1) for brilliant green when extracted by batch process, and Redlich-
Peterson isotherm model explained the adsorption well. Moreover, adsorption data
followed pseudo-second-order kinetics (Rehman et al. 2013). The removal of bril-
liant red H-EGXL and Procion Yellow H-EXL dyes was studied using synthetic talc
and kaolin as adsorbents. A study showed that synthetic talc and kaolin performed
well in acidic conditions rather than neutral or alkaline media. The adsorption data
was best suited to Langmuir adsorption isotherm (Rahman et al. 2013). Similarly,
amino-functionalized attapulgite clay nanoparticle adsorbent uptake 1 from water
followed pseudo-second-order kinetics, and according to Langmuir adsorption iso-
therm model provided qmax value as 215.73 mg g�1 (Zhou et al. 2015).

The uptake of cationic dye 1 and anionic dye 6 from wastewater by
malachite@clay nanocomposites was reasonable with qmax value of 277.77 and
238.09 mg g�1 following Langmuir adsorption isotherm model and pseudo-second-
order kinetics. The results encouraged the application of malachite@clay
nanocomposite for better adsorption and dye removal from wastewater (Srivastava
and Sillanpää 2017). Another study on 6 was carried out using mixed adsorbents
with natural clay materials. The results showed coherence to Freundlich adsorption
isotherm and pseudo-second-order kinetics. Overall results were satisfactorily true
for the usage of mixed adsorbents with natural clay materials (Vimonses et al. 2010).
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Another study revealed the potential usage of organoclay for the maximum
removal (99.6%) of 2 (60 mg L�1) from aqueous effluents at pH of 6 and room
temperature followed by Langmuir adsorption isotherm model and pseudo-second-
order kinetics (Arellano-Cárdenas et al. 2013). Another investigation confirmed the
successful removal of basic red 46 by Moroccan crude clay where results complied
with Langmuir adsorption isotherm model with pseudo-second-order kinetics
(Karim et al. 2009). Similar investigations were carried out to adsorb methyl violet
by Moroccan natural clay except for the endothermic nature of the process (Rafati
et al. 2016). Montmorillonite clay also exhibited good adsorptive affinity for 1, and
astrazon red violet 3RN and data followed Langmuir adsorption isotherm model
with pseudo-second-order kinetics, endothermic, and spontaneous nature.

Nano-clay was used as an adsorbent with further modification to enhance the
adsorptive uptake of naproxen from wastewater. Adsorption data fitted to all the
applied isotherm models except Langmuir adsorption isotherm and Temkin with
qmax value of adsorbent as 1.1 mg g�1 (Rafati et al. 2016).

Palygorskite clay demonstrated adsorption of basic red 2 from water with qmax
value of 200 mg g�1 following the Langmuir adsorption isotherm model (Taha et al.
2013). In a similar study, Iraqi palygorskite clay adsorbed the maximum amount
(99.0 mg g�1) of 6 from water when studied using batch experiment and Langmuir
adsorption isotherm model (Taha et al. 2013). Surface modification of palygorskite
was carried out to enhance the adsorptive behavior against some reactive dyes. The
results complied with Langmuir adsorption isotherm model and pseudo-second-
order kinetics (Kurniawan et al. 2012). Activated clay removed 8 from aqueous
solution following Langmuir adsorption isotherm model and Temkin isotherm
model. The kinetics study showed pseudo-second-order kinetics with spontaneous
and exothermic nature (Ma et al. 2013). N-vinyl-2-pyrrolidone/itaconic acid/
organoclay nanocomposite hydrogels removed safranin T dye following Langmuir
adsorption isotherm model with pseudo-second-order kinetics (Çöle et al. 2013). A
polymeric clay composite presented adsorptive removal of bromophenol blue
according to Freundlich adsorption isotherm model with pseudo-first-order kinetics
(El-Zahhar et al. 2014).

Bentonite clay modified from cationic surfactant (hexadecyltrimethylammonium
chloride) was used to remove 1, 7, and 9. pH 9 is found appropriate to achieve
maximum adsorption (83–99%). The adsorption of 2 onto organoclay was
performed in batch system. At pH 6 and room temperature, organoclay delivered
99.6% removal efficiency following Langmuir adsorption isotherm model with
pseudo-second-order kinetics (Arellano-Cárdenas et al. 2013). Modified
KSF-montmorillonite was used to remove remazol brilliant blue R from aqueous
solution following Langmuir adsorption isotherm model and pseudo-second-order
kinetics with spontaneous and exothermic thermodynamics (Silva et al. 2012).
Another study about the adsorptive behavior of clay, activated clay, and modified
clay for the removal of Reactive Blue 21 was carried out with a batch experiment.
Adsorption data was fitted well to Freundlich, Langmuir, Temkin, and Halsey
adsorption isotherms models with pseudo-second-order kinetics (Vanaamudan
et al. 2014; Xue et al. 2010).
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Self-assembled organobentonite employed to remove Reactive Blue 13 exhibited
93% dye removal in one step process according to Langmuir adsorption isotherm
model (Yao et al. 2012). In another study, surfactant-modified bentonite was also
evaluated for the removal of 6, which was reasonably explained by Langmuir
adsorption isotherm and pseudo-second-order models with spontaneous and endo-
thermic properties (Akl et al. 2013). Modified clay, phenol, and catechol were
removed from water by Na-montmorillonites in the batch adsorption process. Lang-
muir adsorption isotherm best explained the adsorption process. Pseudo-second-
order kinetics, spontaneous, and exothermic nature was observed (Jourvand et al.
2015; Liu et al. 2014b).

Bis-imidazolium cations were used to modify bentonite to adsorb telon-orange,
telon-red, and telon-blue dyes, which were explained better by Langmuir adsorption
isotherm model with pseudo-second-order kinetics (Makhoukhi et al. 2015).
Organobentonite was studied for the adsorptive removal of Acid Green 25 at three
different temperatures (30, 40, and 50 �C). Result correlated to the Langmuir
adsorption isotherm model with qmax 3.7 mmol g�1, and kinetics reported was
pseudo-second-order kinetics (Koswojo et al. 2010). Organobentonite prepared
from microwave radiation from a natural source, rarasaponin, was investigated for
the removal of 1 and 2. The adsorption data was best suited to Langmuir adsorption
isotherm model and provided satisfactory results for the usage of that adsorbent to
remove 1 and 2 (Kurniawan et al. 2012).

7 was removed by manganese oxide-coated sepiolite as an adsorbent with qmax
value of 319 mg g�1 described by Langmuir adsorption isotherm. Moreover,
adsorbent showed pseudo-second-order kinetics (Eren et al. 2010). Surface modifi-
cations of bentonite carried out using benzyltrimethylammonium chloride,
hexadecyltrimethylammonium bromide, and tris(hydroxymethyl)aminomethane
surfactants showed enhanced adsorption against 6. The results were explained by
Langmuir adsorption isotherm model and pseudo-second-order kinetics with spon-
taneous and endothermic nature (Fosso-Kankeu et al. 2016). Organobentonite suc-
cessfully removed Acid Red 1 and 9 from aqueous solutions. The batch adsorption
experiments provided the qmax values as 157.4 and 173.5 mg g�1 for Acid Red 1 and
9 at pH 9. Results correlated with Langmuir adsorption isotherm model and pseudo-
second-order kinetics (Huang et al. 2017).

In a similar study, organic modifications of hydroxyapatite with
ethylhexadecyldimethyl ammonium bromide were carried out to remove 2. The
results complied with Langmuir adsorption isotherm model showing qmax value of
188.0 mg g�1 and kinetics studied revealed pseudo-second-order kinetics (El-Zahhar
and Awwad 2016). In another study, poly(epicholorohydrin dimethylamine)-
modified bentonite was used for removal of direct fast scarlet, eosin Y, and reactive
violet K-3R dyes with qmax values of 148, 106, and 88 mg g�1, respectively,
following Langmuir adsorption isotherm model and pseudo-second-order kinetics
(Kang et al. 2009). Montmorillonite-iron oxide was applied to remove 1 from
aqueous solution. Results correlated with Langmuir adsorption isotherm model
showing qmax value of 71.12 mg g�1, and pseudo-second-order kinetics was
observed (Cottet et al. 2014).
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Zeolite A was used to modify chitosan, and the resulting product was investigated
for the potential to remove Bezactive Orange 16 from aqueous solution. The
adsorption results are best explained by Langmuir adsorption isotherm model with
qmax value of 306 mg g�1, and pseudo-second-order kinetics was noted (Nešić et al.
2013). Zeolite-reduced graphene oxide was also tested to remove 2 and 1. Adsorp-
tion data suited well to Langmuir adsorption isotherm model with qmax values of
over 48 and 53 mg/g for 2 and 1. The system was reported as endothermic (Zhu et al.
2014). Phenol was removed by a cost-effective adsorbent, namely, zeolitic tuff, at
varying temperatures using a batch process. Results were in compliance with
Langmuir adsorption isotherm model showing qmax as 34.5, 24.9, 23.8, and
23.3 mg g�1 at 25, 35, 45, and 55 �C with pseudo-second-order kinetics (Yousef
et al. 2011). Benzene carboxylic acid-derivatized graphene oxide zeolite powder
exhibited reasonable adsorption of 9 from aqueous solutions, which was in accor-
dance with Langmuir adsorption isotherm model with qmax value of 67.56 mg g�1

and pseud-second-order kinetics (Yu et al. 2013).
The microwave-assisted synthesis of NaA (clay type) was carried out to remove

1 from aqueous solution with qmax value of 65.0 mg g�1, following Langmuir
adsorption isotherm. Pseudo-first-order kinetics, spontaneity, and endothermic
nature are observed. Reusability study revealed that NaA would be stable even
after five cycles (Sapawe et al. 2013). Kaolin and zeolite were opted to remove
1 from water. Results well suited to Temkin and Dubinin-Radushkevitch isotherm
models with endothermic and non-spontaneous nature (Rida et al. 2013).

Mesoporous zeolite-activated carbon composite was employed for the removal of
1. Results were per Freundlich adsorption isotherm model with pseudo-second-order
kinetics (Khanday et al. 2017). Zeolites synthesized from electrolytic manganese
residue were used to remove 1. Results followed Langmuir adsorption isotherm
model and pseudo-second-order kinetics (Li et al. 2015). In a similar study, NaA
zeolite composites removed 1, 7, and fuchsine. Over 98% of the removal was
achieved, which was close to the predicted values (Shirani et al. 2014). Zeolite tuff
was applied to remove basic blue 41 from water. Results were in accordance with the
Langmuir adsorption isotherm model with pseudo-second-order kinetics, and qmax
value of 192.0 mg g�1 was obtained (Humelnicu et al. 2017). In another study,
zeolitic imidazolate framework-8 removed 5-tolyltriazole and 1H-benzotriazole
from aqueous water. Experimental data was in accordance to Langmuir adsorption
isotherm model with qmax values of 298.5 and 396.8 mg g�1, respectively, and
pseudo-second-order kinetics was observed (Jiang et al. 2013).

17.2.2 Nanofiltration

For nanofiltration of wastewater, microfiltration membranes with different propor-
tions and size of the zeolite, clay, and polyethylene glycol were optimized. For
removal of 7 and 8, a membrane with 30% of zeolite proportion was selected. A
change in initial and time-filtered solution concentration was observed by
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UV-visible spectrometry to determine the amount of each dye before and after
filtration. Over 95 and 90% removal of 7 and 1 was achieved at 1 to 1.5 bar
transmembrane pressure with solution concentrations of over 54 and 35 mg/L,
respectively. However, in case of negatively charged 8, removal was not successful.
By heating membranes at 300 �C for 1.0 h, adsorbed dyes were eliminated
(Foorginezhad and Zerafat 2017). The sequencing batch reactor in a combination
of nanofiltration membranes was designed to reuse the industrial waste effluent by
removing remazol (yellow, blue, red) RR dyes. Over 90% of decolorization effi-
ciency was achieved for blue and red dye and above 75% for yellow.

However, when a combined feed of aforementioned dyes was used, the rejection
percentage was higher than 40%, indicating relatively low and inferior color removal
efficiencies for all three dyes (Zuriaga-Agusti et al. 2010). The integration of
biological methods with nanofiltration for the better removal and decolorization of
the wastewater was successfully studied. In a study, Reactive Red 120 was studied
with such an integrated method, and nanofiltration concentrate was significantly
decolorized by biological process and endorsed the potential usage of the designed
method for textile wastewater (Paździor et al. 2009).

The spiral wound nanofiltration module opted for the elimination/separation of
dyes from the textile waste effluents. The effects of feed pressure, dye concentration,
and feed flow rate on dye rejection and recovery were studied. The maximum
rejection was observed for 20. The highest reflection coefficient (σ ¼ 0.969) was
observed for 20, which marks the impermeability of the nanofiltration membrane to
the solute. Permeate characteristics were optimized using Spiegler-Kedem-based
model and were not in good correlation with experimental data. Thus, for scalable
usage in the future, a more accurate module based on Spiegler-Kedem theory could
opt for the textile industry (Dash and Kumar 2017). By bringing nanofiltration in
combination with reverse osmosis, composite polyamide membrane modules were
reported to be highly effective for decolorization of the wastewater containing dyes
and salts. Flux rate was comparable to that of pure water. The effect of varied
concentration of dyes and salts was also optimized on spiral wound membrane, and
results strongly endorsed the potential scalable usage of the designed membranes
(Nataraj et al. 2009).

