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Foreword

Environmental pollution is a major problem of the world due to increasing 
industrializations. Industries play important roles in the national economy of every 
country, but they can also be the main sources for environmental pollution. Industrial 
wastes carry a variety of potentially toxic pollutants that can cause severe impacts on 
the environment and human health. Bioremediation is a promising eco-friendly and 
cost-effective method to tackle environmental pollution. It has many advantages over 
the conventional physico-chemical approaches that are expensive and cause secondary 
pollution.

Bioremediation is a US Environmental Protection Agency approved waste man-
agement technique that treats hazardous wastes using biological agents such as 
microbes and plants and, ultimately, restores the contaminated sites, whilst provid-
ing adequate protection for human health and safety to the environment. It is an 
active field of research; many efforts have been made to commercialize bioremedia-
tion technologies for waste treatment to protect the environment and public health. 
Currently, a number of commercial plants or microbe-based products are available 
in the market to provide low-cost, self-driven and eco-sustainable solutions to clean 
up contaminated sites.
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Bioremediation of Industrial Waste for Environmental Safety: Industrial Waste 
and Its Management (Volume I), edited by Dr. Ram Naresh Bharagava and Mr. 
Gaurav Saxena, introduces the readers to the subject of industrial waste/pollutants 
bioremediation. This timely book covers different sustainable bioremediation 
approaches for a low-cost treatment and management of a number of industrial 
wastes. It provides comprehensive information on both established and novel treat-
ment technologies and their value-added potentials. The editors’ keen interest in 
environmental awareness and their focus on environmental protection made this 
book highly relevant to academia as well as industry. It will be helpful to scientists 
and professionals engaging in sustainable bioremediation. All the chapters are writ-
ten by leading experts making excellent and outstanding contributions to this book. 
I congratulate the book editors for bringing out this valuable compilation with up- 
to- date knowledge in the field of industrial waste bioremediation. I wish a great 
success for this book as it will be of great value to the stakeholders, including 
researchers, academicians, students, environmentalists and policymakers.

Dr. Diane Purchase  
Ph.D., FHEA, FIEnvSci

Honorary Secretary, Committee of Heads of  
Environmental Sciences, UK

Editor, Environmental Science and Pollution  
Research, a Springer Nature Journal

Coordinating Editor, Environmental Geochemistry  
and Health, a Springer Nature Journal

Associate Professor of Environmental Health and Biology
Department of Natural Sciences
Faculty of Science and Technology
Middlesex University
The Burroughs, Hendon, London NW4 4BT, England, UK

Foreword
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Preface

Environmental issues have been always at the forefront of sustainable development 
and have become a serious matter of concern in the twenty-first century. Environmental 
sustainability with rapid industrialization is one of the major challenges of the cur-
rent scenario worldwide. Industries are the key drivers in the world economy, but 
these are also the major polluters due to the discharge of partially treated/untreated 
potentially toxic and hazardous wastes containing organic and inorganic pollutants, 
which cause environmental (soil and water) pollution and severe toxicity in living 
beings. Among the different sources of environmental pollution, industrial waste is 
considered as the major source of environmental pollution because industries use 
cheap and poorly or non-biodegradable chemicals to obtain the good quality of prod-
ucts within a short time period and in an economic way; however, their toxicity is 
usually ignored. Ensuring the safety of chemicals used in many industrial processes 
is a major challenge for environmental safety. The governments around the globe are 
also strictly advocating for the mitigation of environmental pollution due to indus-
trial wastes to promote the sustainable development of our society with low environ-
mental impact. Being a low cost and eco-friendly clean technology, bioremediation 
can be an eco-sustainable alternative to conventional technologies for the treatment 
and management of industrial wastes to protect the public health and environment.

Bioremediation is a waste management approach that utilizes microorganisms, 
plants or their enzymes to degrade/detoxify the organic and inorganic pollutants 
such as phenols, chlorophenols, petroleum hydrocarbons, polychlorinated biphe-
nyls, organic solvents, azo dyes, pesticides, recalcitrant compounds, and toxic met-
als from contaminated soils and wastewaters. There has been an increasing concern 
regarding the release of various hazardous chemicals along with industrial wastes, 
which are considered as highly toxic for the environment and living beings. Some 
of these chemicals are listed as “priority pollutants” by the United States 
Environmental Protection Agency (USEPA) and other environmental pollution con-
trol agencies. The biological removal of a wide range of pollutants from contami-
nated sites requires our increasing understanding of different degradation pathways 
and regulatory networks to carbon flux for their degradation and detoxification, 
which is utmost important for environmental safety. Therefore, this book provides a 
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comprehensive knowledge of the fundamental, practical and purposeful utilization 
of bioremediation technologies for the treatment and management of industrial 
wastes. The book describes the microbiological, biochemical and molecular aspects 
of biodegradation and bioremediation, including the use of “omics” technologies 
for the development of efficient bioremediation technologies for industrial wastes/
pollutants to combat the forthcoming challenges.

This book Bioremediation of Industrial Waste for Environmental Safety: Industrial 
Waste and Its Management (Volume I) describes the toxicity of various organic and 
inorganic pollutants in industrial wastes, their environmental impact and bioreme-
diation approaches for their treatment and management. For this book, many rele-
vant topics have been contributed by the experts from different universities, research 
laboratories and institutes from around the globe in the area of biodegradation and 
bioremediation. In this book, extensive focus has been relied on the recent advances 
in bioremediation and phytoremediation technologies, including the use of various 
group of microbes for environmental remediation; terrestrial/aquatic plants for phy-
toremediation of toxic metals from contaminated soils/industrial wastewaters; con-
structed wetlands for degradation and detoxification of industrial wastewaters; 
microbial enzymes for degradation/detoxification of environmental pollutants; bio-
surfactants for remediation of petroleum polyaromatic hydrocarbons and heavy met-
als; biodegradation and bioremediation of azo dyes, organic solvents, pesticides, 
persistent organic pollutants and toxic metals from industrial wastes; bioremediation 
of industrial acid mine drainage (AMD), distillery wastewater, tannery wastewater, 
textile wastewater, oil refinery waste, plastic waste; bioremediation and phytoreme-
diation of potentially toxic metals such as chromium and arsenic from contaminated 
matrix; nano-bioremediation technology for the decolourization of dyes in effluents; 
phytotechnologies for wastewater treatment and management; application of green 
synthesized nanoparticles (NPs) in degradation and detoxification of wastewaters; 
etc. Researchers working in the field of bioremediation, phytoremediation, waste 
treatment and management and related fields will find this compilation most useful 
for further study to learn about the subject matter. Further, to get richer in the knowl-
edge on the subject, readers may please visit the second volume of this book series, 
Bioremediation of Industrial Waste for Environmental Safety: Biological Agents and 
Methods for Industrial Waste Management (Volume II).

At the end, we hope that the book will be of great value to researchers, environ-
mental chemists and scientists, microbiologists and biotechnologists, eco- 
toxicologists, waste treatment engineers and managers, environmental science 
managers, administrators and policymakers, industry persons and students at bach-
elor’s, master’s and doctoral level in the relevant field. Thus, in this book, readers 
will find the updated information as well as the future direction for research in the 
field of bioremediation.

Lucknow, Uttar Pradesh, India Gaurav Saxena 
Lucknow, Uttar Pradesh, India  Ram Naresh Bharagava 
May 2018

Preface
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Abstract Industrial wastes are one of the sources of environmental pollution. 
Industrial waste contains a variety of highly toxic organic and inorganic pollutants 
and thus may cause serious toxicity in the living organisms. Therefore, the 
 adequate treatment and management of such hazardous wastes to protect the envi-
ronment and public health. Bioremediation can be a suitable alternative to the 
physicochemical approaches, which are environmentally destructive and costly 
and may cause secondary pollution. It has been approved by the US Environmental 
Protection Agency (USEPA) as an eco-friendly waste management technique that 
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revitalizes the contaminated environment and promotes sustainable development. 
Therefore,  this chapter introduces the toxicity profile of different industrial  
wastes containing various organic and inorganic pollutants and bioremediation 
 technologies such as microbial bioremediation, phytoremediation, enzymatic 
remediation, electro- bioremediation, nano-bioremediation, etc. with limitations 
and challenges.

Keywords Industrial waste · Organic pollutants · Inorganic pollutants · Pollution · 
Toxicity · Bioremediation

1.1  Introduction

Industries are the key players in the national economies of many developing coun-
tries; however, unfortunately they are also the major polluters of the environment. 
Among the different sources of environmental pollution, industrial wastewater dis-
charged from different industries is considered as the major source of environmental 
pollution (soil and water) (Goutam et  al. 2018; Gautam et  al. 2017; Saxena and 
Bharagava 2017; Saxena et al. 2015). Industrial wastewaters contain a variety of 
organic and inorganic pollutants that may cause serious environmental pollution 
and health hazards (Arora et al. 2014, 2018; Bharagava et al. 2017a; Maszenan et al. 
2011; Megharaj et al. 2011).

The organic pollutants include phenols, chlorinated phenols, endocrine- 
disrupting chemicals, azo dyes, polyaromatic hydrocarbons, polychlorinated biphe-
nyls, pesticides, etc. However, inorganic pollutants include a variety of toxic heavy 
metals such as cadmium (Cd), chromium (Cr), arsenic (As), lead (Pb), and mercury 
(Hg). The high concentration and poor biodegradability of recalcitrant organic pol-
lutants and nonbiodegradable nature of inorganic metal pollutants in industrial 
wastewaters pose a major challenge for environmental safety and human health 
protection; thus, it is required to adequately treat industrial wastewater before its 
final disposal in the environment.

Bioremediation (the use of biological agents in environmental remediation) is 
considered as the suitable alternative to physicochemical treatment methods, which 
are environmentally destructive and create secondary pollution while environmental 
cleanup. It has been recognized by the US Environmental Protection Agency as an 
eco-friendly waste management technique. Bioremediation uses an array of micro-
organisms having diverse metabolic pathways to degrade/detoxify the organic and 
inorganic pollutants in contaminated matrix and, hence, is regarded as environmen-
tally friendly, cost-effective method for wastewater treatment and management with 
simple structural setup, wider application, operational ease, and less sludge produc-
tion (Bharagava et  al. 2017b; Saxena and Bharagava 2016; Singh et  al. 2011; 
Mendez-Paz et al. 2005; Pandey et al. 2007). Therefore, this chapter provides an 
overview on the various bioremediation techniques, which can be used for the treat-
ment and management of industrial wastewaters to protect the environment and 
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human health. In this chapter, merits and demerits are also discussed with future 
research prospects.

1.2  Industrial Wastes: Types and Characteristics

Industrial waste is of two types, i.e., solid and liquid, and often produced due to 
industrial activity and includes any material that is rendered useless during a prod-
uct manufacturing process in industries. Liquid waste (i.e., wastewaters released 
from different industries) is considered as highly hazardous to living organisms and 
the environment as it carries a variety of potentially toxic pollutants. However, the 
nature and characteristics of industrial wastewater depend on the type of industry, 
production processes applied, and product quality. Industries often discharge high- 
strength wastewaters, which are characterized by high biochemical oxygen demand 
(BOD), chemical oxygen demand (COD), total dissolved solids (TDSs) and TSSs, 
and a variety of organic and inorganic pollutants (Saxena and Bharagava 2017). The 
nature and characteristics of different industrial wastewaters are presented in 
Table 1.1.

1.3  Pollutants in Industrial Wastes and Their Toxicity 
in Environment

The wastewaters discharged from different industries are considered the major 
sources of environmental pollution and toxicity in the living beings. A variety of 
highly toxic and recalcitrant pollutants are being discharged along with industrial 
wastewaters in the environment due to different industrial activities. Environmental 
pollutants are of two types: organic and inorganic. Organic pollutants mainly 
include phenols, nonylphenols, chlorinated phenols, azo dyes, phthalic esters, 
petroleum hydrocarbons, pesticides, persistent organic pollutants (POPs), etc. 
However, inorganic pollutants comprise a variety of highly toxic nonbiodegrad-
able heavy metals such as arsenic (As), nickel (Ni), chromium (Cr), lead (Pb), 
mercury (Hg), and cadmium (Cd). A variety of organic and inorganic pollutants 
have been reported to cause serious soil and water pollution and severe toxic 
effects in living organisms (Chandra et al. 2008, 2011, 2015; Maszenan et al. 2011; 
Megharaj et al. 2011; Saxena and Bharagava 2015; Saxena et al. 2016). Hence, due 
to highly toxic nature, many of them have been regarded as priority pollutants by 
various environmental protection agencies such as the US Environmental Protection 
Agency (USEPA), Agency for Toxic Substances and Disease Registry (ATSDR), 
and World Health Organization (WHO). Table 1.2 represents the environmental 
hazards and toxic effects caused by various organic and inorganic pollutants in 
 living organisms.

1 Introduction to Industrial Wastes Containing Organic and Inorganic Pollutants…
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Table 1.1 Nature and characteristics of various types of industrial wastewater

Type of industrial 
wastewater Nature and characteristics

Oil refinery 
wastewater

Poorly biodegradable and contains oil, various aromatic hydrocarbons 
(highly toxic to natural environment) such as BTEX, persistent organic 
pollutants (POPs) such as dioxins (highly toxic in nature), metals/
metalloids, phenolics, salts, and surfactants

Pulp and paper mill 
wastewater

Highly intense dark brown color, BOD, SS and contains recalcitrant 
dioxins, furans, lignins, AOX, phenolic and chlorophenolic compounds 
especially pentachlorophenol (highly toxic to living beings and hazardous 
to environment)

Textile wastewater Alkaline in nature and highly colored and often contains harmful residual 
dyes such as acidic, basic, reactive, disperse, azo, diazo, anthraquinone- 
based, and metal complex dyes (some carcinogenic in nature)

Tannery wastewater Contains high organic loadings (BOD, COD, and TSS), salts (sodium, 
chloride, and sulfide), phenolic compounds, endocrine-disrupting 
chemicals such as nonylphenols and phthalates and other toxic metals 
especially chromium (highly toxic proven carcinogen)

Distillery 
wastewater (spent 
wash)

High organic loading (BOD, COD, and TDS) and contains phenolics and 
dark black color recalcitrant melanoidins (stop penetration of sunlight into 
water bodies and hence reduce photosynthesis)

Winery wastewater Acidic in nature, variable flows and loadings, contains high content of 
organic matter, COD and TSS and organic fraction consist of sugars, 
alcohols, acids, and high molecular weight recalcitrant compounds such as 
polyphenols, tannins, and lignins

Pharmaceutical 
wastewater

Acidic in nature, has high COD and TDS, and contains many organic 
solvents, formulations, disinfectants, and many generic drugs such as 
antibiotics, analgesic, etc.

Abattoir (slaughter 
house) wastewater

Contains high levels of organic (COD is mainly in colloidal form) and 
coarse suspended matter and heavy metals, nutrients, pathogenic and 
nonpathogenic microorganisms, and detergents and disinfectants and 
sometimes pharmaceutical agents used for veterinary purpose

Agricultural 
wastewater

Alkaline in nature and contains high content of nitrogen, phosphorous, 
pesticides, and various toxic metals such as cadmium, lead, arsenic, etc.

Landfill leachate Composition varies from landfill to landfill, generally colored, anoxic and 
has high TDS, COD, BOD and contains ammonia, phenols, benzene, 
toluene, chloride, iron, manganese, and other toxic metals such as lead, 
cadmium, zinc, arsenic, or chromium but little or no phosphorus

Acid mine drainage Acidic in nature, contains high concentrations of iron, sulfate, copper, 
nickel, and toxic metals such as cadmium, lead, etc. (cause environmental 
damage)

Adapted from Saxena and Bharagava (2017)
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Table 1.2 Toxicity of various organic and inorganic pollutants of industrial wastewater

Type of 
pollutants Environmental pollution and toxicity profile

Organic pollutants
Phenols Most common pollutants of industrial wastewaters and associated with 

distilleries, pulp and paper mills, coal mines, oil refineries, wood preservation 
plants, pharmaceuticals, coke-oven batteries, herbicides, and pesticides as well 
as their wastewaters. It is also used in preparation of several chemicals such as 
alkylphenols, cresols, xylenols, phenolic resins, aniline, pesticides, explosives, 
dyes, and other compounds. Its acute exposure causes dryness of the throat and 
mouth, nausea, vomiting, and diarrhea, while chronic exposure causes 
methemoglobinemia, hemolytic anemia, profuse sweating, hypotension, 
arrhythmia, pulmonary edema, tachycardia, and dark-colored urine excreted 
due to lipid peroxidation and central nervous system disorders leading to 
collapse and coma and sometimes muscular convulsions with reduction in body 
temperature (hypothermia). Inhalation and dermal contact cause cardiovascular 
diseases and skin blisters, respectively, while ingestion can cause serious 
gastrointestinal damage, and oral administration may result in muscle tremors 
and death

Endocrine- 
disrupting 
chemicals

These are widely used as plasticizers in industries, in the manufacturing of 
plastic resins such as polyvinyl resins and cellulosic and polyurethane 
polymers. These disturb the delicate hormonal balance (endocrine system) and 
compromise the reproductive fitness of living beings and ultimately may lead to 
carcinogenic and mutagenic effects. Examples include dibutyl phthalate (DBP), 
benzyl butyl phthalate (BBP), bis(2-ethylhexyl) phthalate (DEHP), and 
nonylphenol (NP), 4-aminobiphenyl, hexachlorobenzene, and benzidine. These 
also cause irritation of the skin, conjunctiva, mucous membranes of oral and 
nasal cavities, testicular lesions, hypospadia, cryptorchidism in males and in 
females cause obesity, prolongation of the estrous cycle, and anovulation due to 
a decrease in the serum estradiol level

Chlorinated 
phenols

Chlorophenols are considered as the major environmental pollutants discharged 
along with wastewaters from pulp and paper mills, tanneries, distilleries, dye 
and paint manufacturing, and pharmaceutical industries, e.g., 
pentachlorophenol (PCP). It is widely applied as herbicides and fungicides and 
in wood protection, tanneries, distilleries, paint manufacturing, and pulp and 
paper mills. It is highly carcinogenic, teratogenic, and mutagenic in nature and 
causes toxicity to living beings by inhibiting oxidative phosphorylation, 
inactivating respiratory enzymes, and damaging mitochondrial structure. 
However, its high concentration can also cause obstruction in the circulatory 
system of the lungs, heart failure, and damage to the central nervous system

Azo dyes Textile, leather, paint, acrylic, cosmetics, plastics, pharmaceutical, etc., 
industries use different dyes to color products. Azo dyes cause severe health 
hazards, such as skin irritation, digestive tract irritation, nausea, vomiting, liver 
and kidney damage, etc., in humans and animals

(continued)
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Table 1.2 (continued)

Type of 
pollutants Environmental pollution and toxicity profile

Petroleum 
hydrocarbons

Refinery industry wastewaters are the major sources of petroleum hydrocarbons 
in the environment. The most common petroleum hydrocarbons include 
aliphatic, branched, and cycloaliphatic alkanes, as well as monocyclic and 
polycyclic aromatic hydrocarbons (PAHs), which include naphthalene, 
fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]anthracene, 
and benzo[a]pyrene. Inhalation of hydrocarbons in humans can lead to criminal 
or violent behavior, development of memory and other cognitive deficits, 
cerebellar dysfunction, encephalopathy, weakness, dementia, depression of the 
central nervous system, metabolic acidosis, arrhythmia, or even a fatal 
malignant arrhythmia termed “sudden sniffing death.” In addition, the 
aspiration of hydrocarbons causes a potentially fatal pneumonitis characterized 
by cough, wheezing, respiratory distress, and hypoxia. Dermal exposure can 
cause dermatitis, chemical burns, and defatting injury, whereas oral exposure 
can cause local irritation as well as vomiting, diarrhea, and abdominal pain. 
Thus, acute hydrocarbon exposure can result in a wide array of pathologies, 
such as encephalopathy, pneumonitis, arrhythmia, acidosis, and dermatitis. 
Intentional inhalation and accidental ingestion exposures with aspiration also 
lead to the greatest morbidity and mortality
Melanoidins are released as environmental pollutants by various agro-based 
industries, especially from cane molasses-based distilleries and fermentation 
industries. Discharge of melanoidins containing distillery wastewater (DWW) 
into the environment causes several problems, such as reduction of sunlight 
penetration, decreased photosynthetic activity, and dissolved oxygen 
concentration, thereby posing deleterious effects to aquatic life. On land, it 
causes a reduction in soil alkalinity and inhibition of seed germination. The 
melanoidins containing DWW have severe toxic effects on fishes and other 
aquatic organisms

Pesticides Pesticides are used in agricultural applications to control pests and enhance 
crop productivity. Pesticides (such as DDT, pyrethroids, organophosphates, 
carbamates, etc.), fungicides (used to kill fungi, such as hexachlorobenzene, 
benzothiazole, pentachlorophenol, etc.), herbicides (used to kill weeds, such as 
2,4-D, atrazine, picloram, chlorophenoxy compounds, etc.), rodenticides (used 
to kill rodents, such as zinc phosphide, α-naphthylthiourea [ANTU], 
4-hydroxycoumarin, 1,3-indandiones, etc.), and fumigants (used to kill pests, 
such as phosphine, dibromochloropropane, etc.) cause immune suppression, 
hormone disruption, diminished intelligence, reproductive abnormalities, 
cancer upon exposure to humans and animals and also directly or indirectly 
affect the nontarget organisms

Persistent 
organic 
pollutants 
(POPs)

POPs exhibit low water solubility but high lipid solubility and therefore 
bioaccumulate in fatty tissues and cause a variety of toxic effects in living 
beings, such as disruption of the endocrine system, neurobehavioral disorders, 
cancer (possibly including breast cancer), allergies, hypersensitivity, damage to 
the central and peripheral nervous systems, birth defects, learning disabilities, 
reproductive disorders, disruption of the immune system by altering the 
hormonal system, and mutagenicity and carcinogenicity

(continued)
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1.4  Bioremediation Approaches for Industrial Wastes/
Pollutants

The description of different bioremediation technologies for industrial wastes/pol-
lutants is presented in Table 1.3.

Table 1.2 (continued)

Type of 
pollutants Environmental pollution and toxicity profile

Inorganic pollutants
Cadmium It is used in rechargeable batteries, special alloy production, coatings, 

pigments, platings, as a plastic stabilizer and also present in tobacco smoke. 
Acute exposure of Cd causes abdominal pain, burning sensation, nausea, 
vomiting, salivation, muscle cramps, itai-itai disease (a combination of 
osteomalacia and osteoporosis), vertigo, and shock. Loss of consciousness and 
convulsions usually appear within 15–30 min, and gastrointestinal tract 
erosion; pulmonary, hepatic, or renal injury; and coma may develop depending 
on the route of poisoning. However, chronic exposure of Cd causes a depressive 
effect on levels of norepinephrine, serotonin, and acetylcholine. The 
mechanism of Cd toxicity is not well known but is assumed to cause cell 
damage through the generation of reactive oxygen species (ROS) that cause 
DNA damage

Chromium Industries such as metallurgical, chemical, refractory brick, leather, wood 
preservation, and pigments and dyes are the major consumers of chromium. It 
causes severe health problems such as skin irritation, nasal irritation, ulceration, 
eardrum perforation, and lung carcinoma

Arsenic Arsenic (As) causes severe disturbances of the cardiovascular and central 
nervous systems, bone marrow depression, hemolysis, hepatomegaly, 
melanosis, polyneuropathy, and encephalopathy, and exposure eventually leads 
to death. Ingestion may also cause black foot disease that is only reported in 
Taiwan

Lead The contamination of soil and water with Pb mostly occurs from anthropogenic 
activities, industrial wastes, mining and smelting, and the past and present use 
of Pb in paints, batteries, gasoline, pesticides, and explosives. Pb mainly causes 
injury to the central nervous system (CNS) and causes headache, poor attention 
span, irritability, encephalopathy (characterized by sleeplessness and 
restlessness), loss of memory, acute psychosis, confusion, reduced 
consciousness, and dullness and also adversely affects the kidneys, liver, 
hematopoietic system, endocrine system, and reproductive system

Mercury The major sources of Hg exposure include its use in dental amalgams, 
thermometers, sphygmomanometers, barometers, fossil fuel emissions, 
incandescent lights, batteries, ritualistic practices using mercury, and the 
incineration of medical waste. In humans and animals, it causes mental 
retardation, dysarthria, blindness, neurological deficits, loss of hearing, 
developmental defects, and abnormal muscle tone

Adapted from Saxena and Bharagava (2017)

1 Introduction to Industrial Wastes Containing Organic and Inorganic Pollutants…
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1.4.1  Bioremediation

It is an eco-friendly remediation technique that uses the inherent ability of microbes 
such as algae, fungi, and bacteria to degrade/detoxify organic and inorganic pollut-
ants from industrial wastewaters (Bharagava et al. 2018b). In bioremediation pro-
cess, waste is converted into inorganic compounds such as carbon dioxide, water, 
and methane and thus leads to mineralization and detoxification (Reshma et  al. 
2011). Bioremediation chiefly depends on the metabolic capability of microbes to 
degrade/detoxify or transform the pollutants, which is also affected by the acces-
sibility of pollutants and their bioavailability (Antizar-Ladislao 2010). It can be 
applied as both in situ (remediation at the site) and ex situ (remediation elsewhere) 

Table 1.3 Bioremediation approaches for organic and inorganic pollutants of industrial wastewater

Bioremediation 
approaches Application

Microbial 
bioremediation

Bioremediation is an eco-friendly waste management method that utilizes 
the inherent potential of microbes such as algae, fungi, and bacteria to 
remove organic and inorganic pollutants from industrial wastes

Phytoremediation Phytoremediation is an eco-sustainable green technology that makes use 
of green plants for the in situ remediation of environmental pollutants, 
whether organic or inorganic in nature

Microbe-assisted 
phytoremediation

Microbe-assisted phytoremediation is a type of bioremediation wherein 
plant-associated bacteria like rhizobacteria and endophytes are used to 
enhance the efficiency of remediating plants in the stressed environment 
via increasing the bioavailability of heavy metals in soil and plant growth 
promotion

Enzymatic 
remediation

The use of a variety of catabolic enzymes in the degradation and 
detoxification of various organic and inorganic pollutants from 
contaminated wastewater

Electro- 
bioremediation

It is a popular hybrid technology that uses the combination of 
bioremediation and electrokinetics for the treatment of environmental 
pollutants. It involves the electrokinetic phenomena for the acceleration 
and orientation of transport of environmental pollutants and microbes for 
pollutant bioremediation

Electrokinetic- 
phytoremediation

It is a popular hybrid technology that combines phytoremediation with 
electrokinetic remediation to enhance metal mobility in contaminated soil 
and facilitate their plant uptake and thus phytoremediation

Microbial fuel cells A microbial fuel cell (MFC) is a bio-electrochemical device that 
harnesses the power of respiring microbes to convert organic substrates 
present in wastewater directly into electrical energy and thus wastewater 
treatment

Constructed 
wetlands

Constructed wetlands are treatment systems that use natural processes 
involving wetland vegetation, soils, and their associated microbial 
assemblages to improve water quality

Nano- 
bioremediation

Integration of nanoparticles and bioremediation for sustainable 
remediation of environmental pollutants from contaminated matrix

R. N. Bharagava et al.
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remediation technology. Bioremediation involves (Maszenan et  al. 2011) bioat-
tenuation (natural process of degradation and can be monitored by a decrease in 
pollutant concentration with increasing time), biostimulation (intentional stimula-
tion of pollutant degradation by addition of water, nutrients, and electron donors or 
acceptors), and bioaugmentation (addition of laboratory-grown microbes with 
potential for degradation). A great deal of literature can be found in the public 
domain on the biodegradation and bioremediation of industrial waste/pollutants 
(see Maszenan et  al. 2011; Megharaj et  al. 2011; Saxena and Bharagava 2015; 
Saxena et al. 2016).

1.4.2  Phytoremediation

Phytoremediation is a low-cost and eco-sustainable in situ remediation technol-
ogy. It is advantageous over the conventional physicochemical cleanup methods 
that require high-capital investment and labor, alter soil properties, and disturb 
soil microflora. Phytoremediation is a type of bioremediation wherein green 
plants with associated microbes are used for the removal of toxic metals from the 
contaminated matrix to safeguard the environment and public health. It involves 
different strategies such as phytoextraction, phytostabilization, phytodegradation, 
phytostimulation, phytovolatilization, and rhizofiltration to remove metal pollut-
ants from the contaminated sites (Lee 2013; Chandra et al. 2015; Chirakkara et al. 
2016). It can be commercialized, and income can be generated, if metals removed 
from contaminated sites could be utilized as “bio-ore” to extract usable form of 
economically viable metals (i.e., phytomining) (Chandra et al. 2015; Mahar et al. 
2016). Bioenergy can be generated through the burning of plant biomass, and 
land restoration can be achieved for sustainable agricultural development or gen-
eral habitation (Lintern et  al. 2013; Stephenson and Black 2014; Mahar et  al. 
2016). The rationale, mechanisms, and economic feasibility of phytoremediation 
have been discussed elsewhere (Ali et al. 2013; Wan et al. 2016; Sarwar et al. 
2017). A great deal of literature can be found in the public domain on the 
 phytoremediation of heavy metals from contaminated matrix (Ali et  al. 2013; 
Chandra et al. 2015; Mahar et al. 2016; Sarwar et al. 2017). However, extensive 
research is currently underway to testify the phytoremediation potential of hyper-
accumulating plants in the field for the effective treatment and management of 
HM-contaminated sites.

1.4.3  Microbe-Assisted Phytoremediation

Exploiting plant-associated microbes with desired traits to enhance the phytoreme-
diation efficiency of hyperaccumulating plants via increasing the bioavailability of 
metals in soil and plant growth promotion in the stressed environment is termed as 

1 Introduction to Industrial Wastes Containing Organic and Inorganic Pollutants…
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microbe-assisted phytoremediation. Inoculation of plants with plant growth- 
promoting bacteria (PGPR) may be helpful in phytoremediation as they can sup-
press phytopathogens, tolerate abiotic stress, lower the metal toxicity to remediating 
plants through biosorption/bioaccumulation as bacterial cells have extremely high 
ratio of surface area to volume, as well as promote plant growth by secreting various 
hormones, organic acids, and antibiotics (Rajkumar et al. 2012; Ullah et al. 2015). 
Endophytes (bacteria that reside in the inner tissues of host plants) are also able to 
tolerate high metal concentration and hence lower phytotoxicity to remediating 
plants and help in growth promotion by various means and thus enhance phytore-
mediation efficiency (Ma et  al. 2011, 2015). In addition, arbuscular mycorrhizal 
fungi (AMF, colonize plant roots) have been also reported to protect their host 
plants against heavy metal toxicity through their mobilization from soil and thus 
help in the phytoremediation (Marques et al. 2009; Khan et al. 2014). A great deal 
of literature can be found in the  public domain on the microbe-assisted phytoreme-
diation of heavy metals (Khan et al. 2014; Ma et al. 2011, 2015; Rajkumar et al. 
2012; Ullah et al. 2015). Further, to ameliorate metal toxicity, plant growth promo-
tion, and metal sequestration, extensive research efforts are also required to explore 
novel microbial diversity, their distribution, as well as functions in the autochtho-
nous and allochthonous soil habitats for microbe-assisted phytoremediation of 
HM-contaminated sites.

1.4.4  Enzymatic Remediation

Bioremediation is an eco-friendly remediation technology that uses biological 
agents for the degradation and detoxification of organic and inorganic pollutants 
from industrial wastewaters. However, the efficiency of bioremediation chiefly 
depends on the ability of enzymes produced by microbes to catalyze the degrada-
tion and detoxification of environmental pollutants. A large number of enzymes 
from bacteria and fungi have been reported to be involved in the biodegradation and 
biodetoxification of toxic organic and inorganic pollutants. Enzymes such as ligni-
nolytic enzymes (such as lignin peroxidase, LiP; manganese peroxidase, MnP; lac-
case), chrome reductase, monooxygenase, dioxygenase, and azo-reductase have 
been reported in the degradation and detoxification of various pollutants from 
industrial wastewaters. For instance, Bharagava et al. (2018a) reported the biodeg-
radation of crystal violet dye by a ligninolytic enzyme-producing bacterium, 
Aeromonas hydrophila, isolated from textile wastewater. Paisio et al. (2012) also 
isolated and characterized a dioxygenase-producing Rhodococcus strain with 
 phenol-degrading ability and  used the bacterium  in the biotreatment of tannery 
effluent.

R. N. Bharagava et al.
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1.4.5  Emerging Bioremediation Technologies

1.4.5.1  Electro-bioremediation

It is becoming an increasingly popular hybrid technology that uses the combination 
of bioremediation and electrokinetics for the treatment of environmental pollutants 
(Maszenan et al. 2011). It involves the electrokinetic phenomena for the accelera-
tion and orientation of transport of environmental pollutants and microbes for pol-
lutant bioremediation (Li et  al. 2010; Maszenan et  al. 2011). Electrokinetics 
involves the use of several phenomena like diffusion, electrolysis, electroosmosis, 
electrophoresis, and electromigration and uses weak electric currents of about 
0.2–2 Vcm−1 (Saichek and Reddy 2005; Maszenan et al. 2011). A number of stud-
ies are available on the use of electro-bioremediation technology for contaminated 
soils (Wick et al. 2007; Martinez-Prado et al. 2014; Yan and Reible 2015). In addi-
tion, the applications, potentials, and limitations of electro-bioremediation technol-
ogy have been reviewed by many authors (Wick et al. 2007; Maszenan et al. 2011; 
Gill et al. 2014).

1.4.5.2  Electrokinetic-Phytoremediation

Combining phytoremediation with electrokinetic remediation could be an excel-
lent strategy to enhance metal mobility in contaminated soil and facilitate their 
plant uptake and thus phytoremediation. For instance, Mao et al. (2016) evaluated 
the feasibility of electrokinetic remediation coupled with phytoremediation to 
remove Pb, As, and Cs from contaminated paddy soil. Results revealed that the 
solubility and bioavailability of Cs and As were significantly increased by the 
electrokinetic field (EKF) and thereby lower the pH of contaminated soil. 
Furthermore, they observed that EKF significantly enhanced the bioaccumulation 
of As and Cs in plant roots and shoots and thus enhanced phytoremediation 
 efficiency. However, the optimization of electrical parameters such as electrical 
field intensity, current application mode, distance between the electrodes, stimula-
tion period, and their effect on the mobility and bioavailability of HMs are the 
associated key challenges (Mao et al. 2016). Further, application of electrokinetic-
phytoremediation for the mixed contaminants (organic and inorganic) is also not 
reported so far.

1.4.5.3  Microbial Fuel Cells

A microbial fuel cell (MFC) is a bio-electrochemical device that harnesses the 
power of respiring microbes to convert organic substrates directly into electrical 
energy. MFC can be a suitable alternative to the conventional activated sludge 
process- based treatment systems in terms of energy consumption and excess sludge 

1 Introduction to Industrial Wastes Containing Organic and Inorganic Pollutants…



12

generation. MFCs offer several advantages over conventional treatment systems 
related to energy (like direct electricity generation, energy savings by anaerobic 
treatment due to elimination of aeration, low sludge yield), environmental (water 
reclamation, low-carbon footprint, less sludge generation), economic (revenue 
through energy and value-added products-chemicals, low operational costs), and 
operational benefits (self-generation of microorganisms, good resistance to environ-
mental stress, and amenable to real-time monitoring and control) (Li et al. 2014; 
Gude 2016).

MFCs are environmentally friendly technologies as they can produce clean elec-
tricity directly from organic matter in wastewater without any need for separation, 
purification, and conversion of the energy products and function at mild operating 
conditions especially at ambient temperatures (Gude 2016). MFCs can produce up 
to 1.43 kWh/m3 from a primary sludge or 1.8 kWh/m3 from a treated effluent (Ge 
et  al. 2015). MFCs consume only 0.024  kW or 0.076  kWh/kg COD in average 
(mainly for feeding and mixing in the reactor), about one order of magnitude less 
than activated sludge-based aerobic processes (~0.3  kW or 0.6  kWh/kg COD) 
(Zhang et al. 2013a, b). It means MFCs consume only about 10% of the external 
energy for their operation when compared with conventional-activated sludge pro-
cess showing great potential for energy savings as well as possible energy recovery 
from wastewater treatment (Gude 2016).

1.4.5.4  Nano-bioremediation

Nano-bioremediation is the new concept that integrate the use of nanoparticles 
and bioremediation for sustainable remediation of environmental pollutants in 
contaminated matrix (Cecchin et  al. 2017). For instance, Le et  al. (2015) con-
ducted a study for the degradation of a solution containing Aroclor 1248 (PCB) 
using nZVI (1000 mg/L) and subsequently using biodegradation with bacterium, 
Burkholderia xenovorans. The researchers obtained 89% degradation of the con-
geners after application of nZVI. Subsequently, they observed a biodegradation of 
90% in the biphenyls produced after the dechlorination of PCB by bacterial 
metabolism. In this study, no toxic effect toward microorganisms by the nZVI was 
observed.

Further, Bokare et al. (2012) conducted a study into the feasibility of an inte-
gration of bioremediation process and reductive process through nanoparticles in 
a contaminated solution with triclosan (5  g/L). The researchers promoted a 
sequential degradation of the contaminant by subjecting it to an anaerobic 
dechlorination through the nanoparticles of Pd/Fe. Subsequently, further reme-
diation is achieved by oxidation of the by-products through the application of the 
enzyme produced by Trametes versicolor (laccase-producing fungi). The results 
showed complete dechlorination of triclosan in 20 min after application, and its 
by-products totally oxidized by microbial enzyme. Thus, nano-bioremediation 
could be an excellent strategy for the remediation of contaminants in environ-
mental matrix.

R. N. Bharagava et al.
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1.4.5.5  Constructed Wetlands

Constructed wetlands (CWs) are the eco-technological option for the treatment and 
purification of HM-rich wastewaters. These are the man-engineered systems con-
structed to utilize the natural processes of aquatic macrophytes with their associated 
microbial assemblages for wastewater treatment within a more controlled environ-
ment (Stottmeister et al. 2003; Khan et al. 2009). CWs are mainly vegetated with 
different wetland plants with high biomass, fast growth rate, and metal accumula-
tion capacity such as Phragmites australis, Typha latifolia, Canna indica, 
Stenotaphrum secundatum, Scirpus americanus, Scirpus acutus, Iris pseudacorus, 
etc. for metal-rich wastewater treatment (Bharagava et al. 2017c). CWs have been 
proved to be successful in the removal of a variety of organic and inorganic pollut-
ants such as metals, nutrients, fecal indicator bacteria and pathogens, and a wide 
range of micro-pollutants, such as pharmaceutical and personal care products 
(Zhang et  al. 2015). However, the pollutant removal efficiency of CWs mainly 
depends on wastewater treatment rate, organic loading rate, hydrologic regime, 
hydraulic retention time, operational mode, and vegetation type (Zhang et al. 2015). 
The application of CWs in pollutant removal from wastewaters has been recently 
reviewed by many workers (see Vymazal 2010; Zhang et al. 2015; Bharagava et al. 
2017a, b, c).

CWs may provide many ecological and economic benefits such as require low 
capital investment for construction, low electricity for operation, and less mainte-
nance and provide wildlife habitat, as well as human recreational opportunities and 
a reuse and recycling option for wastewater treatment facility. CWs are more 
favored in developing countries due to easily available and less costly land and 
tropical environment, which help to flourish the microbial communities responsi-
ble for the degradation/detoxification of organic and inorganic contaminants in 
wastewaters and therefore high treatment efficiency (Zhang et  al. 2015). Thus, 
increasing use of CWs can successfully remediate heavy metal pollution and solve 
various water quality issues in the world. In addition, integrating CWs with a 
microbial fuel cell (MFC) for wastewater treatment and electricity generation 
could be an innovative approach for the improved degradation of pollutants. 
According to a recent study, a maximum power density of 15.73  mW m−2 and 
maximum current density of 69.75 mA m−2 could be achieved during the treatment 
of synthetic wastewater containing methylene blue dye (1000 mg l−1765) with 75% 
COD removal in an integrated CW-MFC system planted with an ornamental plant, 
Canna indica (Yadav et al. 2012). Moreover, CWs may have great potential for 
bioenergy production and carbon sequestration, if planted with energy crops. 
According to a study, the incineration of harvested biomass (16,737  kg with C 
content, 6185 kg) of Ludwigia sp. and Typha sp. recovered from a subtropical CW 
could produce 11,846 kWh for 1 month (Wang et al. 2011). However, the future 
research should be focused on (a) understanding of microbiological dynamics and 
correlation of biological and non- biological processes in CWs, (b) knowledge of 
element cycle dynamics that will help to understand the fundamental processes of 
greenhouse gas emission in CWs, and (c) understanding of microbial community 
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and plant-microbe interactions to know the underlying mechanism of pollutant 
removal in CWs (Carvalho et al. 2017). Furthermore, researches are underway to 
expand the scope and efficacy of CWs for the treatment of metal-contaminated 
wastewaters.

1.5  Challenges in Bioremediation

Bioremediation has emerged as a low-cost alternative to conventional remediation 
technologies, which are environmentally destructive and costly and create second-
ary pollution and thus negatively affect the ecosystem. However, it may get restricted 
by several factors such as low or non-bioavailability of pollutants to microbes, tox-
icity of pollutants to microbes and remediating plants, lack of enzymes responsible 
for the degradation and detoxification of specific environmental pollutants, recalci-
trant nature of environmental pollutants, and low biomass, toxicity of nanoparticles 
to microbes as in the case of nano-bioremediation, and slow growth rate of remedi-
ating plants as in the case of phytoremediation. Further, molecular techniques may 
advance the meaning of bio- and phytoremediation by developing transgenic 
microbes and plants for environmental remediation, but environmental risks such as 
invasion of exotic plants and loss of biodiversity, associated with transgenic organ-
isms, make them less feasible for environmental decontamination. Moreover, the 
strict USA and Western countries’ regulations on the use of these organisms also 
restrict their filed applications. These limitations are sufficient to discredit the appli-
cability of bioremediation technologies and together constitute a major challenge in 
the way of success at field scale. However, future research efforts may provide new 
ways to make the bioremediation technologies more efficient for environmental 
remediation.

1.6  Concluding Remarks

Industrial wastewater is a major source of pollution and toxicity in environment, 
and bioremediation is an eco-friendly option to treat and manage such hazardous 
waste. To expand the scope and efficacy of bioremediation, the future research 
should be focused on (a) search for potential microbial degraders for environmental 
pollutants, (b) search for catabolic enzymes or genes for the enhanced  degradation/
detoxification of environmental pollutants, (c) development of transgenic microbes 
and designer plants using genetic engineering for effective bio- and phytoremedia-
tion, (d) selection of suitable plants for phytoremediation, and (e) search for novel 
rhizobacteria and endophytes for microbe-assisted phytoremediation. However, 
continued efforts are required to realize the economic feasibility of bioremediation 
technologies including phytoremediation at the field.

R. N. Bharagava et al.
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Abstract Evironmental pollution is a major public health concern due to the detri-
mental effects of pollutants to humans and to other living organisms. Chemical and 
physical methods of remediation are expensive and do not result in complete 
removal of pollutants. Moreover, both methods may lead to more pollution and site 
disruption, thus impacting negatively to humans and other biota in the immediate 
vicinity of the polluted site. Therefore, chemical and physical methods of remedia-
tion are not considered eco-sustainable. Unlike these methods, bioremediation, 
which relies on biological processes (mediated by different groups of living 
organisms), results in the permanent removal of pollutants. This chapter covers: 
the eco- sustainable  features of bioremediation, pollutants  that are susceptible to 
bioremediation, groups of organisms that play significant roles in bioremediation, 
and advantages of bioremediation. Furthermore, it highlighted some limitations of 
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bioremediation and ways of overcoming the limitations. Together, the advantages of 
bioremediation techniques notably its cost-effectiveness at different scales of opera-
tion, the simplicity of operation, process monitoring, and its  less destructive fea-
tures to polluted sites during operation are amongst the features that make 
bioremediation an eco-sustainable technology for environmental management.

Keywords Environmental pollutants · Toxicity · Bioremediation · Eco-sustainable 
technology · Environmental management

2.1  Introduction

Pollution of environments by human activities either by direct or indirect means is 
a major challenge that has been of concern to the past and present generations. The 
act of pollution seems inevitable given that the world still relies on some of the 
activities that lead to environmental pollution as a major source of energy. Many 
acts and protocols have been enforced to regulate the rate at which environments are 
polluted. Due to the harmful effects of pollutants to living organisms, humans in 
addition to reducing the rate of pollution have devised means to mitigate the nega-
tive effects of pollutants should they manage and enter any environment. The pro-
cess of restoring the environment to its normal state after pollution is known as 
remediation. There are many methods of remediation; however, biological, chemi-
cal, and physical methods are the major categories based on the nature of the reme-
diating agent (Ghosal et al. 2016). The term bioremediation is used when biological 
agents are used in an attempt to reduce the level of a pollutant in any polluted site or 
an environment (Bharagava et al. 2017a; Saxena and Bharagava 2016). Therefore, 
bioremediation can be defined as the application of biological agents, processes, or 
mechanisms to restore polluted environment (Singh et  al. 2011). The process of 
bioremediation can be achieved by any or combination of the followings: degrada-
tion, mineralization, and transformation (Saxena and Bharagava 2017). Degradation 
and mineralization are usually associated with organic pollutants. The former 
involves the sequential breakdown of pollutants into smaller and less toxic forms, 
whilst in the latter process, pollutants are broken down to carbon dioxide and water 
as end products under aerobic condition, or methane under anaerobic condition 
(Haritash and Kaushik 2009). In contrast, transformation is mostly associated with 
inorganic pollutants owing to their nature and origin. For example, some inorganic 
pollutants lack carbon, which would otherwise serve as energy source for microbes. 
Transformation involves modifying original pollutant into another chemically 
related form. The modified form is not always less toxic compared to the initial pol-
lutant (Ghosal et al. 2016). Unlike transformation, degradation and mineralization 
are made possible due to microbes utilizing the carbons present in organic pollut-
ants as an energy source for metabolic activities.

The sources and/or means by which pollutants are released into environments are 
by far greater than the classes of pollutants. In most cases, human activities contribute 
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more to pollution compared to natural processes. Pollutants that are predominant in 
environments include hydrocarbons, chlorophenols, nitrophenols, heavy metals, 
herbicides, pesticides, halogenated compounds, solvents, and persistent organic 
pollutants (Arora et  al. 2014, 2018; Vergani et  al. 2016; Saxena and Bharagava 
2015). The presence of these pollutant in an environment requires urgent attention 
as a consequence of the imminent threats they pose to human health and to the 
ecosystem (Huang et al. 2017). This chapter focuses on bioremediation as an eco-
sustainable approach for environmental management. Thus, it covers features that 
make bioremediation eco-sustainable, bioremediation of organic and inorganic 
pollutants in different environments, major factors limiting bioremediation, and 
advantages of bioremediation.

2.2  Bioremediation Technology as an Eco-sustainable 
Technology for Environmental Management

Bioremediation is a sustainable technology for environmental management for 
many reasons. Firstly, the technology is vast (Fig. 2.1), simple and flexible to operate. 
It can be operated in situ or ex situ (Azubuike et al. 2016). This makes it possible for 
the technology to be used on different classes of pollutants. Secondly, it is effective 

Ex-situ

Biopile

Windrow

Bioreactor

Land Farming

In-situ

Enhanced

Natural Attenuation

Bioslurping

Bioventing

Biosparging

Phytoremediation

Permeable
Reactive Barrier

Bioremediation
Techniques

Fig. 2.1 Bioremediation techniques: the divergence of each technique is hypothetical; therefore, 
the left to right order of internal nodes are not the order of evolution (technique development). 
Permeable reactive barrier (PBR) is not the arbitrary tree root. It is a physical remediation tech-
nique with some elements of bioremediation hence the early hypothetical divergence. (From 
authors previous source: Azubuike et al. 2016)
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with continual and reproducible successes at different scales of operation.  (Philp 
and Atlas 2005). Thirdly, the effectiveness and efficiency of the technology can be 
monitored, measured, and confirmed using different approaches (Balba et al. 1998; 
Boopathy 2000; Maila and Cloete 2005; Khudur et al. 2015). Fourthly, the groups 
of living organisms including microbes that participate in pollutant removal occur 
naturally in the polluted environment and are economical to use to achieve remedia-
tion (Varjani 2017). Lastly, it is not harmful to the environment. Therefore, it is 
described as an eco-friendly or a green technology. Most importantly, the different 
approaches or techniques of bioremediation are aimed at achieving the same goal - 
reduction in pollutant concentration(s) in any polluted environment. In general, the 
flexibility, efficiency, effectiveness, economical, and eco-friendly nature of biore-
mediation are the features that contribute to its eco-sustainability.

2.3  Bioremediation Technology for Remediation 
of Environmental Pollutants

2.3.1  Crude Oil

Crude oil is a complex mixture of mostly hydrocarbons (aliphatics and aromatics) 
and other non-polar components such as resin and asphaltenes (Head et al. 2006). 
This class of organic pollutant contributes significantly to marine and terrestrial pol-
lution because of oil exploration and transportation activities. Amongst the different 
hydrocarbons, aliphatic fractions are preferentially degraded over aromatic frac-
tions (Das and Mukherjee 2007). This is probably due to aliphatic fractions having 
less complex structure and fractions, and are more bioavailable in a polluted envi-
ronment (Demeter et al. 2017). Bioremediation has played a pivotal role in remedi-
ating environments polluted with crude oil (Wu et al. 2017). The 1989 Exxon Valdez 
oil spill (EVOS) is one of the notable remediation projects, which brought the appli-
cation of bioremediation to limelight (Lim et al. 2016). Remediation of crude oil 
constituents by biological means has proved successful and sustainable over the 
years. Plants and microbial (fungal, algal, and bacterial) enzymes are the mediators 
of bioremediation of crude oil. Recently, Beškoski et  al. (2017) reported >95% 
hydrocarbon removal from 1158 m3 groundwater following in situ biostimulation 
and bioaugmentation with zymogenous microorganisms. Hydrocarbon removal 
during the study was evidenced by decreased concentration of total petroleum 
hydrocarbon and a substantial increase in total chemoorganoheterotroph and 
hydrocarbon- degrading microorganisms notably Achromobacter, Bacillus, 
Micromonospora, Pseudomonas, and Rhodococcus. Similarly, Gomez and Sartaj 
(2013) reported >82% total petroleum hydrocarbon during field-scale ex situ biore-
mediation of petroleum-contaminated soil in cold climate conditions. Interestingly, 
bioremediation approach is feasible for large-scale environmental management in 
the polar region such as the Antarctica, despite the challenges (low temperature and 
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prohibition of the use of non-native microorganisms and bulking agents) associated 
with on-site remediation in such environment (McWatters et al. 2016).

Several plasmids and genes have been reported to play a key role in bioremedia-
tion of hydrocarbons. Examples of these plasmids are NAH7, OCT, pND140, 
pND160, Q15, and TOL, whilst that of degradative genes are alkA, alkB, alkM, 
almA, assA1, assA2, LadA, nahA-M, and theA (Throne-Holst et al. 2007; Liu et al. 
2011; Abbasian et al. 2015; Wilkes et al. 2016; Varjani 2017). Although most genera 
of bacteria that degrade hydrocarbons are known to be specialist, very few have 
been reported to be a generalist, having an affinity for aliphatic and aromatic hydro-
carbons. Some of the known generalist hydrocarbon degraders belong to the genera: 
Acinetobacter, Marinobacter, Pseudomonas, Rhodococcus, and Roseobacter 
(McGenity et  al. 2012). Pseudomonas sp. (with 99.49% sequence similarity to 
Pseudomonas brenneri) isolated from crude oil-contaminated soil was reported to 
degrade polyaromatic hydrocarbons (PAH) and n-alkane (Guermouche M’rassi 
et al. 2015). Both alk and nah catabolic pathways were reported to be present in 
some psychrotrophic strains of Pseudomonas (Whyte et al. 1997).

Fungi, on the other hand, contribute greatly towards polyaromatic hydrocarbon 
removal. Lignin peroxidase, laccase, and manganese peroxidase of ligninolytic 
fungi are known to be essential for polyaromatic hydrocarbon degradation (Haritash 
and Kaushik 2009). Mycoremediation with Pleurotus ostreatus recorded high PAH 
degradation from creosote-contaminated soil (García-Delgado et  al. 2015). 
Lignolytic fungi are known to secrete extracellular enzymes, which have low 
substrate specificity, thus making them a good candidate for biodegradation of 
wide range of compounds (Haritash and Kaushik 2009). More widely, genus 
of  Aspergillus, Fusarium, Trichocladium, Verticillium, and Acremonium was 
reported to degrade 2–7-ringed PAH under micro-aerobic condition (Silva et al. 
2009). Yeasts tend to predominate other fungi in polluted environments (Haritash 
and Kaushik 2009). Rhodotorula glutinis isolated from the contaminated stream 
was reported to have similar degradation capacity to Pseudomonas aeruginosa 
(Romero et al. 1998). Furthermore, algae possess degradative capabilities towards 
hydrocarbons especially PAH by using enzyme systems and metabolic pathways 
like that of bacteria and fungi (Cerniglia et al. 1980; Warshawasky et al. 1995). 
Examples of some genus of algae, which have been reported to degrade aromatic 
hydrocarbon, are Agmenellum, Chlorella, Oscillatoria, Scenedesmus, and 
Selenastrum (Cerniglia et al. 1979; Lei et al. 2007). Other algae belonging to the 
genus, Nitzschia and Prototheca, are known to accumulate PAH (Ueno et al. 2008; 
Hong et al. 2008), therefore reducing their concentrations in the polluted environ-
ment. Algal-bacterial microcosms exhibit synergistic relationship, which tends to 
favour aromatic hydrocarbon removal from contaminated samples (Borde et  al. 
2003).