Polyamide thin-film composite was modified by diethanolamine and used to
remove 1, Sunset Yellow, 6, and natural red. Modified membranes have shown
promising results with steady-state water fluxes of an aqueous solution containing
dyes mentioned above, which were quite high in a range between 37 and 54%.
Meanwhile, flux decline ratio due to membrane fouling was quite low in a range
between 37 and 49%. Through nanofiltration, modified composite membranes have
demonstrated efficient dye removal from aqueous solutions (Liu et al. 2017). In
another study, nanofiltration of textile waste materials with different commercially
available membranes such as Desal 5 DK, Desal 5 DL, N30F, and NF PES10 was
reported. The impact of temperature change on permeates quality, and membrane
fouling was studied from 20 to 70 �C. Up to 80% of color rejection was noted with
nanofiltration membranes, and permeate quality was quite satisfactory for recycling
the effluents (Xuan Nguyen and Van der Bruggen 2015).
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Polyethyleneimine thin-film composite nanofiltration membranes were modified
with SiO2 nanoparticles for good retention of the 7. SiO2 nanoparticles were respon-
sible for enhancing the structural properties of the membrane required for better
separation of the dye. Best results were achieved with 0.1% by wt. of SiO2

nanoparticles, a superior flux rate, and a better rejection over 99% was observed for
organic solutions (Kebria et al. 2015). For handling biologically treated wastewater
from pulp and paper industry, a two-step nanofiltration process was developed. In the
first step, FM NP010 membrane was used and the impact of different working
environments such as pH, temperature, transmembrane pressure, and decrease in
volume retention factors on membrane fouling was studied. Transmembrane pressure
played a major role in membrane fouling. Although the permeate was colorless and
free from insoluble materials. However, the removal of chloride ions and conductivity
was incomplete. In the second step, a different membrane FMNP030 was used for
nanofiltration, which provided better-quality processed water (Gönder et al. 2011).

By use of different layer by layer techniques, composite hollow fiber
nanofiltration membrane can be prepared. A nanofiltration membrane is prepared
by a pressure-driven layer-by-layer assembly of polyethylenimine and polyacrylic
acid on a porous substrate. Multilayer polyelectrolyte nanofiltration membrane was
studied to treat brilliant green, Victoria blue B, and 6 dyes and inorganic salts.
Dynamically deposited cross-linked nanofiltration membrane exhibited over 95%
rejection of MgCl2, in comparison to non-cross-linked, which showed a rejection
value of less than 70% (Chen et al. 2015). The removal of 1 from wastewater by a
positively charged nanofiltration membrane was reported. Novel membrane
PA6DT-C exhibited superior membrane flux compared to commercially available
membranes. Over 98% rejection of 1, and approximately three- to fourfold higher
membrane flux was reported (Cheng et al. 2012).

The nanofiltration membrane based on Yttria-stabilized zirconia with molecular
weight cut-off was employed for removal of organic dyes from water. After filtra-
tion, the permeate samples revealed to be almost colorless. At elevated temperature
such as 60 �C, the permeate flux was high with a superior dye recovery (Abdi et al.
2017). Nanofiltration of hazardous dye 6was carried out using polypiperazine amide
nanofiltration membranes. The investigation concluded that 100% removal of dye
was achieved at pH 9 with minimum flux decline at room temperature 25 �C and
transmembrane pressure of 5 bar (Hairom et al. 2014).

Two types of nanofiltration membranes (negatively and positively charged) were
prepared to remove Sulfur Black B dye from effluents. The impact of various
operational factors was measured, and 92.3% dye rejection was reported with over
14.5 L/m2 h flux (Han et al. 2009). Novel loose nanofiltration hollow fiber mem-
branes were developed with a small pore size of about 1.0 nm. Novel membranes,
unlike other nanofiltration membranes, showed selectively higher rejection for dyes
and lower rejection for inorganic salts. Because of high selectivity, low fouling
tendency and greater recovery make such membranes ideal candidates for efficient
fractionation and wastewater treatment (Han et al. 2018).

Polyamide nanofiltration membranes having molecular weight cut-off of
200–400 Da and 150–300 Da, respectively, were used to remove Lanaset Blue 2R,
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remazol yellow GR, and remazol turquoise blue G at different temperatures and
pressures. DK membrane showed highest permeate flux at higher temperatures with
acidic to neutral pH and 100% color removal of the synthetic wastewater
(Hildebrand et al. 2014). Poly(m-phenylene isophthalamide)-based nanofiltration
membranes were used to remove Eriochrome Blue Black B, Eriochrome Black T,
and alizarin red dyes. The designed nanofiltration membrane showed 98% rejection
with a high flux at 0.4 MPa (Huang and Zhang 2011). The nanofiltration membranes
were prepared by polyethersulfone-based hollow fibers and employed for the
removal of indigo carmine. The obtained results endorsed the efficacy of the
nanofiltration membranes by showing 96.4% rejection of dye with
12.8 L m�2 h�1 bar�1 (Gao et al. 2017). Similar study was carried out for indigo
carmine using nanofiltration membranes prepared for polyethersulfone-based hol-
low fibers. Nanofiltration membrane possessed a molecular weight cut-off of
1500 Da, the pore diameter of �1.96 nm, high pure water permeability of 13.2
LMH/bar, and 94.9% rejection of the dye (Thong et al. 2018).

Sulfonated polyphenylene sulfone-based positively charged nanofiltration mem-
branes are reported. Membranes having 1.13–1.2 nm diameter, molecular weight
cut-off of 1627–1674 Da, and highly positive surface charge led to the 99.98%
rejection of Safranin O (Zhong et al. 2012). In a similar study, a positively charged
nanofiltration membrane showed rejection of 99.8, 99.8, and 99.2% of brilliant
green, victoria blue B, and 7, respectively (Zheng et al. 2013). A novel composite
nanofiltration membrane was prepared using plant polyphenols and achieved ele-
vated permeability of 76.3 L/(m2 h MPa) and 99.0% rejection for 1 (Zhao et al.
2018). The synthesized membrane was further cross-linked with FeCl3. The nega-
tively charged membrane was used to remove dyes such as Sunset Yellow, 6, and
1 and exhibited rejection rates of 82.2, 99.7, and 99.9%, respectively (Yu et al.
2012).

Low-pressure nanofiltration membranes were fabricated having hydroxyl groups
ended hyperbranched polyester with polysulfone ultrafiltration membrane as the
porous support. Nanofiltration membranes possessed the 100 and 98.4% rejection
of the nanofiltration membrane to 9 and xylenol orange, respectively (Wei et al.
2012). Positively charged nanofiltration membranes were prepared from cross-
linking polyimide substrate with polyethylenimine, with molecular weight cut-off
of 458 Da with a high rejection (>95%), and high fouling resistance against basic
dyes was reported (Wang et al. 2018). Table 17.2 shows different parameters for the
adsorbents mentioned in the above section.

17.2.3 Coagulation-Flocculation

Coagulation-flocculation could be applied as a primary treatment or even before and
after the major process. Unfortunately, a lot of commercially available coagulants,
including aluminum chloride, aluminum sulfate, and polyacrylamide-based mate-
rials, are reported to have bad impacts on human health. The dilemma led to the
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demand of environmentally benign technologies and found the way in the usage of
natural coagulants extracted from waste, being biodegradable, safer for human
health, and capable of causing flocculation in colloidal solutions on different con-
centrations (Moussas et al. 2011; Szyguła et al. 2009).

The main aim of coagulation-flocculation is the agglomeration of tiny colloids
into larger masses to reduce turbidity (Szyguła et al. 2009). Most of the natural
coagulants are polysaccharides in nature and are known as polymeric coagulants and
show two types of mechanisms, i.e., adsorption and charge cancellation and adsorp-
tion and interparticle bridging due to an interaction between π-electrons of dyes and
hydroxyl groups of polymeric coagulants (Renault et al. 2009; Verma et al. 2012).
Ferric chloride sludge was employed to remove Acid Red 119. Response surface
methodology revealed over 96% of the degradation was achieved at pH 3.5, ferric
chloride sludge dosage 236 mg L�1, and initial dye concentration of over 65 mg L�1

(Moghaddam et al. 2010).
The generic behavior of the coagulation-flocculation technique was evaluated

using different coagulants against brilliant green and 6, respectively. However, the
addition of lime to magnesium chloride and ferrous sulfate improved decolorization
to 99% for both dyes (Mane and Babu 2011). In a similar study, coagulation-
flocculation process was evaluated for textile wastewater treatment before release,
which contains hydron blue dye using Al2(SO4)3. The maximum dye removal of
64% was achieved under optimized conditions (Chenna et al. 2016).

Direct Red 23 azo dye was removed from textile effluents by Moringa
stenopetala seed extract, alum, and M. stenopetala-alum hybrid coagulant to eval-
uate and compare efficacy. All the three coagulants showed over 98% dye removal at
pH 7. However, the dosage of hybrid coagulant (80 mg L�1) was lesser than seed
extract (240 mg L�1) and alum (120 mg L�1), thus proving the higher efficacy
(Dalvand et al. 2016). The potential of cationic polyelectrolyte based on lignin was
also evaluated by the removal of anionic dyes, namely, acid black, reactive red, and
direct red, from simulated dye effluent. A 100% dye removal was achieved with
5.4% sludge production. The obtained results showed the commercialization poten-
tial of the adsorbent (Fang et al. 2010).

The coagulation-flocculation potential of poly-aluminum chloride and bentonite
clay was evaluated for 3 and 7 removal considering various parameters. Bentonite
clay exhibited higher attraction to 7, resulting in over 99 and 98% removal of 7 and
3, respectively while poly-aluminum chloride showed an optimum removal effi-
ciency of over 99% for 7 and 97% for 3 (Fosso-Kankeu et al. 2017). The efficiency
of natural polymer coagulants, Vigna unguiculata, Telfairia occidentalis,
Brachystegia eurycoma, Vigna subterranea, andMoringa oleifera, for decolorization
of crystal Ponceau 6R dye has been studied. Four variables of the coagulation-
flocculation process, namely, pH, coagulant dosage, dye concentration, and time,
were optimized using response surface methodology. The color removal efficiencies
obtained from the optimization analysis were in the range of 97–99% at pH 2,
coagulant dosage of 1000 mg L�1, and dye concentration of 20 mg L�1 in 7 h
(Obiora-Okafo and Onukwuli 2015).
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The Reactive Blue19 dye was subjected to poly-aluminum chloride, alum, and
ferric chloride for the removal from aqueous solution. An anionic polyelectrolyte
and kaolin were also added to aid the coagulation process. Alum showed highest dye
removal efficiency (92%) followed by poly-aluminum chloride (91%) and ferric
chloride (81%) at 300, 200, and 400 mg L�1 dosages, respectively (Assadi et al.
2013). In another study, the degradation of Acid Orange 7 (4) was reported using
laterite soil in the coagulation process. Over 98% color removal was achieved at
pH 2 (Lau et al. 2014).

Similar studies were carried for the degradation of 1 and 8 using natural
coagulant-laterite soil with aluminum-ferric ions acting as an auxiliary agent in the
degradation process, and the results were quite satisfying (Lau et al. 2015). Magne-
sium hydroxide was applied as a coagulant to eliminate reactive dyes from waste-
water aided by kaolin at a pH of 12 (Li et al. 2016).

Moringa oleifera waste was used as a coagulant to remove black, orange, blue,
crimson, and navy dyes. The coagulant effect ofMoringa solutions was enhanced by
NaCl than FeCl3 at an optimum pH of 9.0. However, above 95% of blue, crimson,
and navy dyes and 85% of black dye and 80% of orange dye were removed using
M. oleifera waste (Vilaseca et al. 2014).

To decompose 6 from wastewater, coagulants of natural origins, i.e., surjana seed
powder, maize seed powder, and chitosan, were employed. With a coagulant dose of
25 mg L�1, pH 4, 66.85 �C temperature, and 1.0 h of flocculation, surjana seed
powder removed 98% color, whereas maize seed powder and chitosan removed over
89% and 94%, respectively (Patel and Vashi 2012). FeSO4�7H2O was employed as a
coagulant to decolorize synthetic effluents simulating the cotton, acrylic, and poly-
ester dyeing wastewaters. Results disclosed complete decolorization of polyester
effluent, whereas over 91 and 94% removal of cotton and acrylic wastewaters was
achieved (Rodrigues et al. 2013).

Chitosan was used as a coagulant in assistance with different Al species (Ala/Alb/
Alc) for the treatment of disperse yellow wastewater. Larger color removal efficien-
cies were obtained with chitosan at pH 6.0–7.0 (Wang et al. 2017). Poly-aluminum
chloride-poly(3-acrylamido-isopropanol chloride, a hybrid polymer, was used in
coagulation-flocculation process against reactive cibacron blue F3GA and disperse
Terasil Yellow W-4G dyes, which decolorized both dyes up to 92 and 95% with
50 and 20 mg l�1 dosage, and pH of 7.5 and 3, respectively (Yeap et al. 2014).

A facile and simple design strategy was reported for the isolation of cellulose
nanocrystals with carboxylic groups from microcrystalline cellulose. Cellulose
nanocrystals as adsorbent decomposed 1 showing coagulation-flocculation capabil-
ity to kaolin suspensions with over 99% reduction in turbidity (Yu et al. 2016). Poly-
aluminum chloride and alum were used to decompose dye Acid Blue 292 from
aqueous solution resulting in 85% decomposition at pH of 7.0 and 5.0 for poly-
aluminum and alum, respectively (Zonoozi et al. 2009).

Bittern salt was found to be efficient and cheap coagulant for saline wastewaters
as 95% turbidity and 80% color of an effluent containing 200 mg Mg2+ L�1 was
removed (Albuquerque et al. 2013). Hybrid Al(OH)3-polyacrylamide polymer in
coagulation-flocculation process and iron scrap were separately applied for the
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treatment of Reactive Blue 19. At 700 mg L�1 of dosage and pH of 5–6, hybrid
polymer achieved 82 and 90% removals of chemical oxygen demand and color,
respectively (Al-Ani and Li 2012).

Natural coagulants Vigna unguiculata, Telfairia occidentalis, Brachystegia
eurycoma, Vigna subterranean, and Moringa oleifera were used to decolorize
Acid Red 101 dye with maximum color removal efficiencies of 99.7, 99.4, 89, and
98, respectively, at pH 2, dye concentration of over 22 mg/L, and coagulant amount
of 375 mg/L in 9.0 h (Obiora-Okafo and Onukwuli 2017). A study was carried out
with poly-aluminum chloride and bentonite clay as coagulants to eliminate cationic
7 and anionic 3 dyes. Poly-aluminum chloride showed better removal for 7 with
efficiency of 99.2% at a pH of 12 and bentonite clay for 3 at a pH of 2.0 with a
removal efficiency of 97.6% (Fosso-Kankeu et al. 2015).