In some anoxic environments (aquifers, marine sediments, submerged soil), aer-
obic biodegradation of hydrocarbons especially aromatics proceeds faster than 
anaerobic biodegradation (McGenity et al. 2012). This is attributable to hydrocar-
bon degradation been primarily dependent on aerobic respiration, where oxygen not 
only serves as electron acceptor but also as a co-substrate for initial attack (hydrox-
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ylation and oxygen-mediated ring cleavage) of aromatic hydrocarbons for degrada-
tion (McGenity et  al. 2012; Ghosal et  al. 2016). Nonetheless, other electron 
acceptors (nitrate, sulphate, ferric, and manganese ions) can initiate hydrocarbon 
degradation under anaerobic conditions (Foght 2008; Carmona et al. 2009), hence 
making bioremediation possible even in anoxic environment. In addition, some 
plants have been reported as bioremediators of hydrocarbons (Dadrasnia and 
Agamuthu 2013; Gregorio et al. 2014; Somtrakoon et al. 2014; Almansoory et al. 
2015). Plants appear  to be specialist  bioremediator, with several mechanisms 
involved in plant-mediated remediation (phytoremediation).

2.3.2  Wastewater

Indiscriminate discharge of poorly treated wastewaters has adverse health conse-
quences on aquatic and terrestrial organisms (Goutam et al. 2018; Bharagava et al. 
2017b; Gautam et al. 2017; Saxena et al. 2015, 2016). Wastewaters may act as sinks 
for organic and inorganic contaminants that are recalcitrant to biodegradation 
(Heidrich et al. 2011). Treatment of wastewaters employs processes such as acti-
vated sludge (AS) or extended aeration activated sludge (EAAS), chemical precipi-
tation, ion exchange, reverse osmosis, ultrafiltration, and other electrochemical 
technologies. Although these processes have their advantages, high cost of opera-
tion, incomplete purification, limited versatility, sludge generation, formation of 
secondary hazardous byproduct(s), and low nutrient removal limit the efficiency 
and effectiveness of wastewaters treatment by the conventional processes (Segneanu 
et al. 2013). More so, these processes are likely not to be effective in removing per-
sistent contaminants, which might be present in wastewaters after treatment. 
Microbial process (biodegradation) has been reported to be efficient, cost-effective, 
and eco-friendly for removal of xenobiotics from wastewaters. It was observed that 
following effective application of EAAS process to wastewater treatment, gas 
chromatography- mass spectrometry (GC-MS) analysis revealed presence of recal-
citrant compounds (PAH, pesticides, plasticizers, and other industrial and pharma-
ceutical compounds), which peaks (concentrations) were reduced after batch culture 
of the wastewater with a bacterium, Serratia sp. ISTVKR1 (Gupta and Thakur 
2014). Similarly, inoculation of urban wastewater with microalgae consortia con-
taining mostly of Chlorella sp. and Scenedesmus sp., resulted in increased biodeg-
radation efficiency of ibuprofen by 40% (Matamoros et  al. 2016). The use of 
microalgae (phycoremediation) in wastewater treatment is fascinating. This is 
attributed to their ability to use both organic and inorganic carbon sources under 
mixotrophic condition, which is normally the case with wastewater (Gupta et al. 
2016). Therefore, microalgae play a crucial role in remediating wastewater due to 
their central role in autotrophic carbon dioxide fixation, thus providing additional 
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carbon needed for wastewater treatment process (Das et al. 2016). It follows that 
advanced treatment of wastewaters after secondary clarification process using 
microbial pure culture or consortia results in enhanced removal of recalcitrant com-
pounds from wastewaters prior to discharging into surrounding environment.

2.3.3  Organohalides

Halogenated organic compounds (organohalides) are organic compounds contain-
ing one or more halogen atoms. These groups of compounds are found useful as 
additives, biocides, flame retardants, and solvents for many industrial, environmen-
tal, and pharmaceutical applications. However, they are known as groundwater pol-
lutant of concerns due to their toxicity and tendency to bioaccumulate and persist in 
an environment (Cooper et al. 2015; Koenig et al. 2015). Dioxins, polychlorinated 
biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), chlorinated and bro-
minated phenols, and mono-, di-, tri-, tetra-, and polychlorinated saturated and 
unsaturated aliphatic hydrocarbons are examples of commonly known organo-
halides (Jugder et al. 2016). Dehalogenation process is crucial for a successful deg-
radation of organohalides. This process leads to formation of less toxic and more 
degradable compound(s). Microbial dehalogenation process occurs preferentially 
under anoxic condition, which is  typical of aquifers (Jugder et  al. 2015). 
Dehalobacter, Dehalococcoides, Dehalogenimonas, and Desulfitobacterium have 
been recognized as versatile organohalide-respiring bacteria (ORB). They play a 
vital role during anaerobic microbial dehalogenation process referred to as organo-
halide respiration (Nijenhuis and Kuntze 2016). Reductive dehalogenases (RDases) 
are the class of enzymes that facilitate dehalogenation of organohalides. The forma-
tion of less toxic compound(s) following dehalogenation process is not always the 
case; therefore mineralization of organohalides and its byproducts is of interest dur-
ing remediation. To achieve mineralization, at least three major mediators of the 
process are required. These mediators are electron donor, a dehalogenator, and a 
hydrocarbon oxidizer. The mediators can be supplied in tandem by using microbial 
consortia with known functionality and adaptability. The use of synthetic microbial 
community comprising Clostridium sp. Ma13 (a H2 generator, which provides elec-
tron for reductive dehalogenation), Dehalobacter sp., (a dehalogenator), and 
Desulfatiglans parachlorophenolica strain DS (an aromatic oxidizer) is a promising 
approach for anaerobic mineralization of 2,4,6-tribromophenol, a priority pollutant 
of deep soil, aquifers, and groundwater (Li et al. 2015). Similarly, Garg et al. (2016) 
reported field-scale transformation of hexachlorocyclohexane to less toxic forms 
using microbial consortia consisting of Sphingobium spp. In addition, aerobic bio-
degradation of organohalides with enriched bacterial culture from municipal 
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wastewater treatment plant resulted in mineralization of monobrominated and chlo-
rinated benzoic acids both as a single compound and as a mixture (Gaza et al. 2015).

2.3.4  Plastics

Plastics are polymers of synthetic or microbial origins, which can be moulded into 
shapes. Examples of plastics widely produced by industries are polymers of amides, 
ethylene, propylene, urethane, styrene, and vinyl chloride (Krueger et  al. 2015). 
These polymers are known to be recalcitrant to degradation due to their high molec-
ular weight, complex three-dimensional structure, and hydrophobicity together con-
tributing to their non-bioavailability to microbes (Kale 2015). The common practice 
of managing plastic pollution such as incineration has proved inadequate as it can 
lead to release of more toxic pollutants into the environment. Moreover, the applica-
tion of incineration is limited to terrestrial ecosystem and will be difficult to apply 
in aquatic ecosystem, which acts as a sink for most pollutants including plastics. 
Furthermore, only a small percentage (<10%) of used plastics are being recycled 
(Sivan 2011). Therefore, microbial processes seem to be the likely option that will 
result in complete degradation of plastics in any environment. The major challenge 
however is the time it takes to completely degrade plastics by microorganisms.

Aerobic and anaerobic microorganisms from marine sediment colonized biode-
gradable plastics better compared to polyethylene, a synthetic counterpart 
(Nauendorf et  al. 2016). Nevertheless, no sign of biodegradation was observed 
within the study period, 98 days. This further demonstrates that (1) biodegradable 
plastics are more likely to be degraded faster than synthetic plastics and (2) contin-
ual disposal of plastics into environments still poses a threat to both aquatic and 
terrestrial ecosystem, as complete degradation of plastics of any origin is yet to be 
confirmed. 

Nevertheless, biodegradation of hydrolysable and non-hydrolysable plastics by 
different microbial groups has been described (Krueger et al. 2015). Few microbial 
groups namely, actinomycete (Rhodococcus ruber strain C208), bacterium 
(Brevibacillus borstelensis strain 707), and fungus (Penicillium simplicissimum), 
were reported to degrade polyethylene (Shah et al. 2008). A fungus Lasiodiplodia 
theobromae isolated from an endemic plant Psychotria flavida showed degradabil-
ity potentials towards irradiated polypropylene film (Sheik et al. 2015). The degrad-
ability potential was evidenced by 0.3 mg decrease in the weight of the plastics. 
Exposure of plastics to high rays such as that of gamma, UV, and sunlight resulted 
in increased susceptibility to biodegradation (da Luz et al. 2015; Sheik et al. 2015). 
For example, UV light was reported to initiate dehalogenation of polyvinyl chloride 
(Gewert et al. 2015). Interestingly, mealworms (larvae of Tenebrio molitor Linnaeus) 
were reported to degrade and mineralize Styrofoam, a polystyrene product within 
16-day study period (Yang et al. 2015a). Further, it was reported that gut bacteria 
(Exiguobacterium sp. strain YT2) of the mealworms played a crucial role in the 
degradation and mineralization of Styrofoam (Yang et al. 2015b).
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2.3.5  Pesticides

Pesticides are typically used to control and/or prevent pests to improve the yield of 
agricultural products. However, nearby surface and groundwater bodies are prone to 
contamination with pesticides due to runoffs, which might originate from farmlands 
or industries. Although the use of pesticides with formulations that poses imminent 
danger to human and other life forms has been banned in most countries, some resi-
dues of pesticides or their metabolites (2,6-dichlorobenzamide, chlorpyrifos, lin-
dane) are still detected as pollutant of groundwater (Guillén-Jiménez et al. 2012; 
Mattsson et al. 2015; Khalid et al. 2016). More so, they are known to be persistent 
in the contaminated environment and recalcitrant to remediation process (Nisha 
et al. 2015). Fortunately, microorganisms use some pesticides as carbon, nitrogen, 
and energy sources (Guillén-Jiménez et al. 2012; Ma et al. 2017), thus contributing 
to pesticides removal from the contaminated environment (Table 2.1). A microbial 
consortium consisting of Streptomyces was able to grow and remove organochloride 
mixture from liquid waste. The removal efficiencies were >90% for chlordane and 
methoxychlor and 40% for lindane (Fuentes et al. 2017). Likewise, Briceño et al. 
(2016) reported >70% removal of organophosphate-based pesticide (chlorpyrifos) 
and 50% removal of its intermediate 3,5,6-trichloro-2-pyridinol (TCP) from a liquid 
medium using both pure and mixed culture of Streptomyces spp. Specifically, genus 
of Streptomyces has been demonstrated to have a wide substrate range for pesticides 
and was reported to degrade and/or transform a variety of structurally different 
pesticides (Shelton et al. 1996). Biosurfactant addition to mixed bacterial culture 

Table 2.1 Examples of some pesticides degraded by microorganisms

Nature/
source of 
sample Pesticide

Degradation 
(%) Microorganism References

Wastewaters Atrazine 72 Aspergillus 
niger AN 400

Marinho et al. 
(2017)

Effluent and 
sludge

N, N-dimethylformamide >46 Paracoccus sp. 
MUK1 and 
MUK2

Nisha et al. 
(2015)

Wastewater Chlorpyrifos Pseudomonas 
kilonensis SRK1

Khalid et al. 
(2016)

Agricultural 
soil

Isoproturon 46 Sphingomonas 
sp. strain AK1

Li et al. (2016)

Soil 2,4-dichlorophenolacetic 
acid and 2-methyl-4- 
chlorophenoxy acetic acid

90 Achromobacter 
sp.

Xia et al. (2017)

Not specified Endosulfan 60 Pseudomonas 
aeruginosa

Pradeep and 
Subbaiah (2016)

Soil Atrazine >90 Ensifer sp. Ma et al. (2017)
Soil Pentachlorophenol 98 Citrobacter sp. WerheniAmmeri 

et al. (2016)
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significantly improved the rate of chlorpyrifos degradation in soil and prevented 
accumulation of toxic intermediates (Singh et  al. 2016). White-rot fungus 
Phanerochaete sordida has been demonstrated to degrade clothianidin, a neonicoti-
noid insecticide to the intermediate N,N′-methylurea with no neurological toxicity 
(Mori et al. 2017). The use of stable isotope probing showed that archaea also par-
ticipate during degradation and mineralization of priority pollutant, pentachloro-
phenol (Tong et al. 2015). Furthermore, studies have shown that the use of microbial 
consortium comprising Arthrobacter sp. and other bacteria such as Achromobacter, 
Advenella, and Variovorax resulted in mineralization of diuron and further degrada-
tion of the more toxic intermediate (3,4-dichloroaniline) of the herbicide (Devers- 
Lamrani et al. 2014; Villaverde et al. 2017).

2.3.6  Heavy Metals

Heavy metal pollution is of imminent threat to humans due to the detrimental effects 
associated with them even at a very low concentration (Alvarez et al. 2017). The 
non-biodegradable nature of heavy metals contributes to their persistent in the envi-
ronment and leads to bioaccumulation and biomagnification. Although biodegrada-
tion is not practical with heavy metals, other remediation processes mediated by 
living organisms (plants and microbes) are more eco-friendly compared to conven-
tional physiochemical methods of metal remediation. Such methods are very expen-
sive and might result in the generation of more toxic byproducts (Gupta and Diwan 
2016). The presence of metals in an environment induces microbial resistance 
response, which results in transformation or immobilization of metals thus reducing 
their concentration in the environment (Gupta and Diwan 2016). Examples of some 
microorganisms involved in the bioremediation of heavy metals and their resistance 
mechanisms are outlined (Table 2.2). Selective application of bacteria (Bacillus sp., 
Lysinibacillus sp., and Rhodococcus sp.) resulted in the significant removal of met-
als (Al, Pb, and Cu) from multi-metal-contaminated soil (Emenike et  al. 2017). 
Sulphate-reducing bacteria (SRB) has been demonstrated by Zhang et al. (2016) to 
play an important role during remediation of simulated wastewater contaminated 
with Antimony (Sb). It was observed that  Sb was removed by bioprecipitation, 
which occurred via two main reactions. The first was a chemical reduction of pen-
tavalent antimony (Sb(V)) to trivalent antimony (Sb(III)), which was mediated by 
hydrogen sulphide generated by the SRB. The second reaction was a reaction of 
Sb(III) with excess sulphide resulting in the formation of an insoluble antimony 
sulphide (Sb2S3) as a precipitate. Although it was reported that the SRB was not able 
to enzymatically reduce Sb(V) to Sb(III), its metabolic activities were responsible 
for >90% removal of aqueous Sb from the contaminated water. Consequently, bio-
sorption of Sb by the SRB also contributed to the removal of Sb from the wastewa-
ter during the 11-day study period. Earthworms increase metal availability in 
contaminated soil (Dandan et al. 2007). Their activities aid in metal uptake by plants 
therefore contributing to reduction in metal concentration in contaminated site, and 
toxic effects to other living organisms (Yao et al. 2012; Lemtiri et al. 2016).
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Several studies have reported that plants also have the capacity to reduce metal 
concentrations in the metal-contaminated environment (Table  2.2). Amongst the 
phytoremediation mechanisms, accumulation seems to be the predominant resis-
tance mechanism of some plants to metals (Saxena et al. 2018; Kersten et al. 2017; 
Bharagava et al. 2017c; Belouchrani et al. 2016; Cojocaru et al. 2016; Chandra et al. 
2015). Alcea aucheri hyperaccumulated Pb and Cd in the environment naturally 
polluted with metals (Ravanbakhsh et al. 2016). The plant not only accumulated 
metals but also translocated high concentration to other aerials parts and produced 
high biomass, thus making recovery of precious metals following remediation a 
viable option. Likewise, Brassica spp. have been reported as Cd hyperaccumulators 
(Cojocaru et al. 2016; Li et al. 2016). Plants involved in the removal of some heavy 
metals are summarized in Table 2.2.

2.4  Advantages and Disadvantages of Bioremediation

Bioremediation as a method of remediating polluted environment has many notable 
advantages compared to other methods of remediation, the foremost being its eco- 
friendly features, which include minimal site disruption, permanent waste removal, 
and elimination of long-term liability (Boopathy 2000). This makes it gain more 

Table 2.2 Some heavy metals removed by bacteria and plants during their bioremediation and 
phytoremediation

Organisms Heavy metal
Removal 
(%) Resistance mechanism References

Bacteria
Bacillus flexus 
strain As-12

As 28–45 Oxidation and reduction Jebeli et al. 
(2017)

Pseudomonas sp. 
B50D

Hg 85 Reduction, biosorption, 
biofilm, and siderophore 
production

Giovanella et al. 
(2017)

Bacillus sp. Cd 56–60 Biosorption and 
transformation

Zhao et al. 
(2016)

Paenibacillus sp. Cu 59 Govarthanan 
et al. (2016)

Plants
Spartina maritime As, Cu, Pb, 

Zn
19–65 Accumulation Mesa et al. 

(2015)
Eichhornia 
crassipes

Fe, Zn, Cd, 
Cu, B, and 
Cr

Filtration Elias et al. 
(2014)

Plectranthus 
amboinicus

Pb 50–100 Filtration Ignatius et al. 
(2014)

Amaranthus 
paniculatus

Ni 25–60 Accumulation Iori et al. (2013)
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public acceptance, as it does not impact negatively to the environment during reme-
diation. The efficiency and effectiveness of bioremediation have been demonstrated 
at lab-, pilot-, and field-scale levels (Huang et  al. 2015; Shannon et  al. 2015; 
McWatters et  al. 2016; Simpanen et al. 2016; Varjani and Upasani 2016). Being 
effective, bioremediation results in a reduction in pollutant concentration by one or 
combination of several mechanisms (degradation, transformation, mineralization, 
etc.). Efficiency, on the other hand, implies that expected outcome is achieved 
within a short period of time with minimal effort and resources. This is true for 
bioremediation; however, achieving the desired pollutant concentration during field 
studies requires control of some environmental factors that might limit the success 
of bioremediation. Some of these factors are nutrient availability, microbial popula-
tion and activity, electron acceptors and donors, pH, temperature, and above all 
availability of pollutant to microbes. Nevertheless, these factors can be controlled 
by adopting viable approaches. For example, exogenous addition of nutrients 
enhanced pollutant removal, hence speeding up the rate of bioremediation (Nwogu 
et al. 2015; Chikere et al. 2015). In some instances, microbes may be present in 
sufficient number in the polluted environment but may not be well equipped to 
degrade  the polluting substance. This challenge can be addressed  by adding 
microbes with known degradability potentials. These exogenous additions of nutri-
ent, and microbes to expedite bioremediation process have been, respectively, 
referred to as biostimulation and bioaugmentation. The latter has been reported to 
play a vital role in the remediation of recalcitrant, persistent, and xenobiotic pollut-
ant (Cycoń et al. 2017). Depending on the limiting factor(s), there are many biore-
mediation techniques to choose from to achieve the desired goal. These techniques 
(Azubuike et al. 2016) have their unique features, with each tailored to overcome 
certain limitations. Pollutant non-bioavailability tends to reduce the rate of bioreme-
diation. Addition of biosurfactant increases the solubility of sorbed and/or hydro-
phobic pollutant, and in turn increases mass transfer to microbes. It also increases 
microbial accessibility to pollutant by causing structural changes in the bacterial 
cell surface. These actions speed up bioremediation process and make it more effi-
cient (Varjani and Upasani 2017).

Furthermore, bioremediation as a method is very simple to implement and cost- 
effective. Some notable examples are land farming and monitored natural attenua-
tion. Both techniques of bioremediation require less equipment and manpower for 
operation and rely mostly on microbial aerobic and anaerobic processes to degrade 
pollutant. Importantly, techniques of bioremediation are flexible and can be made to 
operate in tandem. This simultaneous application of more than one technique of 
bioremediation tends to improve the efficiency of bioremediation process, by over-
coming the weakness of a single technique (Cassidy et al. 2015; García-Delgado 
et al. 2015; Martínez-Pascual et al. 2015). In addition, bioremediation can be cou-
pled to other chemical or physical methods of remediation (Boopathy 2000). Lastly, 
the process and success of pollutant removal during bioremediation can be moni-
tored. Quantitatively, pollutant removal can be determined by using an analytical 
method such as gas chromatography, whilst the use of biological activities (bioindi-
cators) provides qualitative information on pollutant removal. Enzymes, microor-
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ganisms, plants, and earthworms are some of the bioindicators for monitoring 
pollutant removal (Balba et al. 1998; Maila and Cloete 2005).

2.5  Conclusion

This chapter covered the effectiveness of bioremediation on different classes of pol-
lutants. Many attributes make bioremediation an eco-sustainable technology for 
environmental management. Amongst these attributes are cost-effectiveness, effi-
ciency, reliability, reproducibility, and above all the vast techniques used to achieve 
bioremediation. Different groups of organisms (bacteria, fungi, algae, plants, and 
other microorganisms) have the potentials to act as a bioremediator of pollutant. 
These organisms can act as either generalists or specialists towards pollutant 
removal. Despite the bioremediation potentials of these groups of organisms, fac-
tors such as the nature and concentration of pollutant, site of pollution, and other 
environmental factors (pH, temperature, nutrient and pollutant bioavailability, 
and availability of electron acceptors and donors) need to be considered for a suc-
cessful bioremediation project. It is important to state that site characterization of a 
polluted site is crucial before executing any bioremediation project. This will help 
determine factors that might impede the success of bioremediation process and 
devise a strategy to overcome such factors, thus making the process more efficient.
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Abstract Microbial enzymes have been reported to play a diverse role in various 
industrial applications. Microbial enzymes are also useful in bioremediation of 
environmental pollutants from industrial wastes due to their high specificity to a 
broad range of substrates (pollutants), use under extreme conditions that microbe 
cannot thrive, high effectiveness at low pollutant concentration, high activity in the 
presence of inhibitors of microbial metabolism, and high mobility (small size) than 
microorganisms. A variety of enzymes are produced by microorganisms that can be 
used in the degradation and detoxification of a wide range of organic and inorganic 
pollutants. This chapter provides an overview on the various microbial enzymes that 
can be used for the bioremediation of environmental pollutants. In addition, the 
prospects and challenges in applying microbial enzymes in bioremediation are also 
discussed in this chapter.
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3.1  Introduction

Environmental pollution is of serious global concern and the public outcry against 
it continually rising to ensure the safest and healthiest environment for living beings. 
Industries are the major players in the national economy of every country; however, 
these are also the major cause of serious environmental pollution. Industries use a 
variety of highly toxic chemicals in various operations to produce the good quality 
of products in short time and after processing, discharge these chemicals along with 
complex wastewaters responsible for toxicity in living beings (Arora et al. 2014, 
2018; Saxena and Bharagava 2017). These highly toxic complex wastewaters are 
the responsible cause for serious soil and water pollution and severe toxic effects in 
living beings (Goutam et al. 2018; Bharagava et al. 2017a; Saxena and Bharagava 
2015, 2017; Gautam et al. 2017; Saxena et al. 2015, 2016), and hence, their ade-
quate treatment is necessary for environmental protection and public health safety.

Currently, physicochemical approaches are being applied to treat and manage the 
hazardous wastewaters. These approaches are environmentally destructive, cost 
high money to apply, and may cause secondary pollution by generating some toxic 
chemicals as a result of the remediation (Saxena and Bharagava 2017). Hence, these 
methods are not compatible with our natural environment and thus, lead to the need 
of some eco-friendly approaches. Bioremediation is an environmental friendly 
approach that can be the suitable alternative to effectively treat and manage the 
highly toxic complex industrial wastewater and its chemical pollutants. 
Bioremediation is the use of microbes and plants or their enzymes to degrade and 
detoxify the organic and inorganic pollutants present in the industrial wastewaters 
(Bharagava et al. 2017b, c, 2018; Saxena and Bharagava 2016, 2017; Chandra et al. 
2015; Singh et al. 2011). But, currently, the use of microbial enzymes in the biore-
mediation of environmental pollutants is an emerging area of research. Microbial 
enzymes have diverse industrial applications and are also used in bioremediation of 
pollutants. The overview of microbial enzymes and their classification has been 
already reported in the previous literature; however, this chapter provides the appli-
cation of various microbial enzymes in the degradation and detoxification of organic 
and inorganic pollutants.

3.2  Enzymes and Their Applications

Enzymes are biological catalysts that facilitate the conversion of substrates into 
products by providing favorable conditions that lower the activation energy of the 
reaction (Karigar and Rao 2011). An enzyme may be a protein or a glycoprotein and 
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consists of at least one polypeptide moiety. The regions of the enzyme that are 
directly involved in the catalytic process are called the active sites. An enzyme may 
have one or more groups that are essential for catalytic activity associated with the 
active sites through either covalent or non-covalent bonds; the protein or glycopro-
tein moiety in such an enzyme is called the apoenzyme, while the nonprotein moi-
ety is called the prosthetic group. The combination of the apoenzyme with the 
prosthetic group yields the holoenzyme.

The ultimate identification of a particular enzyme is possible through its enzyme 
commission (E.C.) number. The assignment of E.C. numbers is described in guide-
lines set out by the International Union of Biochemistry. All known enzymes fall 
into one of these six categories. The six main divisions are (Karigar and Rao 2011) 
as follows: (1) the oxidoreductases, (2) the transferases, (3) the hydrolases, (4) the 
lyases, (5) the isomerases, and (6) the ligases (synthetases). Oxidoreductases cata-
lyze the transfer electrons and protons from a donor to an acceptor; transferases 
catalyze the transfer of a functional group from a donor to an acceptor; hydrolases 
facilitate the cleavage of C–C, C–O, C–N, and other bonds by water; lyases catalyze 
the cleavage of these same bonds by elimination, leaving double bonds (or, in the 
reverse mode, catalyze the addition of groups across double bonds); isomerases 
facilitate geometric or structural rearrangements or isomerizations; and ligases cata-
lyze the joining of two molecules (Karigar and Rao 2011).

Industrial enzymes are enzymes that are commercially used in a variety of indus-
tries such as pharmaceuticals, chemical production, biofuels, food and beverage, 
and consumer products (Karigar and Rao 2011). Due to advancements in recent 
years, biocatalysis through isolated enzymes is considered more economical than 
use of whole cells.

Moreover, enzymes may present advantages over traditional technologies and 
also over microbial remediation. Indeed, enzymes are not inhibited by inhibitors of 
microbial metabolism, can be used under extreme conditions limiting microbial 
activity, highly effective at low pollutant concentrations and are active in the pres-
ence of microbial predators or antagonists, act against a given substrate (microor-
ganisms may prefer more easily degradable compounds than the pollutant), and are 
more mobile than microorganisms because of their smaller size (Rao et al. 2010; 
Gianfreda and Bollag 2002). All these characteristics render enzymes useful in the 
environmental bioremediation.

Enzymes may act intracellularly, i.e., in the presence of or inside their originat-
ing cells; extracellularly, i.e., both in the presence and absence of their originating 
cells; free, i.e., soluble in solution and the catalysis will be homogenous; or immo-
bilized, i.e., linked through different links to a solid matrix and the catalysis will be 
heterogeneous (Rao et al. 2010; Gianfreda and Rao 2004). The most representative 
enzymatic classes in the remediation of polluted environments are the following: 
hydrolases, dehalogenases, transferases, and oxidoreductases, and their main pro-
ducers are bacteria; fungi, mainly white-rot fungi; plants; and microbe-plant asso-
ciations (Rao et al. 2010). The microbial enzymes reported in the bioremediation of 
pollutants are presented in Table 3.1.
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3.3  Microbial Enzymes in Degradation and Detoxification 
of Organic and Inorganic Pollutants

3.3.1  Laccase

Laccases [EC 1.10.3.2, para-bezenediol:dioxygen oxidoreductases] are multicopper 
proteins that use molecular oxygen to oxidize various aromatic and nonaromatic 
compounds by a radical-catalyzed reaction mechanism (Strong and Claus 2011). 
Laccase has been reported in plants, bacteria, and fungi and have diverse industrial 
applications as well as used in the bioremediation of various environmental pollut-
ants (Strong and Claus 2011). The broad substrate range (which includes ortho (o)- 
and para (p)-diphenols, aromatic amines, polyphenols, and methoxy-substituted 
phenols), high catalytic constants, and its use of molecular oxygen give it a wide 
scope in bioremediation (Strong and Claus 2011; Chiacchierini et al. 2004). Laccase 
alone, or with redox mediators, has been reported to oxidize numerous dangerous 
compounds, which include phenols, halogenated phenols, aromatic amines, nitro- 
substituted compounds such as trinitrotoluene, hydroxy-indoles, the herbicide dym-
ron, organophosphorous compounds, polycyclic aromatic hydrocarbons, chlorinated 
hydroxybiphenyls, bisphenol A and nonylphenol, hydroxyphenylureas, endocrine- 
disrupting chemicals, pesticides, and insecticides (Strong and Claus 2011; Durán  
and Esposito 2000). Laccase has been also reported in the treatment of distillery 
wastewater, pulp paper mill wastewater, municipal wastewater, olive oil mill waste-
water, dye and printing wastewater, and detoxification of polluted soils (Strong and 
Claus 2011).

Table 3.1 Microbial enzymes reported in the bioremediation of organic and inorganic pollutants

Enzyme Applications

Chrome reductase A group of enzymes that catalyze the reduction of toxic and carcinogenic 
Cr(VI) to the less soluble and less toxic Cr(III)

Laccase Decolorization of dyes and textile wastewater, degradation of distillery 
wastewater, detoxification of chlorophenols and phenols

Manganese 
peroxidase

Degradation of phenols, lignin, pentachlorophenol, and dyes

Lignin peroxidase Degradation of aromatic compounds and phenolics. Remediation of kraft 
lignin wastewater

Monooxygenase Dehalogenation, desulfurization, denitrification, and hydroxylation of 
aromatic compounds, bioremediation of pentachlorophenol, phenol, 
p-nitrophenol, 2, 4, 6-Trichlorophenol

Dioxygenase Degradation of aromatic pollutants
Cellulase Degradation of cellulase
Azoreductase A commonly found enzyme that breaks down all azo dyes and azo 

compounds through reductive cleavage of azo bonds

Adapted from Karigar and Rao (2011) and Rao et al. (2010)
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3.3.2  Chrome Reductase

Chromate reductases are a group of enzymes that catalyze the reduction of toxic and 
carcinogenic Cr(VI) to the less soluble and less toxic Cr(III) (Thatoi et al. 2014; 
Garcia-Arellano et al. 2004). These enzymes have recently raised enormous interest 
because of their central role in mediating chromium toxicity and their potential use 
in bioremediation and biocatalysis. A membrane-associated chromate reductase 
activity was first observed in E. cloacae HO1 where the insoluble form of reduced 
chromate precipitates was seen on the cell surface (Wang et al. 1989). The chromate 
reductase activity of Shewanella putrefaciens MR-1 was found to be associated with 
the cytoplasmic membrane of anaerobically grown cells where formate and NADH 
served as electron donors for the reductase (Myers et  al. 2000). The anaerobic 
Cr(VI) reduction involving membrane-associated reductase has also been reported 
in some chromate-reducing bacteria which utilized H2 as electron donor and Cr(VI) 
as an electron acceptor in the electron transport chain (Lovley and Phillips 1994; 
Quilntana et al. 2001). The type of bacterial chromate reductases depends on the 
nature of bacteria carrying out the reduction reaction, i.e., aerobic or anaerobic 
(Thatoi et al. 2014). Bacterial chromate reductases are either localized in the mem-
brane fraction or in the cytosolic fractions of the chromate reducing bacteria (Thatoi 
et al. 2014). The enzymatic reduction of Cr(VI) in bacteria is accomplished in dif-
ferent ways. Soluble reductases can participate either in extracellular or intracellular 
reduction of Cr(VI) (Elangovan et al. 2010; Das et al. 2014), whereas membrane- 
bound reductase reduces by extracellular means (Wang et al. 1991). Cheung and Gu 
(2007) reported that extracellular enzymes (cytosolic proteins) are soluble chromate 
reductases such as flavin reductases, nitrate reductases, flavin proteins, and ferrire-
ductases. Streptomyces sp. MC1, isolated from sugarcane, has been shown to reduce 
Cr(VI) intracellularly (Polti et al. 2011).

3.3.3  Ligninolytic Enzymes

Ligninolytic enzymes include lignin peroxidase (LiP) and manganese peroxidase 
(MnP). Lignin peroxidases (LiP) are the heme proteins secreted mainly by the 
white-rot fungus during secondary metabolism (Karigar and Rao 2011). In the pres-
ence of co-substrate, H2O2 and mediator like veratryl alcohol LiP degrade lignin and 
other phenolic compounds (Karigar and Rao 2011). Lignin peroxidase (LiP) also 
plays a central role in the biodegradation of the plant cell wall constituent lignin 
(Karigar and Rao 2011). LiP is able to oxidize aromatic compounds with redox 
potentials higher than 1.4 V (NHE) by single electron abstraction, but the exact 
redox mechanism is still poorly understood (Karigar and Rao 2011; Piontek et al. 
2001). Manganese peroxidases (MnP) are an extracellular heme enzyme from the 
lignin-degrading basidiomycete’s fungus that oxidizes Mn2+ to the oxidant Mn3+ in 
a multistep reaction, and Mn2+ stimulates the MnP production and functions as a 
substrate for MnP (Karigar and Rao 2011).
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3.3.4  Azoreductase

Azoreductase is a commonly found enzyme that breaks down all azo dyes and azo 
compounds. Azo compounds are susceptible to biological degradation under both 
aerobic and anaerobic conditions (Chengalroyen and Dabbs 2013; Khehra et  al. 
2005). In general microbial degradation of azo dyes involves the reductive cleavage 
of azo bonds (–N55N–) with the help of an azoreductase enzyme under anaerobic 
conditions, and this involves a transfer of four electrons (reducing equiva-
lents) (Saratale et al. 2011). This then proceeds through two stages at the azo link-
age, and in each stage two electrons are transferred to the azo dye, which acts as a 
final electron acceptor, resulting in dye decolorization and the formation of color-
less solutions (Saratale et al. 2011; Chang et al. 2000). The resulting intermediate 
metabolites (e.g., aromatic amines) are then further degraded aerobically or anaero-
bically (Saratale et al. 2011; Chang et al. 2004; Pandey et al. 2007). The optimal pH 
for many bacterial azoreductases seems to lie within a range of 6–8 with a tempera-
ture range between 25 and 45  °C.  To name a few, previous reports include the 
21.5 kDa reductase of B. cereus with an optimal activity at 40 °C and a pH of 7.0 
(Pricelius et al. 2007), a P. aeruginosa reductase active at pH 7.0 and 35 °C (Nachiyar 
and Rajakumar 2005), and A. hydrophila with optimal activity at pH 5.0–10.0 and 
25–37 °C (Chen et al. 2003).

3.3.5  Monooxygenase

Monooxygenases incorporate one atom of the oxygen molecule into the substrate. 
Monooxygenases are classified into two subclasses based on the presence cofactor: 
flavin-dependent monooxygenases and P450 monooxygenases (Karigar and Rao 
2011). Flavin-dependent monooxygenases contain flavin as prosthetic group and 
require NADP or NADPH as coenzyme. P450 monooxygenases are heme- 
containing oxygenases that exist in both eukaryotic and prokaryotic organisms. The 
monooxygenases comprise a versatile superfamily of enzymes that catalyzes oxida-
tive reactions of substrates ranging from alkanes to complex endogenous molecules 
such as steroids and fatty acids (Karigar and Rao 2011). Monooxygenases act as 
biocatalysts in bioremediation process and synthetic chemistry due to their highly 
regioselectivity and stereoselectivity on wide range of substrates (Karigar and Rao 
2011). Majority of monooxygenase studied previously are having cofactor, but there 
are certain monooxygenases which function independent of a cofactor. These 
enzymes require only molecular oxygen for their activities and utilize the substrate 
as reducing agent (Karigar and Rao 2011; Arora et al. 2010). The desulfurization, 
dehalogenation, denitrification, ammonification, hydroxylation, biotransformation, 
and biodegradation of various aromatic and aliphatic compounds are catalyzed by 
monooxygenases (Karigar and Rao 2011). These properties have been explored in 
recent years for important application in biodegradation and biotransformation of 
aromatic compounds (Karigar and Rao 2011; Arora et  al. 2010). Methane 
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monooxygenase enzyme is the best characterized one, among monooxygenases. 
This enzyme is involved in the degradation of hydrocarbon such as substituted 
methanes, alkanes, cycloalkanes, alkenes, haloalkenes, ethers, and aromatic and 
heterocyclic hydrocarbons (Karigar and Rao 2011). Under oxygen-rich conditions, 
monooxygenase catalyzes oxidative dehalogenation reactions, whereas under low 
oxygen levels, reductive dechlorination takes place. Oxidation of substrate can lead 
to de- halogenation as a result of the formation of labile products that undergo sub-
sequent chemical decomposition (Karigar and Rao 2011).

3.3.6  Dioxygenase

Dioxygenases are multicomponent enzyme systems that introduce molecular oxy-
gen into their substrate. Aromatic hydrocarbon dioxygenases belong to a large fam-
ily of Rieske nonheme iron oxygenases. These dioxygenases catalyze 
enantiospecifically the oxygenation of wide range of substrates. Dioxygenases pri-
marily oxidize aromatic compounds and, therefore, have applications in environ-
mental remediation (Karigar and Rao 2011). All members of this family have one or 
two electron transport proteins preceding their oxygenase components. The crystal 
structure of naphthalene dioxygenase has confirmed the presence of a Rieske (2Fe–
2S) cluster and mononuclear iron in each alpha subunit (Karigar and Rao 2011; Dua 
et al. 2002). The catechol dioxygenases serve as part of nature’s strategy for degrad-
ing aromatic molecules in the environment. They are found in the soil bacteria and 
involved in the transformation of aromatic precursors into aliphatic products 
(Karigar and Rao 2011).

3.3.7  Cellulase

Cellulases now promise the potential of converting waste cellulosic material into 
foods to meet burgeoning population and have been the subject of intense research 
(Karigar and Rao 2011; Bennet et  al. 2002). Cellulases are usually a mixture of 
several enzymes. Three major groups of cellulases are involved in the hydrolysis 
process (Karigar and Rao 2011): (1) endoglucanase (EG, endo- 
1,4-Dglucanohydrolase) which attacks regions of low crystallinity in the cellulose 
fiber, creating free chain ends; (2) exoglucanase or cellobiohydrolase (CBH, 
1,4-b-D-glucan cellobiohydrolase) which degrade the cellulose molecule further by 
removing cellobiose units from the free chain ends; (3) β-glucosidase which hydro-
lyzes cellobiose to glucose units. Cellulase enzymes are capable of degrading crys-
talline cellulose to glucose. Alkaline cellulases are produced by Bacillus strains and 
neutral and acidic cellulases by Trichoderma and Humicola fungi (Karigar and Rao 
2011). In paper and pulp industry, cellulases have been employed for the removal of 
ink during recycling of paper (Karigar and Rao 2011).
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3.4  Prospects and Challenges in Applying Enzymes 
in Bioremediation of Pollutants

Following concerns associated with the use of enzymes in bioremediation are the 
key challenges in the enzymatic bioremediation technology (Rao et al. 2010): (a) 
toxicity of the product of the enzyme-mediated reaction that should be less toxic 
than the substrate; (b) if enzymes require cofactors, their use may be problematic, 
unless a preparation containing both the enzyme and the respective cofactor is used; 
(c) use of enzymes to detoxify organic-polluted soil is given by the rapid degrada-
tion of the free enzyme by proteases released by soil microorganisms; (d) complex-
ity of the pollution may entail possible negative or positive, synergistic effects on 
the enzyme efficiency; (e) reduction in the stability and reusability of enzymes in 
bioremediation, if the remediation is multitask; and (f) the cost of enzyme isolation 
and purification greatly hampers their practical application, mainly when their con-
tinuous feeding is needed. However, the possibilities to overcome several disadvan-
tages linked to the use of free enzymes are to improve (Rao et  al. 2010) (a) the 
functioning of the chosen enzyme by changing the conditions under which the 
enzyme displays its catalytic activity; (b) the enzyme itself by optimizing its intrin-
sic and inherent catalytic features by acting on its structure and catalytic function; 
(c) the performance of enzymes in the detoxification of pollutants through enzyme 
immobilization because immobilized enzymes have usually a long-term operational 
stability, being very stable toward physical, chemical, and biological denaturing 
agents; and (d) biomolecular engineering of enzymes by directed evolution or by 
site-specific mutagenesis to improve existing biodegradation pathways or to develop 
biocatalytic processes for the production of useful products.

However, the enzyme performance for the  in situ bioremediation of contami-
nated groundwater and soils may be affected by many factors, which include (Rao 
et al. 2010) chemistry and toxicity of contamination, source and concentration of 
pollutants, solubility, transport, adsorption, dispersion of pollutant compounds, 
environmental conditions, nutrient sources and presence of electron acceptors, and 
mainly the biodegradability of contaminants. By overcoming above-discussed limi-
tations, enzymatic remediation technology can provide the best remediation solu-
tion for contaminated environments.

3.5  Conclusion

Finding an eco-friendly solution for waste management is always a key requirement 
for sustainable development. Scientists around the globe are working hard to find 
the sustainable remediation technology for environmental waste management. 
Microbes are oftenly viewed as the eco-friendly tools for the treatment and manage-
ment of industrial wastes containing highly toxic organic and inorganic pollutants 
to combat the environmental threats. However, the applicability of microbes in 
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waste management can be limited under some conditions. Applying microbial 
enzymes in bioremediation can be the suitable alternative for waste management to 
protect the environment and public health. Further, research efforts are required to 
use the microbial enzymes in environmental remediation in a more sustainable and 
economically feasible manner.
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Abstract The persistent organic pollutants (POPs) such as organochlorine 
 pesticides (OCPs), polychlorinated biphenyls (PCBs), and polycyclic aromatic 
hydrocarbons (PAHs) were detected in different media of environment such as air, 
water, and soil due to its persistence in nature. POPs have the efficacy to contami-
nate, accumulate, and bioaccumulate in any living organisms through the food 
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chain. Since these are lipophilic and semi-volatile in nature, can move or transport 
through air mass in the far distance such as Arctic region and mountainous region 
where the pollutants  were never used before. Thus, POPs have the tendency to 
retain in cold climate for a longer time. Stockholm Convention is a focus to control 
or eliminate the production and implement the policy against the toxic POPs 
because  these can lead to serious health effects including cancers, birth defects, 
and dysfunctional immune, nervous, and reproductive systems. The Cucurbita 
family of plant species including pumpkins, squash, and zucchini has been used 
widely to uptake the PCBs, DDT, and PAH from contaminated sites. Some of the 
bacterial group such as Escherichia coli, Enterobacter aerogenes, Enterobacter 
cloacae, Pseudomonas aeruginosa, Pseudomonas putida, and Bacillus were also 
reported for the degradation of DDT compounds. The gram-negative (Pseudomonas, 
Alcaligenes, Achromobacter, Burkholderia sp.) and gram-positive (Rhodococcus, 
Corynebacterium, and Bacillus sp.) bacteria have been reported for the degrada-
tion of PCB compounds, respectively. Many of the native microorganisms develop 
complex and significantly effective metabolic pathways that allow the biodegrada-
tion of toxic compounds released into the environment.

Keywords Persistent organic pollutant · Persistence · Toxicity · Health hazards · 
Bioremediation

4.1  Introduction

Persistent organic pollutants (POPs) are carbon-based organic chemical compounds 
and mixtures of industrial chemicals such as PCBs, agriculture pesticides like DDTs, 
and unwanted wastes such as dioxins (Saxena and Bharagava 2015). Industrial 
wastewaters are also responsible for releasing various persistent organic and inor-
ganic pollutants (Goutam et al. 2018; Bharagava et al. 2017a; Gautam et al. 2017). 
POPs are primarily products and by-products of human industry that are of relatively 
fresh origin. POPs are a group of a toxic chemical that is persistent in the environ-
ment for a longer time and took longer time for degradation (UNEP 2006). Due to 
their persistence in nature, POPs can bioaccumulate in any living being and different 
environmental media with potentially significant impacts. Problems related to envi-
ronmental pollution by POPs have been the rise and increasing attention of the world. 
Once POPs are released in any corner of the world, it can move or transfer far dis-
tances from their original places through a repeated process of evaporation and depo-
sition. Therefore, it makes difficult to identify the original source point of POPs 
globally. Different international organizations have been trying to minimize the 
issues of POPs due to its lipophilic and accumulation in nature. Stockholm Convention 
also mainly focuses to implement and replace dirty and toxic POPs. Perhaps, POPs 
have the capability to move far distances where it was never been used before.

Persistent organic pollutants (POPs) mainly came into wide use after the Second 
World War. DDT is one of the famous and controversial persistent organic pesticides 
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ever made. Since the 1940s, these inexpensive and toxic chemicals have been pro-
duced and applied worldwide. DDT was also used to control the vector-borne dis-
eases. The heavy use of these persistent toxic pollutants is widespread in different 
components of the environment through different pathways. However, soon their 
negative impacts started showing. Initially apparent in fish, birds, mammals, and water 
bodies, further studies revealed their presence in the atmosphere and soil environment. 
Climate change and environmental contamination caused by POPs are a global con-
cern. POPs accumulate in living organisms and subsequently in humans via food.

4.1.1  Persistent Organic Pollutants in Soil

The persistence of pesticides in soil depends upon a number of factors, such as the 
type of pesticide, soil type, organic matter content, clay content, the microflora, 
fauna present, cover crop, soil temperature, soil moisture, and cultivation of the soil. 
Different pesticides are taken up by crops from the soil even if they are not systemic. 
Some pesticides become absorbed into clay and organic matter fractions in soil. As 
a result, they are not readily taken into plants. In part, however, they may contami-
nate the groundwater supplies due to leaching (Zhao et  al. 2006). POPs may be 
transported through far distance through long-range atmospheric transport and prior 
to deposition. Because of their persistence and semi-volatility, “old” previously 
emitted and deposited compound can undergo reemission from soils, vegetation, 
and water bodies and recycle through the environment (Wania and Mackay 1996; 
Lee et  al. 1998). Studies reported that POPs can repeatedly undergo air-surface 
exchange, so that their ultimate sink may be far from source regions (Klecka et al. 
2000). Recycling behavior of POPs is influenced by factors such as temperature, 
organic carbon content in soil, physicochemical properties of compounds, and air- 
surface partition coefficients. Soil receives a substantial proportion of POPs through 
atmospheric deposition and direct input from spillages or from landfilling (Sweetman 
and Jones 2000). Therefore, global surface soils are an important reservoir for per-
sistent organic pollutants (POPs), and their burden is often used to interpret histori-
cal emissions and atmospheric deposition. Contamination of POPs in background 
surface soils is a function of cumulative atmospheric deposition, minus losses due 
to volatilization, biodegradation, and mixing/burial to depth. Atmospheric deposi-
tion fluxes are in turn influenced by different vegetation types such as canopy scav-
enging efficiency/temperature, etc. (Wania and McLachlan 2001).

4.1.2  Persistent Organic Pollutants in Air

POPs are known to undergo long-range atmospheric transport (LRAT), traveling 
according to their physical-chemical properties and to the characteristics of the 
environment that they encounter (soil properties, climate, wind direction and speed, 
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and so forth), reaching remote regions where they have never been produced or 
used. This process can happen as a simple emission-transport-deposition event or 
following a series of “hops” by deposition onto a surface and subsequent emission 
(Wania and Mackay 1996). The number of air-surface exchange episodes depends 
on the type of surface (soil, water, vegetation, etc.) and on the physical-chemical 
properties of the given compounds. According to this principle, persistent chemicals 
with higher volatility will undergo LRAT followed by deposition in distant areas 
(e.g., Arctic regions), while those with lower vapor pressure will be deposited pref-
erably in areas closer to the emission source.

Temperature is one of the main factors able to influence the global distribution of 
POPs, even if several other processes play an important role. Processes directly 
depending on temperature are emission rates from primary and secondary sources, 
the gas-particle partitioning of POPs in the air, reactions rates (biodegradation, pho-
tolysis, and oxidation in air), and the air-surface exchange (Halsall et al. 1999). In 
addition, important atmospheric depletion mechanisms for organic contaminants 
are photochemical degradation and the degradation initiated by the hydroxyl radi-
cal, whose concentration is related to solar activity and cloud cover (Mandalakis 
et al. 2003).

Polycyclic aromatic hydrocarbons (PAHs) belong to the group of persistent 
organic pollutants (POPs) of known chemical carcinogens. They are formed during 
the incomplete combustion and pyrolysis of organic matter such as coal, oil, wood, 
and fuels like diesel and petrol (Garban et al. 2002; Golomb et al. 2001; Halsall 
et al. 2001). PAHs are mainly concentrated in urban and industrial zones; they can 
also be found in rural areas (Gevao et al. 2000; Garban et al. 2002) or even in remote 
regions (Kallenborn et al. 1998; Migaszewske 1999) because of their persistence in 
the environment and their ability to be transported over long distances (Aamot et al. 
1996; Halsall et al. 2001). Benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoran-
thene, and a number of other aromatic hydrocarbons are formed by the pyrolysis of 
simple hydrocarbons such as acetylene, butadiene, ethylbenzene, styrene, 
n- butylbenzene, and tetralin at 700 °C. Most of the lower molecular weight PAH 
compounds were detected at far from source point in gaseous foam; however, higher 
molecular weight PAH compounds were detected almost in particulate matter.

4.2  Physical and Chemical Properties of POPs

4.2.1  Organochlorine Pesticides (OCPs)

4.2.1.1  Dichlorodiphenyltrichloroethane (DDT)

Technical DDT is a white amorphous powder that melts over the range of 80–94 °C 
(Metcalf 1995). The technical grade DDT was used as an insecticide which is com-
posed of active ingredient p,p′-DDT (65–80%), o,p′-DDT (15–21%), p,p′-DDD 
(4%), and 1.5% of 1-(p-chlorophenyl)-2,2,2-trichloroethanol (Metcalf 1995). DDT 
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is highly insoluble in water and is soluble in most organic solvents. It is semi- 
volatile and can be expected to partition into the atmosphere as a result. Its presence 
is ubiquitous in the environment, and residues have even been detected in the Arctic. 
It is lipophilic, partitions readily into the fat of all living organisms, and has been 
demonstrated to bioconcentrate and biomagnified. The breakdown products of 
DDT, 1,1-dichloro-2,2-bis (4-chlorophenyl)ethane (DDD or DDE) and 1,1-dichloro- 
2,2-bis (4-chlorophenyl)ethylene (DDE) are also present virtually everywhere in the 
environment and are more persistent than the parent compound. DDT and its pri-
mary metabolites, DDE and DDD, are manufactured chemicals and are not known 
to occur naturally in the environment (WHO 1979). Historically, DDT was released 
to the environment during its production, formulation, and extensive use as a pesti-
cide in agriculture and vector control applications. DDD was also used as a pesti-
cide, but to a far lesser extent than was DDT. Although it was banned for use in the 
United States after 1972, DDT is still being used in some areas of the world. DDT 
and its metabolites are very persistent and bioaccumulate in the environment. This 
lipophilic property, combined with an extremely long half-life, is responsible for its 
high bioconcentration in aquatic organisms (i.e., levels in organisms exceed those 
levels occurring in the surrounding water).

4.2.1.2  Hexachlorohexanes (HCHs)

HCHs contain five isomers α-HCH, β-HCH, γ-HCH, δ-HCH, and ε-HCH, of  
which γ-HCH is the one having insecticide properties. Although it is toxic, its half-
life in tissue, eggs, and other environmental compartments is relatively short in 
comparison to other pesticides. It breaks down readily into chlorobenzenes and 
chlorophenyls. The manufacture of HCH involves the photochlorination of ben-
zene. Subsequent treatment with methanol or acetic acid followed by fractional 
recrystallization will concentrate the γ-HCH isomer to 99.9% (ATSDR 2000). 
These commercial mixtures typically contain 60–70% α, 5–12% β, 10–12% γ, 
6–10% δ, and 3–4% ε (Kutz et al. 1991). HCH was first synthesized in 1825 by 
Michael Faraday, but the pesticidal properties were not identified until 1942 (Smith 
1991). γ-HCH is used as an insecticide on fruits and vegetables, rice paddies, 
Christmas trees, and animals and as a seed treatment. The β-HCH has a much lower 
vapor pressure and a much higher melting point and bioconcentration factor (BCF) 
in human fat as compared to the α-isomer. These properties are largely dictated by 
the axial and equatorial positions of the chlorine atoms on each molecule. All of the 
chlorines on β-HCH are in the equatorial position, which seems to confer the great-
est physical and metabolic stability to this isomer. This stability is reflected in the 
environmental and biological persistence of this isomer. For instance, the BCF in 
the human fat of β-HCH is nearly 30 times higher than that of γ-HCH. The γ-isomer 
has three chlorines in axial positions, creating two ways that HCl can be eliminated 
by anti- periplanar dehydrohalogenation and dehydrohalogenation, generating 
 pentachloro-cyclohexene (PCCH) metabolites (Buser and Muller 1995).
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4.2.1.3  Chlordanes (CHLs)

The physical and chemical properties of technical chlordane are difficult to specify 
since there are many components in the technical mixture. For example, technical 
chlordane is a viscous liquid made of a mixture of many compounds that are solids 
when pure (a eutectic mixture). The state of the technical product alone will affect 
the properties of the product. For example, the vapor pressure of the pure compo-
nents of chlordane will be lower than the technical product because they are solids 
and have crystal lattice energies that reduce their vapor pressures relative to a liquid 
(Bidleman and Foreman 1987). The vapor pressure of the mixture will also change 
over time since the more volatile components will be removed faster, changing the 
composition of the mixture. Compositional changes with time may also result from 
different rates of degradation and transport among the constituents of the mixture.