Tanfloc, a tannin-based coagulant, was employed to eliminate Palatine Fast Black
and Alizarin Violet 3R dyes. High-percentage removal was obtained with low
coagulant doses and removed 80% of Alizarin Violet 3R and 100% of Palatine
Fast Black with initial concentration of 0.16 mmol L�1 and 0.06 mmol L�1, respec-
tively (Beltrán-Heredia et al. 2010). Alum and ferric chloride as coagulant with
NaOH and lime were used as softener agents. With 12 g L�1 concentration of lime,
over 94 and 86% color was removed from Eriochrome Black T and 1, respectively
(Malakootian and Fatehizadeh 2010).

17.2.4 Ion Exchange

A strong cation-exchange resin was used to adsorb 7 and basic fuchsin (5) at pH of
2 and 7 with adsorption capacities of 76.8 and 127.0 mg g�1 following Langmuir
adsorption isotherm and Temkin isotherms. The desorption ratio of 97% was
achieved as a result of seven adsorption/desorption cycles (Bayramoglu et al.
2009). Anion-exchange membranes having quaternary ammonium groups were
employed for the adsorptive removal of anionic cibacron blue 3GA dye with
membrane ion-exchange capacity of 6.8 mol cm�2 (or 104.2 mol cm�3). The
adsorption data was best correlated to Langmuir adsorption isotherm with an
adsorption capacity of 2.12 mg cm�3 and 70% performance with ten adsorption/
desorption cycles (Chiu et al. 2009).

Azocarmine B dye was removed with pullulan microspheres using batch adsorp-
tion experiment resulting in 90% removal of the dye following Langmuir adsorption
isotherm model with qmax of 113.63 mg g�1 and pseudo-second-order kinetics with
spontaneity and exothermic thermodynamics (Constantin et al. 2013). Remazol
black-B was removed using weakly basic anion-exchange resins of phenol-
formaldehyde, polyacrylate, and polystyrene with qmax values of 66.4, 282, and
796 mg g�1, respectively, following Langmuir adsorption isotherm model
(Wawrzkiewicz and Hubicki 2011).

To remove basic blue 3 dye, a different type of cation-exchange resin polymeric
sorbents such as Lewatit MonoPlus SP-112, Dowex Optipore SD-2, and Amberlite
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XAD-1180 were used. Adsorption data followed Langmuir adsorption isotherm
model with qmax values of 560.7, 270.9, and 35.7 mg g�1 for Lewatit MonoPlus
SP-112, Dowex Optipore SD-2 and Amberlite XAD-1180, respectively. Kinetically,
the system followed pseudo-second-order, and 100% performance was reported with
four cycles of sorption-desorption (Wawrzkiewicz 2013).

17.3 Chemical Methods

Chemical methods for dye decolorization and degradation from wastewater mainly
include advanced oxidation processes and photocatalytic and electrochemical treat-
ments. All methods mentioned above involve the use of chemicals and chemical
reactions between reagents and dye molecules, which often results in hazardous
by-products. Nevertheless, many novel approaches have been designed to unlock the
potential and safety of chemical methods. Below is the detail of all the major dye
removal chemical methods.

17.3.1 Advanced Oxidation Processes

Because of the simple handling, oxidation is the most commonly used chemical
decolorization process. Constant developments and improved understanding of the
oxidation mechanism enabled the evolution of advanced oxidation processes. The
advanced oxidation processes are suitable for the removal of chemically stable and
non-biodegradable wastewater constituents. Advanced oxidation processes trans-
form the pollutants by mineralization into carbon dioxide, water, and salts (Poyatos
et al. 2010).

Advanced oxidation processes involve the production of hydroxyl (•OH) radicals
destroying pollutants until mineralization. All types of advanced oxidation pro-
cesses, including photochemical degradation (O3/UV, UV/H2O2), photocatalysis
(UV/TiO2), and chemical oxidation methods (O3, O3/H2O2, H2O2/Fe

2+), share the
same mechanism (Rosenfeldt et al. 2007; Skoumal et al. 2006; Ollis 1993).

Advanced oxidation processes!�OH !pollutant
CO2 þ H2Oþ salts

Ultraviolet-Assisted Ozonation

Ozone interacts with dye molecules in an aqueous medium by a free radical attack
which may be direct or indirect. In the simplest form, the reaction can be summarized
as below (Hsu et al. 1998):
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Direct reaction:

O3 þ dye ! dyeoxid oxidation product of dyeð Þ

Indirect reaction:

O3 þ H2O !OH
�

OH • þ O2

OH • þ dye ! dyeoxid

Three oxidative processes, including UV-assisted ozonation (UV/O3),
ultrasound-assisted ozonation (US/O3), and simple ozone systems, were compared
against each other for the treatment of 9 aqueous solution. All the processes
performed successful oxidation in the acidic medium. The UV/O3 process, however,
proved to be the most efficient and eco-friendly with 99% decolorization efficiency
and chemical oxygen demand removal rate of 47% after 15-min reaction and
nontoxic by-products (Cuiping et al. 2011).

The performances of ozonation and H2O2/UV-C (hydrogen peroxide with ultra-
violet radiation of shortest wavelength) processes were compared against Reactive
Red 194, reactive yellow, and textile wastewater. The results revealed that decolor-
ization via H2O2/UV-C process was greatly influenced by pH. Contrarily, ozonation
was found to be free of any dependences, more effective, and feasible for reactive
dyes (Gül and Özcan-Yıldırım 2009).

The major benefit of ozone oxidation is that gaseous ozone used resists the rise in
mixture volume and avoids sludge production. The drawbacks of ozonation include
high cost of installation plant, the limited half-life of ozone, and the sensitivity to pH
and temperature change. For the best results, ozonation is assisted with radiations
(Zaharia et al. 2009) or with a membrane separation method (Bechtold et al. 2005).

UV-Assisted Oxidation with Hydrogen Peroxide

The use of H2O2 for the decomposition of non-biodegradable organic contaminants
in textile effluents has many technical and economic benefits. H2O2 is stable, cost-
friendly, and commercially available. From the chemical perspective, H2O2 is
completely miscible with water, requires the ambient temperature to function, and
prevents sludge formation during the different stages of treatment (Aleboyeh et al.
2003; Shu and Chang 2005; Daneshvar et al. 2008; Zaharia et al. 2009). The
mechanism of H2O2/UV involves the creation of hydroxyl radicals and subsequent
oxidation of dye molecules (Gül and Özcan-Yıldırım 2009; Georgiou et al. 2002).

H2O2 þ UV ! 2OH •
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OH • þ dye ! H2Oþ dye • ! further oxidation

H2O2/UV process was employed in a lab-scale reactor to decolorize textile
wastewater containing reactive Yellow 84 and Reactive Red 141. At the original
pH, wastewater was decolorized in 5.0 h. Acidification to pH 3 reduced the decol-
orization time to 2 h and chemical oxygen demand removal up to 70% (Racyte et al.
2009). The photo-oxidation of 9 was carried out by H2O2/UV, and parameters were
optimized. At 10 μM dye concentration, 1.67 mM H2O2, and neutral pH, 73%
decoloration was achieved (AlHamedi et al. 2009).

Similarly, H2O2/UV process decolorized Reactive Blue 181 effectively under
conditions of 500 mg/L of both dye and H2O2 and pH 3 in less than 30 min (Basturk
et al. 2015). UV/ H2O2/microwave process has also been reported as a modified
system with higher efficiency. By taking 2.0 mmol L�1 initial concentration of
H2O2, pH of 2.6, and 30 �C temperature, over 92% decolorization was achieved in
less than half an hour of irradiation. In addition, chemical oxygen demand and
biological oxygen demand were significantly removed. Comparison between micro-
wave, H2O2, H2O2/microwave, and UV/microwave revealed the superiority of UV/
H2O2/microwave process by eightfold in terms of speed (Parolin et al. 2013).

Photo-Fenton

The advanced oxidation of textile industry effluents with Fenton and photo-Fenton
processes provides high decolorization efficiency, simple handling, and cost-
friendliness (Bigda 1995). Fenton’s reagent (Fe2+/H2O2) utilizes Fe

2+ ions for the
catalytic breakdown of H2O2 (Barbeni et al. 1987; Walling 1975). The process has
evolved into photo-Fenton (Fe2+/H2O2/UV) and photo-Fenton-like (Fe

3+/H2O2/UV)
techniques that involve the use of irradiation and improved efficiency of the process
(Ruppert et al. 1993; Bauer and Fallmann 1997). Some other variations of the
process include the application of zero-valent iron with H2O2 (Nazari et al. 2013;
Kusic et al. 2006) and Fe2+/ultrasound combinations to further facilitate the process
efficiency (Ghodbane and Hamdaoui 2009). 16 and Reactive Black 39 taken from
rinsing and purification stages and treated with photo-Fenton-like advanced oxida-
tion processes. Response surface methodology confirmed 100% decolorization, 78%
chemical oxygen demand, and 59% total organic carbon removal, respectively.
Optimization of chloride content was suggested to remove the potential limit the
technique (Arslan-Alaton et al. 2009).

Despite the success, several limitations of the Fenton process, such as the
dramatic inhibition caused by hydrogen phosphate ions and sludge production, are
common. Iron oxide-coated granular activated carbon with H2O2 has been suggested
as an alternative oxidation process to cope with limitations. The newly developed
process was applied to degrade 7, a triphenylmethane dye, responsible for toxicity to
mammalian cells. Not only the proposed process minimized the sludge problem but
also increased the adsorption capacity of dyes and oxidation ability of H2O2. The
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removal efficiency of the proposed process was over 70% which was far better than
efficiencies of H2O2 (10%), granular activated carbon (44%), granular activated
carbon/H2O2 (43%) under acidic conditions, and 7.4 mM concentration of H2O2

(Chen et al. 2011).
In a combined chemical-biological process designed for biodegradability

enhancement and operating cost reduction, Fenton’s reaction was used to assist
biological oxidation in a sequential batch reactor to remove color and organic matter
from synthetic textile effluents. The combined approach successfully removed over
99% of color and 88–98% of organic matter. Additional benefits included meeting
the wastewaters discharge limits and reduction of the individual operating costs of
individual processes (Rodrigues et al. 2014).

Electrochemical Oxidation

Electrochemical oxidation or electro-oxidation is an effective technique to remove
contaminants from effluents that are rich in anionic content (Abdessamad et al. 2013;
Guzmán-Duque et al. 2014). The mechanism of electrochemical oxidation involves
a redox reaction initiated by electric current leading to the transformation of organic
components into CO2 and H2O. The electrochemical treatment of dyeing wastewater
comprises of direct and indirect oxidation processes. The direct oxidation process
starts with adsorption of pollutants on the surface of anode followed by degradation
through electron transferring reaction. On the other hand, the indirect oxidation
process electrochemically generates strong oxidizing agents to breakdown contam-
inants with oxidation reactions (Zhan et al. 2001).

An important factor that defines the efficiency of electrochemical oxidation is the
type and properties of the electrode. Boron-doped diamond is known to be the most
efficient electrode materials for the electro-oxidation of wastewaters. The success of
boron-doped diamond electrode is attributed to the physicochemical stability, reli-
able oxidative strength, controllable adsorption, and the convenient water discharge
(Peralta-Hernández et al. 2012; Shen et al. 2006). Doped boron-doped diamond
films with boron grown on titanium plates by hot filament chemical vapor technique
were used to remove 10 from dyeing wastewater. Complete decolorization of 10 was
achieved with boron-doped diamond/Ti electrode at 100 mA cm�2 current density.
Electrodes also showed the capacity to transform aromatic hydrocarbons into ali-
phatic species, which may further degrade into CO2 (Vasconcelos et al. 2015).
Boron-doped diamond anodes were employed for galvanostatic electrolysis by
anodic oxidation of mixtures contaminated with containing Alphazurine
A. Electrolysis caused 100% color and chemical oxygen demand removal at varying
reaction parameters (Bensalah et al. 2009).

Large-scale application of the electrochemical method is hampered by the single
great disadvantage of high operational cost. Some researchers have suggested an
indirect electrochemical process using Cl� and UV irradiation-assisted electrochem-
ical process. Synthetic textile wastewater polluted with reactive dyes subjected to
low current density electrochemical oxidation followed by UV irradiation with Ti/Pt
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oxide electrodes. The integration of techniques resulted in full decolorization with a
minute concentration of Cl¯, which was reduced by 75% as a result of UV irradiation
(Riera-Torres and Gutiérrez 2010). Another solution has been proposed as the
replacement of traditional one-cell reactor with a double-section electrolytic cell
partitioned with anion-exchange membrane. So-called dual-electrode oxidation
reactor allows simultaneous oxidation at both electrodes, thereby reducing the
energy demand by multiple folds (Raghu et al. 2009).

Ozonation in an Alkaline Medium

Most of the organic compounds can be degraded and decolorized with ozone, mainly
because oxidation potential of 2.07 V allows ozone to break the unsaturated bonds in
complex hydrocarbons and chromophores constituting humic and colored sub-
stances (Alaton et al. 2002). Ozone works in one of the two ways known as direct
and indirect mechanism; the former involves the action of molecular ozone, and the
latter corresponds to the action of free radicals generated by the decomposition of
ozone in aqueous solution (Shu and Huang 1995).

Ozone was used to decolorize Sirius blue SBRR, a direct dye, in a batch bubble
column reactor. A high inlet gas flow at highly basic pH resulted in a large amount of
bubble and complete color removal in less than 30 min. Toxicity tests performed on
the dye decolorization breakdown products revealed that breakdown products are
nontoxic (Turhan and Turgut 2009). The residual dyes from the tanning industry
were also successfully decolorized by ozone. A high pH value and low dye concen-
trations were recommended for faster processing (Srinivasan et al. 2009).

Ozonation of 19 and Acid Red 27 at different salt concentrations and pH
values has been studied. The process yielded 98% color removal in half an hour
with 45 and 20% mineralization of dyes 19 and Acid Red 27, respectively (Silva
et al. 2009). Reactive Blue 19 was also decolorized and degraded with ozone in a
cylindrical batch reactor. With a concentration of 800 mg/L dye solution and
duration of 1.5 h, 55% removal of chemical oxygen demand and 17% of total
organic carbon reduction were achieved. The addition of other oxidative agents
was suggested to cope with the challenge of incomplete degradation and partial
mineralization (Tehrani-Bagha et al. 2010).