The chemical name of chlordane is 1,2,3,4,5,6,7,8,8-octachloro-2,3,3a,4,7, 
7a-hexahydro-4,7-methano-1H-indene and the chemical formula is C10H6Cl8 and 
molecular weight is 409.78. The basic properties of chlordane are as follows: melt-
ing point is <25 °C; boiling point is 165 °C at 2 mm Hg; KH is 4.8 × 10–5 atm m3/
mol at 25 °C; log Koc is 4.58–5.57; log Kow is 6.00; solubility in water is 56 ppb at 
25 °C; vapor pressure is 10−6 mm Hg at 20 °C (Montgomery 1993).

Chlordane is a mixture of chlorinated hydrocarbons containing chlordane,  
heptachlor, non-chlordane, and related compounds, and technical chlordane 
 typically contains 64–67% chlorine. Chlordane is highly insoluble in water and is 
soluble in organic solvents. It is semi-volatile and can be expected to partition into 
the atmosphere as a result. It binds readily to aquatic sediments and bio concentrates 
in the fat of organisms as a result of its high partition coefficient (log Kow = 6.00).

4.2.1.4  Endosulfans (Endos)

The common trade name of endosulfan is Thiodan. Technical-grade endosulfan is a 
mixture of two isomers, alpha-endosulfan (64–67%) and beta-endosulfan  
(29–32%) (GFEA-U 2007). The α- and β-isomers of endosulfan are present in the 
ratio of 7:3, respectively. Technical-grade endosulfan may also contain up to 2% 
endosulfan alcohol and 1% endosulfan ether. Endosulfan sulfate is usually included 
with the alpha and beta isomers of endosulfan as “total endosulfan” or “endosulfan 
(sum)” in the measurement of residues. And it is also found in the environment due 
to photolysis and in organisms as a result of oxidation by biotransformation (Coleman 
and Dolinger 1982). The endosulfan sulfate is regarded as being equally toxic and of 
increased persistence in comparison with the parent isomers (US EPA 2007).

4.2.1.5  Dieldrin and Endrin

Dieldrin is a colorless compound and remains a solid at an ambient temperature of 
melting point 175–176 °C, practically insoluble in water (0.186 mg/L at 20 °C) but 
partially soluble in aromatic hydrocarbons, halogenated hydrocarbons, ethers, 
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esters, ketones, and alcohols (IPCS 1998). Endrin is white to light tan crystalline 
compound with a melting point of 226–230 °C and water solubility of 0.036 mPa 
and 0.230 mg/L at 25 °C. It can be dissolved in acetone, benzene, carbon tetrachlo-
ride, and xylene and moderately soluble in aliphatic hydrocarbons. Dieldrin and 
endrin have high octanol-water partition coefficient (log Kow = 6.2; log Kow = 5.34). 
Uses of dieldrin and endrin have been prohibited across the countries but still found 
in different environmental media such as soil, sediment, and groundwater. The high 
concentration of these two compounds has been detected in the agricultural soil and 
horticultural soils (Singh 2001; Wan et al. 2005; Hilber et al. 2008).

4.2.2  Polychlorinated Biphenyls (PCBs)

PCBs were found for the first time in the environment by Soren Jensen, who 
detected the contaminants in pike from Swedish waters. Within few years the 
adverse effects in organism were recognized. Then their use and production were 
reduced and finally banned in the late 1970s in most industrialized countries. The 
fact that there are only two chlorines and that both of the chlorine are in an ortho 
position would tend to make this congener of PCB less toxic than the case in which 
the congener contains six chlorines, but chlorines are lacking in all of the four ortho 
positions. A large number of chlorine present coupled with the fact that there are no 
ortho carbons make this congener a particularly toxic and bioaccumulative species 
of PCB.

PCBs are discharged into the environment by leaks from hydraulic or industrial 
systems; diffusion out of coatings, or other products, during production; and waste 
incineration or disposal or after accidents. The levels of individual congeners differ 
from location and environmental compartment. Atmospheric PCBs are present pre-
dominantly in the gas phase. However, the more chlorinated congeners are also 
present in the particulate phase (Pankow 1987). There are evidence that atmosphere 
PCBs are degraded by OH-radical reaction (Anderson and Hites 1996).

4.2.3  Polycyclic Aromatic Hydrocarbons (PAHs)

PAHs are compounds that consist of carbon and hydrogen atoms, grouped in the 
form of fused benzene rings. They are generally produced in all sorts of combustion 
encompassing from fossil fuels to organic materials, such as vegetation. PAH com-
position depends on the combusted organic material and the temperature at which 
combustion takes place (Howsam and Jones 1998). The higher molecular weight 
PAHs are easily generated at lower temperatures due to lower combustion efficien-
cies. Thus, combustion of diesel oil produces relatively higher molecular weight 
PAH than gasoline in vehicular engines (Khalili et al. 1995). In the late nineteenth 
century and early twentieth centuries, low-temperature coal combustion was the 
major source of PAHs. Nowadays fossil fuels, like gas, are used, which generates 
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less PAHs. The occurrence of PAH in the urban air has caused particular concern 
because of the continuous nature of exposure and size of the population at risk. The 
urban atmosphere is a complex and dynamic system containing a large variety of 
interacting chemical species in both the gas and particulate phases. The higher 
molecular weight PAH compounds can be detected in solid foam but lower molecu-
lar weight PAH detected in gaseous foam. PAH compounds can reach human by 
four different modes of exposure: direct inhalation of polluted air, direct inhalation 
of tobacco smoke, ingestion of contaminated and processed food and water, and 
dermal contact.

4.3  Environmental Transport and Distribution of POPs

4.3.1  Soil-Air Exchange of Persistent Organic Pollutants 
(POPs)

Globally fate and transport of POPs are mainly affected by soil-air exchange pro-
cesses in the environment. The soil is an important compartment or media with a 
large capacity for POP storage, and chemicals have long half-life in soils. Soil 
organic carbon plays an important role to hold the POPs in soil media, and it also 
reemitted in the atmosphere by air and soil exchange process. The atmospheric con-
centration of OCPs in background regions is found to be controlled by air and soil 
exchange mechanism (Cabrerizo et al. 2011). However, soil fugacity or exchange 
capacity depends on temperature, organic carbon present in the soil, vapor pressure, 
and enthalpy of the focus chemical. The air-soil exchange of any persistent organic 
pollutants is an important process due to their significant partition to the gas phase. 
Additionally, fugacity is the process to measure the chemical potentials in a particu-
lar medium that controls the transfer of chemical into one media to another media. 
The chemical partitioning between air and soil can be described by:

 
K

C

CSA
S S

A

=
ρ

 

where CS is the soil concentration (ng kg−1, dry weight), ρs is the density of soil 
solids (kg m−3), and CA is the gas-phase air concentration (ng m−3). KSA is dependent 
on temperature, humidity, chemical, and soil properties (Meijer et al. 2003). Octanol 
air partition coefficient (KOA) is a key parameter for chemical partitioning between 
the atmosphere and soil organic matter:

 K KSA S OC OA= 0 411. ρ ϕ  

ρs is the density of soil solid (kgL−1); ϕoc is the fraction of organic carbon. The factor 
0.411 improves the correlation between the KSA and KOA. During the calculation of 
KSA, it is assumed that the fugacity or exchange capacity of the soil entirely depends 
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on organic carbon fraction. Thus, the net soil and air exchange flux of POPs is 
driven by the fugacity between air and surface soil:

 
ff soil soil air= +( )f f f/

 

Generally, fugacity values can be calculated using the concentration of POP com-
pounds in the two compartments such as soil and air. The equal fugacity values in 
the two compartments characterize the equilibrium (Wania 1993), and fugacity frac-
tion (ff) for the chemical can be calculated using the above equation. If the 0.5 of 
fugacity fraction indicates the chemical is near soil-air equilibrium and fugacity 
fraction greater than 0.5 indicates that more than half of the chemical potential in 
the soil-air system is attributed toward soil, this means that net transfer occurs from 
soil to the air media. However, the fugacity fraction that is less than 0.5 could indi-
cate that soil is a sink and net transfer occurs from air to the soil (Meijer et al. 2003).

4.3.2  Air-Water Gas Exchange of Persistent Organic 
Pollutants (POPs)

The gas flux between the air and water surface is a function of Henry law constant, 
concentration gradient, and overall mass transfer coefficient. The net flux can be 
calculated by the fugacity difference between air and surface water:

 
F K C C H RTg g g w= −( )/

 

where Cw and Cg are the water and air concentrations, H is the Henry law constant 
(Pam−3 mol−1), R is the universal gas constant (8.314 Pa m3 mol−1 K−1), and T is the 
temperature at the air-water interface (K). Further‚ overall gas-phase mass transfer 
coefficient (Kg) is mostly related to individual mass transfer coefficient (Kg) for the 
liquid and gas films, Kw and Ka, as follows:

 
1 1/ / /K K Hg g wRTK= ( ) + ( )

 

Wind speed also played an important role for mass transfer coefficient of water 
vapor, i.e., oxygen and carbon dioxide. The below given equation can be used to 
estimate Ka and Kw for organic compounds (Schwarzenbach et al. 2003):
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where Da and Dw (cm2 s−1) are the diffusivities in air and water and U10 is the wind 
speed 10 m above the water surface (ms−1).
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4.4  Long-Range Transport of POPs

Due to the specific characteristics such as volatility, resistance to photolytic, bio-
logical, and chemical degradation and capability of long-range atmospheric trans-
port at far distances, POPs have been detected on every continent, countries, and 
even in remote places such as open oceans, deserts, and Arctic and Antarctic regions 
where no one used it (Iwata et al. 1994; Tanabe et al. 1982; Bidleman et al. 2002). 
Surprisingly, at the Arctic region, a  high concentration of organochlorine was 
detected in the different environmental samples such as planktons and wild animals. 
Wania and Mackey (1993) explained that due to the global distillation or fraction-
ation effect, POPs can migrate at polar regions. However, movement and migration 
of POPs also depend on physico-chemical properties of chemicals. The ambient 
temperature also strongly influences the volatility of POPs from the different envi-
ronmental media. Especially, the migration and movement of POPs mainly take 
place from tropical and temperate regions of the globe and remain/accumulate in 
colder regions. Some of the highly volatile POPs will remain airborne and migrate 
faster toward polar regions through long-range atmospheric transport (LRAT). 
Thus, individual POPs separate out in the atmosphere according to this volatility; 
this process is known as global fractionation. Mostly POPs were emitted from dif-
ferent media of environment through exchange processes mainly from hot climatic 
areas and transport into remote sites where there is cold weather. However, the move-
ment of POPs at a far distance depends on the physico-chemical properties of spe-
cific compounds such as HCH that can be detected at remote sites where there are 
no original sources. That’s how POPs can move into the different corners of the 
globe through atmospheric transport, and there is no boundary for movement of air.

4.5  Toxicology of POPs

4.5.1  Environment

POPs can resist environmental degradation through chemical, biological, and pho-
tolytic process. The effect and toxicity of POPs have been the focus by Stockholm 
Convention to eliminate or restrict to use. The halogenated POPs including poly-
chlorinated biphenyls (PCBs) and trichloroethylene are highly persistent in the dif-
ferent segments of the environment (soil, air, and water) (Petriello et  al. 2014). 
Wang et al. (2014) study investigated that forest soil of Tibetan was contaminated 
by DDT, HCB, and PCB compounds, respectively. The Tibetan forest soil contains 
higher soil organic carbon (SOC), and it holds the POP compounds. Thus, the toxic-
ity of soil environment takes place, and these compounds move through dietary 
intake of contaminated foods and through inhalation of airborne pollutants (Crinnion 
2011). Many studies also investigated the contamination of organochlorine pesti-
cides in agricultural soils, sediments, and surface water across the world (Wang 
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et  al. 2007; Chen et  al. 2011). The shallow groundwater of Taihu Lake region, 
China, has been contaminated with OCPs in drinking water, mainly sources from 
historical and new inputs in that particular area. The health risk was noticed for local 
peoples who consumed the contaminated drinking water especially adult and child-
rens (Wu et al. 2014), respectively. Different POPs were estimated in groundwater 
and surface water of India which are mainly released from industrial waste and use 
of pesticides in agriculture, and more than 90% of water and fish samples of streams 
were contaminated by POPs (Singh et al. 2005). The Indian Himalayan region soil 
and air samples from India have been reported to be contaminated with PAH and 
OCP compounds due to past and present use (Devi et al. 2015, 2016).

4.5.2  Human Health

Bioaccumulation and biomagnification of POPs are detected to be significantly 
associated with fatty tissues of living organisms for long periods of time because of 
its high lipid solubility (Wania and Mackay 1996; Vallack et al. 1998). Most of the 
POPs are known to interfere the normal body functioning of the organs. Due to the 
global pollution of POPs in food stubs, it’s riskier for consumers. Especially, fish 
are contaminated by these pollutants, once contaminated fish consumed into human 
body may cause adverse health effects (Borchers et al. 2010). And POPs respond to 
abnormal functioning of the reproductive system, pregnancy outcomes, as well as 
endometriosis. The cause of cancer and cardiovascular disease is mainly associated 
with the POP compounds (Ljunggren et  al. 2014). Pregnant women are riskier 
because POPs may transfer into fetuses and to children through breast-feeding. 
However, the presence of POPs in the human body does not conclude that they are 
causing adverse health effects. But, it is also important to understand the exposure 
route of POPs through different purposes such as farmers applying pesticides with-
out properly covering their body, farmers improperly handling pesticides, etc. Some 
of the studies have investigated that increasing the abnormal reproductive incidence 
such as testicular cancer in the male human could be due to exposure of POPs 
(Sharpe and Skakkebaek 1993; Thomas 1995). Therefore, it is an alarm to all the 
peoples living on this earth that are exploring the resources and using different 
chemicals for their productivity benefits which can directly or indirectly influence 
the human lifestyle. Many researchers already reported that POPs can affect the 
human being in significant impacts through different exposure routes.

4.6  International Conventions to Control POPs

The internal community has called for global action to reduce and eliminate the 
toxic chemicals released into the environment. Our earth has posed to risk due to the 
persistence and long-range atmospheric transportation of POPs in nature. The 
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Stockholm Convention is mainly focused to reduce or eliminate the POPs in an 
environment which came into force on 17 May 2004. The United Nation and 
Environment Programme (UNEP) also legally binds agreement to minimize the 
release of POPs in the different segments of the environment. The UNEP expanded 
its investigation on POPs in 1995 mainly focusing on “dirty dozen” compounds 
(aldrin, chlordane, DDT, dieldrin, dioxin, endrin, furans, heptachlor, hexachloro-
benzene, mirex, PCBs, and toxaphene) and internally acted to eliminate and reduce 
the presence of POPs. However, many of these 12 compounds are no longer used for 
agricultural purposes, but some are used in developing countries. The Rotterdam 
Convention entered into force on 24 February 2004 which aims to promote and to 
share the responsibilities of handling hazardous chemicals and pesticides’ impor-
tance and safety use. Convention on LongRange Transboundary Air Pollution 
(LRTAP), which entered into force on 23 October 2003, aims to reduce and prevent 
air pollution including long-range transboundary air pollution; the protocol is to 
control and reduce the emission of persistent organic pollutants. Hence, many inter-
national treaty organizations are coming together to avoid the use of such toxic 
POPs for any purposes in the environment.

4.7  Advance Bioremediation Techniques

4.7.1  Phytoremediation

Environmental pollution by persistent organic pollutants (POPs) is a worldwide 
problem. Remediation of POPs from soil environment is necessary for polluted 
arable land to reduce the health and environment risks. Phytoremediation technique 
is one of the advanced methods that uses plants to remove the organic and inorganic 
contaminants from the environment (Saxena et  al. 2016; Saxena and Bharagava 
2017; Bharagava et  al. 2017b, c; Chandra et  al. 2015). This technique is easily 
assessable for the environment. However, the most important aim of phytoremedia-
tion is to identify the accumulator plant species which can effectively uptake the 
targeted organic compounds.

Dieldrin and endrin pesticides are still detected in agricultural soils. The 
researcher has investigated that the members of family, Cucurbitaceae and Tiliaceae 
uptake a great level of dieldrin and endrin from soil media (Otani et  al. 2007; 
Matsumoto et al. 2009). Johgenson (2001) investigated that concentration of diel-
drin in soil was normally absorbed into the pulp of different vegetables such as 
cucumber, watermelons, and squash. The fact is the compounds having high 
octanol- water coefficient adsorb strongly to soil, and it’s difficult to take up such 
compounds from the soil by plants. The Cucurbita pepo L. “Black Beauty” species 
can absorb the PCB (Arochlor 1268) compounds in roots, stems, leaves, and fruit 
parts (White et al. 2006). The Cucurbita pepo L. “Raven” and Cucurbita pepo L. 
“Baby Bear” also showed the uptake of p,p′-DDE metabolites in different parts of 
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the plant (White 2001). Further Lunney et  al. (2004) investigated the uptake of 
DDT and its metabolites by Cucurbita pepo L. “Senator hybrid” and Cucurbita 
pepo L. as well as in roots and shoot parts of the plant. Some other persistent organic 
pollutants like chlordane and heptachlor epoxide also taken up by Cucurbita pepo 
L. and Lagenaria siceraria species mostly in roots and aerial tissue (Mattina et al. 
2004; Campbell et  al. 2009) (Table 4.1). The uptake of POPs by plants may go 
through different pathways, for example, compounds may change the adsorbed 
state on a surface to a gaseous or liquid state that root uptakes from soil solution and 
transfers into areal parts and metabolizes in plants. That’s how cucurbits absorb the 
compounds from soil and compounds were detected in xylem and aerial parts of the 
plant (Mattina et  al. 2004; Lunney et  al. 2004). The Panicum virgatum and 
Schizachyrium are also used for the uptake of PAH from polluted soil (Pradhan 
et al. 1998).

Table 4.1 Uptake of different POPs from soil by plants

Common name Scientific name Targeted compound References

White clove Trifolium repens Naphthalene Smith et al. (2006)
Cocksfoot Dactylis glomerata

Tall fescue Festuca arundinacea

Red fescue Festuca rubra

Ryegrass Lolium perenne

Birds-foot 
trefoil

Lotus corniculatus

Red clover Trifolium pratense

Cat claw Mimosa monancistra Benzo[a]pyrene Bernel et al. (2007)
Switch grass Panicum virgatum PAH Pradhan et al. 

(1998)Little bluestem 
grass

Schizachyrium scoparium

Alfalfa Medicago sativa L.

Zucchini Cucurbita pepo L. “Black Tosca” Dieldrin/endrin Otani et al. (2007)
Pumpkin Cucurbita moschata Duch. 

“Hayato”
Dieldrin/endrin Otani et al. (2007)

Cucumber Cucumis sativus L. “Straight 
Eight”

Dieldrin, heptachlor, 
heptachlor epoxide

Lichtenstein et al. 
(1965)

Zucchini (Cucurbita pepo L. “Black 
Beauty”)

PCB (Arochlor 1268) White et al. (2006)

Zucchini 
pumpkin

Cucurbita pepo L. “Raven,” 
Cucurbita pepo L. “Baby Bear”

p,p′-DDE White (2001)

Zucchini 
pumpkin

Cucurbita pepo L. “Senator 
hybrid,” Cucurbita pepo L. 
“Howden”

DDT Lunney et al. 
(2004)

Zucchini Cucurbita pepo L. “Black 
Beauty”

Chlordane Mattina et al. 
(2004)
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4.7.2  Microbial Degradation

Microorganism plays an important role in the degradation and detoxification of per-
sistent organic and inorganic pollutants in the environment (Kishor et  al. 
2018;  Bharagava et  al. 2018;  Arora et  al. 2014, 2018; Bharagava et  al. 2017c; 
Saxena and Bharagava 2016; Singh et  al. 2011). Bioremediation has significant 
advantages on remediation methods for complete degradation of organic pollutants. 
Biochemical degradation by the soil organisms is perhaps the single most important 
method by which pesticides are removed from soils. The advance biotechnological 
technique used to clean or degrade the contaminated soil by bioremediation tech-
nique. Soil charcoal perfusion method is used to rapidly enrich and isolate the POP- 
degrading bacteria which can be adsorbent of organic chemicals (Takagi et  al. 
2011). Using this method can isolate the several bacteria which can be capable of 
degrading POPs.

DDT compounds can be degraded into reductively dechlorinated DDD using 
bacteria and fungi (Johnsen 1976; Lai and Saxena 1982; Kuhn and Sulflita 1986). 
The reductive dechlorination condition is the major mechanism for the microbial 
conversion of both the o,p′-DDT and p,p′-DDT metabolites into DDD. The pathway 
for bacterial degradation of DDT to DDD reaction involves the substitution of an 
aliphatic chlorine for a hydrogen atom. Some of the microbes have shown the deg-
radation of DDT to DDD in the pure culture such as Escherichia coli, Enterobacter 
aerogenes, Enterobacter cloacae, Klebsiella pneumoniae, Pseudomonas aerugi-
nosa, Pseudomonas putida, and Bacillus sp. and fungi Saccharomyces cerevisiae, 
Phanerochaete chrysosporium, and Trichoderma viride (Johnsen 1976; Lai and 
Saxena 1982; Subba Rao and Alexander 1985). DDT reductive microbes have been 
isolated from different habitats such as animal feces, soil, sewage, effluent sludge, 
and marine and freshwater sediments (Johnsen 1976; Lai and Saxena 1982). Under 
the anaerobic condition, changes of pH and temperature influence discrete enzymes 
involved in the metabolism of DDT by E. aerogenes. Figure 4.1 shows the pathways 
of degradation of DDT to yield DDNU in the anaerobic process. DDM is converted 
or degraded to DBP, which may undergo cleavage of one of the aromatic rings to 
form p-chlorophenylacetic acid. Perhaps, DBP could not be further metabolized 
under anaerobic conditions (Pfaender and Alexander 1972).

Bidlan and Manonmani (2002) investigate the degradation of DDT in aerobic 
condition, and microbes were isolated from DDT-contaminated soil which could 
degrade 5, 10, 15, and 25 ppm DDT by 48, 72, 96, and 144 h, respectively. The DDT 
metabolizer such as Hydrogenomonas sp. was isolated from sewage samples. Most 
of the gram-negative and gram-positive bacteria are investigated to have the capa-
bilities to attack the DDT metabolites. The gram-positive bacteria could degrade 
DDT, DDD, and DDE in the presence of biphenyl (Awasthi et al. 2000). However, 
some of the environmental parameters such as pH, temperature, and other  parameters 
may influence the growth of microorganisms and rate of degradation. Bidlan and 
Manonmani (2002) found that degradation of DDT metabolites was investigated at 
the increase in temperature as high as 50 °C.
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PCB congeners can be degraded or dechlorinated by aerobic and anaerobic pro-
cesses. Some of the gram-negative (Pseudomonas, Alcaligenes, Achromobacter, 
Burkholderia, Comamonas, Sphingomonas, Ralstonia, and Acinetobacter) and 
gram-positive (Rhodococcus, Corynebacterium, and Bacillus) bacteria can degrade 
the PCB compounds. The aerobic condition can cometabolize the lower-chlorinated 
PCB congeners and may also serve as a nutrient for growth; the higher-chlorinated 
PCB congeners undergo reductive dechlorination in anaerobic condition. Bacteria 
utilize the biphenyl as a nutrient source of carbon and energy and degraded the PCB 
compounds using biphenyl metabolic enzymes. However, PCB degradation 
decreases with increase in a number of chlorines, and depletion of PCB also depends 
on the bacterial strain. For the first time, the dehalogenation of PCB is reported in 
sediment, which could reduce the toxicity of PCBs in the environment (Brown et al. 
1988). In the anaerobic condition, the degradation of three PCB congeners (2,3,5,6- 
CB, 2,3,4,5-CB, and 2,3,4,5,6-CB) has been investigated in sediment by Chang 
et al. (2001).
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The Aroclor 1260 PCB has been dechlorinated by Dehalococcoides bacteria 
(Fig. 4.2). The PCB congeners of meta- and para-chlorines are capable to dechlori-
nate than ortho position chlorines in an anaerobic environment. Zhang et al. (2015) 
found that Anabaena PD-1 is capable of degrading Aroclor 1254 PCB compounds, 
and this bacteria is separated and isolated from contaminated agricultural soil. 
Approximately 85% of Aroclor can degrade in 25 days. Toxicity of most of the 
highly chlorinated PCB congeners converted or degraded in to lower types of chlo-
rine (Mousa et al. 1996; Quensen et al. 1992, 1998). Phytoremediation has been 
investigated for the removal of PCBs from the soil, groundwater, air, sediment, and 
surface water (Russel 2005).

Bacteria also play an important role in the degradation of polycyclic aromatic 
hydrocarbons (PAH) compounds. Benzo[a]pyrene is the most carcinogenic isomer 
in PAH; 5% degradation of BaP was detected after observing 168 h during incuba-
tion with Sphingomonas paucimobilis strain EPA 505 (Ye et al. 1996). Some of the 
bacteria such as Pseudomonas, Agrobacterium, Bacillus, Burkholderia, and 
Sphingomonas species were isolated from contaminated soils these bacteria used for 
the degradation of BaP. It has been also noticed that Rhodococcus sp., Mycobacterium, 
and mixed culture of Pseudomonas and Flavobacterium species can degrade BaP 
compounds (Schneider et  al. 1996; Trzesicka-Mlynarz and Ward 1995). From a 
heavily polluted petroleum refinery industry stream, the isolated Pseudomonas 
aeruginosa and this species was actively grown in phenanthrene pollutants and 
showed a complete removal (100%) within 30 days as reported by Romero et al. 
(1998). The Mycobacterium spp. strain KR2 was isolated from contaminated soil of 
gas work plant degraded pyrene with different products such as cis-4,5-pyrene dihy-
drodiol, 4-5-phenanthrene dicarboxylic acid, 2- carboxybenzaldehyde, phthalic acid, 
and protocatechuic acid, respectively (Fig. 4.3).
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Degradation pathway of anthracene and phenanthrene of PAH isomer degrada-
tion was reported by Cajthmal et al. (2002). The ligninolytic fungus, I. lacteus, can 
degrade the anthracene and phenanthrene into anthraquinone and phenanthrene- 9- 
10-dihydrodiol-9-10-dihydrodiol, respectively. However, degradation of PAH by 
fungal enzyme has different steps such as intracellular cytochrome P450 and extra-
cellular lignin peroxidase, manganese peroxidase, and laccase. The lower molecular 
(two to three rings) PAH compounds can be degraded by soil fungi Aspergillus sp., 
Trichocladium canadense, and Fusarium oxysporum. The isolated fungi from sug-
arcane bagasse such as A. niger, P. glabrum, and C. cladosporiosis were able to 
reduce the phenanthrene by soil fermentation processes which could reduce 70%, 
23%, and 54%, respectively (Cortes-Espinosa et  al. 2006). The Penicillium, 
Trichoderma, and Aspergillus have the capability to convert the BaP into different 
forms under liquid state cultivation conditions within 5 days. Further, fungi have a 
greater tendency to reduce BaP than bacteria degradation (Machin-Ramirez et al. 
2010). The A. sclerotium and M. racemosus marine fungi have the capability to 
convert BaP into hydroxybenzo[a]pyrene and benzo[a]pyrenyl sulfate metabolites 
in a highly available dextrose medium (Passarini et al. 2011).
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4.8  Alternatives to POPs

Many researchers have investigated and found that persistent organic pollutants are 
one of the serious toxic chemicals to understand because of its fate in the environ-
ment. Shifting and removing the POPs chemical into nonchemical or nontoxic 
chemical in human and environment is needed. Many countries are facing the prob-
lems to identify and replacePOPs due to their low cost. Peoples need to have the 
background for education and training on the hazardous nature of POPs and should 
know what alternatives are available in each corner of the country. Integrated pest 
management (IPM) could be one of the eco-friendly methods for the management 
of pest without affecting the man and environment. Currently, some of the countries 
are moving toward the biopesticides to control the pest; the main objective is to 
avoid the side effects in any living beings. Some of the indigenous ideas may also 
apply to control the pest as biocontrol agent and as biopesticides. Swaminathan 
(1975) introduced the integrated pest management toward the cotton and rice crop 
which help to develop IPM at a particular location of two crops. Since 1981 inte-
grated pest management was adopted in India for plant protection to reduce the 
chemical stress. The Stockholm Convention on POP meeting in Geneva approved to 
replace the endosulfan by nonchemical alternatives. The alternative chemical 
includes malathion, aldicarb, carbofuran, carbaryl, fipronil, methyl, parathion, and 
pyrethrin. Since 1993 the Commonwealth Agricultural Bureau International (CABI) 
of the United Kingdom actively supports the integrated pest management program 
for cotton plant. Then the Technology Mission on Cotton (TMC) was launched in 
2000, and TMC was initiated with Central Institute of Cotton Research (CICR), 
Nagpur, India. The food and agricultural organization of United Nation also involved 
in  reducing the use of chemical for the welfare of biodiversity. Mass education 
about the toxic chemical across the countries should be started, and stockholders 
should  implement the policy regarding the persistent toxic chemicals. Individual 
peoples also must come forward with the replacement and shifting or removal of 
pesticides into non-chemical pest. Finding the alternatives of POPs is one of the 
major challenge for targeting to kill the insects. On the other hand, we must focus to 
have proper production from different productivity fields with practicing biopesti-
cide applications to fulfill the demands.

4.9  Conclusions

Contaminations of persistent organic pollutants (POPs) in the environment have 
been reported from across the globe due to past and present users of these chemi-
cals. The physicochemical properties and role of POPs in different media environ-
ment have been explained in this chapter. POPs have the tendency to be semi-volatile, 
lipophilic, and persistent in nature and can be found in far distances where they have 
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never been used before. POPs can move to remote sites through long-range atmo-
spheric transport (LRAT) at any corner of the earth. Therefore, it’s a big alarm for 
everyone to come up together to control such toxic chemical through different inter-
national organization linked and may find alternative ways to stop using such 
chemicals.

Bioremediation is the advanced methods to transform the toxic compounds to 
less hazardous or nonhazardous forms with less affords. The advance bioremedia-
tion technique such as phytoremediation and microbial degradation can reduce the 
contamination level of POPs in the environment, respectively. Phytoremediation is 
also one of the methods to remove the POPs from contaminated sites. Different 
plant species are available for use to uptake the contaminant from the field such as 
DDTs, dieldrin, endrin, PCB, and PAH which can be easily uptake by the plant. 
However, selection of proper plant species for targeted compounds is also a difficult 
task. Microorganisms also play important role to degrade or remove the toxic com-
pounds from the environment. Varieties of microbial groups are available for degra-
dation of DDTs, PCBs, PAHs, etc. Most of the bacteria are isolated from 
contaminated sites and capable of degrading POPs. Furthermore, integrated pest 
management (IPM) could be one of the alternative methods to eliminate the use of 
POPs in the environment.
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Abstract Environmental degradation due to industrial growth is putting pressure 
on the society and water resources near to the industry. In order to improve and 
protect the environment from pollution, sustainability between environment and 
development is vital. Environmental laws are given general applicability, and their 
enforcement has been increasingly stricter. So, in terms of health, environment, and 
economy, the fight against pollution has become a major issue. The pollution 
increase, industrialization, and rapid economic development impose severe risks to 
the availability and quality of water resources. Distilleries are considered as one of 
the most polluting and growth-oriented industries in the world. Distilleries con-
sumed a huge amount of water in the manufacturing of alcohol and produce a large 
amount of wastewater which contains high organic load, has low pH, and is dark 
brown in color. This wastewater alters the physical, chemical, and biological char-
acteristic of water and soil if thrown directly outside without treatment. In the pres-
ent investigation, emphasis has been given to reduce the concentration of pollutants 
of distillery effluents through bioremediation techniques to meet the norms of envi-
ronmental regulatory authorities. Biodegradation is one of the best techniques to 
reduce organic load from water bodies, but it has certain limitation. Taking this into 
consideration, developing an effective treatment plan for distilleries, i.e., coagula-
tion followed by mixed culture aerobic treatment (fungal and algae), seems to be the 
viable cost-effective and eco-friendly technique.

Keywords Distillery effluent · Pollution · Anaerobically biodigested distillery 
effluent (ABDE) · Molasses · Melanoidin · Bioremediation

5.1  Introduction

Industries play an important role in the national economy of the country but also 
cause serious environmental pollution and toxicity in living beings (Bharagava et al. 
2017a; Goutam et  al. 2018; Gautam et  al. 2017; Saxena et  al. 2016; Saxena and 
Bharagava 2015). Among the industries, distilleries and sugar industries have a vital 
role in the agricultural economy. These are also considered as polluting and growth- 
oriented industries in the world. Distilleries are consuming a huge amount of water 
for manufacturing alcohol and producing by-product as wastewater. It contains high 
organic load, has low pH, and is dark brown in color. Wastewater alters the physical, 
chemical, and biological characteristic of soil and water system if thrown directly 
outside without appropriate treatment. Alcohol plays an important role in modern 
societies from ancient times, but nowadays there is an enhancement due to implanta-
tion of the rule of the Indian government to add 5% alcohol in gasoline. To throw the 
trated effluent effluents from industries require huge dilution, it limits the options for 
environmental engineers.  Production of alcohol from agricultural raw materials dis-
plays a steady growth which is supported by its consumption in the form of industrial 
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solvent and a beverage component as well as an alternative CO2- neutral fuel. The 
latter usage attracts an increasing worldwide interest due to the shortage of nonrenew-
able energy resources and variability of oil and natural gas prices (Scott et al. 2010).

There are nearly 300 distilleries in India producing approximately 3 × 109 L of 
alcohol and generating 5 × 1010 L of wastewater each year (Uppal 2004). Over the 
years, as the sizes and number of distilleries have grown, larger and larger conven-
tional biological treatment plants have been built to deal with increasing effluent 
volumes. Space and money to construct these installations are the biggest hindrances 
for such investments (Fumi et al. 1995). In India, there are a number of large-scale 
distilleries integrated with sugar mills. The waste products from sugar mill comprise 
bagasse, pressmud, and molasses. Bagasse is used in paper manufacturing and as fuel 
in boilers and molasses as a raw material in the distillery for alcohol production, 
while press mud has no direct industrial application (Nandy et al. 2002). The efflu-
ents from molasses-based distilleries contain large amounts of dark brown-colored 
spent wash (SW). In the distillation process, ethanol ranges from 5% to 12% by 
volume; hence it follows that the amount of waste varies from 88% to 95% by vol-
ume of the alcohol distilled. Thus, an average molasses-based distillery generates 
12–15 L of spent wash per liter of alcohol produced (Beltran et al. 2001). Spent wash 
is one of the most difficult waste products for disposal because of low pH, high tem-
perature, dark brown color, high ash content, and high percentage of dissolved 
organic and inorganic matter (Beltran et al. 1999). The biochemical oxygen demand 
(BOD) and chemical oxygen demand (COD) typically range between 35,000 and 
50,000 and 100,000 and 150,000 mg/L, respectively (Nandy et al. 2002). However, 
the amount and the characteristics of the sugarcane molasses wastewater are highly 
variable and depend on the raw material used and on the ethanol production process 
(Pant and Adholeya 2007; Satyawali and Balakrishanan 2007). Washing water used 
to clean the fermenters, cooling water, and boiler water further contributes to its vari-
ability (Pant and Adholeya 2007). The main source of wastewater is the distillation 
step wherein large volumes of dark brown effluent (termed as spent wash, stillage, 
slop, or vinasse) are generated with a temperature range of 70–80 °C, acidic pH, and 
high concentration of organic materials and solids (Yeoh 1997; Nandy et al. 2002).

Worldwide environmental regulatory authorities are setting strict norms for dis-
charge of wastewaters from industries. In India, the population equivalent of distill-
ery wastewater based on BOD has been reported to be as high as 7.2 billion. The 
contribution of distillery waste to organic pollution is approximately seven times 
more than the entire municipal and domestic waste generated by the entire popula-
tion of India.

In accordance with the Environment (Protection) Act, 1986, the Central Pollution 
Control Board (CPCB 2003) of India has promulgated the minimal national stan-
dards (MINAS) for the discharge of distillery wastewater. This MINAS requires that 
the DWW being released to the environment after treatment should have BOD 
<30  mg/L, COD <250  mg/L for disposal into inland surface water, and BOD 
<100 mg/L for disposal on land with pH 5.5–9.0 and TSS <100 mg/L. Color should 
be removed as per extent of possibility.
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5.1.1  Wastewater Generation and Characteristics

Distilleries are 1 of the 17 most polluting industries listed by the Central Pollution 
Control Board (CPCB). The quantum and characteristics of wastewater generated at 
various stages in the manufacturing process are provided in Tables 5.1 and 5.2, 
respectively. Though wastewater is generated at various stages of alcohol produc-
tion, wastewater from the fermenter sludge, spent wash, and spent lees are the main 
contributors to the pollution.

Molasses-based alcohol distilleries generate a large volume of dark-colored 
wastewater. The color is primarily attributed to a dark brown pigment, melanoidin, 
as well as to the presence of phenolic compounds and caramel (Kalavathi et  al. 
2001). Melanoidins are natural polymers known to be produced by the  nonenzymatic 

Table 5.1 Wastewater generations in different distillery operations

Sr. No. Distillery operations

Average wastewater Specific wastewater
Generation  
(KLD/distillery)

KL wastewater/ 
KL alcohol

1. Spent wash (from distillation) 511.4 11.9
2. Fermenter cleaning 108.2 2.5
3. Fermenter cooling 307.7 7.2
4. Condenser cooling 34.2 0.8
5. Floor wash 47.6 1.1
6. Bottling plant 126.9 3.0
7. Others 33.3 0.8

Source: TERI (2003)

Table 5.2 Typical characteristics of various wastewater streams in distilleries

Sr. No. Parameter
Spent 
wash

Fermenter 
cooling

Fermenter 
cleaning

Condenser 
cooling

Fermenter 
wash

Bottling 
plant

1. Color Dark 
brown

Colorless Colorless Colorless Faint Colorless

2. pH 4.0–4.5 6.25 5.0–5.5 6.8–7.8 6.0 7.45
3. Alkalinity (mg/L) 3500 300 Nil – 40 80
4. Total solids 

(mg/L)
100,000 1000–1300 1000–1500 700–900 550 400

5. Suspended solids 
(mg/L)

10,000 220 400–600 180–200 300 100

6. Biochemical 
oxygen demand 
(mg/L)

45,000–
60,000

100–110 500–6000 70–80 15 5

7. Chemical oxygen 
demand (mg/L)

80,000–
120,000

500–1000 1200–1600 200–300 25 15

Source: TERI (2003)
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browning reaction, the Maillard reaction between the amino and carbonyl groups in 
organic substances, and are closely related to the humic substances in the natural 
environment.

Maillard reaction precedes effectively at temperatures above 50 °C and pH 4.0–
7.0 (Rivero-Perez et al. 2002). Spent wash contains 2% melanoidins, which has an 
empirical formula of C17H26–27O10N (Martins and Van Boekel 2004). Melanoidins 
have conjugated carbon-carbon double bonds –C=C– in their structure that are 
responsible for their brown color (Kim et al. 1997). The molecular weight distribu-
tion is between 5000 and 40,000. It consists of acidic, polymeric, and highly dis-
persed colloids, which are negatively charged due to the dissociation of carboxylic 
acids and phenolic groups. Melanoidins have recalcitrant compounds; thus the con-
ventional treatment methods are not effective for complete color removal from this 
stream, and color can even be increased during anaerobic treatments, due to re- 
polymerization of compounds (Satyawali and Balakrishnan 2007; Singh 1999). 
Melanoidin has antioxidant properties causing toxicity to many microorganisms 
involved in wastewater treatment processes.

5.1.2  Profile of Lords Industries Ltd. Nandganj, Ghazipur 
(Uttar Pradesh) India

Wastewater samples were collected from Lords Industries Ltd., Nandganj Ghazipur, 
UP, India. The installed capacity of Lords Distillery Limited for manufacturing rec-
tified spirit (RS) is 14,850 KL (94.5% alcohol) per annum. The molasses is con-
verted into alcohol by fermentation using yeast through a batch fermentation 
process. The yeast culture used for fermentation converts the sugar present in 
molasses into alcohol. Alcohol is extracted from the fermenter wash by distillation. 
The final products are rectified spirit, country liquor, and Indian-made foreign liquor 
(IMFL). The capacity utilization of the plant in the study period has been almost 
42%. The first stage of effluent treatment plant (ETP) is an anaerobic biological 
digester. The second stage comprises a primary clarifier, anaerobic digester with 
extended aeration system using diffused aeration mechanism, and a secondary clari-
fier. The third stage comprises anaerobic digester consisting of a hybrid aerobic 
biological reactor in which microorganisms supported on activated carbon particles 
are kept suspended within the reactor by means of air diffusion and a tertiary clari-
fier. In addition to the above treatment process, the company has developed a botan-
ical treatment plant using the root zone process. Two lagoons of capacities 1435 m3 
and 890 m3 have also been provided for storage of spent wash in case of emergen-
cies. Effluent from the ETP is diluted if required and subsequently discharged onto 
neighboring agricultural land. The characteristics of spent wash and anaerobically 
digested distillery effluent (ABDE) of Lords Distillery Limited are given in 
Table 5.3, along with the detailed flowchart of effluent treatment plant used in Lords 
Ind. Ltd., Nandganj, which is presented in Fig. 5.1.

5 Bioremediation of Distillery Effluent: Present Status and Future Prospects



82

5.1.3  Challenges and Research and Development Focus Areas 
in Distillery Effluent Treatment

A key challenge is to identify suitable secondary treatment steps for proper handling 
and disposal of the post-biomethanated effluent. Presently two-stage aeration pro-
cess is used for COD reduction, but it is energy intensive and not efficient for color 
removal. Several physical, chemical, and biological treatment methods have been 
investigated (Satyawali and Balakrishnan 2007; Pant and Adholeya 2007). 
Physicochemical treatment methods such as adsorption, coagulation/flocculation, 
and oxidation processes have been examined in this context, but the cost of chemi-
cals, as well as the associated sludge handling with disposal, is deterrent (Rajor 
et al. 2002). Thus, further work on low-cost adsorbents, including wastes generated 
in other industrial processes, is required. In spite of being a relatively expensive 
option, membrane treatment (RO) is being adapted to meet the zero- discharge 
norms. Although superiority of biodegradation processes for the treatment of distill-
ery effluent cannot be questioned due to a large amount of wastewater being gener-
ated by these industries, efforts are required for an integrated approach to deal with 
the problem and minimize the wastage of freshwater which is currently used for 
dilution purposes.

5.1.4  Treatment Processes Employed in Distilleries

In distilleries, treatment of wastewater is done for removal of biochemical oxygen 
demand (BOD), chemical oxygen demand (COD), suspended solids, nutrients 
(nitrate, phosphate, and potash), colorants, pathogens, and toxic elements. BOD 

Table 5.3 Characteristics of distillery spent wash and anaerobically biodigested distillery effluent 
(ABDE) of Lords Distillery Ltd. Nandganj, Ghazipur

Sr. No. Parameters
Distillery spent 
wash

Anaerobically digested 
distillery effluent (BDE)

1. pH 4.5–5.4 7.5–8
2. Biochemical oxygen demand (BOD5) 

(mg/L)
55,000–65,000 5000–8000

3. Chemical oxygen demand (COD) (mg/L) 110,000–130,000 40,000–52,000
4. Total solid (TS) (mg/L) 130,000–160,000 70,000–75,000
5. Total volatile solid (TVS) (mg/L) 60,000–75,000 48,000–60,000
6. Total dissolved solids (TDS) (mg/L) 90,000–120,000 35,000–50,000
7. Chlorides (mg/L) 6000–8500 5000–5500
8. Phenols (mg/L) 8000–10,000 7000–8000
9. Sulfate (mg/L) 7500–9000 3000–5000
10. Phosphate (mg/L) 2500–2700 1500–1700
11. Total nitrogen (mg/L) 5000–7000 4000–4200
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Fig. 5.1 Schematic process graphical flowchart of Lords Distillery Limited
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exploits the ability of microorganisms to oxidize organic material to CO2 and water 
using molecular oxygen as an oxidizing agent. Therefore, BOD can deplete the dis-
solved oxygen of receiving water leading to fish kills and anaerobiosis; hence its 
removal is a primary aim of wastewater treatment. Suspended solids are removed 
principally by physical/chemical sedimentation. Wastewater treatment systems 
are designed to remove nutrients, mainly dissolved nitrogen and phosphorus along 
with symbiotic associations between Fungi and Algae. It  is an important step of 
treatment process. Discharge of these nutrients into sensitive water bodies leads to 
eutrophication by stimulating the growth of unwanted plants such as algae and 
aquatic macrophytes. Other consequences of nitrogen compounds in wastewater 
effluents are toxicity of non-ionized ammonia to fish and other aquatic organisms, 
interference with disinfection where a free chlorine residual is required, and methe-
moglobinemia in influents due to excessive nitrate concentrations (above 45 g/m3) 
in drinking water (Lincolin and Earle 1990; Lincoln and Hill 1980).

Till the early 1970s, land disposal was practiced as one of the main treatment 
options in distilleries, since it was found to enhance the yield of certain crops. For 
example, in Brazil, vinasse generated from sugarcane juice fermentation is mainly 
used as a fertilizer due to its high nitrogen, phosphorus, and organic content. Its use 
is reported to increase sugarcane productivity; furthermore, under controlled condi-
tions, the effluent is capable of replacing application of inorganic fertilizers (Cortez 
and Peréz 1997; Rodríguez 2000). Investigations have indicated that land disposal 
of distillery effluent can lead to groundwater contamination (Jain et al. 2002). Other 
disposal methods like evaporation of spent wash to produce animal feed and incin-
eration of a spent wash for potash recovery have also been practiced. Wastewater 
treatment aims to remove unwanted compounds for safe discharge into the environ-
ment. This can be achieved by using physical, chemical, and biological methods 
either alone or in combination. Physical treatment methods such as screening, sedi-
mentation, and skimming remove floating objects. Chemical treatment methods 
such as precipitation, pH adjustment, coagulation, etc. remove toxic materials and 
colloidal impurities (Stumm and Morgan 1962).

Biological treatments have been recognized as effective methods of treatment for 
highly polluted industrial wastewaters. Both anaerobic and aerobic systems are 
commonly used for the treatment of wastewater from agro-industrial plants includ-
ing distilleries. In recent years, increasing attention is also being directed toward 
utilizing microbial activity of pure bacteria and fungi culture for decolorization and 
mineralization of spent wash. There are several reports citing the potential of micro-
organisms for use in this process. Moreover, the biologically treated effluent could 
be used safely and effectively to increase the soil productivity. Biological treatment 
system requires excessive dilution with proper aeration system which limits this 
process for industrial application. Nowadays a combination of fungi with microal-
gae (symbiotic associations) emerges as a new tool in organic-rich wastewater treat-
ment system. Thus, solutions for effective management of molasses-based distillery 
wastewater are still evolving, and there is an urgent need to address the limitations 
in the existing methods and develop integrated treatment processes.
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5.2  Bioremediation Techniques

Environmental biotechnology is not a new field; composting and wastewater treat-
ments are familiar examples of old environmental biotechnologies. However, recent 
studies in molecular biology and ecology offer opportunities for more efficient bio-
logical processes. Notable accomplishments of these studies include the cleanup of 
polluted wastewater and land areas.

Bioremediation is the process in which organic wastes are biologically degraded 
under controlled conditions to an innocuous state or to levels below concentration 
limits established by regulatory authorities (Mueller et  al. 1996). In other terms 
bioremediation is the use of living organisms, primarily microorganisms, to degrade 
the environmental contaminants into less toxic forms. It uses naturally occurring 
bacteria and fungi or plants to degrade or detoxify substances hazardous to human 
health and/or the environment (Saxena et al. 2018; Arora et al. 2018; Bharagava 
et al. 2017b, c; Saxena and Bharagava 2016, 2017; Chandra et al. 2015; Arora et al. 
2014; Singh et al. 2011). The microorganisms may be indigenous to a contaminated 
area, or they may be isolated from elsewhere and brought to the contaminated site. 
Contaminant compounds are transformed by living organisms through reactions 
that take place as a part of their metabolic processes. Biodegradation of a compound 
is often a result of the actions of multiple organisms. Bioaugmentation is when 
microorganisms are imported to a contaminated site to enhance degradation. For 
bioremediation to be effective, microorganisms must enzymatically attack the pol-
lutants and convert them to harmless products. As bioremediation can be effective 
only where environmental conditions permit microbial growth and activity, its 
application often involves the manipulation of environmental parameters to allow 
microbial growth and degradation to proceed at a faster rate. Like other  technologies, 
bioremediation has its limitations. Some contaminants, such as chlorinated organic 
or high aromatic hydrocarbons, are resistant to microbial attack. They are degraded 
at a very slow rate or not degraded; hence it is not easy to predict the rates of cleanup 
for a bioremediation exercise; there are no rules to predict if a contaminant can be 
degraded. Bioremediation techniques are typically more economical than tradi-
tional methods such as incineration, and some pollutants can be treated on site, thus 
reducing exposure risks for cleanup personnel or potentially wider exposure as a 
result of transportation accidents. Since bioremediation is based on natural attenua-
tion, the public considers it more acceptable than other technologies.

Microorganisms play a key role in bioremediation process and have been proven 
as an efficient, low-cost, and environmentally friendly alternative to physicochemi-
cal methods. Several microbial species including fungi, bacteria, and algae have 
been studied for their capacity to degrade and decolorize toxic chemical pollutants 
present in various industrial wastewater including distilleries. Free or immobilized 
cells have been studied widely for bioremediation of distillery wastewater. 
Immobilizing microorganism on inert support material including alginate, poly-
acrylamide, agar, polystyrene, and polyurethane is more advantageous compared to 
that of free cell. Some of the advantages include the compact physical structure of 
carrier pellets, high biomass retention, reusability of culture, and easier separation 
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process (Sankaran et al. 2015; Raghukumar et al. 2004). The potential of microor-
ganisms in distillery wastewater treatment is highly dependent on the type of chemi-
cal composition of wastewater, nutrient, pH, temperature, oxygen, and inoculum 
size (Surega and Krzywonos 2015; Gay et al. 1996).

In recent years, a number of studies have focused on microorganisms, which are 
able to biodegrade and biosorb coloring compounds present in wastewater. With an 
increasing consciousness about pollution control, biological decolorization is 
receiving prime attention for effluent treatment. With economic constraints on pol-
lution control process, affordable and effective methods have become a necessity. 
Since spent wash is a high-strength wastewater, it is generally subjected to anaero-
bic digestion in huge methane reactors to convert organics into methane, which is 
used as a fuel. The anaerobically biodigested distillery effluent (ABDE) is, then, 
treated aerobically in activated sludge treatment plants to further reduce BOD/COD 
and used for composting pressmud, a by-product of sugar mills. The color of spent 
wash persists even after biomethanation.

5.2.1  Factors of Bioremediation

The control and optimization of bioremediation processes is a complex system of 
many factors. These factors include the existence of a microbial population capable 
of degrading the pollutants, the availability of contaminants to the microbial popula-
tion, and the environment factors (a type of coloring material, temperature, pH, the 
presence of oxygen or other electron acceptors, and nutrients).

5.2.2  Microbial Populations for Bioremediation Process

Microorganisms can be isolated from almost any environmental conditions. 
Microbes will adapt and grow at subzero temperatures, as well as extreme heat, 
desert conditions, in water, with an excess of oxygen, and in anaerobic conditions, 
with the presence of hazardous compounds or on any waste stream. The main 
requirements are an energy source and a carbon source. Because of microbes and 
other biological systems, these can be used to degrade or remediate environmental 
hazards. We can subdivide these microorganisms into the following groups:

Aerobic (in the presence of oxygen): Examples of aerobic bacteria recognized for 
their degradative abilities are Pseudomonas, Alcaligenes, Sphingomonas, 
Rhodococcus, Mycobacterium, etc. There are several fungi also reported to 
degrade various hydrocarbon like Phanerochaete chrysosporium, Aspergillus 
niger, etc. These microbes have often been reported to degrade pesticides and 
hydrocarbons, both alkanes and polyaromatic compounds. Many of these bacte-
ria and fungi use the contaminant as the sole source of carbon and energy.
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Anaerobic (in the absence of oxygen): Anaerobic bacteria are not as frequently used 
as aerobic bacteria. There is an increasing interest in anaerobic bacteria used for 
bioremediation of polychlorinated biphenyls (PCBs) in river sediments and 
dechlorination of the solvent trichloroethylene (TCE) and chloroform.

Ligninolytic fungi: Fungi such as the white rot fungus Phanerochaete chrysospo-
rium have the ability to degrade an extremely diverse range of persistent or toxic 
environmental pollutants. Common substrates used include straw, sawdust, or 
corncobs.

Methylotrophs (aerobic bacteria that grow utilizing methane for carbon and 
energy): The initial enzyme in the pathway for aerobic degradation, methane 
monooxygenase, has a broad substrate range and is active against a wide range 
of compounds, including the chlorinated aliphatic trichloroethylene and 
1,2-dichloroethane.

5.3  Bioremediation of Anaerobically Biodigested Distillery 
Effluent (ABDE)

Biological treatments have been recognized as effective methods for treatment of 
highly polluted industrial wastewaters. Both anaerobic and aerobic systems are 
commonly used to treat the anaerobically biodigested distillery effluent (ABDE). In 
recent years, increasing attention is also being directed toward utilizing microbial 
activity (pure bacteria, fungi, algae, and mixed culture) for the decolorization and 
mineralization of ABDE. There are several reports citing the potential of microor-
ganisms for use in this process. Moreover, the biologically treated effluent could be 
used safely and effectively to increase the soil productivity. This section is discussed 
in detail as anaerobic and aerobic treatments of anaerobically biodigested distillery 
effluent (ABDE):

5.3.1  Anaerobic Biodegradation

Anaerobic digestion is widely accepted as the first treatment step in distilleries. 
Wilkie et al. (2000) have reviewed the role of anaerobic digestion in spent wash 
treatment. Anaerobic digestion can convert a significant portion (>50%) of the COD 
to biogas, which may be used as fuel. At present, the anaerobic biodegradation of 
distillery effluents is widely practiced as an effective step in removing 90% of the 
COD in the effluent stream (Wolmarans and de Villiers 2002; Chandra and Singh 
1999). During this stage, 80–90% BOD removal takes place and 85–90% biochemi-
cal energy is recovered as biogas. Common types of anaerobic reactors used for 
distillery effluent treatment is present in Table 5.4.

5 Bioremediation of Distillery Effluent: Present Status and Future Prospects



88

A number of environmental factors affect the activity of wastewater microbial 
populations and the rate of biochemical reactions. Of particular importance are 
temperature, pH, nutrients, and inhibiting toxic compounds. Due to acidic nature 
of spent wash, pH is one of the most relevant factors affecting the microbiological 
activity in the biological process. The pH of wastewater increases from 4.0 to 7.5 
after anaerobic digestion due to the oxidation of organic acids to CO2 and the 
reaction between the CO2 and basic compounds to form carbonates and bicarbon-
ates (Beltran et al. 1999). Because of its high organic load, the distillery wastewa-
ter is often diluted with tap water to simulate the concentration of a typical 
industrial effluent entering a wastewater treatment plant. However, spent wash 
even after anaerobic treatment does not meet the stringent effluent standards 
reported by CPCB, India, due to very high levels of BOD, COD, solids, etc. 
(Asthana et al. 2001).

Also, the secondary spent wash produced by the anaerobically biodigested dis-
tillery effluent (ABDE) is darker in color, needing a huge volume of water to dilute 
it, and is currently used as irrigation water causing gradual soil darkening. The 
effluent, therefore, is released after diluting with freshwater which is a very dear 
commodity to industries. Besides, sometimes failure of the anaerobic digestion 
threatens the discharge limits. To overcome this problem, either a large amount of 
water is used to dilute the wastewater prior to anaerobic digestion or chemical 
coagulants are added. These actions require expansion of the anaerobic digester 
volume, large amounts of water for dilution, and additional costs for coagulants 
(Kim et al. 1997). Hence aerobic treatment is necessary for anaerobically treated 
final effluent.

Table 5.4 Anaerobic method employed for distillery effluent treatment

Sr. No. Reactor type
COD 
removal (%)

BOD 
removal (%) References

1. Downflow fixed-film reactor 60–73 85–97 Bories and Ranyal 
(1988)

2. Granular-bed anaerobic baffled 
reactor (GRABR)

90–96 80–92 Akunna and Clark 
(2000)

3. Hybrid anaerobic baffled reactor 70 – Boopathy and Tilche 
(1991)

4. Upflow anaerobic sludge blanket 
(UASB) reactor

39–67 80 Harada et al. (1996)

5. Istanbul UASB reactor 90 – Akarsubasi et al. (2006)
6. Diphasic fixed-film reactor with 

granular activated carbon (GAC) 
as support media

67.1 – Goyal et al. (1996)

7. Anaerobic contact filter 73–98 – Vijayaraghavan and 
Ramanujam (2000)

COD chemical oxygen demand, BOD biochemical oxygen demand
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5.3.2  Aerobic Biodegradation

Anaerobically biodigested distillery effluent (ABDE) is subjected to aerobic treat-
ment in activated sludge-type reactors or other advanced bioreactors using mixed or 
pure culture. Several workers have used pure aerobic bacterial cultures for the treat-
ment of distillery effluent. In recent years, several basidiomycete- and ascomycete- 
type fungi have been used for the decolorization of natural and synthetic melanoidin 
of wastewaters from distilleries. The aim of fungal treatment is to purify the effluent 
by consumption of organic substances, thus, reducing its COD and BOD, and at the 
same time to obtain some valuable products, such as fungal biomass for protein-rich 
animal feed or some specific fungal metabolite. Filamentous fungi have lower sen-
sitivity to variations in temperature, pH, nutrients, and aeration and have lower 
nucleic acid content in the biomass. Several fungi are used for fungal treatment 
process by various workers (Shukla et al. 2010; Pant and Adholeya 2009; Shayegan 
et al. 2004; Rajor et al. 2002; Singh and Dikshit 2010).

Bio-treatment with microalgae is particularly attractive because of their photo-
synthetic capabilities, converting solar energy into useful biomasses and incorporat-
ing nutrients such as nitrogen and phosphorus causing eutrophication. This 
fascinating idea launched some 55 years ago in the United States by Oswald and 
Gotaas (1957) has since been intensively tested in many countries (De Pauw and 
Van Vaerenbergh 1983).

Palmer (1974) surveyed microalgal genera from a wide distribution of waste 
stabilization ponds. In order of abundance and frequency of occurrence, the algae 
found were Chlorella, Ankistrodesmus, Scenedesmus, Euglena, Chlamydomonas, 
Oscillatoria, Micractinium, and Golenkinia. A survey of algal taxa in six-lagoon 
systems in Central Asia was completed by Erganshev and Tajiev (1986). Their anal-
ysis of long-term data revealed that the Chlorophyta was dominant both in variety 
and quantity followed by Cyanophyta, Bacillariophyta, and Euglenophyta. Palmer 
(1969) listed the algae in the order of their tolerance to organic pollutants as reported 
by 165 authors. The list was compiled for 60 genera and 80 species. The most toler-
ant eight genera were found to be Euglena, Oscillatoria, Chlamydomonas, 
Scenedesmus, Chlorella, Nitzschia, Navicula, and Stigeoclonium. Since the land-
space requirements of microalgal wastewater treatment systems are substantial (De 
Pauw and Van Vaerenbergh 1983), efforts are being made to develop wastewater 
treatment systems based on the use of hyperconcentrated algal cultures. This proved 
to be highly efficient in removing N and P within very short periods of times, e.g., 
less than 1 h (De la Noue and De Pauw 1988). The algal systems can treat various 
wastewater like sewage and industrial wastes like distilleries (Kaplan et al. 1988). 
The bio-treatment of wastewater with algae to remove nutrients such as nitrogen 
and phosphorus and to provide oxygen for aerobic bacteria was proposed over 
50 years ago by (Oswald and Gotaas 1957). Since then, there have been numerous 
laboratory and pilot studies of this process, and several sewage treatment plants 
using various versions of this systems have been constructed (Zou et al. 2008).
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5.3.3  Challenges for Bioremediation of Anaerobically 
Biodigested Distillery Effluent (ABDE)

Microorganisms (bacteria/fungi/actinomycetes) due to their inherent capacity to 
metabolize a variety of complex compounds have been utilized since long back for 
biodegradation of complex, toxic, and recalcitrant compounds present in various 
industrial wastes for environmental safety. Microbial degradation and decoloriza-
tion of industrial wastes are environment-friendly and cost-competitive alternatives 
to chemical decomposition process of waste minimization (Mohana et  al. 2007; 
Pant and Adholeya 2007). Moreover, the utility of microbes in industrial waste 
treatment process largely depends on the enzymatic setup, nutrient requirement of 
microbes, as well as the nature and chemical structure of recalcitrant compounds 
and environmental conditions (Ohmomo et al. 1988).

The melanoidin and other color-causing compounds present in distillery waste-
water, i.e., spent wash or ABDE, have antioxidant properties, which render the 
activity of conventional micro- and macroorganism and limit the treatment of ABDE 
by a biological organism. The greatest disadvantage associated with biological 
treatments, especially aerobic biodegradation, is the higher degree of dilution 
required to get the desired result.

Batch studies were performed using Aspergillus niger and Phanerochaete chrys-
osporium for biodegradation of anaerobically biodigested distillery effluent (ABDE) 
procured from Lord’s Distillery Ltd., Nandganj, Ghazipur. The primary investiga-
tion revealed a requirement of excessive dilution resulting in additional wastage of 
water. The maximum percentage of decolorization thus obtained with Phanerochaete 
chrysosporium and Aspergillus niger were 84.0% and 63.5%, respectively, at an 
excessive dilution of 99% and 120  h of incubation. Similar results using other 
strains have been reported by several earlier workers (Shukla et al. 2010; Thakkar 
et al. 2006; Shayegan et al. 2004; Dahiya et al. 2001a, b; Fahy et al. 1997; Miranda 
et  al. 1997). Critical examinations of available literature (Mohana et  al. 2008; 
Mishra and Chaudhary 2007) in the field reveal the effectiveness of coagulation for 
minimizing the COD and BOD load of ABDE for making it suitable for aerobic 
biodegradation (APHA et al. 1989).

The ABDE was pretreated with different inorganic coagulant to reduce the BOD, 
COD, TDS, and color-causing compounds, and the filtrate was suitable for aerobic 
biodegradation at less dilution, i.e., reduced up to 90% dilution. Three inorganic coag-
ulants were used for the treatment of the sample ABDE, it was observed that potash 
alum is the best coagulant among the three as shown in Table 5.5. The typical charac-
teristics of ABDE before and after treatment by coagulants are shown in Table 5.6. 

In aerobic biodegradation, coagulated ABDE filtrate was used. An experiment 
was performed at the optimized condition to find the maximum color removal. It 
was 63.5% after 72–96-h time intervals in aerobic degradation. The total decolor-
ization obtained after complete treatment (fungal and coagulation) was 97.2%, and 
COD reduction was 91.7%, which indicates coagulation followed by aerobic 
 degradation is a viable option for the treatment of anaerobically biodigested distill-
ery effluent (ABDE) as shown in Table 5.7.
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Table 5.5 Percent color, COD, and pH reduction of ABDE at optimum doses of coagulants

Sr. No Particular’s
Optimum 
dose (g/L)

% color 
removal

% COD 
reduction

pH reduction 
of ABDE

1. Alum 80 92.45 78.5 4.8
2. Aluminum chloride 35 74.6 66.8 3.9
3. Ferric sulfate 30 67.0 59.4 4.2

Table 5.6 Characteristics of ABDE before and after coagulation

Sr. No. Parameters ABDE
Treated ABDE with
Alum AlCl3 FeCl3

1. Chemical oxygen 
demand

42,500.0 9450.0 14,110.0 17,425.0

2. Biochemical 
oxygen demand

6200.0 1705.0 2790.0 3410.0

3. Color Blackish brown Light yellow Light brown Greenish brown
4. pH 7.6 4.8 3.9 4.2
5. Ca 175.9 38.8 27.28 58.6
6. K 930.0 860.0 86.0 820.0
7. Total N 3900.0 1390 2118.0 2245.0
8. SO4 3200 1232.0 1650.0 1834.0
9. Fe 18.0 67.86 8.92 1035.7
10. PO4 1650 1043.0 1254.0 1287

All value in mg/L except color and pH

Table 5.7 Typical characteristics of treated distillery effluent

Sr. No. Parameters ABDE
ABDE treated 
with alum

Biodegradation of 
coagulated ABDE

1. COD 42,500.0 9450.0 3496
2. BOD 6200.0 1705.0 494.0
3. Color Blackish brown Light yellow Light white
4. pH 7.6 4.8 5.0
5. Ca 175.9 38.8 18.9
6. K 930.0 860.0 112.0
7. Total N 3900.0 1390 635.0
8. SO4 3200 1232.0 765.0
9. Fe 18.0 67.86 37.0
10. PO4 1650 1043.0 542.0

All value in mg/L except color and pH
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From the above results, it is depicted that biodegradation alone is not satisfactory 
to treat ABDE to the desired prescribed level of MoEF and CPCB. Excessive dilu-
tion limits the scope of biodegradation. So, it is a challenge for environmental 
 engineers to utilize biodegradation as a cost-effective and eco-friendly technique 
without excessive dilution.

5.4  Future Prospects of Bioremediation in the Context 
of Distillery Effluent

Combination treatment process (coagulation followed by aerobic biodegradation) is 
suitable for pretreated ABDE to reach the CPCB standards. Effluent contains large 
amount of organic and inorganic nutrients. So the addition of microalgae in the 
aerobic treatment process is a viable option to reduce the concentration at the opti-
mum level prescribed by CPCB with some striking feature, which makes the pro-
cess more economical and eco-friendly.

Microalgae have several peculiar properties. It is a vital tool in the field of waste-
water treatment, particularly organic-rich effluents. Distillery industries employed 
various treatment techniques to treat effluent, but the most accepted path is anaero-
bic digestion followed by two-stage aerobic treatment by activated sludge processes. 
Aerobic treatment requires an aerator which maintains oxygen concentration in the 
reactor, which triggers the degradation processes by an anaerobic microorganism 
present in activated sludge. This process requires a huge amount of energy to main-
tain oxygen concentration. Finally, the effluent after aerobic treatment contains large 
amount of organic load along with higher nitrogen and phosphorus concentration, 
which produced as a stable product in the aerobic biodegrading process. It is not 
thrown outside as such because of strict environmental legislation.

So the application of microalgae in aerobic biodegradation process along with 
fungi seems to be a viable cost-effective and eco-friendly technique as compared to 
conventional treatment process because microalgae absorb CO2 and water in the 
presence of sunlight and produce useful biomass with oxygen by the process of 
photosynthesis. These properties of microalgae reduced the cost of conventional 
treatment in which mechanical aerator is required to maintain oxygen concentration 
in the reactor. It is estimated that 1 kW of electricity is required to maintain oxygen 
concentration in the reactor which is sufficient to remove 1 kg f BOD from the reac-
tor. The production of 1 kW of electricity is achieved by burning of fossil fuel which 
emits 1 kg of CO2 in the atmosphere. So the conventional aerator system is not a 
cost-effective and eco-friendly process (Oswald 1988a, b). Nowadays there are a lot 
of new techniques employed in the industry to reduce and reuse sludge as a raw 
material in other industries. By this activity, industries tried to reduce the cost of 
treatment and the pressure on natural resources. Application of microalgae also 
reduced the sludge problem because it utilized the by-product of aerobic degrada-
tion in photosynthesis and other metabolic activities and produced biomass which is 
used to produce important useful product for humankind like biofuel, edible  product, 
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the raw material for industries, etc. Microalgae are considered as the largest carbon 
dioxide sequester because they absorb a huge amount of CO2 and produce useful 
biomass. According to the National Renewable Energy Laboratory (NREL), under 
controlled environment, algae produced 40  times more biodiesel as compared to 
terrestrial oil plants (Sheehan et al. 1998; Oswald 1988a, b). Thus algal wastewater 
treatment is a cost-effective, eco-friendly, and sustainable technique of wastewater 
treatment along with useful by-products. Algal wastewater treatment also reduced 
the cost of disinfectant which is commonly used in conventional treatment to harm-
ful pathogens. In carbon-limited condition, microalgae utilized carbonate as a car-
bon source and liberate hydroxide ions in the solution which increases the pH of the 
solution up to 9–10. At this pH, most of the pathogens are killed, so the water gets 
after this treatment pure as compared to conventional treatment.

5.5  Conclusion

Nowadays distilleries are considered as one of the most polluting and growth- 
oriented industries in the world. Distilleries consumed a huge amount of water in 
the manufacturing of alcohol and produce a large amount of wastewater which con-
tains high organic load, has low pH, and is dark brown in color. This wastewater 
alters the physical, chemical, and biological characteristic of water and soil if 
thrown directly outside without treatment. Alcohol plays an important role in mod-
ern societies from ancient times, but now it boosts up by implanting the rule of the 
government to add 5% alcohol in gasoline. Huge dilution is required to thrown 
treated effluent from industries to outsides which limits the option for environmen-
tal engineers. Water is one of the important natural resources for the survival of the 
living being on this earth planet. Development of effective treatment plan for distill-
eries is one of the challenges to environmental engineers. Biodegradation is one of 
the best techniques to reduce organic load from water bodies, but it has certain limi-
tation. Taking this into consideration, developing an effective treatment plant for 
distilleries, i.e., coagulation followed by mixed culture aerobic treatment (fungal 
and algae), seems to be the viable cost-effective and eco-friendly technique.
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Abstract Plastics have become an indispensable part of the society. Lightweight, 
easy handling, durability, flexibility, resistance to water, and other microbial attacks 
have made them ubiquitously popular. The extensive use of the long-lived polymer 
has confronted the environment with a challenging plastic pollution problem. 
Plastics are the product of coal, natural gas, crude oil, cellulose, and salt manufac-
tured through energy-intensive technology. From cradle to grave, plastics affect the 
environment in a multifaceted way. The hazardous and ecologically (terrestrial and 
marine) damaging threats necessitate its removal from the environment. Incineration, 
landfilling, recycling, and degradation are the four most available options to manage 
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the plastic waste. However, to avoid long-term environmental damage, degradation 
of plastic is the most preferred option among the management options. Plastic 
 degradation is carried out by photodegradation, thermooxidative degradation, 
hydrolytic degradation, and biodegradation. Among them, microbial degradation 
using bacteria and fungi is an emerging strategy to manage plastic waste. Hence, 
this chapter highlights the benefits, concerns, and threats surrounding the use of 
plastics. The different perspectives covered in this chapter include plastic produc-
tion and plastic waste generation, environmental and health effects of plastic pollu-
tion, plastic waste management options, biodegradation of plastic polymers and the 
mechanism involved, biodegradable plastics, and challenges and constraints of plas-
tic waste biodegradation.

Keywords Plastics · Environmental effects · Polymers · Biodegradation · 
Biopolymers

6.1  Introduction

Plastic is one of the commonly used, versatile substances of the twentieth century. 
The term “plastic” was coined by Baekeland in 1909. It is derived from the Greek 
word where 'Plastikos' means fit for molding and ‘Plastics’ means molded. They are 
synthetic or semisynthetic amorphous substances prepared from fossil fuel 
resources. They resemble the natural resins obtained from the trees and plants. 
Since its invention, it has replaced wood, glass, and metal. Though the history of 
plastics dates back to 100  years, the development of modern polymers started 
50 years back. Plastics have almost invaded all the industries, namely, food, cloth-
ing, construction, shelter, medical, transportation, sports, and many more. The wide 
application of the plastics was due to its multiple properties: durability, stability, 
low cost, lightweight, and unbreakable nature. Plastics are a long chain of mono-
mers prepared by polymerization through addition and condensation process. The 
process is energy intensive and requires a huge amount of fossil fuels for produc-
tion. The versatility of the polymer has resulted in the generation of huge amount of 
plastic waste. The buoyant nature of plastics spreads them to a huge area for a long 
distance. Moreover, the material from which they are made of resists them from 
degrading in the environment. Resistance and nonbiodegradability make plastic 
waste management very critical. The plastics remain in perpetuity when disposed of 
in landfills or open dumps.

Plastic waste has started attracting public attention due to the various environ-
mental and health hazards. They are hazardous to terrestrial and aquatic life. The 
marine environment is largely affected by the plastics. The persistent organic pollut-
ants that are coated on the plastics might enter into the food chain and cause harm 
to the animals and human beings. Animals also die due to indigestion and stomach 
bloating problems when plastic was consumed along with food. Marine animals die 
of suffocation when they get tangled with plastics. Dioxins released during the 
burning of plastics lead to cancer. The deterioration caused by the plastic pollution 
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necessitates its removal from the environment. Microbial degradation can be one 
best option for its removal from the environment. Plastics are complex organic com-
pounds and can be mineralized by microorganisms, unlike heavy metals. Henceforth, 
studies on plastic degradation using bacteria, fungi, and actinomycetes have gener-
ated a lot of interest among researchers.

Bacteria, fungi, and actinomycetes isolated from varied source, namely, soil, 
wastewater, sludge, mangrove soil, landfill soil, and plastic-accumulated soil, were 
efficient in degrading the natural and synthetic polymers. The microorganisms use 
intracellular and extracellular enzymes to cleave the polymer chain to oligomers, 
subsequent to which they are mineralized by aerobic and anaerobic metabolism. 
Weight loss, change in the structure of the polymers, and cracks in the polymers 
indicated the efficiency of microorganisms in degrading the polymers. However, the 
process of biodegradation was limited and challenged by factors such as polymer 
structure, composition, chemical bonding, stress, and environmental conditions 
(pH, temperature). Pretreatment of polymer with light, heat, oxygen, and UV 
enhances the biodegradation of polymers. This chapter will through light on plastic 
production, plastic waste generation, and its environmental and health effects. 
Biodegradation of plastic waste, factors influencing its degradation, and the various 
challenges associated are also discussed.

6.2  Plastic Production

Plastics are polymers that are manufactured chemically by polymerization of mono-
mers of various synthetic and semisynthetic organic compounds. Monomers are a 
group of atoms that constitute unit cells. The monomers are made of elements such 
as carbon, hydrogen, sulfur, silicon, nitrogen, and chlorine. According to the type of 
polymers, the composition of monomers shall vary. For, example, polyethylene 
polymer consists of repeated units of carbon and hydrogen atoms. Other monomers 
include ethylene (ethene), propylene (propene), butene, and others. The monomers 
possess a double bond between carbon atoms such that it can react to form poly-
mers. Polymerization of monomers occurs through two mechanisms: addition reac-
tion and condensation. A catalyst is used to link one monomer to the other in an 
addition reaction, while in condensation reaction, the catalyst is used to fuse all 
monomers to adjacent monomers. This results in the formation of dimers and a by- 
product. The by-product has to be removed to avoid the release of environmental 
contaminants (American Chemistry Council 2005).

At the industrial level, the production of plastic began in the1940s. Presently, 
huge quantity of plastics is manufactured annually due to their application in the 
household, packing, agriculture, toys, and many more (Al-Salem et al. 2009). In the 
1950s, the annual production of plastics was 1.5 million tones which have increased 
dramatically to 299 million tons in 2013 (Plastics Europe 2015). Natural products 
such as cellulose, natural gas, salt, coal, and petroleum derived from crude oil are 
used as polymers for the synthesis of plastics. Today, around 4% of crude oil is used 
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as a feedstock for manufacturing plastics, and additional 4% of petrochemical 
 products are used in energy-intensive process for plastic prototype or refined goods 
(Wu et al. 2013). During the distillation process of crude oil, different hydrocarbon 
products get separated into different fractions. One of such fraction includes naphtha 
which is a very crucial element for the production of plastics (Kalia et al. 2000). The 
most abundant plastic polymers produced include high-density polyethylene 
(HDPE), low-density polyethylene (LDPE), polystyrene (PS), expanded polystyrene 
(EPS), polypropylene (PP), and polyvinyl chloride (PVC) (Li et al. 2016). In order 
to improve the performance of plastics, various additives along with polymer resins 
are mixed during polymerization of plastic polymers. These include inorganic fillers, 
phthalate plasticizers, bisphenol A (BPA), thermal and UV stabilizers, colorings, 
carbon, silica, and flame retardants which provide various range of plastic products 
(Thompson et al. 2009). Generally, plastics are divided into two basic categories: (i) 
thermo-softening plastics and (ii) thermosetting plastics. Thermo- softening plastics 
are those which can be recycled and remolded into different shapes, whereas ther-
mosetting plastics cannot be recycled and remolded (Singh et al. 2017). The poly-
mers are processed into finished products through a different process. Extrusion, 
blow molding, film blowing, calendaring, expanded bead blowing, injection and 
rotational molding, casting, thermoforming, and compression folding are finishing 
steps in plastic production (American Chemistry Council 2005).

6.3  Plastic Waste Generation

Rapid growth and urbanization have led to the increased demand for plastics around 
the globe due to its multiple advantages such as lightweight, strength, durability, 
and low cost. Plastic waste generation depends on increasing population, lifestyle, 
socioeconomic background, and developmental activities. Since 1990 the demand 
for plastics has increased at an annual rate of 5% (Kunwar et al. 2016). Increase in 
plastic production leads to higher consumption which in turn results in more plastic 
waste generation. Plastic is used widely in various sectors such as household, agri-
culture, packaging, and industrial areas. So, the plastic waste generated can be cat-
egorized into municipal and industrial plastic waste. Industrial waste is homogenous 
which get generated during manufacturing of plastic products, packaging, and pro-
cessing. Municipal waste is heterogeneous waste which includes plastic bags, wrap-
pers, toys, wires, vending cups, CD, disposable cups, and few more. They are 
discarded as household waste (Panda et al. 2010). Some plastics products are pre-
pared for single use which gets disposed off. According to Indian government’s 
Plastic Waste Management Rules (2016), it is estimated that everyday approxi-
mately 15,000  tons of plastic waste is generated, out of which 60% is collected. 
Globally, around 32 billion tons of plastic waste is generated every day, out of which 
65% of total plastic waste generated ends life in landfills. As mentioned earlier, 
plastics are categorized into two types: thermoset plastics and thermoplastics. 
Thermoplastics are recyclable plastics and they constitute 80% of plastic waste. The 
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resins produced for the preparation of varied types of plastics are summarized in 
Table 6.1. Plastic waste does not degrade unlike other municipal wastes such as 
paper, organic waste, etc. because it accumulates and remains there for longer peri-
ods of time (Sarker et al. 2011). Moreover, lack of awareness and unavailability of 
effective collection mechanism plastic waste generation are increasing day by day. 
In India, the per capita plastic waste generation is estimated as 5.7 kg/annum.

Recycling is the only means by which plastic waste generation is reduced or 
minimized. According to reports, the generation of plastic waste in India is com-
paratively lesser than the rest of the world (Table 6.2). Moreover, the recycling rate 
is also higher in India (60%) than the rest of the world (15–20%). The recycling is 
done only for a specific group of plastic. The mechanical recycling is done only for 
plastic bottles and PVCs. Polythene bag recycling is still facing issues. Segregation 
and cleaning are other factors that affect recycling.

6.4  Environmental Hazards of Plastic Waste

Plastics are extensively scattered in the general public and the environment due to 
their diverse chemical composition, properties, and applications. The higher the uti-
lization, the more will be the generation of waste, and in case of plastics which are 
persistent in nature, the waste generation would be much higher (Thompson et al. 
2009). Aesthetic problems get originated due to plastic debris. Plastics are very haz-
ardous for both terrestrial and marine life. Conventional plastics are non- biodegradable 
and require very long time for degradation. They also show high resistance to aging, 
get converted to smaller debris, and accumulate in the environment (O’Brine and 

Table 6.1 Resins used in manufacturing of plastics

Sr. no. Thermoplastic Thermoset plastic

1. Polyethylene terephthalate (PET) Bakelite
2. Polypropylene (PP) Epoxy
3. Polyvinyl acetate (PVA) Melamine
4. Polyvinyl chloride (PVC) Polyester
5. Polystyrene (PS) Polyurethane
6. Low-density polyethylene (LDPE) Urea-formaldehyde
7. High-density polyethylene (HDPE)

Source: CPCB (2011)

Table 6.2 Status of plastic waste generation

Sr. no. Description World India

1. Per capita per year consumption of plastic (kg) 24 6–7
2. Recycling (%) 15–20 60
3. Plastics in solid waste (%) 7 9

Source: Atulesh (2017)
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Thompson 2010). Hazardous by-products or unbound monomers from plastics get 
released into the aquatic environment through the migration of plastic waste and 
landfill leachate to both freshwater and marine waters (Huang et al. 2012). In mid-
oceans, plastic bags resemble prey to fishes. Fishes, mammals, turtles, and other sea 
animals consume these plastics along with their food, which gets accumulated in the 
gut of the sea animals. The plastics in the gut damage the inner lining of the stomach, 
block the digestive tract, and minimize the feed drive of animals (Laist 1987). Moore 
(2008) reported that around 267 marine species including mammals, fishes, turtles, 
seabirds, and invertebrates are affected by plastic waste. Marine animals get tangled 
in floating plastic debris which inhibits or limits their movement resulting in their 
drowning. Evidence of plastic debris in the guts of fishes have been reported by many 
researchers. Fragments of plastic enter the filter feeding organisms through which it 
enters the food chain and bioaccumulates in higher marine organisms. Plastics also 
destroy the habitat by acting as transportation agent for invasive species (Fergusson 
1974). Microorganisms and other diatoms start growing over the plastics and create 
biofouling over the plastic material. Biofouling makes the plastic heavy and they 
eventually sink to the floor of the water body. Due to the buildup of plastic waste on 
the sea floor, hypoxia conditions may develop due to inhibition of gas exchange 
between pore waters of accumulated plastic debris and overlying waters. Hypoxia 
condition results in improper functioning of the normal marine ecosystem (Derraik 
2002). Plastics floating in water suffocate marine animals to death. Plastic ingestion 
could increase the buoyancy of fish making it difficult for mesopelagic fish to return 
to deeper waters (Boerger et al. 2010).

A number of chemicals used for the manufacturing of plastics, unbounded mono-
mers, additives, and their degradation products may get released into the environ-
ment during the lifecycle of plastic product which may have hazardous properties 
for biological life and environment. Bisphenol A (BPA), phthalates, polyhaloge-
nated flame retardants, polyfluorinated compounds, nonylphenol, and antibacterial 
compounds such as triclosan pose serious threats to human health and other organ-
isms (Halden 2010). Polybrominated diphenyl ethers (PBDEs) used in electrical 
and some non-electrical plastics as fire retardants are persistent in nature. In May 
2009, Stockholm convention declared penta- and octa-BDE as persistent organic 
pollutants (POPs). The United States and the European Union have banned the use 
of these PBDEs (Tang et al. 2014). Bisphenol A and phthalates are of major concern 
due to their biological effects in humans as well as animals.

6.4.1  Bisphenol A (BPA)

Bisphenol A (BPA) is a monomer chemical that is used for the manufacturing of 
polycarbonate plastics and PVC and can leach into the environment (Schecter et al. 
2010). During polymerization, some of the monomers remain unbound which get 
released and are commonly found in the leachate of the landfill where plastic waste 
is dumped (Halden 2010). It potentially results in ecosystem disruption of the region 
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receiving leachates. Each year about 100 tons of BPA is released into the environ-
ment during synthesis alone (Vandenberg et  al. 2009). BPA is of great concern 
because it poses some serious threats to humans. It has been recognized as potential 
endocrine disruptor which disrupts the normal hormonal functioning. Various other 
health effects associated with BPA are cardiovascular disease, heart attacks, male 
sexual dysfunction, and angina (Schecter et al. 2010).

6.4.2  Phthalates

Phthalates are diesters of phthalic acid used for flexibility of PVC, pliability, soften-
ing, and elasticity of rigid plastics. More than 25 different phthalate esters are used 
in plastic manufacturing. Phthalates do not bound covalently to polymer matrix due 
to which these are more prone to leaching into the environment (Halden 2010). 
Di(2-ethylhexyl) phthalate (DEHP) is associated with various health concerns for 
humans. On entering human body, DEHP is converted to mono-(2-ethylhexyl) 
phthalate (MEHP) by lipases and gets absorbed by the body (Singh and Li 2012). 
Dibutyl phthalate (DBP), benzyl butyl phthalate (BBP), di-isononyl phthalate 
(DINP), etc. are other important phthalate additives. Dibutyl phthalate and benzyl 
butyl phthalate produce toxic metabolite mono-butyl phthalate (Sathyanarayana 
2008; Latini 2005). Adverse health effects of phthalates include hormone disrup-
tion, asthma, genital malformations, development of some cancers, and develop-
mental and reproductive problems (Singh and Li 2012).

6.4.3  Land Pollution

The plastics when dumped in the open areas or landfills affect the aesthetics of the 
location. The wind carries the plastics and spreads them over a wide area. Improper 
segregation of plastics from other food wastes results in consumption of plastic by 
street animals. The animals die due to bloating of stomach and indigestion prob-
lems. In many places, especially in open dumpsites and landfills, the rag pickers set 
afire in the waste piles to segregate the materials. This results in burning of plastics 
along with other materials. According to NEERI (2010), burning of plastics results 
in the emission of 10,000  g of dioxins/furans every year to the atmosphere. 
Incomplete combustion of plastics results in the release of carbon monoxide (CO), 
dioxins, furans, polychlorinated biphenyls, soot, carbon black, aromatics (pyrene 
and chrysene), and heavy metals (chromium, copper, cobalt, selenium, lead, and 
cadmium). The burning of plastic waste causes headache, nausea, heart diseases, 
respiratory illness like asthma and emphysema, and neurological, respiratory, and 
reproductive diseases. It also damages the lungs, thyroid gland, eyes, and mucous 
membrane. Dioxins and its intermediate 2,3,7,8 tetrachlorodibenzo-p-dioxin 
(TCDD) are categorized under carcinogens and mutagens. Heavy metals released 
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during burning interfere with plant process and accumulate in the tissues of organ-
isms. Chlorine released from polyvinyl chlorides forms hydrochloric acid. 
Hydrochloric acid increases the acidity of the soil in addition to respiratory diseases 
(Verma et al. 2016).

6.5  Plastic Waste Management

Natural degradation or decomposition of plastics is very slow and takes about hun-
dreds of years to get mineralized. Slow degradation has increased or necessitated 
the management of plastic waste throughout the world (Puncochar et  al. 2012). 
Integrated waste management approaches should be followed effectively for better 
plastic waste management. Conventional approaches along with new technological 
methods are being used for better management of plastic waste which includes land-
filling, incineration, recycling, and degradation (Panda et  al. 2010). The conven-
tional and most common method for managing waste is landfill. But there are certain 
long-term problems associated with this method of plastic waste management such 
as breakdown products of plastics, and leachate produced during degradation may 
pollute soil and groundwater (Hopewell et  al. 2009). Plastic has high volume to 
weight ratio and, therefore, requires more space. Nowadays constructing a suitable 
landfill is costly, and space scarcity for landfill site is a major concern due to which 
other unconventional methods of plastic waste management are required to reduce 
the ultimate volume of plastic waste reaching landfill (Panda et al. 2010). In order 
to effectively manage or reduce plastic waste quantity, three Rs, reduce, reuse, and 
recycle, strategy should be opted (Hopewell et al. 2009). Reusing plastics is the best 
approach for managing plastic waste as it requires less energy. Plastic waste recy-
cling is the process of recovering plastics. Recycling of plastic waste can be catego-
rized into four major types: re-extrusion, mechanical recycling, chemical recycling, 
and energy recovery (Al-Salem et al. 2009). Re-extrusion or primary recycling is 
the use of plastic scrap for the manufacturing of new product both having similar 
features. Mechanical recycling is the process of recovering plastic waste that has 
been used in the manufacturing of new plastic products. Mechanical recycling 
involves various treatment and preparation steps such as shredding or cutting, float-
ing, milling, washing, drying, etc. to yield high-quality end products (Singh et al. 
2017). Heterogeneous plastic waste recycling is very difficult or cannot be per-
formed in mechanical recycling which limits its usage to only homogenous or single 
polymer plastic waste. Chemical recycling also is known as tertiary recycling, 
where the plastics are depolymerized into smaller polymers due to alteration in the 
chemical structure of plastics. They are further used as feedstock for manufacturing 
of new plastics (Arena and Mastellone 1999). Chemical recycling is attained by 
three main approaches: depolymerization, partial oxidation, and cracking. Cracking 
is further categorized into thermal cracking, catalytic cracking, and hydrocracking 
(Panda et  al. 2010). Energy recovery or quaternary recycling includes thermal 
decomposition, pyrolysis, gasification, and incineration of plastic waste. 
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Cost- effective and adequate infrastructure is required for the plastic waste collec-
tion, makeover to new product, and marketing of recycled goods for the success of 
plastic waste recycling (Rebeiz and Craft 1995). Incineration is another way of 
managing plastic waste which significantly reduces the need for landfilling of plas-
tics. In this process the waste material is exposed to high temperatures (900–
2000 °C) which leads to controlled and complete combustion of plastics and energy 
recovery, thereby reducing the volume by 80–90% (Sharholy et al. 2008). Generation 
of greenhouse gases and other toxic gases such as polychlorinated dibenzo-para- 
dioxins and polychlorinated dibenzofurans during incineration has led to its restric-
tion in many countries especially for plastic waste (Panda et al. 2010).

Other than the conventional processes, some new technologies such as liquid 
fuel, plasma pyrolysis, coprocessing in cement kiln, and polymer-blended bitumen 
roads are being efficiently used in plastic waste management (Siddique et al. 2008). 
Thermal decomposition of plastics is done to convert plastics into liquid fuel pro-
duced through condensation of volatile liquid vapors, carbonized char, and syn-
thetic gas. This thermal cracking or pyrolysis of plastic waste is done at 2700–3000 °C 
temperature by both non-catalytic and catalytic methods (Almeida and Marques 
2016; Kumar and Singh 2013). Few studies have reported the thermal decomposi-
tion of polyethylene, polypropylene, polymethyl methacrylate, polyurethane, and 
polystyrene to liquid fuel. Gasoline-range liquid fuels having low octane value have 
been produced through thermal decomposition. The fuel produced requires further 
refining for usage which adds extra cost (Panda et al. 2010). Plasma pyrolysis tech-
nology is a fresh innovative technology that has been used to transform waste into 
valuable high calorific synthetic gas (syngas). In plasma pyrolysis, the high calorific 
plastic waste is exposed to very high temperature under oxygen-deficient condi-
tions. High temperature decomposes plastics into syngas, which is used for energy 
production. Tar is produced along with syngas which is composed of CO, H2, and 
low concentration of hydrocarbons, but the syngas produced in plasma pyrolysis has 
high heating value and low tar content in comparison with simple pyrolysis of plas-
tic waste (Puncochar et al. 2012; Nema and Ganeshprasad 2002). Tang et al. (2003) 
used nitrogen plasma reactor for decomposition of polypropylene, which resulted in 
96% of solid decomposition and 2160 mL/g of syngas production. Coprocessing 
means the use of waste material as a source of energy along with primary fuel. 
Plastic waste is used as alternative fuel in kilns to reduce the consumption of fossil 
fuel used in cement industry. Plastics used as fuel in coprocessing are known as an 
alternative fuel. Reduction in plastic waste volume along with energy recovery took 
place in coprocessing (De Queiroz Lamas et al. 2013). Another technology that has 
gained popularity in plastic waste management is polymer-based bitumen roads. In 
this, the plastic waste shredded into small pieces was blended with bitumen and 
used as alternative road material (Gawande et al. 2012). In Bangalore, India, the 
bitumen blended with shredded plastic waste was used for laying of the road 
(Khullar 2009).

Degradation is the best way of managing plastic waste as it provides a solution for 
longer periods of time. Any alteration in the chemical structure of a plastic polymer 
due to a physical, chemical, or biological constituent that leads to transformation is 
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degradation of plastics. Physical, mechanical, and chemical properties of plastics 
get changed due to degradation (Pospisil and Nespurek 1997). Photo, thermal, and 
biological factors contribute to the degradation of plastics. Plastics absorb UV 
radiations from the sun which leads to photodegradation and further thermo- 
degradation of plastics. Degradations begin with the integration of oxygen atom 
to plastic polymers. Both the processes make polymer delicate and break into 
smaller pieces until microbes start metabolizing. Microbes such as bacteria and 
fungi first transform low molecular weight polymers to monomers, and then 
microbial cells transform monomers to minerals. Four methods, photodegrada-
tion, thermooxidative degradation, hydrolytic degradation, and biodegradation by 
microorganisms, lead to complete degradation of plastics in sequence (Shah et al. 
2008a, b; Singh and Sharma 2008). Biodegradation of plastics is far better than 
other plastic waste management processes as it is environment-friendly and com-
pletely mineralizes or transforms plastic waste, thus providing a sustainable solu-
tion to plastic waste.

6.6  Biodegradation of Natural and Synthetic Plastics

Bioremediation is the use of living organisms such as bacteria and plants or their 
enzymes to degrade and detoxify the environmental contaminants for environmen-
tal safety and public health protection (Saxena et al. 2018; Bharagava et al. 2017a, 
b; Saxena and Bharagava 2016, 2017; Chandra et  al. 2015). In an environment, 
depending on the factors, plastic undergoes either abiotic or biotic degradation. 
Biotic degradation or biodegradation is a process by which the microorganisms 
bring about a change in the physical or chemical structure of the material (Paco 
et al. 2017). Bacteria, fungi, and actinomycetes are involved in the degradation of 
the polymers. Biodegradation results in the decomposition products such as carbon 
dioxide, methane, water, and inorganic compounds (nitrogen, sulfur, phosphorus). 
The microorganisms can perform degradation under both aerobic and anaerobic 
condition (Alshehrei 2017). The degree of degradation by the microorganisms 
depends on the molecular weight of the polymers. The higher the molecular weight, 
the lesser the solubility of the polymers. The microorganisms find it difficult to 
attack, break down, and metabolize the polymers of increased thickness. Precisely, 
the mechanism the microorganism follows to degrade the polymers includes the 
following:

 1. The microorganisms secrete extracellular enzymes to breakdown the complex 
polymers into small oligomers, dimers, or monomers. This process is also termed 
as depolymerization. If the polymer is hydrophilic, then the microorganism 
attaches itself to the polymer, secretes the enzyme, and cleaves the polymers via 
hydrolysis (Schink et al. 1992). During hydrolysis, a nucleophilic attack occurs 
on the carbonyl carbon atom. The cleavage occurs at ester, peptide linkage, and 
glycosidic bonds.
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 2. The degraded substance is water soluble and can easily pass through the semi-
permeable cell membrane.

 3. The monomers on entering into the cell are used as a source of carbon and 
energy. The biodegradation process is favored by three processes such as hydro-
lysis, photooxidation, and physical disintegration. These processes weaken the 
surface of the polymer and decrease the molecular weight of the polymer 
(Muthukumar and Veerappapillai 2015).

6.6.1  Biodegradation of Plastics by Bacteria

Numerous bacteria have shown the ability to degrade natural and synthetic poly-
mers (Table 6.3). In addition to degradation, bacteria also synthesize natural bio-
polymers. Polyhydroxyalkanoates (PHAs), a natural polymer, are synthesized 
during bacterial fermentation. Under starvation or nutrient-limited conditions, the 
PHAs are metabolized and degraded. Another important natural polymer that is 
produced from the low-cost feedstock is polyhydroxybutyrate (PHB). Aerobic and 
anaerobic bacteria isolated from different sources, namely, activated sludge, soil, 
anaerobic sludge, and seawater, were used for natural polymer degradation. 
Pseudomonas lemoignei, Comamonas spp., Variovorax paradoxus, Streptover
ticillium kashmeriense AF1, Bacillus megaterium AF3, and Ilyobacter delafieldii 
are some of the strains reported for PHA and PHB degradation (Lee 1996a, b; Shah 
et al. 2007). Molitoris et al. (1996) and Sang et al. (2002) observed grooves and ero-
sion pits on the polymer subjected to bacterial degradation.

Biodegradation of polyethylene glycol (PEG) has been widely studied due to 
multiple reasons such as huge application, long biodegradation time, fear of entry 
into the environment, water solubility, and availability in different molecular weights 
(200–50000 Åg/mol). Aerobic and anaerobic bacteria have been used for PEG deg-
radation. Inoculum such as aerobic and anaerobic sludge, seawater, municipal sew-
age, and wetland sediments was used for PEG degradation. However, seawater 
showed just 40% PEG degradation. The degradation pathway followed by the bac-
teria to degrade PEG differed with the environment. Desulfovibrio desulfuricans 
DG2, Bacteroides sp., Pseudonocardia sp. strain K1, Sphingomonas, Acetobacterium, 
and Pseudomonas sp. were among those bacteria reported for PEG degradation 
(Kawai et  al. 1978; Dwyer and Tiedje 1983;  Zgola-Grzeskowiak et al. 2006). 
According to Kawai et al. (1978), PEG degradation was better when the synergistic 
mixed culture of Flavobacterium and Pseudomonas sp. was used. PEGs pretreated 
with ozone showed accelerated degradation (Suzuki et al. 1978).

Recently, a novel bacteria Ideonella sakaiensis 201-F6 isolated from the debris 
of PET bottle recycling site were used to degrade poly(ethylene terephthalate) 
(PET) polymer popularly used in the manufacturing of bottles. The bacteria 
degraded 75% of PET film at 30 °C within 6 weeks of incubation. Carbon dioxide 
evolution was observed during degradation which indicated the mineralization of 
the polymer (Yoshida et al. 2016). Polythene bags and plastic cups were buried in 
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mangrove soil to assess in situ degradation. It was observed that in a span of 
9 months, polythene bags and plastic cups showed 4.21% and 0.25% degradation. 
The inoculum showed the presence of gram-positive and gram-negative bacteria. 
The species that were predominant were Streptococcus, Staphylococcus, 
Micrococcus (Gram-positive), Moraxella, and Pseudomonas (Gram-negative). 
Bacillus, Listeria, and Vibrio are bacteria observed in mangrove soil of Fiji in addi-
tion to the abovementioned bacteria. The bacteria generated hydrolytic enzymes 
such as amylases, lipases, and gelatinases for high-density and low-density poly-
thene (Kumar et al. 2007). Garbage and garden soil, when used as an inoculum, 
showed 13.6% weight loss of polythene. Staphylococcus arlettae that was respon-
sible for the weight loss altered the chemical properties of the polythene 
(Divyalakshmi and Subhashini 2016). Staphylococcus aureus and Pseudomonas 
aeruginosa also showed polythene and plastic degradation when incubated for a 
period of 1 month (Kannahi and Sudha 2013).

Synthetic polymers such as polyester, polycaprolactone, and polyurethane were 
also degraded by bacteria isolated from soil, activated sludge, and other sources. 
The bacteria utilized polymer as carbon and nitrogen source. Comamonas acidovo
rans and Alcaligenes faecalis degraded polyester polyurethane and polycaprolac-
tone (Nakajima-Kambe et al. 1999; Oda et al. 1997). Alcaligenes faecalis produced 
polycaprolactone depolymerase enzyme to degrade polycaprolactone.

6.6.2  Biodegradation of Plastics by Fungi

Fungi like other microorganism have gained huge attention among researchers due 
to its biodegradation potential. The degradation ability of fungi is attributed to the 
enzymes they produce. Moreover, the hyphal structure of fungi through which it can 
penetrate into the contaminated sites has made it more advantageous for bacteria. 
Fungi are explored for the degradation of different types of natural and synthetic 
polymers such as low-density polyethylene, high-density polyethylene, polyvinyl 
chloride, polyurethane, polyolefins, poly(vinyl alcohol), and polyhydroxyalkano-
ates (Table 6.4). Irrespective of the type of polymer, genera Aspergillus, Penicillium, 
and Phanerochaete are popularly reported for plastic degradation. Polyvinyl 
 chloride is a strong plastic used in pipes and fittings, flooring material, synthetic 
leathers, insulation wires, textiles, shoes, etc. It has low moisture and resists 
 biodegradation. However, thermal and photodegradation are effective for PVC 
 degradation. In fact, they serve as pretreatment, thereby facilitating better biodegra-
dation by fungi. White rot fungi can degrade low molecular weight PVCs. According 
to Kirbas et  al. (1999), Kitamoto (2008), and Ali et  al. (2014), Phanerochaete 
 chrysosporium, Lentinus spp., Aspergillus niger, Penicillium janthinellum, and 
Doratomyces spp. can degrade PVC.  Many yeast strains, namely, Rhodotorula 
aurantiaca and Kluyveromyces spp., and other fungi Aureobasidium pullulans also 
degraded PVCs (Webb et al. 2000).
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Four fungal species, namely, Curvularia senegalensis, Fusarium solani, 
Aureobasidium pullulans, and Cladosporium sp., are soil fungi with potential to 
degrade ester-based polyurethane. These fungi produce extracellular enzymes such 
as ureases, proteases, and esterases in the presence of polyurethane. The release of 
ammonia is indicated in the degradation of polyurethane (Pathirana and Seal 1985; 
Howard et al. 2012). According to Cosgrove et al. (2007), Geomyces pannorum and 
Phoma species dominated the soil involved in polyurethane degradation.

Polyethylene is hydrophobic high molecular weight polymers which are difficult 
to degrade by fungi. The low-density polyethylene is degraded by genus Penicillium, 
Aspergillus, Chaetomium, Pullularia, and Gliocladium. Likewise, the high-density 
polymers are degraded by Trametes versicolor and Phanerochaete chrysosporium 
using lignocellulosic enzymes (Iiyoshi et al. (1998). Around 0.2% loss in weight of 
polymers was observed in 10 years. To facilitate better degradation, the high molec-
ular weight polyethylene is pretreated with UV light and nitric acid. Pretreatment 
weakens the structure of polymers making it easy for fungi to act on the polymers. 
The biodegradation of polymers can be confirmed by the presence of oxidation 
products. The structural changes can be confirmed with an electron microscope and 
FTIR (Hasan et al. 2007). According to Friedrich et al. (2007), polyamide-6 also 
termed as nylon-6 is also degraded by white rot fungi and other species (Fusarium 
spp., Phanerochaete chrysosporium, Aspergillus spp., Penicillium spp., 
Cladosporium spp., Ulocladium spp., Trichoderma spp., Gliocladium roseum, 
Pithomyces chartarum, Trichothecium roseum, and Mucor hiemalis). Aliphatic 
polyester resin Bionolle and aliphatic-aromatic co-polyester Ecoflex (BASF) degra-
dation were also assessed. No significant weight loss was observed in the polymer 
except for structural changes (279). Phanerochaete chrysosporium and Talaromyces 
wortmannii are also reported to degrade natural polymer poly(hydroxybutyrate- 
hydroxyvalerate) which is a biodegradable and biocompatible thermoplastic 
(Coelho et  al. 2008). Polyhydroxyalkanoates are another natural polymer that 
showed 93% weight loss when inoculated with Aspergillus fumigatus (Bhatt et al. 
2008). Other natural polymers that were degraded by fungi strains include 
poly(caprolactone) (PCL), poly(butylene succinate) (PBS), poly(butylene succinate 
and adipate) (PBSA), and poly(lactide) (PLA), poly(butylene succinate), and 
poly(alkaline succinate). The hydrolytic degradation products obtained during poly-
mer degradation did not affect the diversity of other organisms in the soil. Incidence 
of marine and mangrove bacteria accumulating polyhydroxyalkanoates on the mid- 
west coast of India has been reported by Rawte et al. (2002).

6.6.3  Biodegradation of Plastics by Actinomycetes

Actinomycetes are organisms that possess characteristics of a bacteria and fungi. 
These unicellular organisms with nonseptate mycelium possess the ability to 
degrade plastics. Table 6.5 summarizes the various actinomycetes species involved 
in plastic biodegradation.  Species of genera Streptomyces and Acinetobacter are 
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Table 6.5 Actinomycetes and plastic degradation

S. No.
Types of plastic 
used Microorganisms References

1. Polyethylene Polyethylene Streptomyces sp. Méndez et al. (2007)
Streptomyces sp., 
Pseudonocardia, 
Actinoplanes, Sporichthya

Sathya et al. (2012)

Starch 
polyethylene-
prooxidant 
degradable 
polyethylene

Streptomyces badius 252 Lee et al. (1991)
Streptomyces setonii 
75Vi2 and Streptomyces 
viridosporus T7A

Pometto et al. (1992)

LPDE powder Streptomyces KU8, 
Streptomyces KU5, 
Streptomyces KU1 and 
Streptomyces KU6

Usha et al. (2011)

Streptomyces sp. Madhuri (2015)
2. Polyurethane Acinetobacter 

calcoaceticus
Halim et al. (1996)

Acinetobacter gerneri P7 Howard et al. (2012)
3. Disposable plastic 

films
Streptomyces spp.  
(8 strains)

El-Shafei et al. 
(1998)

4. Poly(tetramethylene 
succinate) (PTMS)

Microbispora rosea, 
Excellospora japonica 
and E. viridilutea

Jarerat and Tokiwa 
(2001)

Source: Adapted and modified from Devi et al. (2016)

popularly reported to degrade polyethylene, polyurethane, plastic films, and LPDE 
powder. Other genera such as Actinoplanes, Pseudonocardia, and Sporichthya are 
also used in plastic degradation. Similar to bacteria, the actinomycetes too attacked 
the polymers using enzymes. The change in the polymer structure and weight con-

firms the polymer degradation by actinomycetes.

6.6.4  Factors Affecting Biodegradation of Plastics

The process of biodegradation is associated to certain drawbacks and is influenced 
by various factors. Some of them are discussed below.

6.6.4.1  Anaerobic/Aerobic Condition

The process of biodegradation is greatly influenced by the presence or absence of 
oxygen. Aerobic condition is more favorable and efficient than anaerobic condition. 
The biodegradation under aerobic condition was found to be faster than anaerobic 
condition. Moreover, the aerobic process released only CO2, while anaerobic 
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process produced more harmful CH4 and CO2. Microbial degradation of plastics is 
carried anaerobically in the landfills and results in the generation of methane having 
global warming potential of 56 in 20  years. According to Kumar et al. (2011), 
 aerobic condition is elemental for the biodegradation of plastics by fungi.

6.6.4.2  Chemical Composition of the Plastics

The chemical composition of plastics is crucial in deciding the fate of plastic degra-
dation. The microbes decomposing the plastics feed and thrive on it by consuming 
it as nutrient source; therefore, starch-based polymers are preferred by the microbes 
as the hydrolytic enzymes released by them act on the polymer matrix and hence 
reduce plastic into simpler form. The polymers derived from flax fibers or starch is 
inclined to relatively easy biodegradation. Polymers based on petroleum such as 
polyolefins are photodegraded by microbes (Sen and Raut 2015). Molecular weight 
of the polymers is one of the important factors which determine the biodegradation. 
Low molecular weight is suitable for biodegradation as the rate of enzymatic 
 hydrolysis is rapid in case of smaller molecular weight (Tokiwa and Suzuki 1977). 
The melting point of the polymer too influences the enzymatic biodegradability.  
A polymer with higher melting temperature tends to have lower biodegradability. 
The enzymatic activity is also observed to decrease with time.