Anionic sulfonated azo dye and a suspected carcinogen, Reactive Orange 16, was
decolorized and degraded via ozonation in a bubble column reactor. At pH value of
12, about 70% decolorization and 100% degradation were achieved within 8-min
duration (Turhan and Ozturkcan 2013). Another study reported over 98% decolor-
ization efficiency of azo dye Reactive Red 120 at a contact time of half an hour by
ozonation method, emphasizing the suitability of ozonation for dyeing effluents and
wastewater treatment (Abidin et al. 2015).

The performance of three different processes involving O3, namely, ozonation,
O3/H2O2, and O3/activated carbon, was compared against Acid Blue 92 dye. First
two processes worked best in basic conditions; however, the third one caused the
maximum degradation at a low pH. Open reflux analysis revealed the chemical
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oxygen demand removal in ozonation, O3/H2O2, and O3/activated carbon processes
were 30, 80, and 100%, respectively (Parsa and Negahdar 2012).

Catalytic Ozonation

Several reports have suggested the use of catalyzed ozonation of dye for the
decolorization and chemical oxygen demand removal from industrial wastewater.
Catalyzed ozonation of Procion Red MX-5B was carried out at an ozone dose of
260 mg h�1 and pH 11.0. The results revealed the successful removal of color,
chemical oxygen demand, and total organic carbon with maximum values in the
range of 75–97%. The presence of ionic and acidic species in the solution indicated
the mineralization caused by ozonation. Mn2+ was considered to the best metal ion
for decolorization and chemical oxygen demand removal compared to the rest
(Pachhade et al. 2009).

The solution of an azo dye 23 was subjected to MgO nanocrystal-catalyzed
ozonation using a lab-scale batch reactor. At optimized pH of 8 and catalyst dosage
of 5 g/L, clear improvements in both reaction time and decolorization efficiency
were noticed. Complete decolorization of 200 mg/L dye solution was achieved in
9 min only, which may take up to half an hour without the addition of catalyst
(Moussavi and Mahmoudi 2009). Overall, catalytic ozonation was regarded as a
reasonable process for treating dye wastewater prior and later to the discharge.

17.3.2 Photocatalytic Treatment

A photocatalyst absorbs energy from light to produce electron-hole pairs which is
used to impart chemical transformations in the reaction participants (Natarajan et al.
2018; Davis et al. 1994). Ammonium oxalate fiber surface was modified with silver
nanoparticles of different sizes and shapes and tested for photodegradation of 8 in
aqueous solution. The study revealed successful degradation of 8, particularly under
sunlight, a capability that can be extended to dye removal from wastewater streams
under the normal sunlight conditions (Wu et al. 2010). A mesoporous-assembled
TiO2 nanocrystal photocatalyst was used to remove acid yellow and acid black dyes
with mono and diazo groups. At photocatalyst dose of 10/L, initial pH of 4.5, and
acid yellow and acid black concentrations of 2.5 and 5 mg L�1, highest degradation
efficiency was achieved. Although water hardness hampered the degradation, pH
optimization can resolve the issue to resist a decrease in efficiency (Wongkalasin
et al. 2011).

3, 8, and methyl yellow were degraded to demonstrate the catalytic and magnetic
activity of palladium/hydroxyapatite/Fe3O4 nanocatalyst. The effective degradation
of dyes by the novel catalyst was attributed to the formation of Pd hydroperoxide as a
result of a reaction between catalyst and dissolved oxygen under acidic condition
followed by oxidation of azo dyes under hydroxyapatite catalysis (Safavi and
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Momeni 2012). Another novel photocatalyst based on silver nanoparticles and
colemanite ore waste was employed to remove reactive Yellow 86 and 21 in single
and multiple dye mixtures. Ag-colemanite ore waste proved to be a reusable and
cheap photocatalyst causing the removal of dyes from both single and binary
systems under optimized conditions of highly acidic pH, 100 mg/L beginning
concentration, duration of 1.25 h, and photocatalyst dose of 1.0 g L�1 (Yola et al.
2014).

17.3.3 Electrochemical Treatment

Electrochemical methods such as electrocoagulation offer many advantages over
existing physiochemical and membrane separation methods. For instance,
electrocoagulation utilizes the electron as a unique reagent, thus reducing the cost
sludge production while increasing safety and selectivity. In a typical
electrocoagulation method, a metal electrode functions as anode where electrolytic
oxidation produces the coagulant (Singh et al. 2013). Iron or aluminum electrodes
have gained popularity not only because of economic and commercial advantages
but also due to the favorable mechanism of action, i.e., the formation of metal oxides
and hydroxides that increases adsorption (Zidane et al. 2008). Aluminum and
stainless steel electrodes employed for a simulated reactive dyebath solution
revealed the superiority of stainless steel electrodes, particularly for decolorization.
The mechanism behind color and chemical oxygen demand removal was attributed
to coagulation and adsorption at extremely basic pH (Kabdaşlı et al. 2009).

Reactive Blue 140 and disperse red 1 were subjected to decolorization via
electrochemical technique both in single and mixed form using iron and aluminum
electrodes. The experiment optimized several parameters such as type and distances
of the electrode, current density, and process duration to achieve effective color
removal. At a particular current density, iron displayed better treatment of both
Reactive Blue 140 and disperse red 1 than aluminum, and the energy consumption
was 1kWh.m�3 for over 96% decolorization of both dyes (Phalakornkule et al.
2010). Another report suggested superior efficiency and operating cost of aluminum
over iron electrodes in the application of electrocoagulation for decolorization of
Levafix brilliant blue E-B. The aluminum electrode achieved 99% decolorization in
less than 30 min at a current density of 100 A/m2, electrolyte concentration of 5 mM,
and initial pH of 5.5. The operational cost and energy usage were calculated to be as
$2.9 per m3 and 16.9 kWh/m3, respectively (Akbal et al. 2011).

Aluminum electrodes were applied in the electrocoagulation of 19 dye in a flow-
through cell under varying reaction parameters. Optimum values for electrolyte
(NaCl) concentration, dye concentration, current density, and pH are 4.0 g L�1,
10 ppm, 160A m�2, and 6.5, respectively, to achieve about 95% decolorization
(Mollah et al. 2010). The feasibility of electrocoagulation was compared with
ozonation to decolorize diazo-, anthraquinone-, and aniline-based colorants. Both
processes removed nearly 99% of diazo and aniline dyes, whereas the ozonation also
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decolorized 89% of anthraquinone colorant (Lambert et al. 2013). Although
electrocoagulation treatment has a series of benefits, some disadvantages are also
encountered, to name a few, the operational control, ineffectiveness on non-ionic
components, sludge production, and treatment costs.

17.4 Biological Methods

A series of physical and chemical techniques for dye remediation have been devel-
oped. However, none has satisfied the criteria of economic feasibility, technological
mastery, and environmental safety all at the same time. Biological treatments for dye
remediation have been proposed as cost-competitive and eco-friendly alternatives to
physical and chemical methods (Robinson et al. 2001; Vikrant et al. 2018). Biolog-
ical treatments or so-called bioremediation utilize microorganisms or biocatalysts for
dye degradation and decolorization. Advantages and disadvantages and/or limita-
tions of both microorganisms and biocatalysts are often compared in terms of
feasibility, efficiency, and working conditions (process control, the concentration
of dye, pH, and temperature).

Microorganism strains of various kinds and origins uptake or produce enzymes
that can biotransform or eliminate recalcitrant compounds from compounds (Xiang
et al. 2016; Vikrant et al. 2018; Kandelbauer and Guebitz 2005). The mechanism
behind the decolorization and degradation of dyes caused by microorganisms
involves the chemical breakdown of chromophore molecules (Ghosh et al. 2017;
Ito et al. 2016). Microorganisms that can decolorize or degrade dyes include bacteria
(Jadhav et al. 2010; Saranraj et al. 2010; Saratale et al. 2010; Mahmood et al. 2011;
Ponraj et al. 2011; Saratale et al. 2011; Alalewi and Jiang 2012; Buthelezi et al.
2012; Cheriaa et al. 2012; Khalid et al. 2012; Khouni et al. 2012; Sriram et al. 2013;
San et al. 2014; Singh et al. 2014; Lalnunhlimi and Krishnaswamy 2016), fungi
(Akar et al. 2009a, b; Couto 2009; Kaushik and Malik 2009; Prigione et al. 2009;
Yang et al. 2009; Diwaniyan et al. 2010; Vaithanomsat et al. 2010; Zhang et al.
2011; Chakraborty et al. 2013a; Daâssi et al. 2013; Hadibarata et al. 2013; Jebapriya
and Gnanadoss 2013; Almeida and Corso 2014; Ma et al. 2014; Rani et al. 2014),
algae (Bekçi et al. 2009; Chu et al. 2009; El-Sheekh et al. 2009; Khataee et al. 2010;
Lim et al. 2010; Rubín et al. 2010; Khataee et al. 2011; Cardoso et al. 2012; Esmaeli
et al. 2013; Khataee et al. 2013; Salima et al. 2013; San Keskin et al. 2015; Wang
et al. 2016), etc.

17.4.1 Dye Removal via Bacterial Strains

Bacteria have been extensively employed for dye degradation and decolorization,
especially for the azo dyes. Generally, bacteria decolorize azo dyes by cleaving azo
bonds either using electron donor moieties or enzymes such as laccase and azo
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reductase and laccase (Brüschweiler and Merlot 2017). The researchers have mainly
focused on investigating the capability of textile effluent-adapted bacteria to cause
biodegradation of dyes, effects and bioremediation of secondary metabolites gener-
ated from bacterial reactions, and use of bacterial isolations from industrial waste-
water and drains as low-cost dye biodegradation raw materials (Alalewi and Jiang
2012).

Removal of Orange 3R was carried out by Pseudomonas sp. and Bacillus sp.
which showed maximum dye decolorization of 89% under optimized conditions
(Ponraj et al. 2011). There are a large number of reports on extensive microbial
screening to discover more efficient dye decolorizing strains. In a comprehensive
study, about 200 pre-concentrated bacterial isolates were evaluated for capability to
eliminate remazol black-B azo dye from the solution. Out of 200, 5 most efficient
bacterial isolates with more than 75% decolorizing efficiency were selected for
experimentation on modified mineral salt medium. Of which, one isolate completely
removed the remazol black-B (100 mg L�1) from solution in less than a day at
neutral pH and 35 �C using yeast extract as carbon source (Mahmood et al. 2011).

Two purified bacterial isolations Comamonas acidovorans and Burkholderia
cepacia were identified as the most potent decolorizers for 4 and Direct Blue
75 (Alalewi and Jiang 2012). Many studies compared the decolorizing potential of
various bacteria. Bacillus sp., E. coli, and P. fluorescens isolated from soil contam-
inated by textile wastewater were tested for decolorization of Reactive Orange M2R.
The results revealed that all three bacteria decolorized P. fluorescens effectively with
highest efficiency followed by Bacillus and Escherichia coli (Sriram et al. 2013). A
bacterial strain, Staphylococcus hominis RMLRT03, was isolated from soil affected
by textile effluent for decolorization of textile dye acid orange in Bushnell and Haas
medium which amended the mentioned dye. The bacterial strain produced good
results at incubation for 2 1/2 days at neutral pH and 35 �C with glucose and yeast
extract as co-substrate. The tolerance of acid orange was found to be as high as
600 mg L�1 (Singh et al. 2014).

The bioflocculant-producing bacteria have been extracted from activated sludge
to decolorize whale, mediblue, fawn, and mixed dye. Decolorization rate of bacteria,
namely, B. subtilis, E. acetylicum, K. terrigena, S. aureus, P. pseudoalcaligenes, and
P. plecoglossicida was found to be in the range of 80 to 97% (Buthelezi et al. 2012).

The use of marine-derived bacteria has also been suggested since such bacteria
possess a higher tolerance to the extreme conditions which may be useful in the
treatment of industrial effluents. In a study, around 60 bacterial isolates from
seawater sediment and saline soil were subjected to a mineral salt medium
containing dyes. Two of the study isolates P. alimentarius and S. equorum efficiently
decolorized reactive (black 5, blue BRS, Golden Ovifix) dyes from solution at salt
concentration 0–100 g NaCl L�1 (Khalid et al. 2012). Table 17.3 enlists notable
bacteria isolates and dyes which mentioned bacterial isolates are capable to
decolorize.

The use of bacterial isolates produces reliable and reproducible data which
ensures convenient interpretation of experiments. Nevertheless, microbial consortia
carry additional benefits in contrast to the individual isolates for dye degradation and
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decolorization. Different strains may lead to a multisite attack on dye molecules or
may assist each other by providing decomposition products (Saratale et al. 2011;
Esther et al. 2004). A microbial consortium consisting Pseudomonas bacterial
sp. decolorized textile dyestuff and Reactive Orange 16 dye (100 mg L�1) by the
metabolic activity in 2 days, much faster and safer than the individual bacteria, under
pH 7 and 30 �C temperature. The role of laccase and reductase enzyme in biodeg-
radation was confirmed. Bio-treated samples were found nontoxic in cytotoxicity
analysis (Jadhav et al. 2010).

Green HE4BD dye and alike reactive dyes were decolorized and degraded to
nontoxic products by oxidoreductive enzymes produced from bacterial consortium
of Proteus vulgaris NCIM-2027 and Micrococcus glutamicus NCIM-2168. In
addition to much faster and higher decolorization efficiency than individual bacteria,
the consortium offered use of low-cost co-substrates, i.e., rice straw and rice husk
(Saratale et al. 2010). Such reports inspired the researchers to develop novel bacterial
consortia. One such example is an acclimated novel microbial consortium “Bx,”
introduced to decolorize Blue Bezaktiv S-GLD 150. Under optimized conditions, the
consortium showed 88–97% decolorization rates and 95–98% chemical oxygen
demand removal. The process holds many advantages over traditional wastewater
treatments concerning investment, process control, operative convenience, and
environmental safety (Khouni et al. 2012).