6.6.4.3  Pretreatment

Nowadays, during manufacturing or processing of polymers/biopolymers, some 
additives such as benzophenone are used to avoid or minimize the photodegradation 
of the plastics. These additives affect the thermal sensitivity and UV absorption 
capacity of the polymer. It is observed that chemically/thermally sensitive polymers 
have better biodegradation rate. The thermal exposure prior to subjecting microbes 
to the plastics leads to the breakdown of the polymer into simpler form on which 
bacteria can easily attack. An alkaline substance known as nodax is also added to 
alter the chemical structure of the polymer to make it available for the microbes 
(Augusta et al. 1993). According to Moore (2008), the natural conditions such as the 
hydrolytic properties of sea water, atmosphere’s oxidative properties and solar radi-
ation help in breaking polymers into fragile and simpler substrate for the microbes.

6.6.4.4  Intrinsic Parameters

Factors such as temperature, pH, humidity, sunlight, water stress, culture conditions, 
and sunlight predominantly affect microbial community and enzymatic activity for 
polymer degradation (Gu 2003). Soil bacteria are known to reduce plastics in the 
presence of optimal water and temperature. Fungus when grown at lowest pH showed 
maximum CO2 evolution and efficient lignolytic activity (Glass and Swift 1990).
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6.6.4.5  Microbial Population

The quality and quantity of microbial population determine the efficiency of 
 biodegradation. Irrespective of the source, many bacteria have shown their potential 
in plastic degradation. Bacteria, algae, and fungi isolated from various resources 
such as plastic and soil at the dumping sites, rhizosphere soil of mangroves, marine 
water, polythene buried in the soil have been reported to degrade plastics (Rutkowska 
et  al. 2002). Low density polythene was found to be effectively degraded using 
Mucor circinelloides and Aspergillus flavus isolated from municipal landfill area 
(Pramila and Vijaya Ramesh 2011). The microbial population use the plastics as a 
source of energy and carbon. Fuhs in 1961 reported several microorganisms that fed 
on paraffin as a carbon source. Jen-hou and Schwartz (1961) showed bacteria con-
sumed polyethylene as carbon source.

6.7  Alternate to Plastics

6.7.1  Biodegradable Plastics

The invention of plastic has been a boon to the population to lead a sophisticated 
life. Excessive usage, improper disposal, and poor management practices have 
necessitated the synthesis of alternate, eco-friendly biodegradable or bio-based 
plastics (BDPs) that should possess properties of conventional plastic with a high 
degree of biodegradability. Such plastics are known as bioplastics which are synthe-
sized from the polymers derived from renewable carbon sources. According to the 
literature, bioplastics consist of either biodegradable plastics (i.e., synthesized using 
fossil materials) or bio-based plastics (i.e., plastics synthesized from renewable 
resources or biomass) (Tokiwa et al. 2009). Biodegradable plastics or bioplastics are 
nonpersistent in the environment and get degraded naturally on exposure to sun-
light, air, and microorganisms. Under aerobic conditions, they are degraded to CO2, 
inorganic compounds, and H2O and under anaerobic conditions to CH4, CO2, and 
H2O (Lee 1996a, b). The principal mechanism involved in degradation of bioplas-
tics includes the enzymatic action of microorganisms. Renewable raw materials 
such as agricultural/animal resources like cellulose, starch, collagen, casein, soy 
protein polyesters, and triglycerides are used for the production of bioplastics. The 
composition of the final product and the chemical structure of the material used 
decide the biodegradability of plastics. The bioplastics are manufactured using nat-
ural or synthetic resins. Natural biodegradable plastics can be naturally created or 
either synthesized from renewable resources. Synthetic biodegradable plastics are a 
petroleum-based nonrenewable resource. Naturally biodegradable plastics are uni-
fied with synthetic polymers to produce plastics to meet the properties of the con-
ventional plastics (Demirbas 2007).

The different types of biodegradable or bioplastics are listed below. Some of the 
polymers used as bioplastics include polylactic acid (PLA), poly-β-hydroxybutyric 
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acid (PHB), and polyhydroxyalkanoate (PHA). They are produced using natural 
polymers, polymers derived from microbes, and conventional chemical or fermen-
tation process for bio-based monomer polymerization (Harding et al. 2007; Kalia 
et al. 2000).

Plant-based bioplastics: Bioplastics are derived from plant raw materials such as 
corn, soy, and potato starch. They are degraded by composting and more than 60% 
of it gets degraded within 180 days. Biodegradation of these plastics requires water, 
air, and sunlight. These plastics meet the American society for testing and material 
standards. The biggest disadvantage of the plant-based bioplastics is that they are 
not economical and cannot be recycled. Spudware is one example of plant-based 
bioplastics prepared from potato starch and used in the manufacturing of spoons, 
forks, and plates.

Oil-based bioplastics: They are manufactured from nonrenewable sources such 
as crude oil. Oil-based bioplastics are produced using energy-intensive techniques.

Thermal-based film: These are bioplastics with a specific additive which helps 
the plastic to degrade when exposed to high temperature. They include two types of 
film plastics, namely, oxo- and hydro-biodegradable. The medium of destruction 
differentiates oxo- and hydro-biodegradable plastics. The former requires oxygen 
for degradation and the latter requires moisture. Hydro-biodegradable plastics 
degrade much faster than oxo-degradable plastics. Oxo-biodegradable plastics are 
less expensive. The major disadvantage of these plastics is they start to degrade 
when stored in hot place.

Additive-based film combo: It is another type of film with additives. During deg-
radation, they convert into humus and then to carbon dioxide and water. The advan-
tage of these types of plastic is they can degrade with and without oxygen, can be 
recycled, and possess a long expiration date, for example, green film.

BAK is a 100% biodegradable polyester amide plastic that is developed by 
Bayers. They are recyclable and possess excellent properties. According to reports, 
these degrade at a temperature as low as 0.5 °C. Moisture is another important factor 
for degradation of BAK. Preservation is required for BAK which is the major draw-
back of the product.

Degradable polyethylene: These plastics are manufactured with the purpose of 
degrading them within 60 days to 5 years of incubation according to the require-
ment. They are degraded by light and moisture. Within 55 days of incubation, it gets 
converted to mulch. The additive used in the plastic is less toxic and can be safely 
disposed off in landfills.

The waste management option for the bioplastics or biodegradable plastics is 
domestic and municipal composting (Davis and Song 2006). Anaerobic digestion is 
also popularly used in bioplastic degradation (Murphy and Bartle 2004). Under 
mesophilic conditions, the material gets degraded within a maximum period of 
24 months (Briassoulis and Dejean 2010). The advantage of biodegradable plastics 
over conventional plastics is that carbon emissions are eight times lesser for biode-
gradable plastics. Conventional plastic manufacturing process requires more energy 
in comparison with bioplastics. Bioplastics can be decomposed by composting on a 
regular basis, and the compost can be used as valuable soil additive (Song et al. 2009).
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6.7.2  Compostable Plastics

Compostable plastics are new generation plastics that are degraded by composting. 
Cornstarch, potato starch, cellulose, and soy resin are the polymers used for the 
production of compostable plastics. They possess most of the properties of conven-
tional plastics such as tensile strength, oxygen barrier, and resistance to heat and 
impact or shock. Compostable plastics are degraded in a composting facility within 
90–180 days. However, the thickness and composition of the compostable plastics 
determine the degradation efficiency and time. A compostable plastic should pos-
sess three characteristics, namely, biodegradability, disintegration, and toxicity. The 
compostable plastic should not produce any toxic intermediates.

6.8  Challenges in Plastic Degradation

Most of the polymers are biologically inert and recalcitrant due to high molecular 
weight, hydrophobic nature, and absence of functional groups which are compatible 
with the microbial enzymatic system. Degradation of the polymer is characterized 
by discoloration, phase separation, cracking, erosion, and delamination. One of the 
biggest challenges remains high molecular weight of the synthetic polymers as the 
rate of biodegradability is directly dependent on the molecular weight of the poly-
mer. The other limiting factors which need to be explored are breakage of bonds, 
transformation due to chemicals, and synthesis of new functional groups which are 
responsible for the variation in the structure of the polymer to make it easy for deg-
radation. Moreover, since biodegradation involves microorganisms, the type and 
nature of organisms, availability, size of the inoculum, and environmental condi-
tions are also important challenges that need more attention in polymer biodegrada-
tion. The challenges of the polymer biodegradation are discussed below in detail:

 (a) Chemical composition: The chemical composition of the polymers plays a cru-
cial role in polymer degradation. The long carbon chain in the thermoplastic 
makes the polymers resistant to biodegradation. The strength of the polymer 
chain is affected by assimilation with heterogroups such as O2. Unsaturated por-
tions and amorphous regions are susceptible to oxidation. The rate of oxidation 
depends on the reactivity of the peroxy radicals formed and on the dissociation 
energies of available carbon-hydrogen bonds in the polymer substrate.

 (b) Molecular weight: Molecular weight determines the rate of degradation of plas-
tics. The higher the molecular weight, the lower the rate of degradation. It has 
been reported that some microorganisms utilize polyolefins with low molecular 
weight faster as compared to high molecular weight polyolefins. Lower molec-
ular weight polymers support the growth of microorganisms.

 (c) Hydrophobicity: Hydrophobicity interferes with the formation of microbial 
biofilm, and hence degradation gets limited.
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 (d) Size of the molecules: Degradation (mechanical, thermal, and biological) is 
influenced by the size of the molecules. The smaller the size of the molecule, 
the higher the rate of degradation.

 (e) Introduction of functionality: Addition of carbonyl groups or chromophores to 
the polymers increases its photodegradation capacity. This might be due to the 
availability of more sites to absorb photons to initiate degradation. The carbonyl 
chromophore absorbs near-UV radiation and forms radicals by the Norrish 
Types I and II and H-abstraction processes for photochemical degradation. 
Reagents based on sulfuric acid help in slow sulfonation and oxidative degrada-
tion of polyolefins. In certain cases, starch is used to modify the polymer. 
Addition of starch helps in bacterial and fungal degradations in the soil.

 (f) Additives: Addition of fillers, pigments, photostabilizers, and other polymeriza-
tion catalysts makes the polymer susceptible to degradation. Lignocellulosic fillers 
and metals decrease the thermal stability of the polymer. Heating in the presence 
of oxygen changes the properties of the polymer via oxidation. The extent of oxi-
dation determines the structure and chemical properties of the polymer.

 (g) Chemical bonding: Linkage between the monomer units determines the resis-
tance of the plastics. During polymerization, the head-to-head addition of 
monomer units and the tail-to-tail addition of monomer units create weaker 
portions of the polymer favoring degradation. Likewise branching increases 
degradation, and cross-linking reduces the rate of degradation. Cross-linking 
locks the polymer structure and prevents lamellar unfolding.

 (h) Methods of synthesis: Polymer preparation method too determines the rate of 
biodegradation.

 (i) Effect of substituents: The addition of substituents in the polymer backbone 
influences the stability of the plastics. For example, hydrogen, phenyl group, 
and hydrochloric acid affect the thermal stability, while fluorine and aromatic 
compounds increase the stability of polymers.

 (j) Effect of stress: Polymers face two types of stress, namely, tensile and compres-
sional stress. The former favors degradation and the latter retards it. A structural 
or morphological change is observed in the polymers exposed to stress. Stressed 
polymers are more susceptible to degradation. During stress, polymer strains 
are straightened, stretched, and cleaved by light.

 (k) Environmental conditions: Polymer biodegradation depends upon environmen-
tal conditions such as moisture, temperature, oxygen, and a suitable population 
of microorganisms. In warm climates when the relative humidity exceeds above 
70%, the rate of polymer degradation by the microorganisms increases. High 
temperature and high humidity enhance hydrolytic degradation of the poly-
mers. Moisture and temperature do some primary degradation and weaken the 
polymer, thereby facilitating the microbial attack. Briefly, the photostabilizers 
become active when exposed to light and leach out of the polymer matrix in the 
presence of moisture. After a preliminary breakage in the polymer chain, it is 
easy for the microorganisms to attack the polymer chain. Tropical regions are 
more favorable for degradation. It is a general rule that at an increase of 
 temperature by 10 °C, the rate of the reaction doubles. Oxygen in the air due to 
its scavenging property also facilitates polymer attack at ambient temperature.
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6.9  Conclusion

Plastics are ubiquitous due to their multiple advantages. They are part of our day 
today’s life. Improper management and disposal practices have ended up in the 
accumulation of plastic waste in the terrestrial and aquatic environment. The harm-
ful effects caused by plastic waste accretion are drastically increasing day by day. 
Henceforth, their removal from the environment is very vital. Among thermal, pho-
tooxidative, ozone-induced, mechanochemical, and catalytic degradation methods, 
biodegradation is considered as the best option for plastic waste degradation due to 
low cost and eco-friendly nature. Also, they do not release any secondary pollutants. 
The microorganisms (bacteria, fungi, and actinomycetes) degrade the polymers 
through secretion of extracellular and intracellular enzymes. The complexity of the 
polymer limited the degradation by the microorganisms. Polymer pretreatment 
enhanced the biodegradation efficiency of the microorganisms. Henceforth, plastic 
biodegradation can be successful when biodegradation is combined with pretreat-
ment. Further, bioprospecting of the isolated microorganism is essential to obtain 
efficient plastic-degrading bacteria. Although biodegradation can be one of the 
solutions, still more research is required to develop biodegradable alternate plastics 
that can degrade naturally without causing any harm to the environment.

6.10  Future Outlook

As mentioned earlier, plastics have become an indispensable part of our society. It is 
highly impossible to ban it from the society. Henceforth, to minimize the problems 
of conventional plastics, it is vital for us to focus on the preparation of polymers from 
natural sources. Further, the modifications or additives used in synthetic polymers to 
strengthen them can be minimized or replaced with alternate sources that can cause 
minimum damage to the environment. In recent times, the focus is also shifted to the 
preparation of bioplastics from waste materials such as organic wastes, agricultural 
wastes, paper wastes, and many more. Reusability can be another best option for 
minimizing plastic pollution. Hence, more research should be focused on the prepa-
ration of durable materials that can be reused again and again.
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Abstract In the past few decades, rapid industrialization led to increasing the 
demand for textile products which leads to increase in water pollution. Effluent 
released by the textile industry pose a threat to environmental safety throughout the 
world. Bioremediation approaches could be considered as an efficient and effective 
way to treat textile effluent relative to existing physical and chemical methods. This 
book chapter describes various methods used to treat textile industry wastewater. 
Bioremediation approaches using live cells system, enzymes, and phytoremediation 
approaches and their detailed mechanisms have also been discussed. Further discus-
sion on the various types of the bioreactors employed to treat textile industry waste-
water at large scale is summarized. The performance of the system and their key 
challenges and future technological aspects are also briefly discussed. The aim of 
this chapter is to provide an overview of bioremediation approaches to resolve 
issues related to textile industry wastewater and to minimize pollution and control 
their associated effects on the environment.

Keywords Textile wastewater · Pollution · Toxicity · Oxidoreductive enzymes · 
Fixed-bed bioreactor · Bioremediation

7.1  Introduction

Industrialization is one of the major aspects of economic growth of the nation; how-
ever, industrial wastewaters are also responsible for pollution and toxicity in living 
beings (Goutam et al. 2018; Bharagava et al. 2017a, b; Saxena and Bharagava 2015, 
2017; Saxena et al. 2016; Gautam et al. 2017). Textile industries have huge financial 
impact and employment generation. However a well-flourished textile industrial 
development is also responsible for environmental pollution, a number of pollutants 
generated get discharged directly into the nearby surroundings without any addi-
tional treatment (Pandey et al. 2005). It was reported that during textile processing, 
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10–15% of the total dyes are discharged into the water stream causing severe water 
pollution; however, it also depends on processing stages, types of synthetic dyes, 
fabric material, processing operational conditions employed during the conversion 
of fiber to textile fabric, and concentration of chemical agents (Banat et al. 1996; 
Kalyani et al. 2008; Robinson et al. 2001). Textile industrial effluents can be consid-
ered as one of the higher generators of liquid effluent pollutants, and literature 
showed that about 280,000  tons of textile dyes are discharged in such industrial 
effluents every year worldwide (Jin et al. 2007; Saratale et al. 2017a). Textile efflu-
ents have been a major environmental concern for a long time since it affects the 
aquatic ecosystem, the fertility of soil, plant growth and productivity of plants, and 
plant susceptibility toward pathogens (Saratale et  al. 2009b, c, 2011c). In 1974, 
ETAD (Ecological and Toxicological Association of the Dyestuff Manufacturing 
Industry) was established with the aim of controlling environment spoiling, protect-
ing users and consumers, and assisting entirely with public anxiety about the harm-
ful impact of their products with respect to toxicity.

The problem related to textile effluent is not the presence of dyes but they’re 
recalcitrant to degradation and stability (Jadhav et al. 2008). Research in the field of 
textile wastewater treatment is increasing day by day because of strict government 
legislation regarding the release of contaminated effluent (Saratale et al. 2009a). In 
this book chapter, we have described various bioremediation approaches including 
live cell system, enzymes, and phytoremediation approaches used to treat textile 
wastewater, and their detailed mechanisms have also been discussed. Special empha-
sis is devoted to the various types of bioreactors employed to treat textile wastewater, 
and their key challenges and future technological aspects are also briefly discussed.

7.2  Dye Composition and Classification

Textile dyes are colored compounds which constitute chromophore and auxo-
chrome groups and having the ability to absorb electromagnetic energy in the visi-
ble range (~350 to 700 nm). The colored compound group is called chromophore 
whereas, auxochrome group increases color intensity of the chromophore group by 
shifting the overall energy of the electron system (Forgacs et al. 2004). The usual 
chromophores are N=N, C=N, C=C, –NO2, C=O, and quinoid rings, and auxo-
chromes are –NH3, –SO3H, –COOH, and –OH (Zollinger 1987). On the basis of 
chemical structure or chromophore group, dyes are classified as azo (monoazo, 
disazo, triazo, polyazo), phthalocyanine, anthraquinone, triarylmethane, indigoid, 
diarylmethane, oxazine, azine, thiazine, xanthene, nitro, nitroso, methine, inda-
mine, thiazole, indophenol, aminoketone, lactone, hydroxy ketone stilbene, and 
sulfur dyes. In 1924, each dye was given a C.I. generic name on the basis of its 
color, application, and characteristics by the Society of Dyers and Colorists, and the 
American Association of Textile Chemists and Colorists. Dyes can be classified into 
natural dyes and synthetic dyes based on their origin. Natural dyes are a group of 
dyes that are extracted from biological material like plant and animal residues. 
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According to color index, dyes are classified as reactive dyes, acid dyes, metal com-
plex dyes, direct dyes, basic dyes, mordant dyes, disperse dyes, pigment dyes, vat 
dyes, anionic and ingrain dyes, sulfur dyes, solvent dyes, fluorescent dyes, and 
other dyes including food and natural dyes. Among the various classes of dyes, 
reactive dyes and azo dyes used exhaustively in commercial applications like tex-
tile, dyeing, and paper printing.

7.3  Treatment Methodologies for Textile Industry 
Wastewater

The textile industrial development also increases awareness toward the environmen-
tal problems arising due to effluent discharge, and with strict government legisla-
tion, both color creating and color using industries are constrained to search for 
novel physicochemical treatments and technologies for the treatment of textile 
industrial wastewater. The methods that have now been employed to treat textile 
wastewater are physicochemical and biological methods (Vandevivere et al. 1998; 
Swaminathan et al. 2003; Golab et al. 2005; Saratale et al. 2011a, 2016a, b). It was 
observed that each methods result and its technical and practical applicability depend 
on various factors including the chemical composition of wastewater, types of dyes 
present, operational cost of instrument used, handling costs, and environmental fate 
of generated by-products. In the below section, we have discussed the various physi-
cochemical and biological methods used to treat dye-containing wastewater.

7.3.1  Physical Methods

Dye decolorization using adsorption technique is considered as an effective method 
in which rapid separation of adsorbate from liquid/gaseous phase on to solid phase 
takes place and could be a useful textile dye industrial wastewater treatment 
(Saratale et al. 2016a, b). However, the process performance can be influenced by 
physical-chemical factors such as dye/sorbent interaction, particle size, the surface 
area of sorbent, contact time, pH, and temperature (Anjaneyulu et al. 2005). In gen-
eral, activated carbon (AC) is widely used as an adsorbent and found very effective 
to the various types of dyes, but due to their high cost, it is not used conventionally 
(Robinson et  al. 2001). In adsorption treatment, various types of adsorbents are 
required, and also their regeneration or disposal makes the process economically 
unfeasible (Karcher et al. 2001). Nowadays to reduce the process cost, many inves-
tigators used low-cost adsorbents from waste materials, for example, radix Angelicae 
dahuricae (Baizhi) residue (Sun et al. 2018), wood chips (Nigam et al. 2000), waste 
slurry of rice husk after hydrolytic enzymes production (Saratale et  al. 2017a), 
water hyacinth (Mahamadi and Epias 2014), and peach stone (Saratale et al. 2016b).
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Membrane filtration technique is used for clarification, concentration, and sepa-
ration of dye from the effluent. In the current scenario, pressure-driven membrane 
processes such as nanofiltration, ultrafiltration, and reverse osmosis are more popu-
lar and applicable techniques in the area of wastewater treatment (Kook et al. 2017). 
Membrane filtration is well suitable for effluents containing low molecular weight 
dyes at low concentrations, but it is ineffective for a reduction in dissolved solids, 
due to which water reuse becomes a difficult task and high investment costs, mem-
brane fouling, produces secondary waste streams which need further treatment 
(Saratale et al. 2011c; Kook et al. 2017).

Colored wastewater is passed through ion exchange resin until the saturation of 
available exchange sites. This method is used to remove both cationic and anionic 
dyes from textile wastewater. Using this method, removal of soluble dyes, solvent 
reclamation after use is possible, and also adsorbent loss is avoided. However, the 
major disadvantage of this method is expensive organic solvents and the ion 
exchange method is not very useful for disperse dyes.

7.3.2  Chemical Methods for Textile Wastewater Treatment

The chemical oxidation process can be considered as an easy procedure where 
removal of dye from effluent takes place by cleavaging aromatic ring present in dye 
structure. Oxidizing agents, for example, Fenton’s reagents, chlorine, UV/peroxide, 
ozone, and UV/ozone, are used individually or in combination for color removal. 
Chlorine is the most popular oxidizing agent due to its low operational and capital 
costs, but the possibility of formation of undesirable by-products has limited the 
suitability of this treatment method. Various types of an oxidizing agent such as 
ozone (O3), hydrogen peroxide (H2O2), and permanganate (MnO4) have been used 
in chemical oxidation methods. Moreover in advanced oxidation processes (photo-
chemical and photocatalytic), oxidizing agents such as O3 and H2O2 or with hetero-
geneous photocatalysts are used with catalysts such as TiO2, ZnO2, Mn, CuO and 
Fe, in the presence or absence of an irradiation source are found effective by gener-
ating (OH) radical for the destruction of hazardous dye pollutants (Saratale et al. 
2018; Forgacs et al. 2004). This method is found better in terms of higher COD 
removal and decolorization efficiencies for both soluble and insoluble dyes; how-
ever, high sludge generation due to the flocculation of reagents and dye molecules 
still limits this process (Van der Zee 2002).

Electrochemical treatment of textile wastewater is an effective method because 
of its color removal efficiency. This method is generally found more advantageous 
because it can run under lower temperatures relative to other non-electrochemical 
treatment methods, with no requirement of other chemicals and nonhazardous prod-
ucts (Saratale et al. 2015). The main oxidizing agent for electrochemical oxidation 
is hypochlorite ion or hypochlorous acid produced from the naturally occurring 
chloride ions; however the high cost of electricity limits the process (Lopez-Grimau 
and Gutierrez 2006; Robinson et al. 2001).
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Coagulation-flocculation is most widely used the method in textile wastewater 
treatment plants for the removal of main sulfur and disperse dyes (Vandevivere et al. 
1998). Either individually or in combination, aluminum sulfate, ferric chloride, fer-
rous and ferric sulfate, copper sulfate, and calcium chloride are used for color 
removal from textile wastewater (Golab et al. 2005). The pH adjustment, dewater-
ing problems, costly chemicals for precipitation, highly concentrated residual cat-
ions in the supernatant, and disposal problems of sludge generated after coagulation 
are some of the limitations of this method.

7.3.3  Biological Methods for Textile Wastewater Treatment

Textile wastewater treatment is mainly done by physical and chemical treatment 
methods; however these techniques have major limitations including high energy 
requirements, high cost, generation of huge amount of sludge, and possibility of 
formation of harmful by-products (Maier et  al. 2004; Daeshwar et  al. 2007; 
Saratale et al. 2009b, 2013, 2017a). Bioremediation is defined as a spontaneous or 
managed biological method of eliminating or remediating environmental pollut-
ants using catalytic reactions of living organisms especially of microorganisms 
and plants (Saxena et  al. 2018; Arora et  al. 2014, 2018; Bharagava et  al. 2018; 
Chandra et al. 2015; Singh et al. 2011; Saratale et al. 2006). By applying advances 
in biotechnology in the bioremediation research in which microorganisms showed 
better ability to utilize variously concentrated and toxic pollutants such as petro-
leum products, pesticides, textile dyes, aliphatic, and aromatic hydrocarbons thus 
became one of the most fast-growing fields of environmental biotechnology 
(Saratale et al. 2011a, b).

Microorganisms are ubiquitous in nature considered as makes them capable for 
adapting themselves to make use of xenobiotic or toxic compounds as a source of 
energy and growth the best candidates (Saratale et al. 2006, 2007a, b; Bharagava et 
al. 2017c). Microorganisms act as natural recyclers by converting toxic compounds 
to harmless by-products, often water, and carbon dioxide. To increase microbial 
activity, the main goal should be an exploration of microbial diversity in contami-
nated areas to investigate microorganisms capable of degrading a wide range of 
pollutants (Saratale et al. 2015; Bedekar et al. 2014a; Sahasrabudhe et al. 2014). 
Literature survey suggests that microbial systems for decolorization of textile 
wastewater are superior in decolorizing textile dyestuff with complete decoloriza-
tion in just a few hours (Saratale et al. 2015; Bedekar et al. 2014b; Sahasrabudhe 
et al. 2014). The use of microbial or enzymatic treatment for the complete decolor-
ization and degradation of industrial dyes from textile effluent possesses consider-
able advantages; being eco-friendly and cost-competitive and having less 
sludge-producing properties, end products with complete mineralization and non-
toxic products could help to reduce the enormous water consumption compared to 
physicochemical methods (Saratale et al. 2009c, 2010; Bedekar et al. 2014a). Plants 
also have great potential to degrade individual dyes as well as dye mixtures 
(Kagalkar et al. 2009).
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7.3.3.1  Bacteria

Bacteria are known as faster degrader and mineralizer of many reactive azo dyes 
than other microorganisms. Bacterial oxygenase and hydroxylase are able to 
degrade the intermediate products synthesized during dye decolorization (Saratale 
et al. 2009b, c, 2011c; Banat et al. 1996). Mostly, potent dye degrading bacteria are 
isolated from contaminated soil of textile industry by using enrichment techniques. 
16s rRNA sequencing is performed to identify bacterial species. Literature survey 
also suggests that there are some bacterial species which showed excellent dye 
decolorization capacity even though they are not isolated from dye-contaminated 
soil. Enterobacter sp., Pseudomonas sp., and Morganella sp. isolated from pow-
dered activated carbon process showed good textile dye decolorization capacity 
(Barragan et al. 2007). Decolorization of textile dyes under anoxic conditions was 
reported by Chen et al. (1999) and Yu et al. (2001) using Aeromonas hydrophila, 
Pseudomonas luteola, and Proteus mirabilis. Nigam et al. (1996) and Khehra et al. 
(2005) have reported anoxic dye decolorization using facultative anaerobic and 
mixed aerobic microbial consortia. Available literature suggests that effective deg-
radation of azo dyes usually takes place under anaerobic conditions. The main 
drawbacks of anaerobic degradation are the formation of toxic aromatic amines 
due to the transfer of reducing equivalents at end of the process as well as the 
requirement of complex organic sources, including peptone, yeast extract, or com-
bination of carbohydrate and complex organic sources (Khehra et al. 2005). Hence 
the combination of anaerobic and aerobic treatment for textile dye degradation that 
gives fast results with the formation of nontoxic end products is advantageous 
(Banat et al. 1996; Bharagava et al. 2018). Bacteria have been preferred over fungi 
for the treatment of textile wastewaters as the rates of decolorization and mineral-
ization of the dyes present in the effluents are higher. In addition to this major 
advantage, the use of bacteria for treatment leads to less sludge generation, and the 
process is cost- effective as well. Reductions in COD and color by 66.7% and 
96.9%, respectively, were observed when Bacillus MK-8 strain was used in the 
form of granules (Kolekar and Kodam 2012). In our research group, we have 
explored the decolorization ability of various dyes as well as textile wastewater by 
isolated as well as commercially available bacterial strains such as Enterococcus 
faecalis YZ 66, Lysinibacillus sp. RGS, Proteus vulgaris NCIM-2027, Micrococcus 
glutamicus NCIM-2168, Rhizobium radiobacter MTCC 8161, and Kocuria rosea 
MTCC-1532 (Sahastrabuddhe et  al. 2014; Saratale et  al. 2009b, 2010, 2013; 
Parshetti et al. 2006, 2009).

7.3.3.2  Fungi

Lignolytic and nonligninolytic fungi are mostly used for the decolorization of dye 
in wastewater. Phanerochaete chrysosporium, Trichophyton rubrum LSK-27, 
Ganoderma sp. WR-1, Trametes versicolor, Funalia trogii, Irpex lacteus, etc. are 
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widely used for textile dye decolorization and degradation (Machado et al. 2006; 
Robinson et al. 2001; Rodrı’guez et al. 1999; Saratale et al. 2011c). Moreover non-
white rot fungi such as Aspergillus niger, Pleurotus ostreatus, and Cunninghamella 
elegans (Ambrosio and Campos-Takaki 2004) showed ability of textile dye decol-
orization (Wesenberg et al. 2003; Christian et al. 2005). White rot fungi, in particu-
lar, have been found very effective in the degradation of various dyes and other 
xenobiotics (Saratale et al. 2006, 2007a, b; Bhosale et al. 2006; Humnabadkar et al. 
2008). Lignolytic enzymes, such as laccase, manganese peroxidase, and lignin per-
oxidase, are required for biodegradation of dyes using white rot fungi. While in case 
of dye degradation using nonligninolytic fungi, they require laccase, bilirubin oxi-
dase, and azoreductase (Lu et al. 2007). A mixed fungal culture of Pleurotus ostrea-
tus and Coriolus versicolor reduced the COD and BOD of wastewater along with 
achieving its decolorization. Moreover requirement of nitrogen- limiting conditions 
and long growth cycle leads to prolonged hydraulic retention times, and preserving 
the dominance of fungal cultures in the reactor system is the major challenge that 
prevents the use of fungi for full-scale applications (Acikgoz et al. 2016; Saratale 
et al. 2011b, c).

7.3.3.3  Yeast

Interest in textile wastewater treatment using yeasts is due to the ability of the yeast 
biomass to absorb and accumulate toxic chromophores as well as to degrade them 
into simpler compounds. Decolorization of azo dyes using yeast Candida zeylanoi-
des is reported (Ramalho et al. 2002). Ramalho et al. (2004) further described the 
enzymatic characterization in Issatchenkia occidentalis. Enzymatic system involved 
in Saccharomyces cerevisiae for dye decolorization was also reported. Aksu (2003) 
reported bioaccumulation of various reactive dyes, viz., Remazol Blue, Remazol 
Red RB, and Remazol Black B, during growth of S. cerevisiae on molasses. Dead 
biomass of yeast has been utilized as a biosorbent for the biosorption of dyes, for 
example, modified baker’s yeast has been used for biosorption of acridine orange, 
crystal violet, aniline blue, safranin, and malachite green (Šafaříková et al. 2005). 
Yeasts also possess an enzyme system that can degrade dyes present in the textile 
wastewater. In our study, we have proved the ability of Trichosporon beigelii in the 
decolorization of Navy Blue HER and also determined the enzyme system respon-
sible for dye decolorization (Saratale et al. 2009c).

7.3.3.4  Algae

Microalgae are microscopic, unicellular photosynthetic plants which have the abil-
ity to convert solar energy with CO2 and H2O by using nutrients to produce bio-
mass (Saratale et al. 2017b). The general mechanism behind algae decolorization 
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where firstly chromophores group is utilized for production of algal biomass, car-
bon dioxide, and water or transformation of colored to noncolored compound or by 
adsorption mechanism. Oscillatoria (Jinqi and Houtian 1992), Chlorella (Acuner 
and Dilek 2004), and Spirogyra (Mohan et al. 2002) species have been reported for 
their azo dye decolorization ability to degrade azo dyes to aromatic amines to 
simple compounds and subsequently to CO2. Several researchers have reported the 
potential of various algal strains to treat textile wastewater owing to their ability to 
degrade the azo bonds. Scenedesmus bijugatus showed 68% decolorization of azo 
dyes after 6 days of incubation and Enteromorpha sp. showed 83.5% decoloriza-
tion of Basic Red 46 within 5 h of incubation (Jianwei et al. 1997; Daneshwar et al. 
2007).

7.3.3.5  Actinomycetes

Actinomycetes are a group of abundant and metabolically diverse bacteria in soil 
(Saratale et  al. 2012). Streptomyces rochei A10, Streptomyces chromofuscus 11, 
Streptomyces diastaticus A12, Streptomyces diastaticus A13, and Streptomyces 
rochei A14 were able to degrade various textile dyes through their extracellular 
oxidative enzyme system which includes lignin peroxidase and manganese peroxi-
dase (Saratale et al. 2011c).

7.3.3.6  Plants

In phytoremediation plants that degrade the dye molecules into nontoxic products 
are preferable. In this treatment method, selection of the plant will depend upon the 
genetic makeup of the plant in terms of varied enzyme activities and differential 
absorptive capacities resulting into variable patterns for the removal of dyes. In 
addition to this selected plants should be in the same stage of growth and should 
have almost equivalent dry weights and similar root and shoot lengths to accomplish 
reproducibility of results. Moreover it is preferable that selected plants should be 
from the same area, and other influencing factors such as plant age, soil conditions, 
nutrient status, and light availability should be optimized to get significant results. 
It was recommended to use flowering plants for these treatment methods to give 
esthetically appealing systems or other plants that could be useful for bioenergy 
production (Peuke and Rennenberg 2005). Prof. Govindwar’s research group widely 
studied many plants for the degradation of dyes as well as wastewater even they 
have proposed wetland using wild plants for actual textile effluents and field trial 
(Kagalkar et al. 2009; Saratale et al. 2011c).
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7.3.3.7  Microbial Consortia

Use of mixed microbial population for textile wastewater treatment is necessary to 
achieve higher rate of decolorization, degradation, and mineralization. Synergistic 
metabolic activities of microbial community during degradation of synthetic dyes 
have considerable advantage over the use of pure culture (Khehra et  al. 2005; 
Junnarkar et al. 2006). Microbial consortium is widely used in the field of textile 
wastewater treatment. Bacteria-bacteria consortia (bacteria-fungi consortia, and 
bacteria-yeast consortia have been reported for decolorization and degradation of 
textile dyes (Saratale et al. 2011c). Inhabitant microbial communities play an impor-
tant role in the detoxification of contaminated sites. These natural degraders are 
acclimatized to xenobiotic compounds via various genetic mechanisms such as 
transposition, genetic recombination, gene transfer, and mutational drift.

7.4  Dye Decolorization Mechanism

7.4.1  Role of Enzymes in Dye Degradation

The enzymatic approach is also could be considered as an effective alternative 
approach to treat dye-containing wastewater for the conventional physicochemical 
treatments. Microbial enzymes deal with the dye molecules in cleavage and succes-
sive degradation of the dye efficiently. Highly reactive free radicals generated by 
oxidative and reductive enzymes present in microorganisms undergo spontaneous 
cleavage reactions serially, and thus enzymatic treatment could be considered as 
most effective when target pollutants are in highest concentration and other con-
taminants are less in concentration. The oxidoreductive enzymes, mainly lignin per-
oxidase, laccases, tyrosinase, azoreductase, riboflavin reductase, and NADH-DCIP 
reductase, are involved in microbial decolorization and degradation of dyes and are 
described in this section.

7.4.2  Reductive Enzymes

Azoreductases catalyze reductive cleavage of azo bond (N=N) in the presence of 
FADH or NADH or NADPH as an electron donor (Russ et al. 2000). Azoreductases 
are flavoproteins in nature and are classified on a structural basis as flavin- dependant 
azoreductases (Nakanishi et al. 2001; Chen et al. 2005) and flavin-independent azo-
reductases. The flavin-dependent azoreductases are again classified into three 
groups, NADPH only, NADH only, or both, which act as electron donors (Chen 
et al. 2005; Nakanishi et al. 2001). Bacterial cell membrane either intracellularly or 
extracellularly carries azoreductases. The enzymatic action of azoreductases many 
times results in the formation of colorless aromatic amines (Stolz 2001). There are 
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few reports where purification and characterization of azoreductase enzymes from 
Xenophilus azovorans KF46F, Pigmentiphaga kullae K24, Enterococcus faecalis, 
Staphylococcus aureus, Escherichia coli, Bacillus sp. OY1-2, and Rhodobacter 
sphaeroides have been reported (Chen et al. 2005; Suzuki et al. 2001). In our studies 
we have reported the involvement of intracellular azoreductase in bacterial decolor-
ization of dyes (Saratale et al. 2009a, 2010, 2013). It was also reported that due to 
high polarities and complex structure, it is difficult to diffuse azo dyes through the 
cell membrane; thus cytoplasmic as well as intracellular azoreductase enzyme activ-
ity is involved in azo dyes decolorization. Another marker enzyme, NADH-DCIP 
reductase, has been widely studied in the decolorization and detoxification of xeno-
biotics by fungi and bacteria (Bhosale et al. 2006; Saratale et al. 2007a, b). In addi-
tion to this, riboflavin reductase is also studied for the decolorization of dyes. The 
basic enzymatic mechanism where the reduction of various flavins such as; ribofla-
vin, flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD), at the 
expense of reduced pyridine nucleotides  takes place (Ingelman et  al. 1999). The 
involvement of this enzyme in the degradation of Scarlet R by Consortium-GR 
(consisting of Proteus vulgaris and Micrococcus glutamicus) and Reactive Green 
19A by M. glutamicus NCIM 2168 has been reported earlier (Saratale et al. 2009b).

7.4.3  Oxidative Enzymes

There are some reports where oxidative enzymes are also involved in the decoloriza-
tion and degradation of textile dyes. Laccases (E.C.1.10.3.2) are copper- containing 
enzymes that catalyze the oxidation of several aromatic and inorganic substances 
with the concomitant reduction of oxygen to water the detailed mechanism shown 
below (Majcherczyk et al. 1998). The molecular structure of laccases shows four 
neighboring copper atoms which are distributed among different binding sites and 
having molecular weight in the range of 60–390 kDa (Kalme et al. 2009).

Laccases have been widely studied focusing their industrial applications such as 
degradation of various recalcitrant compounds such as polyaromatic hydrocarbons, 
chlorophenols, phenols, structures related to lignin, aromatic dyes, and organophos-
phorus compounds (Kalyani et al. 2008; Saratale et al. 2009c). Very few bacteria, 
for example, Micrococcus glutamicus NCIM 2168, Pseudomonas desmolyticum 
NCIM 2112, and Bacillus sp. ADR, exhibited laccase activity that catalyzes the 
oxidation of azo dyes (Kalme et al. 2009; Saratale et al. 2009c). Kalme et al. (2009) 
reported the purification and characterization of an extracellular laccase from a 
Pseudomonas sp. LBC1 and tested it against various azo dyes.

Lignin peroxidases (EC 1.11.1.14; LiP) are glycoproteins having around 
38–46 kd molecular weight. Lignin peroxidases are reported for their recalcitrant 
aromatic compounds mineralization capacity such as dyes, polychlorinated biphe-
nyls, PAHs (Krcmar and Ulrich 1998). Oxidation of nonphenolic aromatic lignin 
moieties and similar substances is catalyzed by lignin peroxidase. Lignin peroxi-
dase catalyzes several oxidation reactions in the lignin side chains and related 
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 compounds (Tien and Kirk 1983), and one electron is abstracted to form reactive 
radicals of L form. The mechanism of azo dye oxidation by peroxidases such as LiP 
probably involves the oxidation of the phenolic group to produce a radical at the 
carbon bearing the azo linkages. Some investigators reported the purification and 
characterization of the lignin peroxidase activity from the Aeromonas hydrophila 
for the degradation of Crystal violet (Bharagava et  al. 2018), from Micrococcus 
glutamicus for Green HE4BD (Saratale et al. 2009b) and Lysinibacillus sp RGS for 
Reactive Orange 4 (Saratale et al. 2015) was studied.

Tyrosinase (EC1.14.18.1), also known as monophenol monooxygenase, cata-
lyzes the oxidation of phenol. Moreover, the involvement of tyrosinase in the deg-
radation of Direct Blue-6 by Pseudomonas desmolyticum NCIM 2112 (Kalme et al. 
2007) and disperse dye brown 3REL by a microbial consortium consisting of 
Galactomyces geotrichum MTCC 1360 and Bacillus sp. VUS (Jadhav et al. 2008) 
has been demonstrated. Substrate breakdown by desulfonation and oxidative cleav-
age is carried out in the presence of veratryl alcohol oxidase enzyme. Induction of 
veratryl alcohol oxidase activity during decolorization and degradation of Blue 
HERD was reported by Bedekar et  al. (2014a). Decolorization of textile dyes, 
Direct Blue GLL, Red HE7B, methyl orange, Remazol black, and Red HE3B, 
using a purified form of this enzyme is also reported (Jadhav et al. 2008). Polyphenol 
oxidases oxidize single phenolic ring of amino acid tyrosine to form o-quinone 
hence referred as tyrosinases. Polyphenol oxidase acts as a catalyst for oxidation of 
phenolic compounds to form quinones in the presence of molecular oxygen. 
Polyphenol oxidases have been reported in Streptomyces glaucescens, Streptomyces 
antibioticus, Bacillus licheniformis, Bacillus natto, and Bacillus sphaericus (Echiqo 
and Ristuko 2001) (Figs. 7.1 and 7.2).
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Fig. 7.1 The catalytic cycle of laccases. (Adapted from Wesenberg et al. 2003)
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7.5  Bioreactors Studies for the Treatment of Dye-Containing 
Wastewater

7.5.1  Overview

Wastewater generated from textile industries is highly colored in nature due to the 
presence of dye. Dye-containing wastewater consists of many organic and inorganic 
substances. These substances are very complex in nature. The main contaminants 
present in the dye-containing wastewater include recalcitrant compounds, residuals 
of used dyes, color dyes, surfactants, chlorine compounds, alkalis, acids, amines, 
etc. This dye-containing wastewater has a higher level of biological oxygen demand 
(BOD), chemical oxygen demand (COD), suspended solids, dissolved solids, alka-
linity, and pH and is strongly odorous in nature. The presence of refractory organics 
such as dyes, sizing agents, and dyeing aids provides recalcitrant and less biode-
gradable nature to these wastewaters. Various bioreactors (both aerobic and anaero-
bic) have been configured and designed to treat the dye wastewaters. In this section, 
the bioreactors employed to treat the dye wastewaters both aerobically and anaero-
bically are dealt in detail.

7.5.2  Bioreactors to Treat Dye Wastewaters

Conventional biological treatment systems are not efficiently designed to degrade 
these types of wastewaters since the color and chemicals present in these wastewa-
ters are not efficiently removed. Once they enter the water bodies, they pollute them. 

Fig. 7.2 Catalytic cycle of peroxidases. (Adapted from Wesenberg et al. 2003)
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The biological treatment process for dye wastewaters includes both aerobic and 
anaerobic process. A suitable bioreactor is essential to treat these wastewaters. The 
bioreactors are commonly categorized into two types, namely, aerobic and anaero-
bic reactors. Figure 7.3 shows the various types of aerobic and anaerobic reactors 
and their subdivisions employed to treat dye wastewaters.

7.5.3  Aerobic Bioreactors

Aerobic bioreactors are mainly employed to treat soluble organic matter and nitrog-
enous compounds of dye wastewaters at a high rate. Commercially existing aerobic 
reactors are mainly employed for decolorization, reduction of suspended solids, 
BOD, COD, and other pollutants. In small-scale industries, the aerobic reactors are 
operated as batch, stable volume, and completely mixing bioreactors, since the 
availability of influent is not continuous. To improve the contact of dissolved 
 oxygen, microbial population, and wastewater, a complete mixing is provided in 
aeration compartment. The aerobic bioreactors are mainly classified into the follow-
ing types: suspended growth bioreactors, attached growth bioreactors, rotating 

Fig. 7.3 Flow diagram of various types of bioreactors
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biological contactors, sequencing batch bioreactor, membrane bioreactors, fluid-
ized-bed bioreactors, and packed bed bioreactors.

Suspended growth bioreactors (SGB): The suspended growth bioreactors are 
otherwise called scaled down bioreactors. These reactors have two ports such as an 
inlet for influent access and an outlet for the effluent exit. An aerator is suspended 
within the reactor to provide aeration and a baffle for complete mixing. In these 
types of reactors, the organics are utilized by the bacteria present in the effluent 
(Farhadian et al. 2008). The dispersed bacterial community that is present in the 
biological aeration chambers is utilized by the protozoa and rotifers. The protozoa 
and rotifers serve as predators of bacterial community, and thus the dispersed bac-
teria are segregated. The biomass is completely mixed with the easily biodegradable 
portion of organics. The microbial community agglomerates with each other and 
forms a mass-like community structure called biological flocs. The mass of micro-
bial community along with the wastewater is called as mixed liquor.

Attached growth bioreactors (AGB): Attached growth bioreactors are also called 
as fixed-film bioreactors. These types of reactors have an inert carrier medium for 
the microbial attachment. The wastewater follows a cross flow through the medium, 
and this flow assists the biofilm (biological flocs) to assimilate the fine and colloidal 
soluble organics. The wastewaters and the dissolved oxygen contact with this 
attached biofilm by two ways: by pumping the wastewaters over the inert carrier 
medium and by moving the inert carrier through the wastewaters. In these types of 
reactors, attached growth is provided as suspended growth in the same chamber. In 
case of turbulent flow, channels having higher diameter are used. The attached 
growth biofilm is submerged, and it flows above the surfaces. The submerged 
growth biofilm will develop in the channels. Aeration is supplied by two means: (1) 
direct air injection and (2) by the flow of water into the air-liquid interface. The 
excess attached growth will be settled down, and this must be removed regularly for 
proper maintenance. These reactors have the following advantages: (1) strengthened 
microbial biofilm and (2) the treated wastewaters contain less amount of residual 
solids and BOD.

Rotating biological contactor (RBC): These bioreactors are configured as the 
merge of both suspended and attached growth reactors. In these types of reactors, 
many circular disks are positioned closely and are fixed on a shaft. These disks are 
rolled slowly. Approximately, 35–40% of the disk is suspended in the wastewater, 
and the shaft is positioned above the water surface. This configuration facilitates the 
contact of air and dye wastewaters regularly with that of disk surface during its rota-
tion. Materials such as polystyrene or polyvinyl chloride are often employed as a 
disk. The biofilm develops on the surface of the disk. At the time of the suspension, 
the microbes come in contact with the dye wastewaters. If the disks are configured 
in sequence and sometimes in stages, then an elevated amount of organics can be 
removed (Kapdan and Kargi 2002). Therefore, the organic loading rate decreases 
based on the rate of the reactor. The fixed biofilm utilizes oxygen once it is exposed 
to the air during the rotation of the disk. If an excess of oxygen is absorbed, then it 
is mixed with the wastewater. During this time, the surface of the contactor moves 
backward via the wastewater. Once the size of the disk attached biofilm is increased, 
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then some part of excess growth is settled. This excess biomass must be removed for 
proper maintenance. The reactor tanks are normally sealed to prevent odor prob-
lems. The main advantages of RBC are as follows: (1) the rotating disks provide 
more interfacial space to facilitate the contact between the biofilm and the pollutants 
present in the wastewater, and (2) the presence of mixed microbial population aids 
in the complete biodegradation of dye wastewaters.

7.5.4  Sequencing Batch Reactor (SBR)

These types of reactors are also called as suspended growth activated sludge reac-
tors (Vives et al. 2003). In SBR, sequential processes such as equalization of flow, 
aeration, clearance, and wastage of microbial community are performed in the same 
tank. SBRs are mainly used to treat the dye and recalcitrant compounds present in 
the water. These reactors provide selective pressures which select specific microbes 
that are capable to biodegrade the specific pollutant. Thus, these reactors can be 
used to treat dye wastewaters which are recalcitrant in nature. To prolong the dura-
bility of SBR functioning, the reactor tank should not be entirely drained out; 
instead, some amount of suspended solids should be retained in the bioreactor. The 
solids that are settled can be employed as inoculum for the subsequent rotation. The 
aerobic SBRs are employed for color removal and biodegradation of dye wastewa-
ters such as azo dye-containing wastewater (Sandhya et al. 2005), azo dye, acid red 
(Buitron et  al. 2004), and diazo dyes (Lourenco et  al. 2001). One cycle of SBR 
involves the following four steps:

 (a) Filling – during this stage, 25% of the total cycle time may be utilized. The 
bioreactor is filled with dye wastewater from the primary unit of treatment.

 (b) Reacting – 35% of the total time is utilized for this phase. For complete biodeg-
radation of organics and nitrogen-containing compounds, aeration is provided.

 (c) Settling – 20% of the total time is utilized for this phase. This is the clarification 
phase during which separation of liquid-solid takes place. The introduced air is 
removed to maintain anoxic condition.

 (d) Decanting – 20% of the total time is utilized for this phase. During this phase, 
the treated wastewater (clear supernatant) is removed with the help of weirs. 
The solids which settled in the bottom are segregated.

7.5.5  Membrane Bioreactors (MBR)

Membrane bioreactor (MBR) is the biological reactor that consists of membranes 
which unite both clarification and filtration of activated sludge process into a one- 
stage process. The separation of sludge can be done easily with MBR as the surface 
of the membrane serves as a barrier. During operation, the colloidal particles, bacte-
rial community, and other biomasses retain in the membrane, whereas the treated 
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wastewater moves through the membrane. As a result, the volume of the reactor and 
the sludge generation are highly reduced. These bioreactors can operate sludge con-
centration up to 12,000 mg/L. These reactors are of two types, namely, submerged 
and side stream. In submerged MBR, the reactor vessel has membrane units, air dif-
fusers, and an outlet for sludge exit. The reactor is added with activated sludge. The 
permeable substances can be removed with the help of a pump. The membrane unit 
generates transmembrane pressure. This pressure can be monitored using a sensor. 
The two commonly employed membrane modules in submerged bioreactors are flat 
sheet and hollow fiber membrane module. Compared to flat sheet membranes, hol-
low fiber membranes have less space between them. As a result, a greater density of 
growth can be obtained. On the other hand, it causes clogging problems and makes 
the cleaning difficult (Le-Clech et  al. 2005). The major advantages of membrane 
bioreactors are (1) achievement of greater solid-liquid separation, (2) less energy 
input, (3) ease of operation, (4) pollution-free, (5) solids biodegraded entirely, (6) 
reduced volume of the reactor which increases the loading rate and allows the bio-
mass to develop inside the reactor, and (7) decoupling of solid retention time from 
hydraulic retention time due to retention of biofilm inside the bioreactor.

7.5.6  Fluidized-Bed Reactors (FBR)

These bioreactors can treat larger volumes of dye wastewaters. Wastewaters can be 
fluidized only when the smaller solid particles are suspended in an upward path. In 
FBRs, the microbial community is suspended in the aqueous phase. A permeable 
disk is located at the base of the reactor. This assists uniform flow of wastewaters. 
Aeration is maintained by adequate supply of air at less flow rate below the distribu-
tor plate. When the bed is fluidized, a decrement in pressure is achieved across the 
bed. At the same time, the height of the bed increases with increase in flow. These 
reactors are functioned at high speed with very less biomass loss. The advantages of 
fluidized-bed reactors are as follows: (1) no temperature gradients in the bed as 
there is complete mixing of solids; (2) solids can be separated easily; and (3) greater 
heat transfer rate can be achieved due to vigorous movement of solids.

7.5.7  Packed-Bed Reactors (PBR)

In these reactors, the dye wastewater is introduced at the apex of the clean packed 
bed which serves as an adsorbent. Packed-bed reactors employ single or mixed 
microbial population of bacteria and fungi for decolorization of dye wastewaters. In 
addition to color removal, these reactors are also employed for higher reduction of 
BOD and COD. Solids are initially removed from the adsorbent located at the bot-
tom of the reactor. This zone begins to expand till the tip of the zone touches the 
bottom of reactor. During this breakthrough time, the effluent increases hastily. The 

7 Textile Industry Wastewaters as Major Sources of Environmental Contamination…



152

breakthrough time is defined as the adsorption time at which the effluent concentra-
tion is 10% of the influent concentration (Nidheesh et al. 2012). Intensity of zone, 
rate of adsorption, and capability of adsorption are some of the major factors to be 
taken into account while designing packed-bed reactor (Suresh and Babu 2010). In 
these reactors, transport of solute within the reactor is the critical rate determining 
factor. Various models such as Weber and Morris, Boyd, and Urano-Tachkawa have 
been proposed to determine the adsorption process of these processes (Shaverdi 
2012). In our studies we have studied Proteus vulgaris NCIM-2027 cells immobi-
lized on different polymeric immobilized matrix and Luffa cylindrica (Loofa) on the 
decolorization of individual dye C.I. Reactive Blue 172 and mixture of textile dyes 
and also mineralization performance in terms of total organic carbon (TOC) and 
chemical oxygen demand (COD) reduction at 37 °C and pH 8.0 under static incuba-
tion (Saratale et al. 2012). The results are depicted in Fig. 7.4.

Fig. 7.4 Flow diagram of various types of bioreactors

R. G. Saratale et al.
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7.5.8  Anaerobic Bioreactors

Compared to aerobic treatment, anaerobic treatment of dye wastewater is beneficial 
due to the following advantages: (1) recalcitrant organics and any undesirable sub-
stances can be easily biodegraded, (2) biodegradability of wastewater is greatly 
improved, (3) the removal efficiency of solids is higher, and (4) no requirement of 
oxygen which reduces the cost and energy consumption. The high rate bioreactors 
are mainly employed for treating dye wastewaters. These bioreactors have many 
advantages such as high organic loading rate (OLR), low hydraulic retention time 
(less than 10 h), and requirement of less space. The high-rate anaerobic bioreactors 
are of four types, namely, suspended growth, attached growth, membrane bioreac-
tors, and other bioreactors.

Suspended growth bioreactors: In these types of bioreactors, the anaerobic pro-
cesses are mediated by microbial aggregates (microbial flocs or immobilized gran-
ules). These microbial aggregates treat the dye wastewaters and are retained in 
suspension through suitable mixing processes. These reactors are of two types, 
namely, upflow anaerobic sludge blanket (UASB) bioreactors and anaerobic 
sequencing batch (An-SBR) bioreactors.

Upflow anaerobic sludge blanket (UASB) bioreactors: In UASB bioreactor, 
OLR and HRT are regulated to assist the generation of anaerobic granules (Khanal 
2008). These bioreactors have a reactor tank with separate phases for solid, liquid, 
and gas on its upper portion (Rajesh Banu et al. 2006, 2007a). The substrate (dye 
wastewaters) is introduced and circulated evenly from the base of the bioreactor 
through the influent inlet. These wastewaters are then transported via the reaction 
phase which contains anaerobic granules of about 0.5–2 mm in dia. The granules 
contain numerous microbial populations which include acidogenic, acetogenic, and 
methanogenic microbes (Rajesh Banu and Kaliappa 2007; Rajesh Banu et  al. 
2007b). These  granules enhance the catabolic reactions among the microbes and in 
addition protect the perceptive microbes (methanogenic microbes) from the harm-
ful environment. These granules are shaken regularly in the bed of sludge through 
superficial flow velocity, and as a result, bubble of biogas generates. Once the intro-
duced feed wastewater contacts the granules, anaerobic biodegradation of the 
organics takes place and resulted in the generation of biogas. The generated gas 
bubbles facilitate sufficient mixing by hydraulic instability. This biogas is separated 
through the gas liquid-solid separator. In the apex of the bioreactor, the biogas and 
the treated wastewaters are collected in a separate manner through various outlets. 
The fine-sized particles are settled in the reactor back. The main advantages of 
these reactors are the following: (1) they do not need mechanical mixers, and (2) the 
simplicity of the bioreactor configuration makes the process beneficial and 
cost-effective.

Anaerobic sequencing batch reactors (An-SBR): In these types of bioreactors, 
the operation takes place in four steps. The first step is called filling step. During this 
step, the dyeing wastewater is introduced into the bioreactor. The second step is 
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called reaction step. At this step, the organic matter is removed from the wastewater. 
The third step is called settle step. During this third step, the microbial aggregates 
are detached from the wastewater. The final step is called decant step during which 
the treated wastewater is collected with the maintained biomass in the bioreactor. 
The parameters that influence the performance of the bioreactor include reactor 
configuration, temperature, mixing mode, suspended solids concentration, hydrau-
lic retention time, and organic loading rate. The advantages of these bioreactors 
include (1) excellent flocculation, (2) enhanced solids separation, (3) extended 
retention time, and (4) proficient utilization of organic compounds for methane gen-
eration. In comparison with upflow anaerobic sludge blanket reactors, these An-SBR 
do not need substrate dispersion and gas-solid-liquid separation; hence it is simpler 
in configuration. In case of lower and medium organic loading rates, the operation 
mode of UASB and An- SBR is similar. In case of higher organic loading rates, 
UASB is more efficient than ASBR on the basis of COD removal, biogas genera-
tion, and VFA generation.

Attached growth bioreactors: The attached growth bioreactors are also called 
anaerobic biofilm reactors. In attached growth bioreactors, the microorganisms 
which mediate the treatment process developed by attaching to an inert medium 
such as pebbles, synthetic fillings, etc. The removal solids from substrates and trans-
port of electrons take place among the microbial biofilm structure. The substrate 
reduction rates are mediated by diffusion. These reactors are of two types based on 
the wastewater flow direction (Korsak 2008). They are anaerobic filter bioreactors 
and anaerobic fluidized-bed bioreactors.

Anaerobic filter bioreactors (An-FR): Anaerobic filter bioreactors are packed bed 
bioreactors in which the wastewaters to be treated flow via the fixed-packed biofilm. 
Anaerobic filter bioreactors work under strict anaerobic and swamped conditions in 
which the air won’t contact with the biomass. In these reactors, the dye wastewaters 
flow via a column packed with an inert medium for the biofilm development. These 
reactors efficiently treat wastewater with reduced sludge generation. Based on feed-
ing mode, these reactors are of three types, upflow, downflow, and multi-feed filters. 
In upflow anaerobic filter bioreactors, the wastewater is introduced in an upward 
direction from the bottom of the bioreactor (Rajkumar et al. 2011). In downflow 
anaerobic filter bioreactor, the wastewater is introduced in a downward direction 
from the top of the bioreactor through a packed bed of biofilm adhered to an inert 
medium. In multi-feed anaerobic filter bioreactors, the wastewater is introduced 
through various feed systems of the bioreactors. Ten percent (v/v) of the inoculum 
is usually employed for these reactors to achieve an improved outcome. The OLR 
should be in the range of 1–10 kg COD/m3.d to achieve 75–85% organic removal. 
The HRT should be kept in the range of 18–24 h.

Anaerobic fluidized-bed reactors (An-FBR): In these types of bioreactors, the 
aggregates attach to the carrier inert medium. In these reactors, both fluidization and 
mixing occur. These bioreactors work under high flow velocity of about 10–25 m/h. 
The biofilm bed expansion ranges from 25% to 30% of the volume of settled bed. 
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This reduces the clogging problems and short circuits, upholds more biomass load, 
and works under long sludge retention time. The high upflow velocities make the 
carrier material containing biomass load to move liberally in the bioreactor. An-FBR 
has the following advantage: Good mixing avoids short circuit and development of 
dead zones; therefore it requires minimal space.

7.5.9  Membrane Processes

In membrane processes, the membrane serves as a barrier, and it selectively allows 
only some compounds to move through it. By retaining other materials, the biologi-
cal system performance can be protected. The membrane process avoids biomass 
loss and decreases the concentration of pollutants by pollutant separation.

Anaerobic membrane bioreactor (An-MBR): In anaerobic membrane bioreac-
tors, the anaerobic treatment combined with membrane separation for efficient 
treatment of dye wastewaters. These bioreactors are affected by various parameters 
such as shear force, water flux, mode of operation, temperature, sludge retention 
time, and hydraulic retention time (Rajesh Banu et al. 2011). The other factors that 
should be taken into account are physiochemical characteristics of the sludge and 
also design configuration of membrane modules. The main advantages of anaerobic 
bioreactors are (1) improved biomass retention, (2) improved effluent characteris-
tics, and (3) less sludge generation. These reactors are of two types, namely, side-
stream and submerged membrane bioreactors (Uan et  al. 2009, 2012, 2013). In 
sidestream reactors, the membranes are located in an external loop, whereas in the 
submerged system, the membranes are immersed within the bioreactor. The main 
advantages of the submerged bioreactor are minimal space and energy requirement; 
when compared to sidestream, it does not need energy input for continuous flow 
through the membrane. The main disadvantage of the submerged system is mem-
brane fouling (Judd 2010).

Anaerobic baffled reactor (An-BR): In these types of bioreactors, a sequence of 
perpendicular baffles is fitted in both upflow and downflow compartment. These 
reactors give reliable treatment efficiency for dye wastewaters containing 
 particulate organics. The wastewater to be treated flows through compartments to 
obtain phase separation and improved biodegradation (Manariotis and 
Grigoropoulos 2002). The main advantages of these bioreactors are (1) excellent 
retention of solids and (2) steady performance of bioreactor by enhancing the 
growth conditions of the diverse microbial population (both acidogenic and metha-
nogenic microbes). These advantages can be exploited for dye wastewater treat-
ment under harsh environmental circumstances which are rigorous hydraulic and 
organic load shock, discontinuous feed, temperature alterations and due to recalci-
trant compounds.
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7.6  Toxicity of Dyes and Their Studies

Variety of synthetic dyestuff released by the textile industries poses a threat to the 
environmental safety. It is estimated that 10–15% of the dyes are lost in the effluent 
during the dyeing process (Robinson et al. 2001; Saratale et al. 2011c), and in the 
case of reactive azo dyes, up to 50–75% of the dye is lost during the dyeing process 
which shows negative esthetic effect on the wastewater (Saratale et al. 2010). The 
release of textile and dyehouse effluent may cause abnormal coloration of surface 
waters that creates the problems for both the public and the environment. There are 
not only artistic problems; the greatest environmental concern with the azo dyes is 
their absorption, water quality, and penetration of sunlight which directly affects the 
aquatic flora and fauna. In addition, the human health impact of azo dyes has caused 
concern for a number of years. Recently, some research has been carried out to study 
the effects of dyestuffs and dye-containing effluents on the activity of both aerobic 
and anaerobic bacteria in wastewater treatment systems (Pandey et  al. 2005). 
Furthermore, the occupational exposure to dyestuffs of human workers in dye manu-
facturing and dye utilizing industries has received attention. It was observed that 
purified forms of azo dyes are directly mutagenic and carcinogenic except for some 
azo dyes. The bacterial degradation of azo dyes is carried out with three mechanisms: 
(i) azo dyes that are toxic only after reduction and cleavage of the azo linkage to give 
aromatic amines, mostly via intestinal anaerobic bacteria (the aromatic amines are 
metabolically oxidized to reactive electrophilic species that covalently bind DNA), 
(ii) azo dyes with structures containing free aromatic amine groups that can be meta-
bolically oxidized without azo reduction, and (iii) azo dyes that may be activated via 
direct oxidation of the azo linkage to highly reactive electrophilic diazonium salts. 
Each mechanism may be compound specific; thus azo toxicity is probably caused by 
more than one mechanism. It was observed that the transformed intermediates of azo 
dyes are highly toxic and mutagenic in nature. Obviously, lack of adequate toxicity 
figures of contaminants to cell populations makes bioremediation (e.g., decoloriza-
tion or degradation) unpredictable and unreliable for on-site operation. Toxicity of 
azo dyes and their metabolic intermediates has been investigated by many research-
ers. This toxicity can be studied by assessing genotoxicity, cytotoxicity, phytotoxic-
ity, and microbial toxicity of the sample of before and after bacterial treatment.

7.7  Current Bottlenecks and Challenges for Biological 
Treatment

7.7.1  Removal of Nonbiodegradable Compounds 
and Micropollutants

Biological treatment methods are widely used effective methods for treatment of 
dye wastewaters. Even though these methods are extensively used, they have some 
limitations, bottlenecks, and challenges which have to be addressed. The major 
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problem of dye wastewaters is color and nonbiodegradable substances. There is a 
practical limit to remove COD and BOD removal in biological treatment methods. 
But in case of nonbiodegradable substances, the biological treatment lacks the abil-
ity to treat them. In those circumstances, the biological methods cannot be used as 
a single method. It can be combined with other methods to treat the dye-containing 
wastewater for color removal and removal of nonbiodegradable substances.

Presence of organic micropollutants such as aromatic amines in dye wastewater 
is also a drawback which affects the quality of treated effluent. Removal of micro-
pollutants is also a major problem in biological treatment methods. Even though the 
biological treatment methods are less expensive, current methods are not capable of 
degrading the wide range of micropollutants. Since the recent biological treatment 
methods are developed to treat the pollutants at mg/L, the presence of pollutants at 
ng/L can be treated by designing and configuring new treatment strategies. These 
micropollutants are very difficult to degrade by biological treatment since their 
chemical nature is so diverse. Biological treatment methods are not able to remove 
these pollutants, and as a result, they are detected in treated wastewater. No particu-
lar approaches have been effectively designed to improve removal of micropollutant 
through biological treatment systems. The next phase in the design of biological 
treatment systems should focus on designing and implementing new and novel met-
abolic qualities of microbes or by stimulating the production of enzymes capable of 
removing micropollutants.

7.7.2  Production of Excess Sludge

Production of excess sludge is an important drawback in biological treatment sys-
tems. It is a rising challenge that has to be addressed in an efficient way. Benefits of 
excess sludge reduction can be understood from many strategies such as lysis cryp-
tic growth, uncoupling metabolic traits, and maintenance of metabolic reactions, but 
the cost incurred by these strategies must be taken into account. These are the major 
bottlenecks that still have to be overcome. The issues associated with these strate-
gies have to be solved for their practical implementation such as acclimatization of 
chemical uncouplers and enzyme-secreting microbial population. The ecological 
effect (odor problems, the presence of toxic chemical uncouplers in the treated 
wastewaters) stimulated by the strategies of sludge reduction should be considered.

7.7.3  Microbial Cultures for Dye Decolorization and Biomass 
Loss

Reactive azo dyes are the main constituents in dye wastewaters. They are mainly 
utilized for dyeing cotton. Even though these reactive dyes are easily hydrolyzable 
and get converted into more fractions of unfixed reactive dyes. A 50% of these dyes 
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are present in the treated wastewater. Treatment of these dyes by aerobic treatment 
is possible by using pure cultures of bacteria and fungi. But the process is not eco-
nomically feasible since the isolated culture is dye specific (Sen and Demirer 2003). 
The anaerobic treatment for dye decolorization is considered to be efficient, but its 
main drawback is the addition of external carbon such as glucose to get efficient 
color removal. It is the main issue that should be taken into account while analyzing 
the practical applicability of this process. Anaerobic treatment of dye wastewaters 
needs the united action of the diverse microbial population which possesses differ-
ent metabolic traits. To achieve an effective treatment process, all the sequential 
phases concerned with the decomposition of organics and the microbes mediating 
these processes must work in a coordinated way. Methanogenic microbial popula-
tions have lengthy duplication period up to 30 days. These microbes are recognized 
to be the very sensitive ones, and it mediates process effectiveness. Therefore it is 
essential to protect this microbial population from being washed out during opera-
tion and treatment. Even though many discoveries have been developed to over-
come these issues, still many studies regarding removal of toxic compounds, a 
combination of biological treatments with membrane separation has to be improved 
more. A better understanding of the metabolic reaction of microbial population and 
the interaction of different microbial population is still needed.

7.7.4  Bioreactor Configuration

Even though the anaerobic treatment process is considered to be very effective due 
to its less energy input and bioenergy generation, its application is limited in treat-
ing dye wastewaters because of less substrate concentration which needs further 
investigations and developments. The budding MBR technique with less energy 
generation and improved quality effluent is a promising method to treat dye waste-
waters. In these types of bioreactors, membrane fouling is a serious problem to be 
addressed. To overcome this, anaerobic fluidized membrane bioreactor with granu-
lar activated carbon (GAC) carrier would be efficient to prevent membrane fouling 
and obtaining high biomass retention and removal organics. On the other hand, the 
higher operational and capital cost associated with GAC addition and fluidization of 
these reactors is still need to be considered. Many of the anaerobic treatment sys-
tems are unable to meet the treated effluent release standard. To overcome this limi-
tation, hybrid reactors are essential which unite two anaerobic treatment systems or 
combine anaerobic with aerobic treatment systems (Rajesh Banu et al. 2014). These 
hybrid reactors gained much attention due to its simplicity and reduced sludge gen-
eration. However, scaling of these treatment systems is lacking. Further research 
and development are required for evaluating their operation on large scales and the 
examples are presented in (Table 7.1).
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Abstract Petroleum oil and its product contain various toxic compounds that can be 
regarded as toxic for environment and health. Terrestrial ecosystems contaminated 
by petroleum industry waste are considered to be hazardous due to hydrocarbon 
toxicity. Oil-contaminated soil causes toxicity in microorganism, plants, and ani-
mals. Hence, various approaches (biological, chemical, and physical technologies) 
have been adopted for remediation petroleum-contaminated terrestrial environment. 
Biosurfactants are amphiphilic, heterogeneous metabolites secreted by microorgan-
isms consisting of hydrophilic and hydrophobic moieties, having the ability to man-
age petroleum oil and its product at various environmental conditions. They are 
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highly degradable in soil and water and are low toxic in nature. Hence, the present 
chapter discusses details about biosurfactant and biosurfactant-producing bacteria 
and their role in management of petroleum-contaminated terrestrial ecosystem.

Keywords Terrestrial ecosystems · Petroleum industry waste · Biosurfactant · 
Management · Hazardous

8.1  Introduction

Petroleum industries and refineries convert crude oil into a variety of petroleum 
product through various physical and chemical processes. During these processes, 
they release contaminants that can cause air, water, and soil pollution. Hence, the 
petroleum industries and refineries are regulated based on environmental laws 
(Environmental Update 2003). Petroleum oil and its product contain various toxic 
compounds that can be regarded as hazardous for the environment and health 
(Salanitro et al. 1997; Ekperusi and Aigbodion 2015). Crude oil, diesel, and gaso-
line termed as total petroleum hydrocarbons (TPH) are persistent in nature (Huang 
et al. 2004, 2005; Atlas and Brag 2009; Hussain et al. 2018). Accidental release of 
oil spills in environment and their associated pollution have been reported world-
wide (Van Hamme et al. 2003; Atlas and Hazen 2011). Soil pollution by petroleum 
oil or TPH creates hydrophobic conditions in soil, such as loss of vegetation, infer-
tile soils, and presence of microbial population (Hutchinson et al. 2001; Ramadass 
et al. 2015; Liu et al. 2016; Hussain et al. 2018). Various physical, chemical, and 
biological methods have been used for the management of petroleum-contaminated 
sites, but still there is a search for suitable cost-effective technique (Hussain et al. 
2018). Hence, present chapter demonstrated the strategy of biosurfactant-producing 
bacteria for the management of petroleum industry waste.

8.2  Biological Techniques for the Management  
of Petroleum- Contaminated Soil

8.2.1  Bioventing

In the bioventing process, air is injected into the contaminated media at a rate 
designed to maximize in situ biodegradation and minimize the off-gassing of vola-
tilized contaminants to the atmosphere (Khan et al. 2004). Baker and Moore (2000) 
investigated the optimized performance and effectiveness of in situ bioventing. 
Diele et al. (2002) and Mihopoulos et al. (2002) have reported the numerical models 
and their applications in bioventing system design and their operation. This method 
is more efficient on midrange petroleum products such as diesel, because lighter 
products tend to volatilize quickly and the heavier products generally take long time 
to biodegrade (Khan et al. 2004; Kumar et al. 2015).
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8.2.2  Biopiles

Biopiles are a soil treatment technique employed for petroleum-contaminated soil 
remediation (Khan et  al. 2004). This treatment involves the heaping of contami-
nated soils (petroleum) into piles and then stimulating the aerobic microbial activity 
by aeration and addition of required amount of moisture, nutrients, and minerals 
(Filler et al. 2001; Khan et al. 2004). Biopile has been proven effective in reducing 
the amount of contaminants (petroleum) found at underground storage tank through 
which air passes and has a covering to prevent runoff, evaporation, and volatiliza-
tion (Khan et  al. 2004; Kumar et  al. 2015). This treatment can be accomplished 
within a short span of time.

8.2.3  Land Farming

Land farming is the prominent method for remediation of petroleum-contaminated 
sites (FRTR 1999; Khan et al. 2004). This technique is employed to reduce the con-
centration of petroleum constituents present in soil through process accomplished 
with biological-based remediation (Khan et  al. 2004). This technology usually 
involves the spreading of contaminated soil in a thin layer on the uppermost layer of 
the land up to 1.5 m which to be treated and microorganism along with proper aera-
tion, moisture, and nutrient. Microbes are used for the breakdown of petroleum 
hydrocarbons to increase the efficiency of remediation rate of petroleum- 
contaminated products (Riser-Roberts 1998; USEPA 1998; Hejazi 2002; Khan et al. 
2004; Kumar et al. 2015).

8.2.4  Enzymatic Degradation

Heme-thiolate monooxygenase is a potent degradative enzyme of cytochrome 
P-450 alkane hydroxylases superfamily which specifically degrades petroleum 
hydrocarbon and other related compounds with the help of microorganism (Zimmer 
et al. 1996; Das and Chandran 2011). Further, biodegradation of petroleum hydro-
carbon necessarily requires enzyme system which incorporates oxygen in substrate 
complex, and the enzyme system basically focuses on the carbon content and chain 
length of hydrocarbon pollutant (Das and Chandran 2011). In higher eukaryotes, 
there is diversity of cytochrome P450 and their isoforms specialized for desired 
substrate conversion. Therefore, they have the ability to use n-alkanes and other 
aliphatic hydrocarbon as a source of carbon and energy that regulated by various 
microsomal cytochrome P-450 (Zimmer et al. 1996; Scheuer et al. 1998; Das and 
Chandran 2011).
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8.2.5  Phytoremediation

Phytoremediation is a biological method for rehabilitation of environment by 
employing plants (Raskin 1996; Ndimele 2010). Phytoremediation is a broad term 
that has been use to describe the use of plants to reduce the concentration of con-
taminants in soil and groundwater (McCutcheon and Schnoor 2003; Borjana et al. 
2001; Kumar et  al. 2015). The phytoremediation method adopts various mecha-
nisms to clean up the contaminants. Such mechanisms include (a) phytoextraction, 
(b) phytovolatilization, (c) phytodegradation, (d) rhizodegradation, (e) rhizofiltra-
tion, and (f) phytostabilization (Fig. 8.1). Each of these mechanisms will have an 
effect on the volume, mobility, or toxicity of contaminants, as the application of 
phytoremediation is intended to do (EPA 2000).

8.3  Management of Petroleum-Contaminated Site 
by Biosurfactant-Producing Bacteria

8.3.1  Biosurfactant

Biosurfactants are amphiphilic, heterogeneous, and secondary metabolites produced 
by cell surface of microorganism consisting of hydrophilic and hydrophobic moi-
eties and having the capacity to decrease the surface tensions and interfacial tension 
by gathering two immiscible fluids like water and oil interface (Ilori et al. 2005; 
Mahmound et al. 2008; Muthusamy et al. 2008; Kiran et al. 2009; Obayori et al. 
2009; Das and Chandran 2011). The biosurfactant consists of hydrophobic moiety 
of saturated or unsaturated hydrocarbons or fatty acids and hydrophilic moiety along 
with an acid, peptide cations or anions, and mono-, di-, or polysaccharides. On the 
basis of molecular weight, they are classified into two parts: one is low molecular 
weight biosurfactant, and other one is high molecular weight which is referred as 
bioemulsifiers (Karanth et al. 1999; Mulligan 2005; Kumar et al. 2015; Das et al. 
2016, 2017).

8.3.2  Types of Biosurfactant

Biosurfactants are categorized into high and low molecular weight. The low molec-
ular weight surfactants include lipopeptides, glycolipids, and phospholipids, while 
polymeric and particulate surfactants are included in high molecular weight cate-
gory (Kappeli and Finnerty 1979; Nitschke and Coast 2007) as mentioned below.
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8.3.2.1  Glycolipids

Glycolipids are widely known biosurfactants due to their properties and application. 
They consist of carbohydrate moieties linked to fatty acid moieties. Cellobiose lip-
ids, mannosylerythritol lipids, rhamnolipids, sophorolipids, and trehalose lipids are 
the most popular glycolipids (Alahmad 2015; Mnif and Ghribi 2016).

8.3.2.2  Lipopeptides

Lipopeptides are low molecular weight biosurfactants that consist of a lipid attached 
to a polypeptide chain. Surfactin, lichenysin, iturin, and fengycin are some common 
types of lipopeptides (Wang et al. 2008; Shaligram and Singhal 2010; Meena and 
Kanwar 2015; Kumar et al. 2015).

Phyto-extraction

Phyto-degradation

Phyto-stimulation

Phyto-volatilization

Phyto-stabilization

Rhizo-filtration

Pollutant

Fig. 8.1 Various mechanisms behind remediation of petroleum hydrocarbons by plants
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8.3.2.3  Fatty Acids, Phospholipids, and Neutral Lipids

These types of biosurfactants are produce by both bacteria and yeast (Alahmad 
2015).

8.3.2.4  Polymeric Surfactants

The most studied polymeric biosurfactants are liposan, mannoprotein, emulsan, and 
other polysaccharide-protein complexes (Alahmad 2015).

8.3.3  Properties of a Biosurfactant

The properties of biosurfactants are highly influenced by their molecular mass. 
Biosurfactants with high molecular mass have the ability to stabilize oil water emul-
sions, while a low molecular mass biosurfactant has a great tendency to reduce the 
interfacial and surface tensions (Pacwa-Płociniczak et al. 2011; Geys et al. 2014). 
The biosurfactant activity is generally dependent on the concentration of the surface- 
active compounds till it attends the critical micelle concentration (CMC). In con-
centration above CMC; biosurfactant molecules form bilayers, vesicles, and 
micelles (Whang et al. 2008) (Fig. 8.2). The ability to stabilize emulsion is one the 
important properties of a biosurfactant. Emulsion generally exists in two forms; one 
form is oil in water, whereas the other form is water in oil. Emulsions have less 
stability, but with addition of biosurfactants, the stability of emulsion increases for 
months or years (Velikonja and Kosaric 1993; Santos et al. 2016; Kumar et al. 2015; 
Das et al. 2016, 2017). Biosurfactants can be employed at high temperatures and 
various pH and salt concentrations. They are highly degradable by microorganisms 
in soil and water and are low toxic in nature (Santos et al. 2016).

8.3.4  Management of Petroleum-Contaminated Site 
by Rhamnolipid Biosurfactant-Producing Bacteria

8.3.4.1  Mechanism Behind Ability of the Biosurfactant-Producing 
Bacteria to Remediate Petroleum Hydrocarbon

Nowadays, biosurfactant-assisted remediation of petroleum-contaminated technol-
ogy is gaining interest due to their effective and eco-friendly nature (Pacwa- 
Płociniczak et  al. 2011). Petroleum-contaminated site management efficiency of 
biosurfactant-producing bacteria is generally based on two different mechanisms: 
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firstly, increase of bioavailability of substrate for microorganisms and secondly cell 
surface interaction that enhances the hydrophobicity of the cell surface to get asso-
ciated with the hydrophobic substrates (Mulligan and Gibbs 2004; Pacwa- 
Płociniczak et  al. 2011). Cameotra and Singh (2009) demonstrated the role of 
rhamnolipid biosurfactant synthesized by Pseudomonas aeruginosa in the uptake of 
n-alkane. They explored an exciting mechanism for hydrocarbon uptake through 
hydrocarbons internalization inside the cell. Their proposed mechanism involves 
dispersion of hydrocarbons by biosurfactant into microdroplets and enhances the 
hydrocarbon bioavailability to the bacterial cell surface. Thenceforth, biosurfactant- 
coated hydrocarbon droplets are up taken by the bacterial cell. This process is quite 
similar to pinocytosis process (Fig. 8.3).

Surface
tension

Micelles

CMC Biosurfactant concentration

Biosurfactant molecules

a

b

Aqueous phase (water)

Hydrophobic moiety

Hydrophilic moiety

Fig. 8.2 The relationship between concentration of biosurfactant, surface tension, and formation 
of micelles. (Source: Das et al. 2017)
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8.3.4.2  Rhamnolipid Biosurfactant-Facilitated Remediation of Petroleum 
Hydrocarbon

There are overwhelming reports that state the benefits of employing rhamnolipid 
biosurfactant or rhamnolipid biosurfactant producers in remediation of petroleum 
hydrocarbon (Table 8.1).

Bacterial

Cell

Production     

of 

rhamnolipid 

biosurfactant

Petroleum  Hydrocarbons

Emulsification and formation of 

Micelles that forms biosurfactant 

coated hydrocarbon droplets

Production   

of 

rhamnolipid

biosurfactant

Petroleum Hm ydrrocarbons

Emulsification and formation of

Micelles that forms biosurfactantt 

coated hydrocarbon droplets

Uptake by the 

bacterial cell

Fig. 8.3 Uptake of petroleum hydrocarbon by Pseudomonas sp. with the help of rhamnolipid 
biosurfactant

A. J. Das et al.



177

8.4  Conclusion

The environment pollution due to petroleum oil contamination is increasing day-by- 
day. Various methods are applied, but still there is a requirement of some new novel 
technology. Hence, implication of biosurfactant or biosurfactant production could 
open up a new vista and diminish the ecotoxicological effects due to petroleum 
hydrocarbon.
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Table 8.1 Recent studies on rhamnolipids-assisted bioremediation by increasing bioavailability 
via solubilization

Pollutants Bioremediators
Maximum 
removal (%) References

Polycyclic aromatic 
hydrocarbons

Sphingobacterium sp. 
QPH-3

75.6 Zhu et al. (2013)

Polycyclic aromatic 
hydrocarbons

P. chrysosporium 71.5 Wang et al. (2014)

Petroleum hydrocarbons Burkholderia 
multivorans NG1

87 Mohanty et al. (2013)

Polyaromatic hydrocarbons Indigenous microbes 95 Nikolopoulou et al. 
(2013)

Polyaromatic hydrocarbons Indigenous microbes 90 Sponza and Gök 
(2010)

Crude oil P. aeruginosa DN1 90.52 Ma et al. (2016)
n-alkanes Indigenous microbes 97 Nikolopoulou et al. 

(2013)
Eicosane, pristane, and 
fluoranthene

P. aeruginosa DSVP20 97, 75, 47 Sharma et al. (2015)

Diesel oil Indigenous microbes 100 Wang et al. (2008)
Phenanthrene P. putida ATCC 17484 91 Gottfried et al. (2010)
Phenanthrene P. aeruginosa BP9 92 Bezza and Chirwa 

(2014)
Pyrene Pyrene-degrading 

bacteria
86.4 Jorfi et al. (2014)

Pyrene Mycobacterium gilvum 
VM552

70 Congiu and Ortega-
Calvo (2014)

Atrazine Acinetobacter A6 80 Singh and Cameotra 
(2013)

Anthracene Sphingomonas sp. 12A 52 Cui et al. (2008)
Anthracene Sphingomonas sp. 12B 39 Cui et al. (2008)
Chlorpyrifos Indigenous microbes 82.3 Singh et al (2016)
Hexachlorocyclohexane Sphingomonas sp. 

NM05
95 Manickam et al. 

(2012)
Organochlorine pesticides P. chrysosporium 62.5 Wang et al. (2014)
Triclosan Indigenous microbes 94 Qian et al. (2016)

Adapted and modified from Liu et al. (2017)
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Abstract Pulp and paper mills are considered as core sector industries and are the 
fifth largest contributor to industrial water pollution globally. During the processing 
of lignocellulosic material for paper production, a large quantity of brown/black 
effluent is generated with high BOD, COD, potentially toxic chlorinated  compounds, 
adsorbable organic halides (AOXs), suspended solids, tannins, resin acids, sulfur 
compounds, and lignins. Lignin and chlorinated derivatives (e.g., ligno- sulfonic acid, 
resins, phenols, and hydrocarbons) released during pulping and bleaching operations 
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impart dark color and toxicity to the effluent. The discharge of untreated/partially 
treated effluent into the receiving water bodies results in an increase in BOD/COD, 
slime growth, thermal problems, scum formation, discoloration, loss of aesthetic 
quality, and toxicity to the aquatic life. The toxic chlorinated organic compounds and 
hazardous metals present in wastewater pose serious human health risks through 
long-term exposure via drinking water and/or through consumption of fish that can 
bioaccumulate certain toxic metals from the food chain. Hence, several attempts have 
been made to degrade/detoxify pulp and paper mill wastewater. Keeping in view 
several disadvantages associated with conventional physicochemical treatment meth-
ods, biological methods have drawn the significant attention of the researchers as 
safer and cost-effective technologies for the treatment of pulp and paper mill effluent. 
In aforesaid context, present chapter encompasses the problem of environmental con-
tamination due to pulp and paper mill effluent and its adverse effects on the environ-
ment and human population. It also highlights novel, energy, and cost-effective 
environment-friendly technologies to treat pulp and paper mill effluent.

Keywords Pulp paper mill wastewater · Lignin · Environmental contamination · 
Toxicity profile · Bioremediation · Detoxification

9.1  Introduction

Industries are important for the economic growth of the country; however, these are 
also the major pollution causing commercial establishment as these discharge a 
highly toxic complex wastewater containing organic and inorganic pollutants 
responsible for pollution and toxicity in living beings (Goutam et  al. 2018; 
Bharagava et  al. 2017a; Gautam et  al. 2017; Saxena et  al. 2016; Saxena and 
Bharagava 2015). Among the industries, pulp and paper industries are the important 
commercial sectors. Globally, pulp and paper industries are engaged in the produc-
tion of pulp, paper, paper boards, and different cellulose-based products by using 
wood as a raw material. China, the United States of America, Canada, Finland, 
Sweden, Russia, Japan, and South Korea are leading producers of the pulp and 
paper products. For the production of pulp and paper products, pulp and paper 
industries use wood, fossil fuel, electricity, and water at massive scale. In addition, 
wide spectrums of pollutants are released during manufacturing of pulp and paper 
products causing adverse effects on the natural environment.

Pulp and paper industry releases different solid, liquid, and gaseous pollutants 
into the environment and has been placed under world’s top 6 environment- polluting 
industries (after oil, cement, leather, textile, and steel industries). In Canada, pulp 
and paper is the third largest industrial polluter to water, air, and land, sixth largest 
in the United States. In Canada, pulp and paper industry generated 174,000 tonnes 
of water, air, and land pollutants (5.3%) out of 3.3 million tonnes of pollutants 
released by other industries.

In the United States of America, pulp and paper industry contributed 79,000 tonnes 
of pollutants which were 5% of pollutants released by other industries in 2015. Out 
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of total pollutants released by pulp and paper industry in the United States of 
America, 66% pollutants are released into the air, 24% onto the land, and 10% into 
the aqueous streams.

Pulp and paper production involves three steps: pulping, bleaching, and paper-
making. The wastewater produced during pulping operations is known as black 
liquor which is dark brown in color due to the presence of dissolved lignin and its 
degradation products, resins acids, hemicelluloses, and phenols (Berryman et  al. 
2004). During bleaching of the pulp, highly toxic compounds such as chlorinated 
organic compounds, derivatives of lignin, and hemicellulose and adsorbable organic 
halides (AOXs) are generated. The color of the effluent is persistent dark due to the 
presence of lignin and its derivatives, such as chlorolignin (Prasongsuk et al. 2009). 
Lignin, a complex heteropolymer, consists of phenylpropanoid aryl-C3 units con-
nected with each other via diverse ether and C–C bonds. Lignin binds cellulose fiber 
and covalently linked to hemicelluloses. The ether and C–C bonding present in 
lignin make it unsusceptible toward hydrolytic attack, and therefore, lignin is highly 
resistant to breakdown (Bugg et al. 2011). A large quantity of wastewater is released 
by pulp and paper industries which is a major cause of concern to the scien-
tists (Tewari et al. 2009; Saxena and Bhargava 2016, 2017).

9.2  Pulp and Paper Industry: General Overview

In pulp and paper industry, dark-colored effluent is generated during the process of 
pulping and bleaching. The wastewater released from pulp and paper industry 
adversely affects water bodies as it has high chemical oxygen demand (COD), bio-
chemical oxygen demand (BOD), chlorinated compounds as adsorbable organic 
halides (AOXs), fatty acids, suspended solids, tannins, lignin and its derivatives like 
chlorolignins, resin acids, and compounds of sulfur (Chandra et al. 2007). It has 
been well documented that many of such pollutants are acute and chronic toxicants. 
Genotoxicants like furans and dioxins released from pulp and paper industry con-
taminate aqueous streams and exert aquatic biota and public health negatively 
(Chandra et al. 2009). Stringent environmental regulations, the environmental tox-
icity of pollutants, and increased public awareness have forced pulp and paper 
industry to treat wastewater to the desired limit before its discharge into the environ-
ment (D’Souza et al. 2006). Hence, treatment of pulp and paper mill wastewater is 
required to reduce adverse environmental impacts of the pollutants. For detoxifica-
tion and decolorization, different physicochemical and biotechnological methods 
have been practiced. Physicochemical methods are not environment-friendly and 
economical. Processes like coagulation and precipitation generate a huge amount of 
sludge, which is difficult to dewater. Generally, an extreme pH range is employed 
for optimum treatment, and the pH is required to be readjusted to neutral before 
discharge. Oxidation processes using ozone and hydrogen peroxide are costly and 
un-ecofriendly as they result information of secondary pollutants such as chlori-
nated organics. The membrane filtration techniques generally require pretreatment 
and a large capital investment. Membrane fouling is another drawback of the 
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membrane filtration techniques. Keeping in view several disadvantages associated 
with conventional physicochemical treatment methods, biological methods have 
drawn the significant attention of the researchers as safer and cost-effective tech-
nologies for the treatment of pulp and paper mill effluent (Gupta et al. 2015).

In aforesaid context, present chapter encompasses the problem of environmental 
contamination due to pulp and paper mill effluent and its adverse effects on the 
environment and human population. It also highlights novel, energy, and cost- 
effective environment-friendly technologies to treat pulp and paper mill effluent.

9.3  Pulp and Paper Production: Description of the Process

The paper manufacturing process involves three major steps: pulping, bleaching, 
and finally papermaking (Fig. 9.1).

9.3.1  Different Methods of Pulp Production

9.3.1.1  Mechanical Pulping

In mechanical pulping, the pulp is produced using grindstones embedded with alumi-
num oxide or silicon carbide. The wood is converted into stone pulp using grindstones. 
The pulp is called pressure ground pulp if it is exposed to steam before grinding.

Additives

Finished Paper

Waste Water

Waste Water

Waste WaterPaper Machine

Stock Preparation
Section

Pulp Washing and
Bleaching Section

Pulping Section

Raw material
Preparation section

Alum, Resin Water

 Water

Chemicals Water

Raw Material Water

Fig. 9.1 Typical process of paper manufacturing
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Manufactured grindstones with embedded silicon carbide or aluminum oxide 
can be used to grind small wood logs called “bolts” to make stone pulp (SGW). If 
the wood is steamed prior to grinding, it is known as pressure groundwood pulp 
(PGW). Mechanical pulps are produced for manufacturing of paper products requir-
ing less strength, e.g., paper boards and newsprint.

9.3.1.2  Thermomechanical Pulping

Thermochemical pulping involves processing of chips of the wood by employing 
heat and mechanical refining. In this process bark is removed from the wood and 
wood is converted into small chips. Then, a mechanical force is applied to grind 
the chips for separation of fibers. During this process heat and vapors are  
generated which soften lignin component. The pulp generated in the process is 
cleaned and reprocessed. The pulp obtained using thermochemical pulping is rigid 
and hard.

9.3.1.3  Chemi-thermomechanical Pulping

In this process, wood chips are pretreated with chemicals like sodium hydroxide, 
sodium carbonate, and sodium sulfite before refining under moderate temperature 
and pH. Pulps produced in this process are called chemo-thermomechanical pulps 
(CTMP).

9.3.1.4  Chemical Pulping

In chemical pulping, the pulp is produced by digesting wood chips in large  
vessels by employing chemicals and heat. During the process of digestion of 
wood, heat and the chemicals dissolve lignin, which connects cellulose fibers 
with each other. The kraft process is a potential chemical pulping method,  
followed by pulping.

9.3.1.5  Recycled Pulping

Recycled pulp is produced by removing printing inks from the waste paper during 
recycling of waste paper in a process called deinking. The process of deinking is 
performed using chemicals like sodium sulfate, sodium silicate, and hydrogen per-
oxide. Different types of paper like newsprint, facial tissue, and toilet papers are 
produced using the recycled pulp.
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9.3.1.6  Organosolv Pulping

In organosolv pulping, lignin and hemicelluloses are converted into soluble compo-
nents using organic solvents at a temperature more than 140 °C. The pulping liquid 
is harvested by distillation. Ethanol, methanol, and formic acids are generally 
employed for organosolv pulping.

9.3.1.7  Bleaching

Pulp obtained after pulping of wood chips is bleached in order to produce bright 
paper. Chlorine dioxide, hydrogen peroxide, oxygen, and ozone are used in bleach-
ing operations.

9.3.1.8  Papermaking

In papermaking step, the wood pulp is diluted with 100 times of its weight. The fiber 
liquid is then run through the machine. In the paper machine, water is removed, and 
the papers’ properties are developed. In finishing and coating stages, the paper is 
coated, depending on the desired end product.

9.4  Pulp and Paper Mill Wastewater: Generation

Wastewater is generated in several processes in pulp and paper industry. These pro-
cesses include debarking of the wood/making of the chip, pulping and bleaching 
operations, manufacturing of the paper, and deinking of wastewater. In all the pro-
cesses, different types of pollutants are generated (Tables 9.1 and 9.2). The 

Table 9.1 Major pollutants released from paper and pulp making process

Process stages
Wastewater 
(v)

Pollution 
load Pollutants

Raw material 
preparation

Low Low Suspended solids including bark particles, fiber 
pigments, dirt, grit, BOD and COD

Pulping Low High Color, bark particles, soluble wood materials, 
resin acids, fatty acids, AOX, VOCs, BOD, COD 
and dissolved inorganics

Bleaching High High Dissolved lignin, color, COD, carbohydrate, 
inorganic chlorines, AOX, EOX, VOCs, 
chlorophenols, and halogenated hydrocarbons

Papermaking Depends on 
the extent

Low Particulate wastes, organic and inorganic 
compounds, COD and BOD

Adapted from Ali and Sreekrishnan (2001) and Hossain and Ismail (2015)
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characteristics and volume of the wastewater generated from pulp and paper indus-
try depend on the scale of production, feedstock employed, and technology of paper 
production (Tiku et al. 2007). Soil, dirt, and bark are removed from the raw material 
during preparation of wood which results in the generation of colored wastewater 
containing tannin and resin acids. Cooking of feedstock for production of cellulose 
pulp in kraft pulping processes results in the generation of a large amount of colored 
wastewater containing lignin. Wood pulping operations result in the generation of a 
wide spectrum of toxic pollutants mainly resin acids (namely, sandacopimaric, abi-
etic, isopimaric, dehydroabietic, and neoabietic), unsaturated fatty acids (linoleic 
acid, oleic acid and linolenic acid), chlorinated resin acids, juvaniones, and diter-
pene alcohols (Ali and Sreekrishnan 2001; Vepsäläinen et al. 2011). Lignin gener-
ated during pulping imparts dark color and high COD to the wastewater. Effluent 
generated during pulping also contains chemicals such as soluble silicates (3SiO2 
Na2O), known as water glass (Huuha et al. 2010). Besides aforesaid compounds, 
black liquors released during pulping may contain sodium hydroxide and sodium 
sulfide, which are used to dissolve lignin (Betancur et al. 2009).

The pulp obtained from pulping of the wood is dark colored due to the presence 
of residual lignin which is subjected to bleaching for improvement of its brightness 
using chemicals like chlorine dioxide, hydrogen peroxide, oxygen, and ozone. Use 
of chlorine compounds in bleaching operations results in serious environmental con-
cerns in the forms of ozone depletion. Pollutants like adsorbable organic halogens 

Table 9.2 Pollutants generated during different stages of pulp and paper production

Unit operations pH
COD  
(mg/L)

BOD5 
(mg/L) TSS (mg/L) References

Recycled paper mill 6.2–7.8 3380–4930 1650–2565 1900–3138 Zwain et al. (2013)
Integrated pulp and 
paper mill

6.5 3791 1197 1241 Avsar and Demirer 
(2008)

Paper machine 6.5 1116 641 645 Avsar and Demirer 
(2008)

Bleachinga 8.2 3680 352 950 Kansal et al. (2008)
Pulping process 
operationsb

5.5 9065 2440 1309 Avsar and Demirer 
(2008)

Kraft cooking section 13.5 1669.7 460 40 Wang and Ma 
(2007)

Chemical 
thermomechanical 
pulpingc

7.43 7521 3000 350 Liu et al. (2011)

Wood yard and 
chippingd

7 1275 556 7150 Avsar and Demirer 
(2008)

Thermomechanical 
pulping

4.0–4.2 3343–4250 – 330–510 Qu et al. (2012)

aA combination of chlorination and alkaline extraction stages
bPulping, pulp screening, pulp washing and thickening, bleaching, and kraft repulping
cAlkaline peroxide mechanical pulping (APMP)
dPulpwood storage, debarking, and chipping
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(AOXs), chlorophenols, extractable organic halogens (EOXs), and traces of toxic 
substances such as polychlorinated biphenyls, DDT, and polychlorinated dibenzodi-
oxins (Karrasch et al. 2006) are present in bleach plant effluent. In  addition, chemi-
cals like chlorinated ligno-sulfonic acids, chlorinated resin acids, dioxins, and furans 
are generated during bleaching operations (Ali and Sreekrishnan 2001). Keeping in 
view toxicity and environmental concerns, it is imperative to develop efficient and 
eco-friendly technologies for the pulping and bleaching of the pulp.

9.5  Environmental Contamination and Toxicity

For the production of 1-ton paper, pulp and paper industry produces 150–200 m3 
wastewater characterized by 500–1100  kg chemical oxygen demand (COD)/ton 
paper, 85–370 kg biochemical oxygen demand (BOD)/ton paper, and 90–240 kg 
suspended solids/ton paper (Kumar et al. 2015a, b). Pollutants present in pulp and 
paper mill wastewater have adverse effects on the aquatic and terrestrial environ-
ment. Lignin present in pulp and paper mill wastewater is very difficult to degrade 
due to its peculiar structure (Shankar and Shikha 2012). Lignosulfonates and chlo-
rolignins present in wastewater have been reported to inhibit functions of enzymes, 
toxins, and antibiotics in abiological system (Farstad and Naess 1977; Sponza 2003; 
Kumar et al. 2010). The color of the pulp and paper mill effluent is dark brown 
which deteriorates the aesthetic value of receiving water bodies and reduces pene-
tration of solar radiation in water, thereby affecting the productivity of aquatic 
plants. Chlorinated lignins present in sludge adversely affect the growth of the plant. 
Chlorinated lignins have been reported to inhibit the germination of the wheat.

Chlorophenolics present in pulp and paper mill wastewater have been reported to 
have toxic, carcinogenic, mutagenic, and estrogenic effects (Michałowicz and Duda 
2007). Chlorophenolics interrupt synthesis of ATP and oxidative phosphorylation 
during respiration in aquatic plants and animals. The chlorophenols result in the 
formation of extremely toxic dioxins and furans upon incineration (Veningerová 
et al. 1994; Criado et al. 2004). Chlorophenolics tend to accumulate into sludge and 
soil sediments (de Morais et al. 2012). In addition, they show toxic effects on fish 
(Oikari et al. 1988). In addition, chloroguaiacols show more toxicity in fresh water 
than in marine conditions or in brackish water systems (Renberg et  al. 1980). 
Chlorinated anisoles and veratroles are toxic and cause off flavors in receiving water 
fish and tend to bioaccumulate (Brownlee et al. 1993). Wood extractives have been 
reported to cause adverse effects on aquatic biota (Ali and Sreekrishnan 2001; Ratia 
et al. 2013). Wood sterols like stigmastanol, β-sitosterol, stigmasterol, and campes-
terol (Ayebo et al. 2006) may result in hormonal disruptions in fish. Stigmasterol 
and β-sitosterol have been found to bind with estrogen receptor and disturb the 
reproductive functions in aquatic fish (Tremblay and van der Kraak 1999). Wood 
sterols cause risk to bottom feeding fish as they are hydrophobic and easily adsorbed 
on soil sediments (Rämänen et al. 2010). Fatty acids present in the pulp and paper 
mill wastewater cause toxicity to water salmonoids (Voss and Rapsomatiotis 1985). 
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The growth of the methanogenic bacteria like acetoclastic is inhibited by long-chain 
fatty acids (Ali and Sreekrishnan 2001). Resin acids present in pulp and paper mill 
wastewater may have detrimental effects on plants, humans, and aquatic animals. 
They exert toxicity to fish at a concentration of 200–800 μg/L (Ali and Sreekrishnan 
2001). Resin acids are more toxic at low pH since their water solubility increases 
with increase in the pH. Resin acids result in impairment in liver functions in inver-
tebrates and fish (Ratia et al. 2013). Resin acids bioaccumulate in the bile and liver 
of fish resulting in intense decomposition of red cells and impairment in the metabo-
lism of iron (Kostamo et al. 2004). Resin acids reduce the secretion of reproductive 
hormones and disrupt cell division (Christianson-Heiska et al. 2008).

9.6  Treatment of Pulp and Paper Mill Effluent Wastewater 
Treatment

9.6.1  Physicochemical Methods

Keeping in view quantum of fresh water used in paper industry, environmental, and 
economic concerns and strict environmental regulations, the treatment of pulp and 
paper mill wastewater using safer methods has gained significant importance. 
Generally, physicochemical processes are employed for the treatment of pulp and 
paper mill wastewater. These processes are used during preliminary, primary, or 
tertiary stages of effluent treatment. Physicochemical treatment processes like flota-
tion, sedimentation, adsorption, screening, oxidation, ozonation, coagulation, 
reverse osmosis, electrolysis, the replacement of chlorine by hypochlorite, ultrafil-
tration and nano-filtration technologies, activated carbon, and all phenolic com-
pounds and sorption on hypo and alum sludge are used for the removal of colloidal 
particles, suspended solids, colors, floating matters, and toxic compounds (Dey 
et al. 2013; Sharma et al. 2007; Singh et al. 2011a, b) from pulp and paper mill 
wastewater. Physicochemical processes used for the treatment of pulp and paper 
mill wastewater are not commercially viable and eco-incentive. In addition, recalci-
trant pollutants like lignin and its derivatives are not completely eliminated and 
persist in water in several chemical forms (Singh and Kaur 2015). Coagulation and 
precipitation methods of treatment of wastewater generate voluminous sludge, 
which is very difficult to dewater. Usually, an extreme pH range is needed for opti-
mum treatment of the sludge produced. The pH of the sludge requires being neutral 
before its discharge into the environment. Employment of ozone and hydrogen per-
oxide in processes like oxidation is costly and results in formation of secondary 
pollutants like chlorinated organics. Membrane filtration techniques demand pre-
treatment and huge capital input. In addition, the problem of membrane fouling is 
routine problem encountered during pulp and paper mill effluent treatment. 
Biotechnological methods of treatment of pulp and paper mill wastewater are cheap 
and efficient alternatives to the physicochemical methods.
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9.7  Biological Treatment of Pulp and Paper Mill Wastewater 
(Microbe-Based Bioremediation)

Biological methods of treatment of pulp and paper mill effluent employ microorgan-
isms like bacteria, fungi, algae, and their enzyme system. Biological processes are 
considered more eco-friendly and eco-incentive than physicochemical methods. 
Biological processes significantly reduce toxicity and chemical load of the wastewa-
ter. Bioremediation is an effective waste management technique which employs bio-
logical organisms such as bacteria and plants to detoxify/transform a wide spectrum 
of organic and inorganic pollutants in less toxic and less harmful compounds (Saxena 
et al. 2018; Arora et al. 2014, 2018; Bharagava et al. 2017b, c; Saxena and Bharagava 
2015; Chandra et al. 2015; Singh et al. 2011a, b). It is therefore, bioremediation is 
suggested as a greener approach to eliminate pollutants from effluent of pulp and 
paper industry (Abd El-Rahim and Zaki 2005; Shankar and Shikha, 2011).

9.7.1  Treatment of Pulp and Paper Mill Wastewater Using 
Bacteria

Bacteria have been utilized for the treatment of pulp and paper mill wastewater 
under anaerobic and anaerobic conditions. For the detoxification of biodegradable 
organic pollutants, a combination of aerobic and anaerobic treatment methods is 
more effective (Pokhrel and Viraraghavan 2004).