A consortium consisting bacterial strains A. radiobacter, Bacillus spp.,
S. paucimobilis, and A. hydrophila was obtained from activated sludge of a dyeing
industry plant. The potential of individual bacteria was tested for the degradation and
color removal of triphenylmethane dyes and then compared to the combined treat-
ment as a consortium. Individual bacterial decolorized 7 and 2, 50 mg L�1 each, in
1 day, whereas consortium showed a high decolorization for 7 (91%) and 2 (99%) in
just 2 h (Cheriaa et al. 2012). Direct Red 31 and Direct Blue 151 dyes were
decolorized by an alkaliphilic bacterial consortium consisting of Bacillus flexus

Table 17.3 Adsorption of various dyes using bacterial strains

Dye(s) Bacteria References

Direct green-PLS B. subtilis Saranraj et al.
(2010)Direct violet-BL K. pneumonia

Direct sky blue-FF E. coli

Direct black-E K. pneumonia

Orange 3R Pseudomonas sp. and Bacillus sp. Ponraj et al.
(2011)

4, Direct Blue 75 C. acidovorans, B. cepacia Alalewi and
Jiang (2012)

Whale, mediblue, fawn B. subtilis, E. acetylicum, K. terrigena, S. aureus,
P. pseudoalcaligenes, P. plecoglossicida

Buthelezi
et al. (2012)

Reactive (black 5, blue
BRS, Golden Ovifix)

P. alimentarius, S. equorum Khalid et al.
(2012)

Acid orange S. hominis RMLRT03 Singh et al.
(2014)
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strain NBN2, Bacillus cereus strain AGP-03, Bacillus cytotoxicus NVH 391–98 and
Bacillus sp. L10 isolated from saline soil samples. At 200 mg L�1 concentration, the
consortium decolorized 97 and 95% of Direct Blue 151 and Direct Red 31 dyes,
respectively, within 5 days at pH 9.5 (Lalnunhlimi and Krishnaswamy 2016).

Overall, bacterial treatment has gained momentum as an efficient technique for
dye degradation and decolorization. However, further developments are required to
cope with some challenges such as toxicity of the treated effluents and scale-up
applications of bacterial techniques in real industrial sewage and drains. The solution
to the mentioned challenges lies in advanced knowledge of fundamental biological
sciences coupled with the revolutionary analytical techniques based on genomics
and proteomics.

17.4.2 Dye Removal via Algae Strains

Biosorption of malachite green oxalate dye was attempted using Caulerpa racemosa
var. cylindracea. The system suggested an alternative to recently reported
cyclodextrin-based adsorbent for 2 because of the lower equilibrium time and high
adsorption capacity (Bekçi et al. 2009). In another study, Chlorella vulgaris
UMACC 001 was used to remove Supranol Red 3BW and textile wastewater
using high-rate algal ponds. Decolorization reached up to 41–50% and chemical
oxygen demand removal 38–62%, and biomass was found to be 0.17–2.26 mg
chlorophyll a/L. Additional benefits of high-rate algal ponds were proposed in the
form of a polishing system for textile wastewater prior to the disposal and use of
algal biomass as feedstock for biofuel generation (Lim et al. 2010). 1 was adsorbed
using raw and dried Mediterranean green alga Enteromorpha spp. (Ncibi et al.
2009). Some reports suggested chemical and surface modifications in algae to
enhance sorption capacity, for instance, removal of lipid fraction from Sargassum
muticum biomass increased the sorption efficiency (Rubín et al. 2010). Likewise,
marine alga Ulva lactuca and Systoceira stricta modified with activated carbon
showed significantly improved adsorption capacities for 2 (400 mg g�1) and Safra-
nin O (526 mg g�1) (Salima et al. 2013).

Reactive Red 120 dye was removed by adsorption using Spirulina platensis
microalgae as sorbent. Microalgae successfully removed nearly 97% of dye, thus
indicating the suitability of SP for bioremediation of simulated dyestuff effluents
(Cardoso et al. 2012). Biosorption of Acid Black 1 was carried out using brown
marine macroalga, Nizamuddin zanardini, which utilized hydroxyl and amine sur-
face functional groups for biosorption (Esmaeli et al. 2013). Textile dyes 4, basic red
46, and basic blue 3 taken from polluted water were subjected to biosorption using
filamentous green alga Spirogyra sp. Equilibrium was achieved in 1 h and
biosorption of dyes in 72 h was highest for basic red 46, the average for basic blue
3, and lowest for 4 (Khataee et al. 2013).

Immobilization of microalgae has been suggested to cope with a low resistance to
temperature and chemicals. A study used 1% к-carrageenan and 2% sodium alginate
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matrices for the immobilization of Chlorella vulgaris UMACC 001 to decolorize
Lanaset Red 2GA dye and textile wastewater. Decolorization up to 44 and 49% was
achieved for Lanaset Red 2GA and textile wastewater, respectively. The system was
suggested for the final polishing of textile wastewater prior to discharge (Chu et al.
2009). Likewise, immobilization of microalgae Chlamydomonas reinhardtii on
polysulfone nanofibrous web showed significantly better decolorization capacities
against remazol black 5 and Reactive Blue 221 as compared to pristine polysulfone
nanofibrous web. Owing to nanoporous structure and reusability, microalgae/
polysulfone nanofibrous web biocomposite could be a suitable membrane material
for the textile wastewater treatment (San Keskin et al. 2015). Table 17.4 presents
notable accounts of decolorizing algae with respective dyes.

17.4.3 Dye Removal via Fungi Strains

The application of fungi in bioremediation and decolorization of dyes has been
regarded as advantageous over competitive bacterial techniques. Certain types of
fungi, such as whit-rot fungi, produce laccase and lignin/manganese peroxidase
enzymes that can degrade and mineralize complex dye molecules (Wesenberg
et al. 2003). Ligninolytic enzyme produced by basidiomycetous fungi was respon-
sible for 90% or higher decolorization percentages of Xylidine Ponceau 2R, indigo
carmine, Poly R-478, and Lissamine Green B dyes and 54% of textile effluent
(Diwaniyan et al. 2010).

Another study reported the capability of white-rot fungus Datronia sp.
KAPI0039 to decolorize Reactive Blue 19 and 10 by virtue of laccase production.

Table 17.4 Adsorption of various dyes using algal strains

Dye(s) Algae References

Malachite green oxalate C. racemosa var. cylindracea Bekçi et al. (2009)

Supranol Red 3BW, Lanaset Red
2GA, Levafix Navy Blue EBNA

C. vulgaris UMACC 001 Chu et al. (2009)

3, 19, G-red C. vulgaris, L. lagerlerimi, N. lincki,
O. rubescens, E. viridis, V. aureus

El-Sheekh et al.
2009)

(1 Enteromorpha spp. Ncibi et al. (2009)

1 S. muticum Rubín et al. (2010)

2 Chlorella, Euglena Khataee et al. (2010)

Supranol Red 3BW C. vulgaris UMACC 001 Lim et al. (2010) and
Khataee et al. (2011)

Reactive Red 120 S. platensis Cardoso et al. (2012)

Acid Black 1 N. zanardinii Esmaeli et al. (2013)

4, Basic Red 46, Basic Blue 3 Spirogyra sp. Khataee et al. (2013)

2, Safranin O U. lactuca, S. stricta Salima et al. (2013)

Remazol black 5, Reactive Blue
221

C. reinhardtii polysulfone
nanofibrous web

San Keskin et al.
(2015)
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Periodical evaluation of color degradation revealed 86% decolorization of Reactive
Blue 19 (1000 mg L�1) and 88% decolorization of 10 (600 mg L�1) by 2% (w/v)
Datronia sp. KAPI0039 at pH 5. Laccase activity was measured to be 759.81 U L�1

and 178.57 U L�1 for remazol brilliant blue R and 10, respectively (Vaithanomsat
et al. 2010). Another white-rot fungus, P. eryngii F032, culture decolorized about
94% of 10 (10 mg L�1) dye within 3 days of incubation in dark condition with
agitation. However, fungus faced reproducibility limitations and required immobi-
lization to overcome the issue (Hadibarata et al. 2013). Owing to the crude enzyme
production, Ganoderma sp. En3 effectively decolorized Reactive Orange
16 (Ma et al. 2014).

Lanaset Gray G (200 mg L�1) was decolorized by four Tunisian-isolated white-
rot fungi immobilized onto Ca-Alg which achieved decolorization percentages up to
89, 89, 82, and 81%. Immobilized fungi exhibited reusability by removing dyes with
high percentages in subsequent cycles suggesting the suitability for metal
dye-contaminated effluents in continuous systems (Daâssi et al. 2013).
6 (600 mg L�1) was completely decolorized by Alternaria alternata within 2 days
in yeast extract-glucose medium with excellent dye retention capacity and nontoxic
final products (Chakraborty et al. 2013a).

The fungal isolates, Aspergillus niger and Phanerochaete chrysosporium, iso-
lated from dye-contaminated soil were used for the removal of 2, nigrosin, and 5.
Aspergillus niger effectively decolorized 5, nigrosin, and 2 up to 82%, 77%, and
73%, respectively. Whereas decolorization percentages of P. chrysosporium for
nigrosin, 5, 2, and dye mixture were found to be around 90%, 90%, 83%, and
78%, respectively. Both fungi were regarded as appropriate for detoxification of
complex textile dyes (Rani et al. 2014).

Despite the multitude of successful experiments, the use of fungi for biodegra-
dation is not entirely risk-free. Filamentous fungi Aspergillus niger and Aspergillus
terreus were capable of completely removing Procion Red MX-5B dye from solu-
tion with a drawback of toxic metabolite production leading to the growth inhibition
and death of A. salina larvae (Almeida and Corso 2014). The efforts have been made
to modify the physicochemical properties of fungi and/or appropriate selection of
fungal strains. Biosorbents based on macro-fungi type were found to be advanta-
geous in terms of chemical stability, morphological favorability, and excellent
mechanical performance in different pH conditions. Acid Red 44 dye was efficiently
removed by macro-fungus Agaricus bisporus from aqueous solutions (Akar et al.
2009b).

A biosorbent based on the mixture of macro-fungus A. bisporus and Thuja
orientalis cones eliminated Reactive Blue 49 dye from contaminated solutions in
both batch and continuous biosorption processes. The proposed system could be an
affordable, efficient, and environmentally favorable option for biosorption of reac-
tive dyes from solutions (Akar et al. 2009a). A biofilm reactor was introduced that
combined bacteria-fungi coupled system for biodegradation of textile wastewater.
Results revealed the key role of yeasts belonging to genus Candida in the success of
the proposed system (Yang et al. 2009). Table 17.5 enlists notable fungal strains
along with dyes.
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Overall, biological methods are comparatively green and sustainable. A major
issue associated with the biological method is robustness. Innovative approaches are
required to ensure the reproducibility of results. Moreover, there is still room to
explore the synergistic effect of microorganisms not only within the domain but in
combination with physical and chemical methods.

17.5 Conclusions and Prospects

The natural and synthetic dyes which make our life colorful also cause much
pollution of water bodies. Effluents from the dye industry contain very harmful
chemicals. The organic dyes should be discharged up to only certain strict limits in
final effluents discharged untreated in natural water resources. Removal of dye from
textile effluents is an environmental issue that can be solved by use of adequate
mechano-physical-chemical and biological treatment of textile effluents. A thorough
survey of all the useful data is available for the study and is discussed with the
overall impact on the treatment of wastewater. Conclusively, among the different

Table 17.5 Adsorption of dyes by fungi

Dye(s) Fungi
Decolorization
efficiency (%) References

Acid Red 44 A. bisporus 95.24 Akar et al. (2009b)

Reactive Blue
49

A. bisporus, T. orientalis – Akar et al. (2009a)

Reactive Blue
19

Datronia sp. KAPI0039 86 Vaithanomsat et al.
(2010)

10 88.01

Reactive Orange
16

Ganoderma sp. 88.2 Ma et al. (2014)

10 Pleurotus eryngii F032 93.57 Hadibarata et al.
(2013)

6 Alternaria alternata
CMERI F6

78 Chakraborty et al.
(2013a)

Lanaset Gray G Coriolopsis gallica 88.7 Daâssi et al. (2013)

Bjerkandera adusta 89.3

Trametes versicolor 82.1

Trametes trogii 81.3

Procion Red
MX-5B

Aspergillus niger 100 Almeida and Corso
(2014)Aspergillus terreus

2 A. niger,
P. chrysosporium

93.33, 71.42 Rani et al. (2014)

Nigrosin A. niger,
P. chrysosporium

90.05, 70

5 A. niger,
P. chrysosporium

92.85, 8.33
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methods opted, adsorption stands good for the removal of dyes and pigments from
wastewater due to ease of operation, low cost, and no requirement of the specific
pretreatments of the waste material. Chemical methods can offer reliable decolori-
zation and degradation of a large number of dye effluents. Combined with physical
and biological techniques, chemical methods can provide sustainable solutions to
dye pollution. To unlock the potential of chemical methods, however, there is a dire
need to develop strategies to overcome the sludge production which causes a
secondary pollution problem. Furthermore, chemical techniques usually have a
high cost that hinders large-scale application. Efforts should be made to design
materials that can transform chemical methods into economic and convenient
approaches. One way to achieve the goal is to introduce integrated approaches
based on novel and emerging techniques. For example, the broad specificity of
chemical oxidation methods can be coupled with versatile biological methods,
which can be further assisted by recombinant DNA approach and bio-engineering.
However, the complementarity and compatibility of chemical techniques should be
carefully evaluated. Furthermore, there is a gap in the area of structural elucidation
and characterization of toxic dye effluents before release from the industrial
resources. To address this issue, extensive evaluation of dyestuff material is required
before its release. In the future, validation of integrated and coordinated approaches
on broader scale will most likely produce an economically feasible, practical, and
effective solution.
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Nanomaterials for Textile Waste Treatment

Bilal Akram , Habib-ur-Rehman, and Javeed Akhtar

Contents

18.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 664
18.2 Inorganic Nanomaterials as Sorbents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 665

18.2.1 Silica Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 666
18.2.2 Iron-Based Magnetic Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 667

18.3 Concurrent Adsorption and Degradation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 669
18.3.1 Photocatalytically Active Inorganic Nanomaterials . . . . . . . . . . . . . . . . . . . . . . . . . . . 669
18.3.2 Carbonaceous Composite Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 673
18.3.3 Polyurethane Composite Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 675
18.3.4 Melamine Foam Composite Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 676
18.3.5 Composite Materials Containing Cellulose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 677

18.4 Destiny of Used Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 678
18.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 681
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 681

Abstract The blessings of modern civilization have created some adverse effects on
the earth’s ecosystem at micro- and macro-scale. Textile industries are an integral
part of modern civilization which has helped to shape our modern lifestyle. Unfor-
tunately, side products from these industries, such as affluent (liquid form) or those
in gaseous forms, are being discharged constantly. This trend is more prominent in
under-developing countries where carbon emission and toxic dye discharge in fresh
water is growing at an alarming rate. Adsorption, ion exchange, ozonation, mem-
brane filtration, crystallization, phytoremediation, flocculation, and photochemical
degradation are some of the methods used to address the problems associated with

B. Akram
Department of Chemistry, Tsinghua University, Beijing, China
e-mail: bai-l16@mails.tsinghua.edu.cn

Habib-ur-Rehman · J. Akhtar (*)
Materials Laboratory, Department of Chemistry, Mirpur University of Science and Technology
(MUST), Mirpur, AJK, Pakistan

© The Editor(s) (if applicable) and The Author(s), under exclusive license to
Springer Nature Switzerland AG 2021
Inamuddin et al. (eds.), Water Pollution and Remediation: Organic Pollutants,
Environmental Chemistry for a Sustainable World 54,
https://doi.org/10.1007/978-3-030-52395-4_18

663

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-52395-4_18&domain=pdf
https://orcid.org/0000-0001-7668-3061
https://orcid.org/0000-0001-5938-3315
mailto:bai-l16@mails.tsinghua.edu.cn
https://doi.org/10.1007/978-3-030-52395-4_18#DOI


dye wastes. Among the listed methods, adsorption and photochemical degradation
are popular due to their economic, upscaling, and greener nature. Similarly, nano-
structured materials have the potential to offer viable solutions to tackle such toxic
effluents owing to their greater surface to volume ratio and enhanced chemical
reactivity compared with their bulk form. Photochemical degradation of textile
wastes using such nanostructured materials has received considerable interest in
the last few decades. Extensive research has led to the design of smart and high-
power adsorbents and photochemical degrading agents, such as composites, using
large number of polymeric materials. This chapter highlights and discusses the role
of important class of inorganic materials such as silica, carbon, and polymeric
composite materials for effective adsorbents and photochemical degrading agents
for a wide range of textile wastes. The chapter will give readers an overview of the
work done in the literature and directions for designing tools and strategies to
implement greener chemistry protocols for the protection of our environment.

Keywords Nanoparticles · Effluent · Textile waste · Chemical degradation · Silica
nanoparticle · Sorbents · Photochemical degradation · Magnetic nanoparticles · ZnO

18.1 Introduction

Water is a vital source of life for all living beings in the universe. However,
wastewater becomes a major threat for living beings worldwide. Sewage from the
textile industry is the foremost contributor to water pollution. Different effluents
from textile industries are enriched with auxiliary chemical species and dyes. The
dyeing process of a cloth is very important as it gives beauty to the finished fabric,
but at the same time, the dyes used in this process may cause environmental
pollution (Varadarajan and Venkatachalam 2016). Various kinds of synthetic dyes
are used in the textile industry, depending on the nature of fibers. During the process
of dyeing, the major portion of the dye is exhausted in the fabric material, whereas
some unexhausted portion is disposed off into the water and produces colored
wastewater. In general, synthetic dyes used in textile industry can be categorized
into three classes: anionic, cationic, and nonionic. Most of the anionic dyes have
acidic nature and are reactive, whereas cationic dyes possess basic character due to
the presence of the azo group. Because the cationic dyes are mostly composed of
benzidine and/or other related aromatic compounds, they are generally regarded as
carcinogenic. Due to their good solubility in water, such solutions cannot be treated
through conventional methods. Likewise, organic dyes in effluents are rich in
chemical compounds having high stability. Although their discharge in the water
streams is not very much, it is highly visible due to the staining features.

Various treatment strategies have been employed to handle dye-based wastes
from textile industries, such as adsorption, membrane filtration, ion exchange,
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ozonation, evaporation, electrochemical oxidation, phytoremediation, flocculation,
photochemical degradation, and crystallization. However, the emergence of second-
ary pollutant in the water as a result of the treatment, as well as the limitations in both
space and time, has limited their use for environmental remediation (Crini and
Lichtfouse 2019). Therefore, effective and efficient methodologies to treat these
wastewaters are still being developed.

During the last decades, micro and nanomaterials have been extensively investi-
gated and found to possess great potential for environmental remediation owing to
their remarkable chemical and physical characteristics, such as large surface area,
superwetting, and photocatalytic behavior. For example, adsorbent materials
(Madhura et al. 2019) constructed via modification of cost-effective, commercially
available materials, such as inorganic nanomaterials (Crini et al. 2019), melamine
and cellulose foam, polyurethane sponge, and several carbon-based materials, have
been used for the removal of dyes and other organic solvents from wastewater(Jang
et al. 2008; Wang et al. 2015; Zhu et al. 2015b; Zhu et al. 2015c). The use of several
photocatalytically active materials are further extended for the treatment of waste-
water for environmental remediation, for instance, few conventional semiconducting
materials, such as TiO2, ZnO, and CdS, can photodegrade synthetic dyes used in
textile industries for coloring purpose and make the wastewater clean (Akram et al.
2018). Moreover, new novel multifunctional composite materials have also been
designed to treat wastewater. Such composite materials with multifunctional prop-
erties can be prepared by combining different nanomaterials having distinct func-
tions or immobilizing them on substrate materials. Such composites are established
to have superior performance than individual material. Here, we aim to present an
overview of the application of various nanomaterials either alone or in the composite
form to treat textile effluents via adsorption or photodegradation.

18.2 Inorganic Nanomaterials as Sorbents

With the advancement in the field of nanotechnology during the last decades, a
diverse range of inorganic nano- or micromaterials have been extensively used for
environmental remediation. Such materials possess large specific surface areas and
function as excellent sorbents and photocatalysts for wastewater treatment
(Dsikowitzky and Schwarzbauer 2014). The higher surface to volume ratio of
these materials can significantly enhance their adsorption capacities. Several inor-
ganic nanomaterials with higher redox potential and photocatalytic performance can
also be used to degrade wastewatercontaminants. Few representative examples of
sorbent materials are discussed below.
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18.2.1 Silica Nanoparticles

A material should have an ordered porous structure and large surface area in order to
be a good absorbent. Accessible adsorption sites with excellent stability under
adsorption and regeneration conditions endowed the material with good adsorption
features. Porous silica has proven to be an excellent sorbent for wastewater treat-
ment. Since their discovery in the early 1990s, their use is greatly extended for
environmental remediation. Different kinds of silica nanoparticles having
mesoporous nature, as shown in Fig. 18.1, have been synthesized and used in a
variety of applications, such as catalysis, ion exchange, separation, filtration via
molecular sieving, and adsorption (Slowing et al. 2010; Yang 2011). These silica
nanostructures have attracted substantial interest in the treatment of polluted water
owing to their intrinsic large specific surface area and porous nature having pores of

Fig. 18.1 Various nanostructures of mesoporous silica: (a) 1D rods having helicoidal pores with a
size of about 3 nm (b and c); spherical structures having hexagonal and cuboidal pores with a width
of 4 and 3 nm, respectively; and (d) hexagonal plates possessing hexagonal pores with a width of
about 10 nm. Reprinted with permission of [Mesoporous silica nanoparticles: structural design and
applications. Journal of Materials Chemistry, The Royal Society of Chemistry] from [Slowing et al.
2010]. (1D, one dimensional)
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definite dimension and geometry. Porous silica nanostructures might be classified on
the basis of the shape and size of their pores. Silica nanoparticles with pore sizes
ranging from 2 to 5 nm are regarded as 2D hexagonal p6m (MCM-41), 3D cubic
Ia3d (MCM-48), and lamellar p2 (MCM-50) (Fig. 18.1b and c). Silicas with larger
pore sizes, i.e., in the range of 6 to 20 nm, are called SBA-15, and the shape
specification of their pores is 2D-hexagonal-p6mm. Additional 3D cubic silicas
with even larger pores are also known, such as IBN-2 (Fm3m) (Han and Ying 2005).

During the past few years, significant attention has been paid to the use of
MCM-41 to trap some volatile organic moieties via physisorption or chemisorption
after structural and compositional modifications. It has also been effectively
employed to confiscate toxic heavy metals and dissolve dyes from polluted water
(Yoshitake et al. 2003). Functionalization of silicas with organic functional groups,
such as amino, malonamide, imidazole, carbonyl, carboxyl, humic acid, and dithio-
carbamate, can lead to a material having a much improved capacity for the degra-
dation of aqueous dyes. In comparison with MCM-41, SBA-15 possesses bigger
pores with a tunable size that permits targeted pollutants to easily access the inner
surface of the nanoparticles. This leads to swift kinetics and non-equilibrium adsorp-
tion, and SBA-15 exhibits improved ability of adsorption than MCM-41. Further-
more, the ultrathin (around 4 nm) pore walls provide remarkable mechanical
stability. Even though such materials behave as promising adsorbents, as compared
with other conventional absorbents, such as active carbon, the lack of surface
functionalities greatly limits their adsorption utilizations, particularly in case of
high adsorption selectivity and capacity. This limitation can be overcome simply
by chemical modification of its surface. Surface modifications have been achieved
by using dodecylamine, tetrakis(4-carboxyphenyl)porphyrin, 2-mercaptopyridine,
and 3-aminopropyltrimethoxy silane. These surface-modified mesoporous silicas
were than employed to eliminate dyes and toxic heavy metal species from waste-
water (Benhamou et al. 2013; Davarpanah and Kiasat 2014; Pérez-Quintanilla et al.
2006).

18.2.2 Iron-Based Magnetic Materials

The ability of nanomaterials to recycle carbon coated Fe3O4 nanoparticles must be
considered while choosing the best agent to treat wastewater from textile industries.
Magnetism helps in water purification by effecting the physical characteristics of
contaminants. Best adsorption ability along with easy magnetic separation has been
widely employed in the treatment of wastewater and environmental remediation.
During the past few years, magnetic iron oxide nanomaterials have been extensively
investigated in large-scale treatment of wastewater owing to their enhanced adsorp-
tion capability, easy recyclability, and superior stability (Xu et al. 2012). The use of
Fe3O4 materials in both lab scale and industrial scale has revealed that such magnetic
responsive nanomaterials possess more improved ability to treat huge quantities of
effluents discharged from a textile industry than carbon-based materials and atomic
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iron (Tang et al. 2013). The easy separation of such nanomaterials using an exter-
nally applied magnetic field further favors their use at an industrial scale.
Contaminantsadsorption may occur via surface exchange reactions until full occu-
pation of all surface functional sites. Pollutants may also diffuse into the magnetic
adsorbent material through interactions with surface functionalities. Therefore, sur-
face modification of magnetic nanomaterials with small organic functional groups
results in enhanced adsorption capacity by binding through surface site, electrostatic
interactions, magnetic selective adsorption, and tailored ligand blend. Additionally,
surface modifications of Fe3O4nanoparticles with other inorganic materials stabilize
the nanoparticles (NPs) and ultimately control their oxidation. This strategy also
improves their adsorption capability owing to the larger specific surface area. For
instance, carbon coated Fe3O4 nanoparticles have been synthesized to absorb
multiring aromatic compounds from wastewater (Wang et al. 2013). The experi-
mental findings demonstrated that their adsorption tendency is greatly improved than
plain Fe3O4nanoparticles. Surface coating of Fe3O4nanoparticles with silica imparts
enhanced surface area and magnetic sensitivity, which results in improved capacity
for the removal of microcystins from aqueous solution. This material could be reused
eight times with the same efficiency, and the recovery percentage of the adsorbent is
higher than 90% (Deng et al. 2008).

To sum up, nanomaterials as sorbents have been extensively investigated for the
treatment of aqueous industrial effluents due to having large adsorption tendency
and easy recyclability (Fig. 18.2). However, large-scale applications of such
nanomaterials are still restricted because of the obscurity in sorting out the pollutants
from the adsorbent, which is not economic and cost-effective. Therefore, it is
imperative to design materials that can be reused as sorbent directly without any
treatment to separate them from contaminants. Moreover, the contaminants cannot
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Fig. 18.2 (a) Magnetic hysteresis loops of Fe3O4particles (a), Fe3O4@nSiO2 (b), and
Fe3O4@nSiO2@mSiO2 (c) microspheres. (b) Separation redispersion process of
Fe3O4@nSiO2@mSiO2 microspheres. (Reprinted with permission of [Superparamagnetic High-
Magnetization Microspheres with an Fe3O4@SiO2 Core and Perpendicularly Aligned Mesoporous
SiO2 Shell for Removal of Microcystins. Journal of the American Chemical Society] from Deng
et al. 2008)
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be removed completely through adsorption, particularly when they are in low
concentrations. Thus, an efficient strategy should be developed to handle the con-
taminants present in trace amount in order to reduce their accretion.

18.3 Concurrent Adsorption and Degradation

18.3.1 Photocatalytically Active Inorganic Nanomaterials

During the last few years, the semiconductor photoactive nanomaterial-catalyzed
heterogeneous oxidation of organics has attained special interest due to its cost-
effective, eco-friendly, and sustainable treatment technology for wastewater treat-
ment. This strategy involves the degradation of aqueous contaminants at ambient
conditions to more biodegradable and less-toxic components that may not be the
cause of secondary pollution (García-Ripoll et al. 2007). The hydroxyl radicals
(•OH) produced during this process are transferred into organic compounds. The
ultraviolet–visible light is the driving force for the production of such an oxidant,
depending on the nature of photocatalysts. Under light illumination, photons having
energies higher than the semiconductor band gap energy (ΔE) can result in the
excitation of electrons from the valence band, thus accelerating the reactions. In the
case of absorbed photons with lesser energies (lesser than ΔE), the energy in the heat
form dissipates. The absorption of sufficient energy by photocatalyst results in the
formation of a positive hole (h+) in the valance band and an electron (e�) in the
conduction band (Fig. 18.3). The generated h+ can react with organic species or
water to produce hydroxyl radicals (•OH), whereas the oxygen adsorbed on the
catalyst is reduced by the electrons present in the conduction band.

The following steps demonstrate the ultraviolet–visible light-assisted activation
of photocatalysts and the redox reaction of organic moieties.