A large number of bacteria have been explored for the treatment of pulp and 
paper mill wastewater, and some promising bacterial isolates have been success-
fully used at commercial scale (Table 9.3). A lignin peroxidases-producing bacte-
rium Serratia liquefaciens has been employed for the treatment of pulp and paper 
industry effluent. The bacterium was found to reduce 84% chemical oxygen demand 
(COD), 72% color, 61% lignin, and 95% phenolic content (Haq 2017). Abhishek 
et al. (2017) studied bacterial degradation and detoxification of kraft lignin using 
two bacteria Citrobacter freundii and Serratia marcescens. The mixture of bacteria 
resulted in 87% decolorization of kraft lignin (2000 mg/L). The axenic culture of 
Citrobacter freundii and Serratia marcescens decolorized 64, 60% model, and 50, 
55% kraft lignin, respectively, at 34 °C, pH 8.2. The bacterial culture was found to 
reduce 76, 61% total organic content; 80, 67% chemical oxygen demand; and 87, 
65% lignin from model and kraft lignin, respectively (Abhishek et al. 2017). Due to 
high chemical load and color contributing substances, pulp and paper mill effluents 
result serious aquatic and soil pollution. A lignin-degrading bacterium, Serratia liq-
uefaciens, has been reported to significantly reduce 72% color, 58% lignin %, 85% 
COD, and 95% phenol during the incubation period of 144 h at 30 °C, pH 7.6 and 
120 rpm. The outcomes of the study suggested that the bacterium S. liquefaciens is 
a promising candidate for bioremediation of pulp and paper mill effluent (Haq 
2017). In pulp and paper mill effluent, lignin is the main pollutant. Bacterial 
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Table 9.3 Pulp and paper mill wastewater detoxifying microorganisms

Sr. no. Bacteria References

1. Serratia liquefaciens Haq (2017)
2. Citrobacter freundii, Serratia marcescens Abhishek et al. (2017)
3. Brevibacillus sagri Hooda et al. (2015)
4. Bacillus subtilis and Micrococcus luteus Tyagi et al. (2014)
5. Alcaligenes sp., Klebsiella sp., and Cronobacter sp. Kumar et al. (2014)
6. Streptomycetes badius and S. Viridosporous Chandra et al. (2011)
7. Pseudomonas putida and Acinetobacter 

calcoaceticus
Murugesan (2003)

8. Ancylobacter, Methylobacterium Keharia and Madamwar (2003)
9. Bacillus sp. Mishra and Thakur (2010)
10. Pseudomonas stutzeri CL7A Karn et al. (2010)
11. Bacillus sp. and Serratia marcescens

12. Bacillus cereus (ITRC-S6) and Serratia marcescens 
(ITRC-S7)

Chandra et al. (2009)

Fungi
1. Phanerochaete chrysosporium, Tinctoria borbonica, 

and Trametes versicolor
Fukuzumi et al. (1977)

2. Aspergillus niger Dashtban et al. (2010)
3. Trichoderma spp. Kamali and Khodaparast (2015)
4. Schizophyllum sp. Dashtban et al. (2010)
5. Tinctoria borbonica Abd El-Rahim and Zaki (2005)
6. P. chrysosporium Singhal et al. (2005)
7. P. chrysosporium, T. versicolor, P. ostreatus  

and L. edodes
Wu et al. (2005)

8. Emericella nidulans and Aspergillus nidulans Singhal and Thakur (2009) 
9. P. ostreatus and Pleurotus sajor-caju Belém et al. (2008)
10. T. versicolor Pendroza et al. (2007)
11. Pleurotus sajorcaju, Trametes versicolor and 

Phanerochaete chrysosporium, Rhizopus oryzae
Freitas (2009)

12. Phanerochaete chrysosporium Sharari et al. (2011)
13. Gliocladium virens Kamali and Khodaparast (2015)
14. Fibrodontia sp. RCK783S Kreetachat et al. (2016)
15. Paecilomyces sp. Chuphal et al. (2005)
16. Pleurotus sajorcaju, Trametes versicolor, 

Phanerochaete chrysosporium, Rhizopus oryzae
Rocha-Santos et al. (2010)

17. Planococcus sp. TRC1 Priyadarshinee et al. (2017)
18. Pleurotus ostreatus Kannan et al. (1990)
19. Peniophora sp. (NFCCI-2131) Shankar and Shikha (2012)
20. Heterobasidium sp. Daniel et al. (1998)
21. Fusarium sp. Abedin and Taha (2008)
Algae
1. Chlorella sp. Min et al. (2011)
2. Scenedesmus sp.

(continued)
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enzymes, due to their stability at extreme environmental conditions, play a very 
crucial role in the degradation of lignin. The treatment of pulp and paper mill efflu-
ent by a bacterium, Brevibacillus agri, isolated from sludge has been carried out 
under batch and semicontinuous conditions (Hooda et al. 2015). Results revealed 
that the bacterium reduces 69% COD, 37% lignin and adsorbable organic halides, 
and 19% color under batch study. The bacterium was found to reduce 40% AOX, 
30% lignin, 37% color, and 62% COD under semicontinuous reactor study. The 
results of the study substantiated that the bacterium can significantly reduce the 
chemical load of the pulp and paper mill wastewater.

Bacteria like Bacillus subtilis and Micrococcus luteus have been found to reduce 
BOD up to 87% and COD up to 94.7% and lignin up to 97% during the incubation 
period of 9 days. Both the strains were found to reduce pH of the effluent up to 7 
and improve dissolved oxygen from 0.8 to 6.8 mg/l (Tyagi et al. 2014). Bacterial 
consortium (Alcaligenes sp., Klebsiella sp., and Cronobacter sp.) was employed for 
the treatment of pulp and paper mill wastewater in a sequential batch reactor by 
Kumar et al. (2014). The consortium was found to reduce COD and BOD of the 
effluent by 72.3% and 91.1%, respectively. Substantial reduction in adsorbable 
organic halides (45%), color (55%), total dissolved solids (22%), and total sus-
pended solids (86%) was observed during the period of 14 h. Some bacterial strains 
have been reported to degrade lignin derivatives produced during pulping opera-
tions (Chandra et al. 2011; Chandra and Bharagava 2013). The color of the kraft 
mill effluent has been successfully reduced by 26–54% by Pseudomonas aerugi-
nosa under anaerobic conditions (Ramsay and Nguyen 2002). Bacterial strains 
Streptomycetes badius and S. viridosporous have been found to utilize commercial 
kraft lignin as a sole carbon source as characterized by amino acid analysis, FTIR, 
and EDX spectroscopy (Chandra et al. 2011). Two bacterial strains Pseudomonas 
putida and Acinetobacter calcoaceticus have been found to reduce 70–80% lignin 
and COD during the incubation period of 8 days (Murugesan 2003). Bacterium, 
Ancylobacter, and Methylobacterium have been found to reduce AOX in the effluent 
from kraft mill (Keharia and Madamwar 2003). Mixed consortia of aerobic and 
anaerobic bacteria including E. coli, Bacillus spp., Pseudomonas, Arthrobacter, 
Sphingomonas, Alcaligenes eutrophus, Flavobacterium spp., Mortierella isabella, 
Zooglea, and Chaetomium cochliolidae have been reported to degrade resin acids 
(Tiku et al. 2010; Raj et al. 2014). Mishra and Thakur (2010) isolated alkalotolerant 
Bacillus sp. from rom sludge of pulp and paper mill wastewater and assessed the 

Table 9.3 (continued)

Sr. no. Bacteria References

3. Chlorococcum sp. Sethunathan et al. (2004)
4. Selenastrum capricornutum Arbib et al. (2014)
5. Microcystis spp. Iyovo et al. (2010) and Sharma 

et al. (2014)
6. Chlamydomonas sp. Sharma et al. (2014) and 

Chandra and Singh (2012)
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effluent detoxification efficiency of the bacterium by Taguchi approach. The results 
showed that the color and lignin content of the effluent was reduced by 25–69% and 
28–53%, respectively (Mishra and Thakur 2010). Karn et al. (2010) isolated a bac-
terium Pseudomonas stutzeri CL7A from the secondary sludge of the pulp and 
paper mill effluent. The bacterium was found to use pentachlorophenol as a sole 
carbon source. The bacterium mineralized high concentration (600 mg/L) of penta-
chlorophenol and resulted in 66.8% removal of pentachlorophenol from the sludge 
of pulp and paper mill wastewater during the incubation period of 2 weeks. The 
results obtained from the study suggested that the bacterium Pseudomonas stutzeri 
CL7A can be effectively used for the removal of pentachlorophenol from pulp and 
paper mill wastewater (Karn et  al. 2010). Chandra et  al. (2009) employed two 
pentachlorophenol- degrading bacterial strains Bacillus cereus (ITRC-S6) and 
Serratia marcescens (ITRC-S7) for the detoxification of pulp and paper mill efflu-
ent. The bacterial strains were found to reduce PCP (85–90%), lignin (30–42%), 
BOD (40–70%), COD (50–60%), total phenol (32–40%), and color (45–52%), dur-
ing the incubation period of 168 h. Increase cell biomass in response to the addition 
of co-substrate resulted in the liberation of a substantial amount of chloride due to 
bacterial dechlorination of chlorolignins and chlorophenols leading to a reduction in 
color, lignin, and toxicity in the effluent.

9.7.1.1  Factors Affecting Treatment of Pulp and Paper Mill Wastewater

The detoxification and reduction of chemical load of the pulp and paper mill waste-
water by bacteria depend on several factors like pH, size of inoculum, carbon source, 
the speed of agitation, and operating mechanism of removal of color. It has been 
reported that the decolorization of pulp and paper mill wastewater is generally car-
ried out at acidic pH range. At acidic pH negatively charge lignin derivatives and 
bacterial cells precipitate due to increased protonation thereby leading to a reduc-
tion in color. At elevated pH the intensity of color increases (Tiku et  al. 2010). 
Carbon source plays a very crucial role in bioremediation of pulp and paper mill 
effluent by bacteria. Glucose and sucrose have been reported as optimum sources of 
carbon which result in 20–25% more removal of color by bacteria (Tiku et al. 2010). 
The optimum decolorization of pulp and paper mill wastewater has been reported at 
150 rpm. The optimum size of inoculum for treatment of pulp and paper mill waste-
water has been reported to 7.5% (Singhal and Thakur 2009). 

9.7.2  Treatment with Microalgae

Microalgae are a heterogeneous group of heterotrophic and photosynthetic unicel-
lular microorganisms containing chlorophyll and other photosynthetic pigments. 
Microalgae consist of a group of single-celled eukaryotic organisms (red, brown, 
and green algae). Microalgae are present in all aquatic ecosystems and perform 
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fixation and cycling of nutrients. The bioremediation potential of microalgae is 
based on their natural existence and degradation of pollutants present in water eco-
system. Microalgae have been successfully employed for the treatment of domestic 
wastewater (Olguin 2012) (Table  9.3). Since then they have been used for the 
removal of different pollutants from the wastewater. Algal species Microcystis has 
been reported to decolorize bleach kraft mill wastewater (Iyovo et al. 2010; Sharma 
et al. 2014). During the period of 2 months of incubation, the pure and mixed cul-
ture of algae was found to reduce the color of the effluent up to 70%. The extent was 
decolorization was intense during initial 15–20 days. Algal metabolism resulted in 
the transformation of color containing molecules to colorless compounds with lim-
ited degradation and assimilation (Chandra and Singh 2012). Under continuous 
lighting conditions, a mixed culture of algae containing Chlamydomonas, 
Microcystis, and Chlorella was employed to remove adsorbable organic halides and 
color. The algae were found to remove 70% AOX and 80% color of the wastewater 
during the incubation period of 30 days. It has been reported by several authors on 
the basis of analysis of alkaline extraction of the biomass of algae that the algal 
metabolism is responsible for the removal of the color of the wastewater (Sharma 
et al. 2014; Chandra and Singh 2012).

9.7.3  Remediation with Fungi

For the treatment of pulp and paper mill effluent, fungal treatment has drawn the 
significant attention of the researchers. Fungi are promising biological agents for 
detoxification of pulp and paper mill wastewater as they secrete different lignino-
lytic enzymes (Table 9.3). Fungi secrete extracellular enzymes and can survive in 
effluent and sludge with high chemical load (Kamali and Khodaparast 2015). White-
rot fungi are the best lignin degraders and are only microbes which completely 
mineralize lignin into water and carbon dioxide. White-rot fungi have been reported 
to degrade and decolorize bleach plant effluent at commercial scale. The application 
of these fungi has been proven to be technically viable in airlift reactors, trickling 
filters, and fluidized bed reactors used for the treatment of wastewater (Prouty 1990).

In order to find out promising fungi for treatment of pulp and paper mill effluent, 
several researchers have isolated and screened fungi from diverse environmental 
sources. Fukuzumi et al. (1977) reported the application of white-rot fungi in the 
treatment of pulp and paper mill effluent for the first time. The fungi were cultivated 
in under liquid medium under submerged culture condition containing spent liquor 
from alkali extraction, vitamins, and nutrients.

Among the different fungi explored, Tinctoporia sp. was found to produce best 
results. Ligninolytic fungus Phanerochaete chrysosporium, Tinctoria borbonica, 
and Trametes versicolor have been widely reported to degrade lignin effectively 
along with carbohydrates. Fungus Aspergillus niger and Trichoderma spp. have 
been reported to degrade lignin and decolorize wastewater originating from hard-
wood pulp bleaching (Dashtban et al. 2010; Kamali and Khodaparast 2015). The 
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white-rot fungus Schizophyllum commune effectively decolorizes bagasse-based 
pulp and paper mill wastewater. It also results in the degradation of lignin and sig-
nificant reduction of BOD and COD in presence of suitable carbon source like 
sucrose (Dashtban et al. 2010). Abd El-Rahim and Zaki (2005) reported that the 
fungus Tinctoria borbonica results in 90–99% decolorization of kraft waste liquor 
to a light yellow color during the incubation period of 4 days. The white-rot fungus 
P. chrysosporium was used for the decolorization of pulp and paper mill effluent by 
Singhal et al. (2005). The authors reported that the color, pH, lignin, COD, and total 
phenols of the wastewater were significantly reduced. The optimum decolorization 
was found at pH 5.5.

The lignin-degrading efficiency of some white-rot fungi like P. chrysosporium, 
T. versicolor, P. ostreatus, and L. edodes was investigated by Wu et al. (2005). The 
researchers cultivated fungi individually on porous plastic media to study the detox-
ification of black liquor. The fungi were found to degrade lignin by 71% and reduce 
COD by 48%. It was observed that all the nutritional parameters, viz., carbon 
source, nitrogen source, pH, and trace elements, significantly affected the decolor-
ization of the effluent and the reduction of the COD. The immobilization of fungal 
consortium was carried out for the first time by Malaviya and Rathore (2007) for the 
treatment of pulp and paper mill wastewater. The two basidiomycetes fungi Merulius 
aureus syn and Phlebia sp. and a deuteromycetous fungus Fusarium sambucinum 
Fuckel MTCC 3788 were immobilized on nylon mesh. The consortium was used for 
the treatment of pulp and paper mill effluent in a continuously aerated benchtop 
bioreactor. The results of the study revealed that the consortium reduced the color, 
lignin, and COD of the effluent in the order of 78.6%, 79.0%, and 89.4%, respec-
tively, during the incubation period of 4 days. During initial 24 h of treatment, a 
major reduction in electrical conductivity, total dissolved solids, and salinity of the 
effluent was observed. Singhal and Thakur (2009) studied bioremediation potential 
of Aspergillus nidulans and Emericella nidulans by employing Taguchi method. 
The fungus was found to decolorize effluent by 31% and reduce lignin by 37%. The 
optimum pH and temperature for improved decolorization were found between 6–5 
and 30–35 °C, respectively. White-rot fungi P. ostreatus and Pleurotus sajor-caju 
were tested for degradation of organic matter and removal of color from kraft pulp 
mill effluent by an activated sludge process by Belém et al. (2008). During the incu-
bation period of 14 days, 57 and 76% reduction in absorbance of the effluent was 
resulted by both the fungus, respectively, at 460 nm. Both the fungi were found to 
reduce COD by 67% during the incubation period of 14 days. Wheat bran broth and 
100 polyurethane foam were used to study the decolorization of pulp and paper mill 
wastewater at lab scale using fungus T. versicolor under submerged culture condi-
tions by Pendroza et al. (2007).

The culture of the fungus was incubated for 9 days at 25 °C. The fungus resulted 
in substantial reductions in chlorophenols and 82% reduction in COD and color of 
the effluent. Three white-rot fungi (Pleurotus sajor-caju, Trametes versicolor, and 
Phanerochaete chrysosporium) and one soft-rot fungus (Rhizopus oryzae) species 
confirmed their potential for future applications in the biological treatment of efflu-
ents derived from the secondary treatment of a bleached kraft pulp mill processing 
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Eucalyptus globulus. During the incubation period of 10 days, 25–46 and 72–74% 
reduction in absorbance of the effluent was obtained. The fungi resulted in 74–81% 
reduction in COD (Freitas 2009). Sharari et  al. (2011) used Phanerochaete 
 chrysosporium for the treatment of bagasse mill wastewater under submerged cul-
ture conditions. During the incubation period of 9 days, 98.5% reduction in BOD 
and 98.7% reduction in COD were observed. The fungus reduced re in COD and 
total dissolved solids from 3950 to 575 mg L−1 and color from 560 to 111 mg L−1 
PtCo. White-rot fungus Gliocladium virens grows naturally as a soil saprophyte and 
has been used for bioremediation of pulp and paper mill effluents. The fungus grows 
very well in the effluent and has been found to result in 42% decolorization fol-
lowed by a reduction in lignin (52%), cellulose (75%), and BOD (65%) (Kamali 
and Khodaparast 2015). White-rot fungus Coriolus versicolor has also been tested 
by several researchers as a promising candidate for bioremediation of pulp and 
paper mill wastewater. The fungus Coriolus versicolor secretes oxidoreductase 
enzyme which results in degradation of lignin via one electron oxidation. The stud-
ies have shown that the fungus removes 60% of the color of the pulp and paper mill 
effluent within 6  days of incubation (Kamali and Khodaparast 2015). Another 
white-rot fungus Trametes versicolor has been studied for its capability to decolor-
ize pulp and paper mill wastewater and has been found to decolorize the effluent by 
34% during the incubation period of 3 days in presence of glucose as a co-substrate 
and urea as source of nitrogen (Kamali and Khodaparast 2015). Kreetachat et al. 
(2016) studied the decolorization of pulp and paper mill effluents by employing 
white-rot fungus Fibrodontia sp. RCK783S. The experiments were carried out min-
imal broth medium. The fungus was found to remove color and total organic content 
by 61.58% and 48.32%, respectively, during the incubation period of 5 days. Lignin-
degrading enzyme laccase was responsible for the reduction of color and chemical 
load of the effluent.

9.7.3.1  Factors Affecting Decolorization of Pulp and Paper Mill 
Wastewater by Fungi

Different factors pH, temperature, dilution of the effluent, size of the inoculum, 
concentration of nutrients, and dissolved oxygen affect the process of decoloriza-
tion and detoxification of pulp and paper mill effluent. Decolorization of pulp and 
paper mill wastewater by fungi involves a series of complex reactions catalyzed by 
fungal enzymes. The incorporation of mineral solution into media facilitates the 
growth and metabolism of fungi as well as the decolorization of the effluent. Fungi 
generally carry out decolorization of the wastewater under different pH (4–9) and 
incubation temperature ranging from 27 to 32 °C. However, the optimum pH and 
temperature for the maximum decolorization are 5 and 27 °C, respectively (Bajpai 
1999). Fungi prefer aerobic conditions for decolorization of the effluent. Among 
different carbon sources, glucose has been documented as an optimum source of 
carbon required during decolorization of wastewater by fungi. High concentration 
of nitrogen levels has an inhibitory effect on the process of the biodegradation of 
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lignin and derivatives. Nitrogen-scarce conditions or an abundant supply of nitrogen 
has no significant effect on the rate of decolorization (Bajpai 1999).

The high concentration of the effluent affects the growth of the fungi. Maximum 
decolorization of the effluent has been reported when the effluent was diluted by 
20% (Zhang et al. 1999). Color removal of pulp and paper mill effluent is propor-
tional to the size of the inoculum. Optimum decolorization of pulp and paper mill 
effluent has been found with the size of the inoculum ranging from 7.5% to 15% 
(Eaton et al. 1980; Singhal and Thakur 2009).

9.8  Enzymatic Treatment of Pulp and Paper Mill 
Wastewater

In recent years, several microorganisms have been investigated for the treatment of 
colored wastewater from pulp and paper industries. The feasibility of treatment pro-
cesses using microorganism as a whole cell depends on adaptability and activity of 
the microorganism selected since the pollutants present in pulp and paper mill efflu-
ent are toxic in nature and may have a detrimental effect on growth and survival of 
the microorganism during the treatment process. A microbial culture-based treat-
ment methods require long incubation time for the treatment of wastewater 
(Murugesan et  al. 2009; Shankar and Shikha 2011). Under such circumstances, 
enzymatic remediation of wastewater using isolated enzyme has drawn the signifi-
cant attention of the researchers and suggested as potential alternatives to conven-
tional methods of the treatment of the wastewater. In these methods cell-free enzyme 
is used to treat wastewater. Enzymatic treatment involves chemical processes based 
on the activity of biological catalysts. Thus at present, treatment of pulp and paper 
mill wastewater using microbial enzymes due to its availability and potential decol-
orization ability against a wide variety of pollutants gaining popularity day by day. 
Different inligninolytic and ligninolytic enzyme systems have been reported to 
degrade lignin. Ligninolytic enzyme system of white-rot fungi effectively degrades 
lignin. This system comprised of three principal enzymes laccase, manganese per-
oxidase (MnP), and lignin peroxidase (LiP) (Table 9.4).

Forss et al. (1979) investigated the role of fungal laccase in the treatment of pulp 
and paper mill effluent. Under aerobic conditions, the reaction mixture containing 
laccase and pulp bleaching wastewater was treated at pH 4.8 for 1 h followed by 
flocculation with aluminum sulfate. The enzyme was found to substantially reduce 
the catechols, phenols, guaiacols, and vanillins present in wastewater. Direct 
removal of chlorophenolic compounds present in pulp and paper mill wastewater 
using laccases from Trametes versicolor was studied by Roy-Arcand and Archibald 
(1991). It was observed that laccases, secreted by T. versicolor, resulted partial 
elimination of chlorophenols. Horseradish peroxidases (HRP) from Phanerochaete 
chrysosporium have been found to degrade chlorophenolics like tetrachloro 
 guaiacol, pentachlorophenol, 4,5-dichloroguaicol, 4,5,6-trichloroguaicol, and 
2,4,6- trichlorophenol. Dezotti et al. (1995) immobilized lignin peroxidase from the 
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fungus Chrysonilia sitophila on activated silica for the removal of color from 
 extraction stage effluent.

Immobilized HRP enzyme brought down COD of the effluent by 73% and color 
by 12%. Ferrer et al. (1991) reported that immobilized lignin peroxidase decolor-
izes kraft effluent. Ullah et al. (2000) employed purified laccase from the fungus 
Coriolus versicolor for the removal of pentachlorophenol (PCP) from water at pH 
5. Laccase resulted in 60% removal of pentachlorophenol during the treatment 
time of 72  h. The study demonstrated potential application in remediation of 
wastewater containing pentachlorophenol. A carbon-based mesoporous magnetic 
composite was fabricated to immobilize laccase for the treatment of effluent con-
taining phenols and p-chlorophenol. Immobilized laccase was found to remove 
78% and 8% phenol p-chlorophenol, respectively, during the contact time of 1 h 
(Liu et al. 2011).

9.9  Biotechnological Processes Reducing Chemical Load 
in Wastewater

Chemical load in pulp and paper mill wastewater can be significantly minimized 
by using green processes like bio-depitching, biopulping, biobleaching, bio- 
deinking, etc.

Table 9.4 Ligninolytic enzymes of white-rot fungi

Enzyme Cofactor Substrate and mediator Reaction

Aryl-alcohol oxidase 
(AAO)

– Aromatic alcohols 
(anisyl, veratryl alcohol)

Aromatic alcohols oxidized to 
aldehydes; H2O2 production

Glyoxal oxidase 
(GLOX)

– Glyoxal, methyl glyoxal Glyoxal oxidized to glyoxal acid; 
H2O2 production

Laccase O2 Phenols, mediators, e.g., 
hydroxybenzotriazole or 
ABTS

Phenols are oxidized to phenoxyl 
radicals; other reactions in the 
presence of mediators

Lignin peroxidase 
(LiP)

H2O2 Veratryl alcohol Aromatic ring oxidized to cation 
radical

Manganese peroxidase 
(MnP)

H2O2 Mn, organic acids as 
chelators, thiols, 
unsaturated fatty acids

Mn(II) oxidized to Mn(III); 
chelated Mn(III) oxidizes 
phenolic compounds to/phenoxyl 
radicals; other reactions in the 
presence of additional compounds

Other H2O2- producing 
enzymes

– Many organic 
compounds

O2 reduced to H2O2

Versatile peroxidase 
(VP)

H2O2 Mn, veratryl alcohol, 
compounds similar to 
LiP and MnP

Mn(II) oxidized to Mn(III), 
oxidation of phenolic and 
nonphenolic compounds, and dyes
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9.9.1  Bio-depitching

During the production of papers, lipophilic extractives like fatty alcohols, resin 
acids, sterols, and terpenoids (conjugated sterols, triglycerides, and waxes) are gen-
erated. Effluent generated during the process contains resin acids like abietic, dehy-
droabietic and isopimaric, and pimaric acids extractives which are toxic to human 
health and ecosystem (Bajpai 1999). Use of microorganism is suggested as a greener 
approach to control pitch problem and can be a potential alternative to conventional 
treatment.

9.9.2  Biopulping

Pulping of wood can be performed by treating plant wood with white-rot fungi. 
White-rot fungi are known to degrade lignin constituent of wood with the help of 
ligninolytic enzyme system. Fungal pretreatment of wood chips prior to mechanical 
pulping reduces energy consumption, pitch content, and a chemical load of the 
effluent (Singh et al. 2010).

9.9.3  Biobleaching

Bleaching operations in paper industry generation of large amounts of toxic chlori-
nated organic compounds in the effluent. Chlorine compounds are harmful to the 
ozone layer. Biobleaching has emerged as one of the promising technologies which 
have the capacity to reduce the use of chlorine compounds. In addition, biobleach-
ing is energy and cost incentive technology (Shankar et al. 2015). Fungal enzymes 
like laccases and xylanases have bleaching properties and can be utilized as bio-
bleaching agents for making brighter paper.

9.9.4  Bio-deinking

Deinking is the industrial process of removing printing ink from paper fibers of 
recycled paper to make deinked pulp. The key in the deinking process is the ability 
to detach ink from the fibers. This is achieved by a combination of mechanical 
action and chemical means. At present, deinking is carried out using large amount 
deinking chemicals like NaOH, Na2SiO3, Na2CO3, H2O2, chelating agent, and sur-
factants (Bajpai 2012). Use of a large amount of chemicals makes the process costly 
and environmentally damaging. Treatment of toxic effluent characterized by high 
COD values needs costly wastewater treatment (Zhang et al. 2008). Keeping in view 
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disadvantages of chemical deinking, the development of an alternative method for 
deinking is necessitated. Enzymatic deinking as a potentially efficient solution is 
proposed as an alternative to the chemical deinking (Ibarra et al. 2012). Over the 
past few years, enzymatic deinking, as a cost-effective and eco-friendly technology, 
has attracted a great deal of attention of the researchers (Pathak et al. 2014).

9.10  Conclusions and Future Perspectives

Different physicochemical methods used for the treatment of pulp and paper mill 
effluent are costly and un-ecofriendly. Biotechnological methods offer better alter-
natives to physicochemical methods. Among different biological methods, fungi 
and their enzyme system-based methods are promising technologies to treat pulp 
and paper mill effluent. However, there is a need to explore novel hyper secretary 
fungal strains and optimize physicochemical conditions favoring maximum decol-
orization and detoxification of pulp and paper mill effluent. Utilization of spent 
fungal biomass in preparation of active fungal biomass is expected to reduce the 
cost of the treatment process. Fungal decolorization and detoxification of pulp and 
paper mill wastewater is anaerobic process. For improved detoxification, the use of 
oxygen should be promoted as ideal gas for fluidization instead of air. Use of oxy-
gen during fungal treatment increases the concentration of ligninolytic enzymes in 
the medium. A detailed study pertaining to the possible mode of action of lignino-
lytic enzymes during structural changes at the molecular level in lignin and its 
derivative compounds present in the effluent is of utmost importance. Pretreatment 
of pulp and paper mill wastewater with fungi can be carried out before bacterial 
treatment to increase organic chlorine and chlorolignins with high molecular weight. 
Pretreatment of wood can be carried out as a substitute for processes of internal 
modification (oxygen bleaching, high-level chlorine dioxide substitution and modi-
fied cooking, etc.) and traditional biological treatment.
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Abstract The advent of the industrial revolution has boosted human and techno-
logical development, but at a price. Contaminants have been increasingly accumu-
lating across wider areas scattered around the world, making pollution a major 
planetary issue. Among these pollutants, those related to industrial waste are per-
haps the most threatening due to their broad variety and capacity to migrate through 
the air, water, and soil, enter the food chain, and cause a deleterious impact on life 
and the environment. Finding solutions to deter industrial pollution has thus become 
the need of the hour. However, conventional techniques have often proven unwork-
able due to their cost and harmful collateral effects to the environment. In this light, 
a plant-based technique with the capacity to stabilize, extract, and/or degrade pol-
lutants known as phytoremediation, has emerged as a promising alternative due to 
its inexpensiveness and environment-friendly character. Here, we review the latest 
advances on phytoremediation of sites afflicted by industrial pollution and outline 
the future scope of this green technique.

Keywords Contaminated soil · Phytostabilization · Phytoextraction · Metals · 
E-waste · Sludge · Tailings

10.1  Introduction

Soil contamination is a global environmental concern due to its negative impact on 
the environment, human health, soil fertility, and socioeconomic balance. Around 
the world, about 52 million hectares, representing more than 16% of Earth’s total 
area, are affected by soil contamination to some extent. In Europe alone, there are 
approximately 2.5 million contaminated sites, whose annual management costs are 
equivalent to 6.5 billion euros, as estimated by the European Environment Agency 
(2015). In the United States, more than 530,000 contaminated sites and about 
9.3  million hectares are being tracked by the Environmental Protection Agency 
(2013). Yet, conventional techniques for the remediation of contaminated soils 
(such as vitrification, soil incineration, excavation and landfilling, soil washing, 
among others) are often impractical, financially infeasible, and environmentally 
damaging (Prasad and Freitas 2003; Kushwaha et al. 2016).

In this backdrop, a plant-based technology known as phytoremediation has 
gained great visibility as an inexpensive and environment-friendly alternative to 
mitigate soil pollution (Bharagava et al. 2017; Saxena and Bharagava 2017; Chandra 
et al. 2015). Phytoremediation can be divided into different categories according 
to the type of pollutant or mitigation process (Table 10.1). The hyperaccumulation 
of metals was first reported in the 1970s (Jaffré et  al. 1976) and refers to the 
 phenomenon through which some plants (usually metallophytes) uptake and accu-
mulate elements to concentrations that are one to three orders of magnitude greater 
than those measured in the shoots of other plants sharing the same environment 
(Padmavathiamma and Li 2007). Accordingly, lower limits have been proposed  
for the levels of the most common metals in the aboveground tissue. Furthermore, 
in order to classify as a hyperaccumulator, a plant must not only present shoot 
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 concentrations of a given metal above the stipulated threshold but also have grown 
in natural field conditions (van der Ent et al. 2013).

To assess the plant’s ability to uptake and accumulate contaminants, two param-
eters are often used: the bioconcentration factor (BF) and the translocation factor 
(TF). The former addresses the plants aptitude to uptake and accumulate the con-
taminant, while the latter hints at the plant’s ability to transfer the contaminant from 
the root to the shoot. Both parameters can be computed through the following 
formulae:
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where Cp is the concentration of the whole plant, Cs is the concentration in soil 
(preferably bioavailable), Ca is the concentration in the aboveground plant tissue, 
and Cr is the concentration in the root (Novo et al. 2018).

In this chapter, we review some of the most recent literature about phytoremedia-
tion of soil polluted by the main types of industrial waste (Fig. 10.1).

10.2  Phytoremediation of Mining Waste

Is it estimated that approximately 0.4 × 106 km2 of land are globally disturbed by 
mining activities (Hooke and Martín-Duque 2012). Mining wastes can be typically 
divided into two groups: (1) waste rock generated during the extraction process that 
does not contain ore minerals, metals, coal, or mineral fuels, or their concentration 
is subeconomic (sterile tailings), and (2) processing wastes produced during the 
beneficiation or mineral treatment, which may include tailings, sludge, and 

Table 10.1 List of soil-related phytoremediation processes

Phytoremediation process Description

Phytoextraction Uptake and accumulation of pollutants in the plant aerial parts
Phytostabilization Reduction of the pollutants mobility in the rhizospheric region by 

plant roots, bacteria, and amendments
Phytodegradation Enzymatic degradation of organic pollutants in the plant tissue
Phytostimulation or 
rhizodegradation

Enhancement of the rhizospheric bacteria activity to promote the 
degradation of organic pollutants

Phytovolatilization Uptake of contaminants from soil, followed by their 
transformation and release to the atmosphere

Phytodesalination Removal of salts from saline soils via halophytic plants

Adapted from Prasad and Freitas (2003), Padmavathiamma and Li (2007), and Ali et al. (2013)
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wastewater from the processing of minerals, coal, and mineral fuel (Lottermoser 
2010). Moreover, there is great concern about the release of acid mine drainage 
(AMD) to surrounding soils. AMD results from the oxidation, and weathering of 
sulfide ore sand poses a significant threat due to its capacity to pronouncedly 
decrease pH and mobilize metals through the soil and into groundwater (Alcolea 
et al. 2012).

Anawar et al. (2011) investigated the tailings of São Domingos Mine in Portugal 
to evaluate the environmental risks and assess the potential of its native plant spe-
cies for phytoremediation. Even if low pH and high levels of As, Ag, Cr, Hg, Sn, Sb, 
Fe, and Zn were found in the tailings, the authors identified several indigenous plant 
species that managed to normally grow and develop. Hence, due to their tolerance 
to the hostile mining environment of São Domingos and their ability to revegetate 
its tailings, the species Erica australis, Cistus ladanifer, Lavandula luisierra, 
Daphne gnidium, Rumex induratus, Juncus sp., and Genista hirsutus were selected 
as promising candidates for phytostabilization.

Testiat et al. (2013) studied an area in Marseille (France), where a lead smelting 
unit operated between 1851 and 1921. The authors evaluated soil metal contamina-
tion at the site and chose two native plant species (Globularia alypum and 
Rosmarinus officinalis) to determine their ability for phytoremediation. The results 
showed that the soil was heavily contaminated, with concentrations of As, Pb, and 
Sb ranging between 0.01 and 7.0 g kg−1, 0.58 and 130 g kg−1, and 0.03 and 9.03 g 

Fig. 10.1 Main types of soil-polluting industrial waste
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kg−1, respectively. Furthermore, unusual levels of Cu and Zn were also found, with 
the uppermost values reaching 7.9 and 65 g kg−1, respectively. Metal levels in plant 
tissue of G. alypum varied between 0.001 and 0.38 g kg−1 in root and 0.001–0.18 g 
kg−1 in shoot for As, 0.007–0.088 g kg−1 in root and 0.006–0.011 g kg−1 in shoot for 
Cu, 0.020–2.64 g kg−1 in root and 0.014–1.35 g kg−1 in shoot for Pb, and 0.024–
0.77 g kg−1 in root and 0.030–1.023 g kg−1 in shoot for Zn. Concerning R. officina-
lis, metal concentrations oscillated between 0.002 and 0.029  g kg−1 in root and 
0.0008–0.033  g kg−1 in shoot for As, 0.0001–0.041  g kg−1 in root and 0.0001–
0.017 g kg−1 in shoot for Cu, 0.038–1.15 g kg−1 in root and 0.0002–0.153 g kg−1 in 
shoot for Pb, and 0.015–0.98 g kg−1 in root and 0.027–0.115 g kg−1 in shoot for Zn. 
Due to low translocation and bioconcentration factor values (<1), G. alypum and R. 
officinalis are not suitable for phytoextraction. Still, their remarkable adaptation to 
the severe conditions of the site suggests that both species could be instrumental for 
its reclamation through phytostabilization.

A study was conducted in Chenzhou City (China), to evaluate the accumulation 
of metals and polycyclic aromatic hydrocarbons (PAHs) in surface soil and 18 wild 
plant species in the vicinity of mining industry facilities (Sun et al. 2014). Samples 
were collected in the proximity of a coke power station, smelting factories, and a 
coal mining site. The main products of the ore smelter are Pb, Zn, Cu, Au, and Ag, 
while the surface coal mining is focused on bituminous coal. The highest soil metal 
levels were found near the smelting units, with mean values of 251, 34.9, 851, 2315, 
and 4610 mg kg−1 for As, Cd, Cu, Zn, and Pb, respectively. The authors pointed out 
that the elevated concentrations of metals were likely related to the transport and 
deposition of volatile particles and aerosols from stack emission or the fugitive 
emissions. At the coal mining site, the high soil concentrations of As (127 mg kg−1) 
were probably linked with the emission of unburnt As-holding coal particles during 
the different coal processing steps. In relation to the PAHs, the measurements of the 
16 different compounds showed that the sum of their concentrations ranged from 
0.215 mg kg−1 (smelting site) to 32.47 mg kg−1 (coke power station). Comparisons 
with background values showed that metal concentrations in plants sampled at the 
coal mining site were normal for Cd, Cu, Pb, and Zn and relatively high for As 
(reaching a maximum of 381 mgkg−1). Plants from the smelting area presented ele-
vated concentrations of As, Cd, Cu, Pb, and Zn, with topmost results of 1276, 34.8, 
1187, 4430, and 6565 mg kg−1, respectively. These results were aligned with the 
metal levels found at the corresponding soils, denoting the bioindication potential of 
the plants. Maximum PAHs concentrations in plants reached 1.49 mg kg−1 on Pteris 
vittata at the coke power station, 0.980 mg kg−1 on Stipa bungeana at the smelting 
site, and 1.22 mg kg−1 on P. vittata at the coal mining point. The analysis of the 
plants’ ability to tolerate and accumulate metals and PAHs, including their biocon-
centration factors and correlations between contaminant types, suggests the suit-
ability of P. vittata and Pteris cretica for the joint remediation of As and PAHs; 
Boehmeria nivea for the simultaneous mitigation of Pb, As, and PAHs; and 
Miscanthus floridulus for the concurrent alleviation of Cu and PAHs pollution.

Ruiz Olivares et al. (2013) carried out a study in mine tailings in the arid region 
of Zimapan (Hidalgo State, Mexico), to appraise the potential of Ricinus communis 
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for phytoremediation of metal-polluted sites. Samples from tailings and plants were 
collected at three different locations presenting high concentrations of Cu, Zn, Mn, 
Pb, and Cd, due to mining activities that started in 1632, including nearly 40 smelt-
ers that have been operating in the region since 1940. The selected sampling points 
were three sterile mine tailings heaps and an abandoned cultivated area, naturally 
colonized by R. communis plants. While Ni levels were relatively normal (35–89 mg 
kg−1), the range of concentrations for Cu (80–1248 mg kg−1), Zn (727–15,227 mg 
kg−1), Mn (136–1655 mg kg−1), Pb (426–3883 mg kg−1), and Cd (17–92 mg kg−1) 
were very high. Overall, low concentrations of these metals were recorded at the 
shoots of the plant samples. Still, the high root metal levels, generally low transloca-
tion factor values, and the noteworthy mycorrhizal activity that usually promotes 
metal sequestration in the rhizospheric region highlighted the aptitude of R. com-
munis for phytostabilization of metal-contaminated soils.

Yildirim and Sasmaz (2017) collected plant samples from soils contaminated 
with Ag, As, and Pb at the Gümüsköy mining district (Kütahya, Turkey). The authors 
assessed metal levels in soil and in 11 native species including Anchusa arvensis, 
Alyssum saxatile, Onosma sp., Cynoglossum officinale, Phlomis sp., Carduus 
nutans, Glaucium flavum, Centaurea cyanus, Isatis sp., Verbascum thapsus, and 
Silene compacta. Average metal levels in soils, roots, and aboveground tissue of the 
selected plants were, respectively, 35.93, 10.19, and 11.51  mg kg−1 (Ag); 4771, 
2320, and 1340 mg kg−1 (As); and 4180, 1424, and 1050 mg kg−1 (Pb). The combi-
nation of the metal accumulation results with the bioconcentration and translocation 
factor values indicates that the selected plant species could play a relevant role in 
phytostabilization processes.

10.3  Phytoremediation of Industrial Sludge

Sludge is a semisolid residue generated during wastewater treatment processes. 
Current biological and physicochemical wastewater treatments produce a large 
amount of sludge that, after processing, is often disposed in land due to its rich 
content in nitrogen, phosphorus, and organic matter (Zhang et al. 2017). Yet, indus-
trial sludge resulting from the wastewater of metal plating, wood processing, inor-
ganic pigments, petroleum refining, and tanneries, to name but a few, raises serious 
concerns because of its elevated metal concentrations (Barakat 2011; Zhang et al. 
2017). Sludge related to these units frequently exhibits high levels of cadmium, 
chromium, copper, lead, and mercury, which are particularly detrimental to human 
life and the environment. Unfortunately, in developing countries the disposal of 
industrial sludge on uncultivated lands is relatively common, posing a major risk to 
surrounding communities (Wu et al. 2015).

Luhach and Chaudhry (2012) carried out an experiment to test the potential of 
Jatropha curcas to attenuate metal pollution in soils polluted with sludge from a 
petroleum refinery in Haryana, India. The pot experiment employed six different 
levels of refinery sludge contamination (10, 20, 30 40, 50, and 60%), by mixing the 
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latter with unpolluted agricultural soil. Soil metal levels in the 10% and 60% treat-
ments varied between 1.2 and 5.8 mg kg−1 (Cr), 4 and 20 mg kg−1 (Cu), 0.08 and 
0.48 mg kg−1 (Cd), and 9.5 and 45 mg kg−1 (Ni). Although these soil metal ranges 
are not excessively high in comparison with other literature reports involving indus-
trial sludge, promising results were obtained. J. curcas endured the toxic effects of 
all treatments and displayed removal rates above 50% for all elements in the 10, 20, 
and 30% treatments.

A greenhouse trial investigated the capacity of Justicia gendarussa to reclaim 
soils polluted with metals from textile sludge (Majid et al. 2012). The study used six 
combinations of soil and sludge: 100% soil (control), 80% sludge +20% soil, 60% 
sludge +40% soil, 40% sludge +60% soil, 20% sludge +80% soil, and 100% sludge. 
The concentration of metals in soil varied from 0.46 (control) to 24.16 mg kg−1 
(100% sludge) for Cu, 7020 (control) to 13693 mg kg−1 (100% sludge) for Al, and 
9.83 (control) to 53.40 mg kg−1 (100% sludge) for Zn. Regardless of the soil sludge 
content, elemental analysis of the plant tissue revealed low accumulation for all 
metals, both in root and shoot. Consequently, the bioconcentration factor was also 
low for all elements (<1). Nevertheless, the plant’s biomass yield did not show signs 
of major decline, even when grown in 100% sludge. These results favor the use of 
J. gendarussa for phytostabilization of sludge-contaminated soils.

Hassani et al. (2015) examined metal levels in soils and plants from an area con-
taminated by the acidic sludge of the Eshtehard industrial zone in Iran. The concen-
trations of metals in soil collected at the selected sampling points fluctuated between 
169.2 and 556.7 mg kg−1 for Cr, 644.3 and 2341.3 mg kg−1 for Zn, 11.8 and 88.2 mg 
kg−1 for Cd, 119 and 1425.4 mg kg−1 for Pb, and 89.2 and 1522.4 mg kg−1 for Ni. 
Striking accumulation results were observed on Stipa hohenackeriana, which 
exhibited concentrations in shoots of 150 mg kg−1 for Cd, 596.2 mg kg−1 for Cr, and 
1967 mg kg−1 for Pb. Accordingly, this species showed bioconcentration and trans-
location factor values of 3.41 and 1.13 (Cd), 2.51 and 1.36 (Cr), and 1.25 and 1.26 
(Pb). In addition, other species also presented remarkable metal levels in their 
shoots, such as Papaver piptostigma (351.5 mg kg−1 for Cr and 3648 mg kg−1 for 
Zn), Achillea tenuifolia (2585 mg kg−1 for Pb and 199.8 mg kg−1 for Cd), Bromus 
tectorum (195.9 mg kg−1 for Cd and 4760 mg kg−1 for Zn), Pteropyrum aucheri 
(8634 mg kg−1 for Zn and 3393 mg kg−1 for Pb), Nonnea persica (3228 mg kg−1 for 
Zn), and Peganum harmala (7510 mg kg−1 for Ni and 2830 mg kg−1 for Pb). Taking 
into consideration the nature and results of this study, as well as the most recent 
literature (van der Ent et al. 2013), the following species display hyperaccumulation 
behavior: S. hohenackeriana (Cd, Cr, and Pb), P. piptostigma (Cr and Zn), A. tenui-
folia (Pb and Cd), Bromus tectorum (Cd and Zn), P. aucheri (Zn and Pb), N. persica 
(Zn), and P. harmala (Ni and Pb). Thus, these species may constitute outstanding 
candidates for the phytoextraction of metal-polluted soils.

Chandra and Kumar (2017) collected sludge and plant samples at a site subjected 
to disposal of post-methanated distillery sludge in Uttar Pradesh, India. The  analysis 
showed that in addition to organic pollutants, the sludge contained different metals, 
like Fe (2403 mg kg−1), Zn (210 mg kg−1), Mn (126 mg kg−1), Cu (73.62 mg kg−1), 
Cr (21.825 mg kg−1), Pb (16.33 mg kg−1), and Ni (13.425 mg kg−1). The authors 
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screened 15 plant species growing on the site, including Datura stramonium, 
Achyranthes sp., Kalanchoe pinnata, Trichosanthes dioica, Parthenium hysteropho-
rus, Cannabis sativa, Amaranthus spinosus L., Croton bonplandianum, Solanum 
nigrum, Ricinus communis, Saccharum munja, Basella alba, Setaria viridis, 
Chenopodium álbum, and Blumea lacera.  In general, all species presented low 
metal concentrations in roots and shoots. Nonetheless, the ability of these plants to 
thrive in the harsh sludge environment, suggests that they may be useful for 
phytostabilization.

10.4  Phytoremediation of Radioactive Waste

Radioactivity can be defined as the process through which an unstable atomic 
nucleus with a surplus of energy and/or mass spontaneously decays by emitting 
radiation in the form of electromagnetic waves (gamma rays) or streams of alpha, 
beta, or neutron particles (Lottermoser 2010; Smičiklas and Šljivić-Ivanović 2016). 
Radioactive pollutants are among the most dangerous hazards due to their long half- 
lives and deleterious effects on life and the environment. Even if in concentrations 
that do not pose a direct risk to human health, radioactive pollutants in soil can still 
reduce agricultural productivity and/or enter the food chain (UNSCEAR 2016; 
Smičiklas and Šljivić-Ivanović 2016; Urushadze and Manakhov 2017). Main 
sources of soil radioactive pollution include nuclear weapons testing, nuclear power 
plants accidents, and the nuclear fuel cycle – from the extraction stage to disposal 
(Hooda 2010; UNSCEAR 2016; Smičiklas and Šljivić-Ivanović 2016).

Fuhrmann et al. (2002) carried out a field experiment to examine the capability 
of three plant species to uptake 137Cs and 90Sr from the soil of the hazardous waste 
management facility at the Brookhaven National Laboratory (USA). The plants, 
Amaranthus retroflexus, Brassica juncea, and Phaseolus acutifolius, were planted in 
a series of spatially randomized plots, in soil featuring an average activity of 0.06 kBq 
kg−1 for 90Sr and 11.8 kBq kg−1 for 137Cs. The bioconcentration factors for 137Cs in A. 
retroflexus, B. juncea, and P. acutifolius were 2.58, 0.46, and 0.17, respectively, 
while for 90Sr, significant increments were found: 6.5, 8.2, and 15.2, respectively. 
The highest levels of both radionuclides were measured on A. retroflexus, which 
also presented a linear relationship between the concentrations of 137Cs in plant tis-
sue and soil – denoting its suitability for the bioindication of this isotope. In light of 
these results, the authors have estimated that A. retroflexus would take 7 and 18 years 
for the removal of 50% of 90Sr and 137Cs, respectively, from the soil.

Wang et al. (2012) reported the uptake of 133Cs and 88Sr by Raphanus sativus fol-
lowing an outdoor pot study. Soil from the garden center of the Southwest University 
of Science and Technology at Mianyang (China) was spiked with 133CsCl and 88Sr 
(NO3)2, to obtain six different concentrations of both radionuclides in soil: 0, 2.5, 5, 
10, 20, and 40 mg kg−1. The results showed that the plant’s capability to accumulate 
88Sr was higher than that observed for 133Cs. Shoot concentrations of 133Cs and 88Sr 
ranged from 4.64 to 43.62 mg kg−1 and from 75.72 to 133.54 mg kg−1, respectively, 
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between the 2.5 and 40 mg kg−1 treatments. Moreover, the translocation factor for 
88Sr was greater than 1 on all treatments. The authors concluded that R. sativus pres-
ents potential for phytoextraction of 88Sr.

A field study was conducted at a uranium mill tailings impoundment in South 
China to assess the uptake of 226Ra by the native vegetation (Hu et al. 2014). A total 
of 80 species, from which the majority belonged to the Poaceae and Asteraceae 
families, were screened. The authors noted that the stability of the vegetation com-
munities was negatively influenced by increasing levels of 226Ra activity in the soil, 
which varied between 7.32 and 29.52 kBq kg−1 in the selected sampling sites. The 
highest activity of the radionuclide was found in Pteris multifida with 150.6 kBq 
kg−1 (ash weight basis) and bioconcentration factor of 9.13, Pteridium aquilinum 
with 122.2 kBq kg−1 (ash weight basis) and bioconcentration factor of 7.41, and 
Dryopteris scottii with 105.7 kBq kg−1 (ash weight basis) and bioconcentration fac-
tor of 6.41. Moreover, these species were abundant in the sampling sites with the 
highest 226Ra activity (29.52, 26.62, and 24.68 kBq kg−1). Hence, P. multifida, P. 
aquilinum, and D. scottii are promising prospects for the phytoextraction of 226Ra.

Stojanović et al. (2012) investigated the potential of tobacco plants (Nicotiana 
tabacum) to accumulate uranium. The experiment was conducted in situ at the 
Kalna-Gabrovnica uranium mine in southeast Serbia. Two cultivars of tobacco 
(Virginian and Burley) were planted on tailings containing an average of 15.3 mg U 
kg−1 and allowed to grow between late May and September. The results showed that 
maximum values of U in leaves were 4.18 and 3.50 mg kg−1, for the Burley and 
Virginian varieties, respectively. Even though further research is necessary, these 
findings suggest that tobacco plants may be an advantageous tool to remove U from 
the soil.

10.5  Phytoremediation of Fly Ash

Coal fly ash, an industrial by-product, is mainly derived from coal combustion in 
thermal power plants. Fly ash contains a considerable amount of elements such as 
As, Cr, Pb, Ni, Ba, Sr, V, and Zn, and therefore constitutes an important threat for 
the environment and human health (Nordberg et al. 2009; Kabata-Pendias 2011). 
Moreover, coal fly ash may also carry radionuclides like 222Ru, 238U, 226Ra, 232Th, 
and 40K. Soil pollution with fly ash occurs through the atmospheric deposition of 
particles with an average size of <20 μm and low to medium bulk density (0.54–
0.86 g cm−3), high surface area (300–500 m2 kg−1), and light texture. The majority 
of ashes are alkaline, although pH values may vary between 1.2 and 12.5 (Yao et al. 
2015).

Pandey (2013) examined the suitability of Ricinus communis to phytoremediate 
fly ash disposal sites. The author collected plant samples from a nonpolluted refer-
ence site and fly ash polluted site under the influence of the Feroze Gandhi Unchahar 
Thermal Power Plant in Unchahar, India. The levels of Ni, Cu, Zn, Cd, and Pb of the 
reference area were 32.29, 25.63, 122.54, 15.18, and 10.77 mg kg−1, while those of 
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the fly ash polluted area were 132.65, 41.13, 91.68, 36.29, and 34.33  mg kg−1, 
respectively. Analysis of plant tissue showed that in spite of the low shoot metal 
concentrations (which implied translocation factor values smaller than 1), the bio-
concentration factor was greater than 1 for all elements. Furthermore, the capacity 
of R. communis to naturally grow on this fly ash-contaminated environment makes 
it a potential contender for phytostabilization of soils presenting the same 
characteristics.

Krgović et al. (2015) determined the levels of a wide range of metals in Erigeron 
canadensis growing on the fly ash landfill of the Kolubara power plant in Serbia. 
The total metal contents of the fly ash samples were 5100, 40.6, 200.8, 0.30, 7.17, 
44.39, 29.48, 8679, 35.07, 12.96, and 19.04 mg kg−1 for Al, As, Ba, Cd, Co, Cr, Cu, 
Fe, Ni, Pb, and Zn, respectively. Concentrations of these metals were mostly low in 
the plant’s roots and shoots. Cd and Zn were the only elements for which the values 
of the bioconcentration and translocation factors were higher than 1. Considering 
these results and its dominance in vegetation cover and abundance, E. canadensis 
could be a good solution for phytostabilization of fly ash-contaminated sites.

Ghosh et al. (2015) carried out a pot experiment to test the ability of vetiver grass 
(Vetiveria zizanioides) to phytoremediate fly ash-contaminated soil. Vetiver is well- 
known for its capacity to endure harsh environments and control soil erosion due to a 
large root system (Chiu et al. 2005; Zhang et al. 2014). Fly ash was collected from the 
dumpsite of the Kolaghat Thermal Power Station in West Bengal, India, and used to 
prepare four different treatments according to the fly ash content: control (garden 
soil), 25%, 50%, and 100% fly ash. Metal concentrations in fly ash samples were 
28.90 mg kg−1 (Zn), 23.39 mg kg−1 (Pb), 16.29 mg kg−1 (Cu), 14.06 mg kg−1 (Ni), 
0.91 mg kg−1 (Cd), and 0.51 mg kg−1 (As). The analysis of metal content in plant tis-
sue has shown low accumulation of all elements, particularly in the shoots where 
values were often below the detection limits. Additional assays showed that the geno-
toxicity of fly ash declined during the 18-month trial. Therefore, the authors high-
lighted the usefulness of vetiver not only to photostabilize fly ash by restricting 
contaminants in the large root system but also to reduce its genotoxic potential. 
Moreover, the plant can also be safely grazed by animals due to its low metal content 
in the aerial parts.