Photoactivation:

Photocatalystþ light illumination ! e� þ hþ ð18:1Þ
e� þ O2 ! O2

�� ð18:2Þ

Oxidation:

hþ þ Pollutant ! CO2 ð18:3Þ
hþ þ H2O!�OHþ Hþ ð18:4Þ

Reductive reaction:

�OHþ organics ! CO2 ð18:5Þ
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During the last few years, a lot of semiconductor photocatalysts have been
designed for the treatment of wastewater, such as metal oxides; ZnO, TiO2, and
Fe2O3 and metal sulfides; and CdS and SnS2. Among these, TiO2 has engrossed
considerable interest for photocatalytic water treatment owing to its thermal and
chemical stability and remarkable mechanical characteristics. The photocatalytic
activity of TiO2nanoparticles was first demonstrated by Fujishima and Honda
(Fujishima and Honda 1972). Since then, the use of TiO2 photocatalysts for the
treatment of wastewater and degradation of several hazardous organic compounds
has been broadly investigated. TiO2 photocatalyst mostly works in the limited range
of photon energy, i.e., from 300 nm to 390 nm. Moreover, electron–hole recombi-
nation in the absence of appropriate electron acceptors still confines its large-scale
use since it leads to wastage of energy.

Fig. 18.3 Schematic illustration of the formation of holes and electrons under light irradiation
during a photocatalytic reaction. (VB denotes valence band, CB denotes conduction band, e�

denotes electron, h+ denotes hole)
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Although a number of electron acceptors, such as H2O2, (NH4)2S2O8), and
KBrO3, have been explored to trounce this limitation, mineralization photo effi-
ciency is still lower. The modification of TiO2 via doping or alloying has proven to
be an effective approach to improve the photo efficiency. For instance, noble metal-
decorated TiO2 has been demonstrated to have enhanced photo efficiency. The
electrons present in the conduction band can be excited and moved to the decorated
metal having narrower band gap to shun the recombination of electrons and holes,
resulting in the efficient separation of charges and high rates of photocatalytic
reaction (Ni et al. 2007). The doping of transition-metal ions and rare-earth metal
ions into TiO2 lattice has also been shown to enhance its photocatalytic performance.
The doping of non-metallic species, such as nitrogen, fluorine, carbon, and sulfur,
has also been investigated to obtain improved photo efficiency in the full solar
spectrum (Malato et al. 2009).

Another important photocatalytic material that is broadly investigated for the
treatment of wastewater is ZnO. ZnO is non-toxic, cost-effective, and chemically
stable. Although TiO2 is regarded as the most active photodegradation catalyst, ZnO
exhibits even better photocatalytic performance in certain situations (Khan et al.
2019a; Khan et al. 2019b; Yu and Yu 2008). Moreover, it can work in the broader
solar window than TiO2, so it is the most appropriate catalyst for the
photodegradation of organics under sunlight illumination. There are many reports
demonstrating ZnO as a photocatalyst for the degradation of organic pollutants and
colored dyes, such as kraft black liquor, 2-phenylphenol fungicide, phenols, lignin,
and many other azo dyes. Furthermore, photocatalytic degradation of few antibi-
otics, such as sulfamethoxazole, amoxicillin, ampicillin, cloxacillin, and lincomycin,
has also been reported (Elmolla and Chaudhuri 2010; Farzadkia et al. 2014).

Owing to low band gap of 2.2 eV and n-type semiconducting nature of Fe2O3, it
becomes an appropriate candidate for photocatalytic degradation of organic dyes and
pollutants. Several Fe3+ species have been used for the treatment of organic
dye-polluted water, such as α-Fe2O3, γ-Fe2O3, α-FeOOH, β-FeOOH, and
γ-FeOOH. Highly efficient photocatalytic degradation of Congo red using iron
oxide nanoparticles has been demonstrated (Khedr et al. 2009). Moreover, this
type of photocatalyst is stable and found to have the best performance even after
several cycles. The limitation of such nanomaterials is the fast electron–hole recom-
bination. To surmount this issue, different noble metal particles can be deposited on
their surface and may be used as a support. For instance, Au/Fe2O3 has been
employed for the photodegradation of water-dispersed azo dye, i.e., blue 79. The
Au nanoparticles here are regarded as electron accumulation sites, thus can assist
their transfer from the surface. Better charge separation imparts improved
photocatalytic performance.

Many metal chalcogenides and nitrides have also been designed as catalysts for
the photodegradation of pollutant to treat wastewater. For example the 2.42 eV band
gap of CdS allows the easy transfer of electrons from valance band to the conduction
band by light having a wavelength of less than 495 nm (Yang et al. 2013). Recently,
semiconductor CdS nanoparticles have attracted much attention as photocatalysts to
treat wastewater polluted with organic dyes owing to their distinct chemical and
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physical characteristics (Zhu et al. 2009). Another important material, which is SnS2,
is oxidatively more stable as compared with CdS, and Li et al. have demonstrated
that SnS2 exhibits much improved photocatalytic performance than CdS under
visible light (Li et al. 2012).

Most of the abovementioned metal-based semiconductor photocatalysts are either
functional in limited light window or non-economic, which confines their long-term
and commercial applications. A metal-free and economic photocatalyst, i.e., gra-
phitic carbon nitride (g-C3N4), overcomes the above limitations associated with
metal-based photocatalysts (Shi et al. 2018). In recent times, the use of graphitic
carbon nitride,g-C3N4 has been extended to reduce CO2. Photocatalytic degradation
of organic pollutants, such as dyes and heavy metal ions, has revealed that graphitic
carbon nitride is an emerging photocatalyst for environmental remediation. As
mentioned above, inorganic nanoparticles have been extensively investigated as
sorbents or catalysts for the treatment of wastewater. Individual inorganic
nanoparticles still cannot fulfill all the unambiguous requirements needed for envi-
ronmental remediation. These limitations can be overcome by functionalization of
such inorganic nanoparticles with functional organic polymers by forming core–
shell nanocomposite materials. Furthermore, such modifications can also prevent the
aggregation of nanoparticles and enhance the adsorption properties by stabilizing
their uniform dispersion (Shin and Jang 2007). The most significant benefit of
inorganic nanoparticles is their high capacity of adsorption owing to their large
surface area. However, selective adsorption of some pollutants cannot be achieved
using these pure nanomaterials in practical applications. This issue not only
decreases the efficiency of adsorption but also influences the recyclability of mate-
rials. Scientists have investigated that these issues can be handled via surface
modification of nanomaterials with functional groups such as protonic acids or
bases through van der Waals or electrostatic interactions. For example, the amino-
functionalized nanomaterials demonstrate outstanding capacity for the removal of
toxic metallic species from polluted water due to labile protonation in acidic
environment. Likewise, nanomaterials modified with carboxylate moieties were
extensively used to capture cationic pollutant via complexation (Fresnais et al.
2013). Another approach to achieve selective adsorption is to functionalize inorganic
nanoparticles with molecular imprinted polymers. Molecular imprinted polymers
have been employed for molecular recognition purpose in several fields, such as
solid-phase extraction, membrane separation, chromatograph separation, drug deliv-
ery, sensors, and catalysis (Vallano and Remcho 2000). Surface-imprinted inorganic
nanomaterials not only function as excellent selective adsorbent but also overcome
few disadvantages, such as the comparatively less unit volume identification sites of
the matrix-embedded polymer. Molecular imprinted polymer-modified silica and
carbon-based materials have been used for the removal of toxic metallic species and
synthetic dyes from wastewater (Liu et al. 2014). The nanocomposites of other
unique properties having inorganic nanoparticles prove to be more practical. For
instance, magnetic nanoparticles and molecular imprinted polymer composite can be
magnetically separated after use. There are several advanced techniques used to
control their structure and enlarge their specific surface area, consequently
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improving adsorption and photo efficiency capacity. However, the demands of
practical application may not be met by using them, particularly for highly polluted
wastewater, due to their non-selective adsorption and low binding efficiency. Con-
trarily, it is established that the process of adsorption follows a dynamic equilibrium
state where surface-adsorbed moieties pervade into the absorbents until equilibrium
is achieved. Therefore, it is hard to remove contaminants completely only through
adsorption, particularly in the case of higher contaminant concentration. Uniting the
benefits of adsorbent and photocatalyst, composite materials having synergetic effect
might be able to overcome these issues. One of the best strategies is to develop
polymer surface-functionalized inorganic core–shell composite nanostructure capa-
ble of accumulating higher concentrations of contaminants on their surface and
accelerating the photocatalytic degradation process. A continuous process is devel-
oped by combining adsorption and photodegradation of contaminants accompanied
by the following steps: (i) the contaminants would efficiently bind with the surface
of absorptive polymer, and then surface-bound contaminants might pervade into
the photocatalytic core; (ii) under light illumination, the excitation of encapsulated
photocatalysts would occur, leading to photocatalytic degradation of absorbed
contaminants; (iii) the lesser contents inside polymer might result in
non-equilibrium states, and incessant adsorption occurs. Such a continuous process
of adsorption and degradation may not only completely eliminate contaminants in
limited time, but the composite photocatalysts may also be reused directly without
any additional treatment. The practical applications of this strategy involve two
major steps: first efficient adsorption of contaminants onto the polymer, leading to
a decrease in contaminant concentration; then a continuous process of adsorption
and degradation takes place until degradation completes. Although these functional
polymer-encapsulated materials exhibited attractive selectivity and adsorption capa-
bility, their method of preparation is comparatively lengthy and complex, which may
not be appropriate for upscaling. Therefore, some carbon-based materials and
several commercially available foams with low density, outstanding stretchability
and flexibility, excellent chemical stability, high surface area, and eco-friendliness
are supposed to be the best alternatives for efficient treatment of wastewater.

18.3.2 Carbonaceous Composite Materials

Carbon-based composite nanomaterials designed by using different forms of carbon,
such as graphite, graphene, and carbon nanotubes, have been extensively investi-
gated to achieve enhanced adsorption and photocatalytic degradation under visible
light. Carbon in its activated form can effectively adsorb the pollutants, but the
recycling cost is comparatively higher. Therefore, activated carbon was used as a
support to load photocatalytically active TiO2 for the degradation of dyes (Fu et al.
2006). In this composite, the activated carbon would aid to supplement the confined
contaminant contents of photocatalyst and consequently accelerate the process of
transfer of contaminants. Furthermore, the combined influence of photodegradation
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and adsorption plays an important role for improved efficiency in this composite, as
confirmed by Matos et al. (Matos et al. 2001). The improved degradation of phenol
might be credited to its strapping adsorption ability on the activated carbon, leading
to the transfer of pollutant to the photocatalytically active TiO2. Based on the
combined effect, fullerene functions as an important emerging candidate as a
carbon-based support material owing to the increased charge transfer property
between the fullerene and inorganic nanophotocatalysts such as TiO2 via surface
group acidification. Additionally, the energy sensitization of fullerene would also
enhance its efficiency.

Carbon nanotubes, as compared with activated carbon, possess higher surface
area and therefore may further improve the capability of adsorption and
photodegradation. Moreover, carbon nanotube surface functionalities (like
hydroxyl, carbonyl, and carboxyl moieties) can be tailored to achieve improved
selective performance towards pollutant degradation (Carp et al. 2004; Sher Shah
et al. 2012). In this context, carbon nanotubes are outstanding candidates, allowing a
deeper insight into the interfacial interaction between semiconductor photocatalyst
and carbon materials. Because of their unique photonic and electronic features,
graphene is also composited with other inorganic materials to achieve the desired
performance. Several graphene composites, such as graphene/TiO2, graphene/AgX
(where X ¼ Cl, Br), graphene/Cu2O, and graphene/SnO2, have remarkable
photocatalytic activity (Seema et al. 2012, Sher Shah et al. 2012). Such composites
have a broad range of applications in wastewater treatment, such as photocatalytic
degradation of dyes and reduction of toxic metal ions. Fan et al. reported the
formation of three-dimensional (3D) composites made up of AgX (where X ¼ Cl,
Br) and graphene by using a deposition approach, in which AgX (where X¼ Cl, Br)
nanoparticles are deposited on the surface of three-dimensional graphene via a facile
approach (Fan et al. 2015). Methyl orange and Cr(VI) ions were used to investigate
the photocatalytic degradation and reduction performance of the designed compos-
ite. The results revealed that the composite material exhibited better performance
than pristine AgX (where X ¼ Cl, Br) nanoparticles. The three-dimensional config-
uration of the composite allows its easy recyclability from the solution, which is very
significant for large-scale practical uses. The photocatalytic degradation activity of
the graphene/Cu2O crystal with different exposed facets was demonstrated via
methylene blue degradation under visible light, and best performance was achieved
using O-Cu2O/rGO composite. In contrast to these metal-based NP composites,
several metal-free composite nanomaterials even exhibit comparable
photodegradation performance. For example, Jiang et al. constructed a graphitic
carbon nitride (g-C3N4) and graphene oxide composite through solvothermal
co-assembly approach (Tong et al. 2015). Graphene oxide functions as a support
for graphitic carbon nitride immobilization, which facilitates electron transfer,
whereas the graphitic carbon nitride functions as photocatalyst for the degradation
of methyl orange. Due to the synergetic effect of both components, the
photodegradation efficiency reaches up to 92% in 4 h under sunlight, which is
superior to sole graphitic carbon nitride (12%).
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18.3.3 Polyurethane Composite Materials

Polyurethane-based composite materials manifest superior performance compared
with simple polyurethane-based materials. Such a composite material can be
designed by using different materials having the desired function for targeted
adsorption and photodegradation of pollutants from wastewater. For instance, a
composite of polyurethane and chitosan foams was prepared via the reaction of
polyurethane prepolymer with chitosan in different ratios, as reported by Lee et al.
(Lee et al. 2009). Chitosan has superior performance in the treatment of wastewater,
as its surface possesses plenty of hydroxyl and amine functionalities, which endow it
with improved adsorption capacity of synthetic dyes discharged from textile indus-
tries and toxic metallic species through electrostatic interaction or chelating groups.
The shared effect of these types of materials in the composite foams exhibits higher
performance for the adsorption of acid violet 48. The capability of adsorption
improves with the increase in chitosan concentration and reaches a maximum
adsorption of 30 mg/g with 20 weight percent chitosan. Moreover, chemisorption
of acid violet 48 occurs via interaction between its sulfonic ions and protonated
amino groups of chitosan; hence the higher adsorption capacity was observed in
aqueous solution of low pH. A composite foam was developed by Lee et al. to
remove Pb2+ ions from wastewater. The composite was designed by using
immobilized hydroxyapatite, an inorganic species having higher capacity for the
removal of toxic metallic species, on polyurethane structure (Liao et al. 2010). The
results of the removal tendency of Pb2+ showed that the composite foams manifested
remarkable performance for Pb2+ removal at pH 5, and a maximum adsorption
capacity of 150 mg/g was achieved with the composite having 50 wt% hydroxyap-
atite. Imae et al. fabricated silica/titania composite immobilized polyurethane matrix
for the photodegradation of acid black 1, and excellent performance was observed
under ultraviolet light due to the attachment of a large number of titania
nanoparticles on the polyurethane matrix surface (Mahesh et al. 2014). The devel-
oped composite material was found to be stable and exhibited the same performance
until three consecutive duplicate operations. Liu et al. developed a polyurethane-
based composite foam via copper films covering followed by oleophilic treatment in
n-dodecanoic acid and silver nitrate alcoholic solution (Zhu et al. 2011). The
fabricated foams having rough and hierarchical structure exhibited
superhydrophobicity and oleophobicity due to the agglomeration of a large number
of Cu–C11H23 COOAg nanoparticles on the polyurethane matrix. These features
allow it to swiftly absorb selective organics from polluted water. Moreover, the
vigorous and compressible characteristics lead to excellent reusability for the sepa-
ration of oil and water via an easy mechanical squeezing approach. Another research
group demonstrated the fabrication of magnetic polyurethane composite by using
Fe3O4 via dip coating using fluoropolymer aqueous solution. The obtained foam
possesses a hydrophobic surface and is superoleophilic, chemically stable, and
magnetically responsive (Wu et al. 2015). The designed composite foams may be
magnetically driven to adsorb organics from the surface of wastewater with higher
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selectivity. Furthermore, it also exhibited outstanding performance in the separation
of oil and water when used as a membrane.

18.3.4 Melamine Foam Composite Materials

Melamine foam possesses an open structure having pores, functioning as an ideal
candidate to be a part of composite nanomaterials for wastewater treatment. Nor-
mally, other one-dimensional or two-dimensional materials along with melamine
foam are generally used to make composite in order to retain its porous nature. Yu
et al. constructed a composite foam containing polymer sponge@Ag/AgCl which
functions as a photoreactor for the photodegradation of wastewater pollutant via
photocatalyst immobilization on the melamine foam backbone (Fig. 18.4a) (Ge et al.
2015). Scanning electron microscopy images revealed that Ag/AgCl nanowires
completely covered the backbone (Fig. 18.4b). Figure 18.4c illustrates the schematic
of foams which is employed as a reactor for the sunlight-assisted degradation of
methyl orange. In contrast to two-dimensional films composed of laminar Ag/AgCl,

Fig. 18.4 (a) Schematic of fabrication strategy of the MF framed PS@Ag/AgCl composite. (b)
Scanning electron microscopy images of melamine foam-coated Ag and Ag/AgCl nanowires. (c)
Representation of the composite employed as a photoreactor for the photodegradation of textile
effluents contained in wastewater. (Reprinted with permission of [Durable Ag/AgCl nanowires
assembled in a sponge for continuous water purification under sunlight, Materials Horizons, The
Royal Society of Chemistry] from Ge et al. 2015)
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the one-dimensional nanowires of the same material contact better with polluted
water during its flow in the photoreactor, consequently leading to much improved
photodegradation efficiency. Significantly, the porous network structured
photoreactor permits wastewater to flow quickly through it. The throughput can
reach up to 9600 L/h/m2, significantly better than other similar photoreactors
containing microfluid.

Nguyen and co-workers reported the formation of melamine foam framed
graphene composite foams through the simple dip-coating approach (Nguyen et al.
2012). The designed foams with stable matrix possess the superoleophilicity and
superhydrophobicity of grapheme in addition to their well advantageous intrinsic
porous structure. The designed composite foam has high capacity of adsorption,
better selectivity, and remarkable reusability. Similarly, another research group
fabricated the reduced grapheme oxide-functionalized foam via heat-assisted reduc-
tion of grapheme oxide on the backbone of melamine foam(Zhu et al. 2015a). Their
design strategy is simple and economic, and the clean-up performance is much
higher; therefore it functions as a model absorbent for wastewaterremediation.

18.3.5 Composite Materials Containing Cellulose

Cellulose is a biodegradable, non-toxic, environment-friendly, chemically stable,
and inexhaustible material, which is generally employed as matrix to fabricate
adsorbents for the treatment of wastewater via heavy metal and organic dye removal.
For instance, Yao et al. constructed a composite adsorbent composed of cellulose
and acrylamide or acrylic acid to remove Ni2+ ions from polluted water (Liao et al.
2016). Because of the presence of a large number of surface-exposed functional
groups (such as hydroxyl, amino, carbonyl, and carboxyl groups), it manifests higher
performance. Grishkewich and co-workers fabricated a composite of cellulose and
alginate hydrogel to remove synthetic dyes from wastewater (Grishkewich et al.
2017). The alginate hydrogel being ionic in nature endows this composite with
superior adsorption properties, as evidenced through the adsorption of methylene
blue. Furthermore, the cellulose intrinsic features such as high surface area, porosity,
and stability further improved the adsorption efficiency and reusability. It showed
about 99% of methylene blue removal and can be reused with the same efficiency till
five consecutive adsorption–desorption tests. Gupta and co-workers demonstrated
superior photocatalytic activity of tin(IV)phosphate in degradation of methylene
blue in aqueous solution under sunlight. (Gupta et al. 2015). Because of higher
ion-exchange capability and improved photocatalytic performance of the tin
(IV) phosphate component, the composite concurrently absorbed and degraded
methylene blue dye in the presence of sunlight.
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18.4 Destiny of Used Nanoparticles

Fabricated nanoparticles employed in wastewater treatment are generally regarded
as consumables despite of their use in large amounts. Their fruitful lifecycle must be
measured via the working time span through which a reasonable efficiency with
regard to contaminant elimination and methodology price is assured. Because of
their nanoscale dimensions, reactivity, stability, and mobility in the water system
entail the chance of adverse effects to the living organisms; therefore used
nanoparticles must be handled appropriately. Therefore, it is vital to investigate
whether their revival, recovery, and safe discarding could be attained. Moreover,
considering their loading with lethal contaminants, any degradation, leaching, or
their conversion via chemical reactions in the ecosystem must additionally be
checked while scheming a route to treat wastewater.

Over the last few years, several theoretical and experimental researchers have
devoted their efforts to investigate the activities of inorganic nanoparticles in water
or soil and the interaction of engineered nanoparticles with living beings as a cause
of ecotoxicity (Moore 2006; Navarro et al. 2008). Likewise, an incessant attempt to
build reproducible and consistent risk testing approaches and evaluation of living
being exposure to engineered nanoparticles is still in progress. A collection of
analytical tools has been introduced to examine the effect of nanoparticle size,
shape, aggregation, and dissolution. A large number of reports demonstrate the
nanoparticle cytotoxicity corresponding to human disclosure progressing the knowl-
edge about their performance in living systems (Lewinski et al. 2008). However, the
findings are contentious, and in majority of the reports, it is not clear which features
are responsible for the uptake of cell and toxicity. Generally, Au nanoparticles seem
to be the most stable and non-toxic when assessed with cells of freshwater algae and
fish. Based on their surface, these nanoparticles might be easily absorbed in the cells
of fish. The different adverse effects of titania nanoparticles on the mice have been
investigated via in vivo studies. It has been found that these nanoparticles aggravate
oxidative deoxyribose nucleic acid damage, inflammation, clastogenicity, and
genotoxicity in mice (Trouiller et al. 2009). Another report demonstrated that the
metabolism of pentachlorophenol in zebrafish larvae has been increased significantly
in the presence of titania nanoparticles, so it can be concluded that these
nanoparticles induce oxidative damage during the early stages of its development.
Taking the above contents into account, several researchers have devoted their
efforts to identifying the fate of nanoparticles used for the purification of wastewater.
Schwab et al. have spiked titania, silver, and zinc oxide nanoparticles in five
different samples of water, and they observed that although nanoparticles can be
removed to high extent by using techniques, such as membrane filtration, the treated
water was still found to possess noticeable metallic contents, which may present
threats to the health of human being (Chalew Talia et al. 2013). The as-Synthesized
ZnO nanoparticles may become toxic upon their dissolution and dissociation to Zn
ions and active oxygen, whereas light-induced reactions may also take part in this
course. The phytotoxicity and nanoparticle interactions with plants at seedling stage
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is one more imperative issue for the adverse effects of nanoparticles (Lin and Xing
2007; Ma et al. 2010). The evaluation of risk factors after the use of zero-valent Fe
and Fe2O3nanoparticles has also been demonstrated in many reports regarding their
seed germination and phytotoxicity (Grieger et al. 2010). Surface oxidation of zero-
valent Fe nanoparticles is a significant factor for the tendency of agglomeration and
toxicity.

Investigation of the effect of released nanoparticles on various environmental
species and their fate after being released to the environment is an active research
direction (Fig. 18.5). Most of the strategies involve the theoretical modeling to
explain the transport and transformations of used nanoparticles (Dale et al. 2015).
A strong interaction between Au nanoparticles and natural organic matter was
observed, which leads to swift aggregation of Au nanoparticles particularly under
higher ionic strengths. However, the nanoparticle surface coating makes them stable
and helps in their removal from aquatic environments, as indicated for silver
nanoparticles. The environmental fate of titania nanoparticles in Rhine River was
assessed through modeling, and results suggest that there is a possibility of an
important downstream transport of nanoparticles. The suspended particulate matter
helps in the downstream transport via the hetero-aggregation route (Praetorius et al.
2012).

Fig. 18.5 Schematic representation of sources and flow of nanomaterials in the environment and
the key processes determining the fate and behavior of nanomaterials in the aquatic environments.
Reprinted with permission of [Modeling Nanomaterial Environmental Fate in Aquatic Systems.
Environmental Science & Technology,The American chemical Society] from [(Dale et al. 2015)
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Notably, the discharge of fabricated nanoparticles in polluted water might offer
the appropriate substrate for self-conversion to green products. For example, silver
nanoparticle sulfidation is a general approach in contaminated water that gives an
insoluble and less toxic silver form (Levard et al. 2012). The unpredictable actions of
nanoparticles in ecosystem forces the requirement of an effective approach to
manage their potential risk. Few traditional approaches, such as the use of mem-
branes or sorbents, have been developed for the exclusion of nanoparticles while
treating wastewater. Nevertheless, an excellent approach to diminish potential risks
of nanoparticle disposal is to reduce the amounts of solids employed in the remedi-
ation of wastewater. The complete recovery of nanoparticles enables their multiple
use to validate the whole approach. There are many factors affecting the possibility
of nanoparticle recycling. Among these various factors, the strategy to remove
pollutants, such as adsorption, degradation, and photocatalysis, has the prime impor-
tance. For example, when the surface of nanoparticles is progressively sheltered by
adsorbed species, a revival approach using appropriate chemical reagents, such as,
NaOH must be accompanied. In this case, another issue that needs to be solved is the
handling of the revival reagent that possesses a higher amount of the contaminant.
When nanoparticles behave as catalysts of the reaction, the mild stimulation of
surface characteristics at regular time intervals is sufficient to sustain a high process
yield. There are also some routes in which nanoparticles do not attain saturation in
the loading of pollutants after repeated operations. These kinds of systems must be
designed in such a way that allows the recovery and constant reuse of nanoparticles
to treat wastewater until saturation is reached.

Recovery of exhausted nanoparticles is a necessary step while investigating the
use of nanoparticles in the field of water treatment. The inspiration behind the said
strategy is to assure the lack of nanosized solid particles in the treated water as well
as in the waste streams of the handling process. It is often very difficult to collect the
dispersed nanoparticles due to their extremely small sizes. Moreover, in order to
ensure the absolute separation of nanoparticles from purified water, a costly
nanofiltration system should be designed.

Another relatively more “traditional” strategy to remove used nanoparticles from
water is the process of coagulation. In this process, nanoparticles can be entangled
via the coalesce floc as its sedimentation out of the water takes place. The stability of
nanoparticles can be affected by the coagulating agents via the formation of charged
hydrolytic moieties that help in the neutralization of nanoparticle surface charges.
This approach creates a large aggregation of nanoparticles because of the alleviation
of electrostatic repulsion. The effect of coagulant nature, amount of titania
nanoparticles was explored on the removal of these nanoparticles through primary
water treatment (Petersen et al. 2011). Contrarily, the way of aggregation of ZnO and
titania nanoparticles in polluted water occurs and their hazardous effect on the
oxygen uptake from sludge was investigated using high gradient external magnetic
field. For the same reason, Fe(0) and Fe2O3nanoparticles are preferentially used
either independently or as support to hold additional active materials. The separation
of nanoparticles from water by using high-gradient magnetic fields is a broadly
investigated field offering several chances of strategy design (Ditsch et al. 2005).
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Nonetheless, upturn is not the ultimate intention of used nanoparticles. Saturated
nanoparticles obtained after their use to treat wastewater are extremely toxic waste
that demands safe disposal against prospect leakage of contaminants. Failure to
overcome this issue implies a striking rise in the overall price of the route. Hence, it
is important to explore the way of leaching out the entangled contaminants using the
experimental approaches which classify wastes as non-reactive and non-toxic. The
studies about the nature of ZnO, titania, and silver nanoparticles revealed that their
influence on the processes of biological landfill is unimportant, whereas the leachate
of metallic ionic species is principally related with other units. As the potency of
adsorption of a contaminant is improved, nanoparticles look extremely stable against
leaching. After this, saturated nanoparticles may be regarded and treated as
non-reactive waste. Otherwise, different solutions should be investigated to make
them inert. A model illustration is their use in building materials or ceramics as
additives.

18.5 Conclusions

Environmental remediation is an ever-evolving field. The methods and techniques to
address the challenges and rectify environmental threats are evolving with time.
Textile wastewater is one of the major sources of water pollution worldwide. With
the advent of nanotechnology, new and improved nanostructured sorbents and
photocatalysts have been designed and used. They have shown promising results;
however, still efforts are required to design more robust and efficient materials using
earth’s crust abundant elements.
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