10.6  Phytoremediation of E-waste

The last few decades have seen an exponential growth in the production of elec-
tronic equipment and gadgets like televisions, refrigerators, washing machines, air 
conditioners, microcomputers, printers, video game consoles, and mobile phones, 
to list a few. Altogether, they constitute the main sources of the so-called E-waste 
and waste electrical and electronic equipment (Robinson 2009; Zeng et al. 2017). 
These products often encompass components such as circuit boards, fluorescent 
tubes, cathode ray tube, light-sensitive resistors, corrosion alloys, batteries, monitor 
glass, switches, and flat-screen monitors, which contain a large number of organic 
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and inorganic contaminants. The former include polybrominated diphenyl ethers 
(PBDEs), polychlorinated biphenyls (PCBs), dioxins, furans, polycyclic aromatic 
hydrocarbons (PAHs), polyhalogenated aromatic hydrocarbons (PHAHs), and 
hydrogen chloride. Inorganic pollutants may comprise up to 60 metals including Pb, 
Sb, Hg, Cd, Ni, Cr, Cu, Zn, Hg, and platinum group elements, among others, that 
often leach to soils due to inadequate disposal of raw or processed E-waste in land-
fills (Robinson 2009; Bhattacharya and Khare 2016; Kumar et al. 2017).

Ye et al. (2014) investigated the combination of vetiver grass and soil washing 
with tea saponin in a peanut oil-water solvent system to reclaim an E-waste polluted 
site. The soil, collected at an abandoned E-waste disposal plant in the old district of 
Jiangnan County (Nanjing City, China), presented both organic and inorganic con-
tamination. The analyses found 198.3 mg kg−1 (total organic pollutants), 12.9 mg 
kg−1 (PBDEs), 33.3 mg kg−1 (PCBs), 152.1 mg kg−1 (PAHs), 350.6 mg kg−1 (Pb), 
and 220.3 mg kg−1 (Ni). While two initial washings with the 5.0 mL L−1 peanut oil 
and 5.0 g L−1 tea saponin extracted 94.6%, 97.1%, 95.1%, 83.5%, and 87.1% of 
PBDEs, PCBs, PAHs, Pb, and Ni, respectively, the cultivation of vetiver during 
4 months helped degrading the residual PBDEs, PCBs, and PAHs, by 45.1%, 36.2%, 
and 40.2%, accordingly. Moreover, the authors have also reported that vetiver was 
able to diminish Pb and Ni in soil by 4.1% and 2.0%, respectively. These results 
suggest that under the adopted strategy, vetiver may have reduced soil E-waste con-
tamination through phytoextraction, phytodegradation, rhizodegradation, and 
phytostabilization.

Luo et al. (2015) carried out a field study to determine the potential of Eucalyptus 
globulus to phytoremediate Cd-polluted soil in site subjected to nearly 30 years of 
E-waste disposal (Southeast Guangdong Province, China). The concentrations of 
Cd in soil varied from 0.42 to 1.17 mg kg−1 (average of 0.67 mg kg−1), exceeding the 
environmental quality parameters established in Chinese legislation. Seedlings of E. 
globulus were planted in 2010 and allowed to grow for 3 years. Samples collected 
in the summer of 2013 presented Cd concentrations of 3.85 and 0.41 mg kg−1 in the 
roots and shoots, respectively. The corresponding values of the bioconcentration 
and translocation factors were 5.75 and 0.11. These findings hint that this species 
may be suitable for phytostabilization.

A pot study employing soil from the abovementioned site in Guangdong Province 
(China) has provided new insights about the potential of E. globulus for 
 phytoremediation (Luo et al. 2017). The authors chose a multi-technique approach 
to evaluate the individual and combined effects of a chelating agent (ethylenediami-
netetraacetic acid, EDTA), direct current electric fields (2, 4, and 10 V), and foliar 
application of a phytohormone (cytokinin), on phytoremediation of the E-waste-
polluted soil with E. globulus. In total, eight treatments comprising different com-
binations of the previously mentioned variables were examined. At the end of the 
experiment, the results allowed to infer that the combination of E. globulus + EDTA 
+ 4 V electric field + foliar application of cytokinin could decrease the time needed 
to reduce the excess of Cd, Pb, and Cu in soil from 10.4 (control) to 1.1 years. 
Moreover, this approach could also significantly lessen the volume of generated 
leachate.

10 Recent Advances in Phytoremediation of Soil Contaminated by Industrial Waste…



218

10.7  Future Directions

Nearly 30  years after its formal inception, phytoremediation has benefited from 
many breakthroughs that have improved its efficiency and widened the range of 
potential applications. Yet, while further developments are in the horizon (Basharat 
et al., 2018), many critics rightfully assert that phytoremediation “advances in the lab 
but lags in the field” (Beans 2017). Besides greater interaction among academia, 
industry, investors, society, and governmental bodies, field-scale phytoremediation 
also needs a conceptual shift that clearly incorporates an economic upside (Conesa 
et al. 2012). In this view, the use of energy crops for phytoremediation may play a 
critical role enhancing the process's sustainability, cost-effectiveness, and commer-
cial appeal (Tripathi et al. 2016). Moreover, the ever-increasing number of polluted 
sites worldwide may also present an additional opportunity for a phytoremediation- 
related technique: phytomining. The latter uses the ability of plants to retrieve valu-
able metals from tailings and contaminated and/or mineralized soils, with the purpose 
of obtaining an economic profit (Novo et al. 2015, 2017). In the context of industrial 
waste contamination, phytomining could be particularly interesting to recover ele-
ments like gold or platinum group metals from mine tailings or E-waste- polluted 
soils.
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Abstract Heavy metal pollution in the environment has become one of the major 
concerns worldwide due to its long persistency in the environment and highly toxic 
nature in living beings. Heavy metals are often non-biodegradable in nature and 
hence persist for a long time in the environment, cause serious soil and water 
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 pollution, and create severe health hazards in humans and animals. Among heavy 
metals, chromium has been considered as the highly toxic inorganic pollutant, 
which is disposed off in the environment through various natural and anthropogenic 
sources. Chromium has been also listed as the priority pollutant by many environ-
ment and health protection agencies such as the US Environmental Protection 
Agency and Agency for Toxic Substances and Disease Registry. Hexavalent form of 
chromium has been reported to cause genotoxic, carcinogenic, and mutagenic 
effects in living beings. Hence, the removal of chromium from tannery wastewater 
is urgently required. The physicochemical approaches are currently applied for the 
removal of chromium from tannery wastewater, which are not eco-friendly in nature 
and use a huge amount of chemicals to treat tannery wastewater. However, biologi-
cal approaches can be an eco-friendly alternative to treat and detoxify the chromium- 
containing tannery wastewater prior to its disposal in the environment. This chapter 
provides a detailed information about the sources of chromium contamination in the 
environment and their toxic effects in human, animal, plants, as well as in microbes 
and bioremediation approaches for its detoxification from tannery wastewater for 
environmental and public health safety.

Keywords Bioremediation · Detoxification · Health hazards · Hexavalent chro-
mium · Tannery wastewater

11.1  Introduction

Rapid industrialization and globalization have become one of the serious pollution 
problems worldwide. Industries discharge huge amount of partially treated, mostly 
not treated, wastewater into the environment, which causes serious soil and water 
pollution (Shakoori et al. 2000; Arunakumara and Zhang 2008; Kavita and Keharia 
2012). Heavy metals such as lead, chromium, cadmium, mercury, nickel, zinc, alu-
minum, arsenic, copper, and iron are causing severe poisoning conditions in the envi-
ronment and creating major concerns worldwide because these elements are 
non-biodegradable and toxic to living beings (Ballantyne et al. 1999; Derek 1999; 
Dias et al. 2002). Wastewater discharges lead to high oxygen demand and nutrient 
loading, promoting toxic aquatic ecosystem (Morrison et al. 2001). When the con-
centration of heavy metal ions in the surroundings rises above a specific threshold 
level, it inhibits a variety of metabolic activities and proves toxic to most organisms 
(Hörcsik et al. 2006), and it can create adverse effects on the environment and human 
health due to their bioavailability and solubility (Smith 2001). Toxic heavy metals 
are normally found in wastewaters released by many industrial processes, such as 
those employed in the electroplating, metal finishing, metallurgical, tannery, chemi-
cal manufacturing, mining, and battery manufacturing industries (Kang et al. 2007). 
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One of the most important industries causing water pollution is tannery. There are 
about 2500–3000 tanneries in India, which processes 600 ktons of hides and skins 
annually (Noorjahan 2014). Total annual discharge of wastewater from these tanner-
ies is 50–60 MLD liquid wastes and 300 million kg sludge into the environment 
(Ahamed and Kashif 2014), and these industries spread mostly across Tamil Nadu, 
West Bengal, Uttar Pradesh, Andhra Pradesh, Karnataka, Rajasthan, and Punjab. In 
Tamil Nadu alone, there are about 1120 tanneries generating around 100  tons of 
sludge per day (dry basis). The effluent generated in these tanneries has high amounts 
of organic pollutants as well as high concentration of inorganic pollutants including 
heavy metals such as Zn, Pb, Cu, Fe, and Mn along with hexavalent chromium, used 
during the process (Goutam et al. 2018; Bharagava et al. 2017a; Gautam et al. 2017; 
Saxena et al. 2016; Saxena and Bharagava 2015; Noorjahan 2014).

The chemicals used in the tanning process, only 20% of chemicals are absorbed 
by the leather, and the rest (80% of chemicals) are discharged through wastewater 
into the surroundings (Shashwat 2011) with 2000–5000 ppm Cr(VI) concentration 
compared to recommended permissible limits of 2 ppm in the effluent (Ahamed and 
Kashif 2014). Chromium(VI) is very toxic and carcinogenic to the environment, 
plants, animals, and human beings as well (Belay 2010; Shashwat 2011). Chromium 
has several oxidation states (di, tri, penta, and hexa); trivalent chromium (Cr(III)), 
together with the hexavalent state (Cr(VI), can be the main form present in the sur-
roundings and aquatic environments. Although Cr(III) is less toxic than Cr(VI), 
long-term exposure to Cr(III) is known to cause cancer and allergic skin reactions 
(Kang et al. 2007) (Fig. 11.1).

Fig. 11.1 Tanning processing with resultant high TDS and chromium rich open disposal effluent 
systems (Source: http://www.thehindubusinessline.com/multimedia/dynamic/01374/effluents1_
jpg_1374965g.jpg, http://m.cdn.blog.hu/zo/zoldella/image/india_bor.jpg)
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11.2  Chromium

11.2.1  General Introduction

Chromium is an inorganic transition metal consisting several oxidation states 
with trivalent and hexavalent species being the most common forms (Mwinyihija 
2010). Chromium is a steel-gray, lustrous, hard, brittle metal of Group VI-B of 
the transition series with anatomic number of 24 and atomic weight of 51.996, 
and it is found in about 0.0122% of the Earth’s crust. It exists in a number of 
valence states ranging from −2 to +6. However, Cr(III) and Cr(VI) are of signifi-
cance owing to their stability in natural environments. The commended permis-
sible limit in drinking water is 50 μg/L for Cr(VI) (Kanmani et al. 2012). Cr(VI) 
is extremely toxic to living organisms causing many diseases like allergies, 
eczema, irritations, and respiratory tract disorders and sometimes shows muta-
genic and carcinogenic effects on biological systems due to its strong oxidizing 
nature. This toxic action is due to the fact that Cr(VI) complexes can easily pen-
etrate biological membranes and undergo immediate reduction reactions leading 
to the formation of various reactive intermediates (causes oxidative stress in the 
organisms) (Focardi et al. 2012) (Table 11.1).

11.2.2  Chemical Properties and Its Forms

Chromium is blue-gray, lustrous, and brittle but relatively hard metal that can be 
polished to get a better shine. It is oxidized to form a thin protective coating to pre-
vent further corrosion. Chromium does not react with water but it reacts with most 
acids. It is stable in air. Cr6+ reduces into Cr3+ in the presence of oxygen and forms 
a thin layer on the metal surface to protect from further corrosion. Chromium(III) is 
less toxic and an essential element for human and plant National Institute of 
Environmental Health Sciences NIEHS (2015) (Table 11.2).

Table 11.1 Chromium 
general properties

Name Chromium (Cr)

Element group Group 6 of the transition metals
Atomic number 24
Molecular weight 51.9961 g mol−1

Electron configuration [Ar] 3d5 4s1

Common oxidation states +2, +3, +6
Other oxidation states +1, +4, +5
Common ions Cr2+, Cr3+, Cr6+

Source: http://chemwiki.ucdavis.edu/chemistry_of_chromium
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11.2.3  Use of Chromium As Leather Tanning Agent 
in Tannery Industry

Partially treated/untreated tanning industry effluents released at nearby water body 
like a river and lake create contamination load which is a serious concern all over the 
world than after other issues such as the use of pesticides, solvents, dyes, and pro-
cessing chemicals which cause toxicity and persistence. The leather tanning industry 
has been identified as one of the main causes of environmental and water pollution. 
The dark brown or black color of tannery wastewater has indicated the high content 
of organic matter, and it may vary according to the used chemicals (Jahan et  al. 
2015). Tanning industries are especially large contributors of chromium pollution in 
India. Leather processing requires large amount of chemicals like sodium chloride, 
chromium sulfate, calcium salts, ammonium salts, sodium sulfide, acids, alkalis, fat 
liquor, and organic dyes. However, one of the major emerging environmental prob-
lems in the tanning industry is the disposal of chromium- contaminated sludge pro-
duced as a by-product of wastewater treatment. There are more than 2500 tanneries 
in India, of which about 80% of them are engaged in chrome tanning with a total 
processing capacity of 600 ktons of hides/skins per year resulting in the discharge of 
up to 1500–3000 ppm of chromium compounds in the effluents (Pandi et al. 2009). 
About 60,000 tons of raw hides and skins are processed every year using ammonium 
salt sulfate and chloride during deliming and dehairing process. Solvent vapors 
release a huge quantity of untreated effluent into the open air and water bodies caus-
ing pollution (Jahan et  al. 2015). Tanning is the reaction process of the collagen 
fibers in the hides with tannins, chromium, alum, or other chemical agents. Based on 
the tanning agents, tanning operations are further divided into vegetable tanning and 
chrome tanning (Midha and Dey 2008). The tanning industry involves the following 
processes linked closely with pollution load (Fig. 11.2).

Table 11.2 Summary of various Cr oxidation numbers, type and environmental behaviour

Valency Environmental behavior Remarks

Cr Unstable
Cr1+ Unstable
Cr2+ Readily oxidize to Cr3 but stable only in the absence 

of any oxidant
Active under anaerobic 
condition

Cr3+ Most stable Considerable energy required to 
convert to lower or higher state

Cr4+ Forms unstable intermediate reactions to trivalent 
and oxidation state

Exhibit this phase during 
oxidation and reduction

Cr5+ Unstable intermediate Observed during oxidation and 
reduction

Cr6+ In acidic conditions demonstrates very high positive 
redox potential and unstable in the presence of 
electron donors

Strongly oxidizing

Adapted from Mwinyihija (2010)
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11.2.4  Sources of Chromium Contamination in Environment

Chromium is a naturally occurring element present in lithosphere environment such 
as rocks, soils, and volcanic dust. Anthropogenic activities have increased the 
amount of chromium into the environment, and it causes harmful effects on the 
environment as well as human beings (Cheng et  al. 2014; Joutey et  al. 2015). 
Chromium has widespread applications in various industries such as in aerospace, 
chemicals, wood preservation, tanning industries, electroplating, textile dying, alloy 
manufacturing, pulp and paper mills, and ferrochromium production (Kumari et al. 
2006; Zhitkovich 2011; Cheng et  al. 2014; Joutey et  al. 2015). Chromium is an 
essential element in trace amount for living organisms and plants but toxic and 
mutagenic at a higher level (Kumari et al. 2006).

Fig. 11.2 Chromium used as leather tanning agent in tanning process (Source: Midha and Dey 
2008 and Mwinyihija 2010)
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11.2.4.1  Natural Source

Chromium is a naturally occurring element present in the whole environment such as 
rocks, soils, plants, and volcanic dust (Joutey et al. 2015). The primary most important 
natural source of chromium is the Earth’s crust; it is highly concentrated (200 mg 
kg−1) in igneous rocks and Earth’s oceanic crust in serpentinite and ophiolite com-
plexes (Oze et al. 2007; Mishra and Bharagava 2015). Chromium is found in the soil 
and water by the process of weathering of chromium-containing rocks and diagenetic 
reactions and readily adsorbs on clay soil minerals with hydroxides [Al(III), Fe(III)] 
(Kimbrough et al. 1999; Oze et al. 2007). Chromium is also found in less amount in 
fresh vegetables, and many food supplements, for example, broccoli, cheese, brewer’s 
yeast, molasses, mushrooms, barley, oatmeal, organ meats, egg yolks, and asparagus, 
also contain small amounts of the trace mineral (Corleone 2016).

11.2.4.2  Anthropogenic Sources

Naturally occurring chromium has optimum concentration in nature present in 
many food supplements and rocks, but the interference of human activities has 
increased the chromium concentration in the environment worldwide and causes a 
serious threat to the environment and human beings (Cheng et al. 2014; Joutey et al. 
2015). Major anthropogenic chromium flows through release of various industrial 
applications such as in refractories and foundry sands for its heat resistance, fossil 
fuel combustion, waste incineration, electroplating, tanning, textile dyeing, corro-
sion inhibition, and wood preservation (Johnson et al. 2006; Joutey et  al. 2015). 
Additional areas of application of chromium include wood preservatives and pro-
duction of chrome pigments (e.g., lead chromate) which are used in paints, printing 
inks, and anticorrosive materials (Cheng et al. 2014). Total annual global consump-
tion of chromium is 12.5 million tons, of which 85% chromium are consumed by 
metallurgical industries and the remaining 15% chromium are consumed by other 
industries. Ferrochromium is used to produce chromium-containing steel and con-
tains 40–80% chromium with iron. It is used in the production of full alloy steel, 
bearing and high-speed steels, tool steel, superalloy, and welding materials (Mishra 
and Bharagava 2015).

11.2.4.2.1  Tannery Wastewater As a Major Source of Chromium 
Contamination

Tannery industries are the main source of chromium pollution and release a huge 
amount of chromium in the environment. There are more than 2500 tanneries in 
India, and most of them (nearly 80%) are engaged in chrome tanning process 
(Srivastava and Thakur 2006; Mishra and Bharagava 2015). Chromium-based 
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processes in tannery industries cause greater concerns about environmental load 
worldwide. Tannery wastewater contains high concentrations of organic, inorganic, 
and nitrogenous compounds, chromium, sulfides, and suspended and dissolved sol-
ids including toxic compound. In the tanning process, Cr(III) is used as chromium 
sulfate as a tanning agent, which leads to conversion into hexavalent chromium and 
is finally released into tannery wastewater (Srivastava and Thakur 2006; Srivastava 
et  al. 2007). The hexavalent chromium is the most toxic and mutagenic element 
with effluent that is discharged into a nearby water body (rivers, lake, ponds) which 
causes harmful effect on the environment and human beings. Chromium is used in 
the tannery industry as an anticorrosive agent. Up to 20% of chemicals including 
chromium are absorbed by the leathers, and the rest is released as wastes.

11.3  Toxicity of Hexavalent Chromium in Environment

The rapid growth of industries and urban areas has very serious pollution problems 
worldwide. Industries discharge a huge amount of partially treated, mostly not 
treated, wastewater into the environment, which causes serious soil and water pol-
lution (Kavita and Keharia 2012; Shakoori et  al. 2000; Arunakumara and Zhang 
2008). Chromium which is considered as carcinogenic and toxic to animals is 
released in the environment through both natural processes and human activities. 
Industries like leather, textile, electroplating, and chemical manufacturing release 
hexavalent chromium and other heavy metals into the environment leading to water 
and soil pollution. Chromium causes air pollution through coal manufacturing 
(Sneddon 2012) (Table 11.3).

Table 11.3 Source of hexavalent chromium and its toxicity in environment

Sources Application Toxic effects

Tannery 
industry

Used in tanning as 
anticorrosive agent to 
prevent the leather such 
as ammonium 
dichromate, lead 
chromate, etc.

It is a mutagen and carcinogen that enters into 
environment to contaminate the air, water, and soil 
resulting harmful effect on plants and aquatic animals 
through bioaccumulation in the cell. It also causes 
alterations in the germination process as well as in the 
growth of roots, stems, and leaves and inhibition on 
enzymatic activities and mutagenesis in the plantsElectroplating Chromic acid and hard 

chrome salt used in the 
metal finishing as 
corrosion-resistant 
deposit

Textile Chromium acetate, 
chromium nitrate, 
potassium chromate, 
and dichromate used in 
dye manufacturing 
process
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11.3.1  Toxicity of Hexavalent Chromium in Human Beings 
and Animals

Hexavalent chromium is considered as carcinogenetic and mutagenic to all living 
things. Chromium(VI) is the most toxic form and may cause health impact by enter-
ing the human or animal body through ingestion, inhalation, and dermal contact 
which causes allergy, rashes on skin surface (Cr(VI) act as an oxidant), nose irrita-
tions and nosebleed, weakened immune system, genetic material alteration (geno-
toxicity and mutagenicity), and kidney and liver damage and may even go as far as 
death of the individual (Das and Mishra 2008; Sneddon 2012; Mishra and Bharagava 
2015) (Table 11.4).

11.3.2  Toxicity of Hexavalent Chromium in Plants

Chromium is released through various industrial processes including tanning, elec-
troplating, textile, etc. and dumped in nearby water bodies. Soil and water from 
dumping site contain a high amount of chromium content which is very toxic to 
plants due to high solubility and permeability to cell membranes. Toxicity of chro-
mium is observed at multiple levels, in plants with a reduction in yield to inhibit 
the enzymatic activities until mutagenesis (Shanker et  al. 2005; Mishra and 
Bharagava 2015). Chromium toxicity is dependent on metal speciation, which is 
determinant for its uptake, translocation, and accumulation. The uptake of hexava-
lent chromium is thought to be an active mechanism performed by carriers for the 
uptake of essential elements such as sulfate. Chromium also competes with Fe, S, 
and P for carrier binding (Oliveira 2012). The presence of Cr in the external envi-
ronment leads to changes in the growth and development pattern of the plant or 

Table 11.4 Major health effects related with chromium toxicity

Chromium toxicity Related effects in human beings and animals

Carcinogenicity Lung, nasal, and sinus cancer is associated with the exposure through 
inhalation and ingestion

Genotoxicity and 
mutagenicity

DNA damage, gene mutation, sister chromatid exchange, chromosomal 
aberration

Respiratory Ulceration and perforation of nasal septum and irritation of upper airways
Cardiovascular Direct effect on blood and changes in bioelectric and mechanical activity 

of myocardium
Reproductive and 
developmental

Birth defects and decreased spermatogenesis and histopathological 
alterations

Dermatotoxicity Skin lesions and rashes and allergic reactions
Gastrointestinal Gastrointestinal gastric tract irritation

Adapted from Mishra and Bharagava (2015)
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reduces the growth, induces chlorosis in young leaves, reduces seed germination, 
and causes ultrastructural modification of cell membrane (Panda and Chaudhury 
2005; Shanker et al. 2005).

11.3.3  Toxicity of Hexavalent Chromium in Microbes

In trace amount, chromium is an essential element for living organisms because it is 
involved in electron transport reactions in biological systems. If chromium concen-
tration is high, then it is very toxic to microorganisms. The toxicity is due to the 
reduction of hexavalent chromium to pentavalent chromium in which free radicals 
are formed and it causes deoxyribonucleic acid damage. Microorganisms are very 
sensitive to hexavalent chromium; it is toxic and mutagenic to most of microorgan-
isms and causes cell enlargement and inhibits cell growth. Chromium toxicity 
causes a reduction in the population of soil microbes like bacteria, actinomycetes, 
and fungi. Chromium toxicity is caused by entering through a biological membrane 
by means of sulfate transport system demonstrated in many bacterial cells (Cervantes 
et al. 2001; Mishra and Bharagava 2015). Around 400–800 μg of hexavalent chro-
mium inhibits the bacterial growth and interacts directly with bacterial DNA caus-
ing frameshift mutation and base pair replacement (Fernando et al. 1977). Chromium 
toxicity on algae and fungi had also been demonstrated. The growth of algae has no 
effect at 40–100 ppm of hexavalent chromium, whereas some algae are sensitive up 
to 15–20 ppm of Cr(VI) such as Chlorella and Scenedesmus (Cervantes et al. 2001; 
Mishra and Bharagava 2015).

11.4  Bioremediation Approaches for Chromium 
Detoxification from Tannery Wastewater

Bioremediation technique has been very promising nowadays to treat pollution 
loads. It includes living organisms like plants and microorganisms for the removal 
of organic compounds and toxic heavy metals from the environment to save the 
environment and human health (Saxena et al. 2018; Saxena and Bharagava 2017; 
Bharagava et  al. 2017b, c; Chandra et  al. 2015; Singh et  al. 2011). It is an eco- 
friendly approach and includes the following methods.

11.4.1  Bioremediation

Bioremediation or biological treatment is also known as secondary treatment involv-
ing microorganisms in the process. The microbes utilize the organic matter as a food 
nutrient present in the waste and produce carbon dioxides, water, and energy as its 
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metabolites. Bioremediation is a very popular, pollution control technology as com-
pared to conventional physicochemical methods as it is cost-effective and efficient and 
uses natural systems (such as bacteria, fungi, algae, and plants) to catalyze the deg-
radation or transformation of various toxic chemicals to nontoxic or less harmful 
forms (Moore 1998). The effluents from residential and industrial discharge con-
stitute a major source of water pollution. The industrial effluents are discharged 
into open drains which finally joins the rivers (Kumari et al. 2006). Heavy metal/
chromium(VI) from wastewater has also been treated conventionally by physico-
chemical processes like ion exchange, reverse osmosis, microfiltration, ultrafiltra-
tion, etc. These physicochemical processes were very costly and unreliable. The 
biotechnological method that includes microorganisms is a more reliable alternative 
to remove toxic metal/chromium or transform it into nontoxic or less toxic form 
(Sharma and Adholeya 2011). At present, the emphasis is given to the utilization of 
biological adsorbents for the removal and recovery of heavy metal contaminants. 
Biomass involving pure microbial strains has shown high capacities for the selective 
uptake of metals from dilute metal-bearing solutions (Kang et al. 2007). Microbial 
management of industrial or other wastes for the removal of hazardous compounds 
can be achieved through degradation, biosorption, or bioconversion to less toxic 
forms (Pillai and Archana 2012). Bacteria, fungi, and marine microalgae have been 
identified as potential metal biosorbents (Sharma and Adholeya 2011).

11.4.2  Bioremediation of Hexavalent Chromium Using 
Bacteria

Bacteria, fungi, microalgae, and other microorganisms are playing the most impor-
tant role in the degradation and detoxification of industrial pollutants (Chandra et al. 
2011). A wide variety of bacteria have been reported for reducing Cr(VI) to Cr(III) 
in various waste channels. Application of Cr(VI)-resistant bacteria for detoxifica-
tion of Cr(VI) has been considered as an economical, effective, and safe procedure 
over conventional physical and chemical methods. Enzymatic reduction of chro-
mate by Cr(VI)-resistant bacteria proceeds aerobically, anaerobically, or both. In 
Bacillus sp. ES29, chromate-reducing activity was localized in the soluble fraction 
of cell-free extract (CFE), which utilizes NADH as the sole electron donors. Focardi 
et al. (2012) characterized a Cr(VI)-resistant bacteria strain having enormous poten-
tial to reduce Cr(VI). Bacillus species are the major producers of dehairing prote-
ases, and these enzymes are largely keratinases (Pillai and Archana 2012). A 
bacterial consortium was developed in the chemostat in the presence of PCP as a 
sole carbon source and applied with fungus for the degradation of pentachlorophe-
nol and removal of chromium in the sequential bioreactor for effective and efficient 
removal of major contaminants in tannery effluents (Srivastava et al. 2007). Some 
chromate-resistant bacteria including Achromobacter sp., Enterobacter cloacae 
HO1, Providencia sp., Brucella sp., and Bacillus sp. were reported to be of Cr(VI) 
reduction ability under both aerobic and anaerobic conditions (Amoozegar et al. 2007). 
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Some of the resistant mechanisms are being emphasized in an effective way to 
remove metal toxicity using bioremediation approaches. A variety of Cr(VI)-
resistant bacteria have been screened to clean up the Cr(VI) toxicity (Rahman and 
Singh 2014). Providencia species is a gram-negative chromate-reducing bacteria 
and could grow and reduce up to 100% chromate at a concentration ranging from 
100 to 300 mg/L and 99.31% at a concentration of 400 mg/L. Providencia sp. has a 
great potential for bioremediation of hexavalent chromium and also shows other 
heavy metals (such as Zn, Cu, Ni, Pb, Hg, Co) tolerance (Thacker et  al. 2006). 
Several investigations have reported that Pseudomonas aeruginosa displays effi-
ciency for metal uptake. It was found that the amount of mercury adsorbed by a P. 
aeruginosa biomass sample (180 mg Hg/g dry cells) and also the highest affinity 
and maximal capacity for uranium (100 mg U/g dry weight) were higher than that 
bound to a cation exchange resin (100 mg Hg/g dry resin, <100 mg U/g dry weight) 
(Kang et al. 2007) (Table 11.5).

11.4.3  Bioremediation of Hexavalent Chromium Using Fungi

Fungi have been identified as tremendously most important organisms which have 
ecological and economic value. It provides valuable products in various sectors 
such as food, pharma, cosmetics, detergents, etc. Fungi play a very important role 
in bioremediation or mycoremediation for heavy metal removal from wastes. Fungi 
remove organic matter from wastes by utilizing it as their nutrient and enzymatic 
activity. Tannery wastewater is composed of many heavy metals including a high 
concentration of chromium. Various fungal species have been used for removal of 
Cr(VI) or to transform Cr(VI) to Cr(III) which is a less toxic form, e.g., Paecilomyces 
lilacinus, Aspergillus, Penicillium, Trichoderma, Phanerochaete, Hirsutella, etc. 

Table 11.5 Metal removal through bacteria

Bacteria Metal resistant
Removal 
method References

Pseudomonas aeruginosa Cr(VI), Cr(III) Biosorption Kang et al. (2007)
Pseudomonas sp., Bacillus sp.,  
E. coli

Cr(VI) Transformation Cheung and Gu (2007)

Halomonas sp. TA-04 Cr(VI) Bioremediation Focardi et al. (2012)
Acinetobacter sp. Cr(VI), PCB Biosorption Srivastava et al. (2007)
Nesterenkonia sp., Achromobacter 
sp., Enterobacter cloacae HO1, 
Providencia sp., Brucella sp., 
Bacillus sp.

Cr(VI), Cr(III) Bioremediation Amoozegar et al. (2007)

Bacillus methylotrophicus Cr(VI) Bioremediation Mala et al. (2015)
Arthrobacter sp. Cr(VI), phenol Bioremediation Bhattacharya et al. 

(2015)
Sporosarcina saromensis M52 Cr(VI) Bioremediation Zhao et al. (2016)
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These are some examples of filamentous chromium-resistant fungi, which have the 
ability to remove or bioaccumulate Cr(VI) or transform (detoxify) Cr(VI) to Cr(III) 
form through direct enzymatic reactions or indirect with metabolites (Sharma and 
Adholeya 2011). Fusarium sp., Metarhizium anisopliae, Phomopsis sp., Aspergillus 
sp., Trichoderma sp., Saccharomyces cerevisiae, and Penicillium sp. show resis-
tance to heavy metals (e.g., Cr, Cd, Pb, Hg, Cu, Co, Mn, and Fe) with up to 1000 ppm 
concentration and have biosorption capabilities (Zili et al. 2016) (Table 11.6).

11.4.4  Bioremediation of Hexavalent Chromium Using Algae

New technologies are being proposed to access the treatment of wastewater. Algae 
have the potential for bioremediation of wastewater treatment; it has been well- 
studied over the last 40 years. However, wastewater treatment through algal reme-
diation has much wider scope than its present applications (Ryther et  al. 1972; 
Kuyucak and Volesky 1988; Volesky 1990; Wase et al. 1997). Algae play a crucial 
role in wastewater treatment. The problems of conventional wastewater treatment 
can be overcome by using algae. Some of the advantages of algal remediation 
include cost-effective waste treatment, low-energy requirement, decreased sludge 
formation, and production of algal biomass for the industrial or commercial level. 
Algae have the ability to bioaccumulate the heavy metals and remove toxic metals 
from the wastewater. Sometimes at tertiary treatment stage, algae also have been 
found to be much efficient in the removal of pathogens. But the heavy metal may get 
accumulated in the algal cell and disrupt the metabolism by damaging the photosyn-
thetic activities and enzymatic pathways or by reorienting the nutrient transport and 
availability (Arun et al. 2014). Microalgae can be used to produce high range valu-
able products such as polysaccharides, lipids, proteins, carotenoids, vitamins, food 

Table 11.6 Metal removal through fungi

Fungi Metal resistant Removal method References

Aspergillus niger Cr(VI) Bioremediation Srivastava and 
Thakur (2006)

Aspergillus sp. and Hirsutella sp. Cr(VI) Bioremediation Srivastava and 
Thakur (2006)

Paecilomyces lilacinus Cr(VI) Bioremediation Sharma and 
Adholeya (2011)

Trichoderma sp., Penicillium 
spinulosum, and Aspergillus niger

Cu, Zn, Mn, Cd Bioaccumulation, 
uptake

Siddiquee et al. 
(2015)

Penicillium, Aspergillus, 
Saccharomyces, Rhizopus, and Mucor

Cr, Cu, Zn, Cd, 
Pb, and U

Biosorption Bishnoi (2005)

Fusarium sp. Co, Cu, Mn Biosorption Verma et al. (2016)
Metarhizium anisopliae, Phomopsis 
sp., Fusarium oxysporum, 
Saccharomyces cerevisiae

Cr6+, Pb2+, Hg2+, 
Cd2+, Cu2+

Biosorption Zili et al. (2016)
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supplements, cosmetics, and pharmaceuticals and for energy production. It also 
plays an important role as bioelimination of nutrients from wastewater (Vilchez 
et al. 1997) (Fig. 11.3).

In the global food chain, phytoplankton has a major role, but microalgae are 
pivotal for the global food chain. Their exceptional capacity for CO2 fixation illus-
trates their indispensable significance to sustain Earth’s ecosystems. In the field of 
“white biotechnology,” microalgae have been used as promising bio-catalysts and 
can be implemented for food production, fine chemicals, diverse “green energy car-
riers,” and fuels which can mitigate the present and future world crises for fuel and 
food and environmental concerns (Koller et al. 2014; Sing et al. 2014). We can use 
algae instead of using bacteria to clean wastewater because many of the pollutant 
sources in wastewater are also food sources for algae. Nitrates and phosphates are 
common components of plant fertilizers. Cell cycles of algae require large amount 
of nitrates and phosphates like plants. Heavy metals also form an important role in 
the regular functioning of algae like iron and chromium for photosynthesis and 
metabolic activity, respectively. The use of algae instead or bacteria has several 
advantages in bioremediation processes. One major advantage in the removal of 
pollutants is that this is a process that under light conditions does not need oxygen. 
Pollutants are removed, are digested by using carbon dioxide, and release oxygen 
into the environment. Hence, phycoremediation could potentially be coupled with 
carbon sequestration. Odor issues are not faced in phycoremediation because they 
do not depend on fouling processes. Phycoremediation has some disadvantages too. 
The basic problem faced in phycoremediation is competition with bacteria. Since 
the genome of eukaryotic algae is much larger and has more complex cell machin-
ery, the algae take longer time period to divide (a few hours) as compared to bacteria 

CO2
Light source

(photosynthesis)

Oxygen(O2) Bio- hydrogen Energy creation

Pigments
Protein
Carbohydrates
Polysaccharides
Lipids (fatty acid)

Bioactive
compounds

polyesters

Green plastic
Antibiotics

Human nutrient
Food technology
Pharamacetical and therapeutically application
Energy creation
Biodiesel,Bioethanol,biogasoline

Microalage biomass

Fig. 11.3 Overview of products synthesized by microalgal strains and areas of application 
(Source: Koller et al. 2014)
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in optimal conditions. In order to maintain the bacterial populations which could 
outcompete the algae and push them out in the wastewater treatment plant, all the 
conditions have to be carefully monitored. Furthermore, algae although sturdy are 
more sensitive compared to bacteria. So water conditions should be kept in control, 
and the algal population should not be overexposed to the pollution sources that will 
kill them (Dwivedi 2012). Microalgae have high limits of salt-tolerant levels because 
of its ability to accumulate ions intracellularly. The species Dunaliella tertiolecta 
has the salt tolerance level in the range 0.17–1.5 M of NaCl. However, other inves-
tigations stated that D. tertiolecta can go beyond these limits of NaCl to a range of 
0.05–3 M (Fazeli et al. 2006).

Microalgae are not only good source of antioxidant but also play a crucial role in 
wastewater treatment including food preservation. Since microalgae are a potential 
new source of antioxidant, two species of microalgae are exploited at present for the 
production of carotenoid antioxidant commercially, i.e., Dunaliella for beta- 
carotene production and Haematococcus for astaxanthin production (Goiris et al. 
2015). Microalgae can be used in diversified fields; it can produce phytochemicals 
which can be employed for human food, aquaculture, animal feed, cosmetics, phar-
maceuticals, and possibly for biofuel and its associated by-product (Sing et  al. 
2014). Because of their higher photosynthetic efficiency, increased biomass produc-
tion, and rapid growth rate, microalgae are considered to be a good source of biofuel 
production as compared to other energy crops like rapeseeds and soybeans. Since 
microalgae biomass can accumulate lipids within their cells similar to vegetable oil, 
biofuel from microalgae can be considered as a most suitable alternative which has 
a potential to produce 100  times more oil per acre than any other energy plants 
(Mubarak et al. 2015) (Table 11.7).

Present reports say that when growing cultures of fungi, bacteria, and marine 
microalgae are employed, the biosorbed metal levels are often less as compared to 
intracellular levels of metals. Though it is well-known fact that the cost of chemicals 
and energy can be substantially reduced with biological treatment as compared to 
conventional physical and chemical treatment, there are still some problems that 
arise during their real application in wastewater treatment processes (Sharma and 
Adholeya 2011).

Table 11.7 Metal removal through algae

Algae/microalgae Metal resistant Removal method References

Spirulina fusiformis Chromium Bioaccumulation Pandi et al. (2009)
Dunaliella sp. Cr(VI) Bioaccumulation Arun et al. (2014)
Eichhornia crassipes Cr(VI) Bioremediation Jahan et al. (2014)
Chlorella salina, C. sorokiniana Co, Zn, Mn, Pb Bioaccumulation Kaparapu and 

Geddada (2016)
Phormidium ambiguum, 
Pseudochlorococcum typicum, 
Scenedesmus quadricauda

Hg, Pb, Cd Bioremoval Shanab et al. (2012)

Nannochloropsis, Pavlova lutheri, 
Tetraselmis chuii, Chaetoceros muelleri

Fe, Mn, Al, 
La, Ce, Ba

Bioremoval Richards and 
Mullins (2013)
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11.4.5  Phytoremediation

Hexavalent chromium is the most toxic metal found naturally and anthropogeni-
cally in the environment; Cr(VI) is more toxic to the plants than trivalent chromium 
(Nayak et al. 2015). Phytoremediation is a recently growing eco-friendly process in 
which plants are used to decontaminate the soil from organic nutrients and heavy 
metals like chromium. This method is cheap or cost-effective and removed almost 
completely metals from the contaminated site. Phytoremediation involves five pro-
cesses like phytotransformation, rhizoremediation, phytostabilization, phytoextrac-
tion, and rhizofiltration (Revathi et al. 2013; Ahemad 2015; Gupta and Balomajumder 
2015; Mishra and Bharagava 2015). Phytoremediation through common plants like 
wheat, Jatropha, mustard, sunflower, etc. has been accumulating high concentration 
of chromium. The higher plant can accumulate high amount of chromium concen-
tration from the soil through the root of the plant (Mangkoedihardjo et al. 2008; 
Mishra 2015). Hexavalent chromium has been removed by entering in the tissues 
crossing the biological membrane in all living organisms, such as plants and micro-
organisms, which results in free radicals and reactive oxygen species (ROS) forma-
tion (Ahemad 2015). Phytoremediation of chromium using wheat seedling crops 
shows significant reduction of wheat crop as the chromium concentration increases. 
Chromium toxicity causes growth reduction, damaged cell wall, and changes in 
metabolic activity of the plants. Recently few researchers worked for enhancing the 
phytoremediation process by using some kind of chelators like EDTA, CA, and Zn2+ 
to enhance the bioavailability and uptake of metals or chromium in the plants at 
higher level treated with high chromium concentration. Chromium is found at a 
high level after phytoremediation in roots and less at aerial parts (Nayak et al. 2015). 
On the other hand, plant growth-promoting bacteria (PGPB) also help in phytore-
mediation with the process of phytostabilization and phytoextraction. In this, the 
bacteria help to accumulate toxic metal in plant cells and enhance the plant growth 
(Ahemad 2015).

11.5  Conclusion

This study depicts that the heavy metals such as Zn, Pb, Hg, Cd, Cr, Ni, Co, Fe, etc. 
cause severe problem to the environment. These heavy metals mainly released from 
industrial waste into rivers cause water pollution and affect the aquatic ecosystem. 
Among all heavy metals, chromium is extremely toxic element to living organisms, 
causing allergies; eczema; lung, nasal, and sinus cancer; etc. and shows genotoxicity 
and mutagenicity effects on living organisms (biological system). Various treatment 
technologies have been proposed including physical, chemical, and biological pro-
cesses. Physical processes are very expensive, and chemical process causes other 
chemical loads. So the biological processes have been identified most significant in 
the removal of BOD and COD and transformation of toxic heavy metals into 
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nontoxic or less toxic form. The algae or microalgae are suitable for wastewater 
treatment than other microorganisms (such as bacteria, fungi, yeast, etc.) because 
algae and microalgae not only treated the wastewater, but it also works as CO2- 
fixing agent; supplies food or nutrients and vitamins naturally; has commercial 
importance, that is, in cosmetics and pharmaceutical industry; and is suitable alter-
native biofuel for the future.
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(As) is known as the leading toxicant to the environment worldwide and having the 
various toxic effects on human and animal health. Exposure of As causes various 
types of health effects like dermal and neurological problems, reproductive and preg-
nancy effects, cardiovascular effects, diabetes mellitus, diseases of the respiratory 
system, multiorgan cancers, etc. The persistence of As in the environment may pol-
lute or contaminate soils and aqueous system as both natural components or as the 
result of human activity. In recent years, the development of efficient green chemis-
try methods for detoxification of trace metal poisoning has become a major focus of 
researchers. It has been investigated in order to find an eco-friendly and recyclable 
technique for the removal of trace elements contamination from the natural resources. 
Bioremediation process in this regards is an option that offers the possibility to 
reduce or render trace and toxic elements such as As using plants and microbes. 
Among the various bioremediation processes, phytoremediation and bioremediation 
using microbes are quite effective. Phytoremediation includes the removal of con-
taminants with the help of green plants, while the microbial bioremediation includes 
the removal of trace and toxic elements by microorganisms (bacteria, fungi, yeast 
and algae) as sorbents. The aim of this chapter is to give an overview of the As con-
tamination in the environment and also the mechanism of removal of the As from the 
contaminated resources by the potent application of plants and microbes.

Keywords Arsenic contamination · Groundwater · Ecotoxicological · 
Phytoremediation · Bioremediation · Fluvial regions

12.1  Introduction

Industrial wastewaters is mainly responsible for the heavy metal contamination in the 
environment (Goutam et al. 2018; Bharagava et al. 2017a; Gautam et al. 2017; Saxena 
et al. 2016; Saxena and Bharagava 2015). However, Arsenic (As) is both a geogenic 
and anthropogenic contaminant, which poses a significant threat to human life, health, 
and social well-being in the current scenario. It is widely spread in a number of areas 
worldwide, including countries in Asia, North and Latin America, parts of Europe and 
Africa. Exposure to As in concentrations exceeded from the World Health Organization 
provisional guide value (WHO 2011) through the  consumption of As-enriched 
groundwater is having adverse impacts on human health (Bhattacharya et al. 2014). 
The As calamity is severe among Asian countries, especially the Ganga-Meghna-
Brahmaputra plain of India and Bangladesh (Chakraborti et al. 2013, 2016).

Identification of the safe aquifers in naturally occurring As-contaminated areas is 
the main challenge for the scientific community worldwide. There are some chemi-
cal and geological processes which are responsible for the mobilization of As; hence 
the proper knowledge of these processes will be very useful to overcome the situa-
tion. Studies have been documented that more than 6 million people are at the risk 
from drinking As-contaminated water >50 μg/L in West Bengal, while this number 
is 30–35 million in Bangladesh (Chakraborti et al. 2002; Mandal and Suzuki 2002; 
Srivastava and Sharma 2013). It has been reported that 0.9 million people from 15 
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districts of Bihar are at health risk, a state of India which is located in the eastern 
part of the Gangetic plain (Saha 2009). The situation is also the same in other states 
of India like Uttar Pradesh, Jharkhand, Chhattisgarh, Assam, West Bengal, and 
Manipur; these data show that As is posing a serious risk to the population in mass.

Arsenic has been classified as a class (I) human carcinogen due to its sensitivity 
and mobilization at normal pH range of 6.5–8.5 (range of natural groundwater). The 
toxicity of the As varies with the species, inorganic and organic. The inorganic spe-
cies (arsenite and arsenate) are more toxic than the organic (monomethylarsonic 
acid, dimethylarsinic acid, arsenobetaine etc.). Furthermore, As(III) is much time 
toxic than the As(V) (Hughes et al. 2011). Inorganic forms of As are dominant in 
natural water, while the organic species dominate in surface water bodies where the 
bacterial activities are more prominent like industrial and agricultural runoff 
(Smedley and Kinniburgh 2002). Thus it is suggested that estimation of the total As 
would not be very useful to evaluate its human health hazard.

The persistence of As in the environment may pollute or contaminate soils and 
aqueous stream as both natural components or as the result of human activity. In 
recent years, the development of efficient green chemistry methods for detoxifica-
tion or cleaning of trace metal poisoning has become a major focus of researchers. 
Several investigations have been performed globally in order to find an eco-friendly 
and recyclable technique for the removal of traces elements contamination from the 
natural resources. Plants and microbe have the tendency to uptake trace elements 
from the media termed as process bioremediation. Bioremediation process offers 
the possibility to reduce or render trace and toxic elements. Among the various bio-
remediation processes, phytoremediation and bioremediation using microbes are 
quite effective. Phytoremediation includes the removal of contaminants with the 
help of green plants, while the microbial bioremediation includes the removal of 
trace and toxic elements by microorganisms (bacteria, fungi, yeast and algae) as 
sorbents (Saxena et  al. 2018; Bharagava et  al. 2017b, c; Saxena and Bharagava 
2017; Chandra et al. 2015). The aim of this chapter is to give an overview of the As 
contamination in the environment and also the mechanism of removal of the As 
from the contaminated resources by the potent application of plants and microbes.

12.2  Arsenic in the Environment: Occurrence and Sources

Arsenic is a class I carcinogen, also termed as “king of poison.” It is found in the 
earth crust in a trace amount including in air, water, and soils. The wide extent of the 
As has caused a menace to the lives of several hundred million people in different 
regions worldwide and has resulted into the world’s largest environmental calamity 
(Smedley and Kinniburgh 2002; Ravenscroft et  al. 2009). Arsenic is not newly 
known but also has been used in ancient time 300 BC in hardening the bronze and 
use of As compounds as an ulcer treatment.

An average concentration of As (1800 μg/kg) has been reported in the earth crust 
(Mason 1966). The concentration of As may occur up to five times in shales and 
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alluvium. Arsenic has been reported as a major component in more than 200 miner-
als, such as arsenides, sulfides, oxides, arsenates, and arsenites including elemental 
As. Arsenopyrite (FeAsS) is known as the most abundant As ore mineral. High As 
concentration also has been observed in many oxide minerals and hydrous metal 
oxide either as part of the mineral structure or as sorbed species which includes a 
coating on the edges of clay minerals and on the surface of the calcite (Goldberg and 
Glaubig 1988; Smedley and Kinniburgh 2002). Muds and clay tend to have higher 
As concentration rather than sand and sandstones (Ravenscroft et  al. 2009). An 
average order of 5000–10,000 μg/kgAs concentration in soils has been reported. 
Boyle and Jonasson (1973) and Shacklette et al. (1974) quoted an average value of 
7200 and 7400 μg/kg, respectively, for American soils. Average As concentration in 
the stream sediment was found in the range of 5000–8000 μg/kg in England and 
Wales (AGRG 1978). A considerable concentration (range 1200–2600 μg/kg) has 
also been reported in sediments of the river Ganges, from Brahmaputra river with a 
range 1400–5900 μg/kg and from Meghna river with a range 1300–5600 μg/kg 
(Datta and Subramanian 1997). Arsenic enters into groundwater through weather-
ing processes of As mineral bearing rocks followed by runoff, deposition, and 
leaching (NIH 2010).

Along with the natural source of As occurrence, there are several anthropogenic 
ways by which it can enter into the environment which include combustion of coal, 
application in agricultural practices using As-based pesticides, chromated copper 
arsenate (CCA) for wood preservation, activities like smelting of base metal ores, 
and mining activities (Smedley and Kinniburgh 2002).

The concentration of As in freshwater strongly depends on the source of As, local 
geochemical environment, and the amount available. It can vary by more than 103 
orders of magnitude. The main factors for mobilization and accumulation of As are 
rock-water interactions and availability of favorable physical and geochemical con-
ditions in the aquifers (Smedley and Kinniburgh 2002). The presence of As in the 
aquifers is controlled by many factors that include redox potential, pH, adsorption/
desorption, precipitation/dissolution, As speciation, and biological transformation.

12.3  Aqueous Speciation and Toxicity of Arsenic

Arsenic behaves differently among the heavy metalloids and oxyanion-forming ele-
ments (e.g., As, Sb, Mo, Cr, Re, Se, and V) in its sensitivity and mobilization at the 
typical values of pH (6.5–8.5) found in the natural aquifers. Arsenic can be found in 
several oxidation states (−3, +3, 0 and +5) and forms organic and inorganic species 
in the environment (Smedley and Kinniburgh 2002). Inorganic forms are dominant 
in natural water, while organic forms are found in surface water where biological 
activities take place or where waters are significantly affected by industrial waters 
containing organic impurities. Inorganic forms are oxyanions of trivalent arsenite 
As(III) and or pentavalent arsenate As(V), and major organic species are dimethyl-
arsinic acid (DMA) and monomethylarsonic acid (MMA). Inorganic species are 
more toxic than the organic (NIH 2010).
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12.4  Arsenic in Groundwater and Surface Water

Concentration of As higher than WHO guideline (10 μg/L) has been reported in 
several areas worldwide. Arsenic is widely spread in groundwaters of many states 
of India including Uttar Pradesh, Bihar, Jharkhand, Chhattisgarh, Assam, West 
Bengal, and Manipur. More than 170,000 water samples from tube wells were ana-
lyzed from all surveyed states of India, and half of the samples had As >10 μg/L. The 
maximum As concentration was detected in a tube well from West Bengal as 
3700 μg/L, which was 370 times higher than the WHO guideline value (10 μg/L) 
and 74 times higher than the Indian standard of As (50 μg/L) in drinking water. 
Elevated concentrations of As in groundwater were also detected in other states 
such as Bihar and Uttar Pradesh. Altogether 13.85 and 6.96 million people from all 
surveyed states were exposed to As greater than 10 and 50  μg/L, respectively 
(Chakraborti et al. 2017).

Higher concentration of As has been also observed in the river water samples, 
mainly in the seasonal river channels or tributaries of the Ganges. The concentration 
of As varied between the Ganges and its tributaries as follows: Ganges (2–4 μg/L), 
Bay (23 μg/L), Burhi Gandak (17–24 μg/L), Kamala (10 μg/L), Bagmati (13 μg/L), 
Santi (5 μg/L), Blan (12 μg/L), and Punpun (6 μg/L) (unpublished). Higher As con-
centration has not been observed in most studies on the middle and lower Gangetic 
plain. However, an elevated concentration of As (20–22 μg/L) has been reported in 
a small stream (river Gobra) in Murshidabad (Stuben et al. 2003) and river Jalangi 
and upper Ichamati (range 37–101 μg/L) of West Bengal (Mukherjee et al. 2009). It 
has been suggested that the reduction of Mn in the Gobra while the groundwater 
discharge served as a source of As in river Jalangi and upper Ichamati is due to 
elevated As concentrations. In a study done in middle Gangetic plain, it was 
observed that the river or channels which are small and locally recharged (Burhi 
Gandak, Bay, Bagmati, and Blan) contain high levels of As, while the river Ganges 
and its channels contain much fewer concentrations (unpublished). The probable 
reason for higher concentrations of As may be lean flow into the channels and 
recharge from the adjacent aquifers or may be upstream anthropogenic inputs. The 
river Kamala originates in the Himalayas and contains much less As concentration 
in its upper reaches near Jainagar city of Madhubani district in Bihar state.

12.5  Arsenic in Sediments and Its Relation 
with the Geological Settings in Fluvial Regions

The Ganges basin, also known for world’s largest alluvium sedimentation and depo-
sition, is an end result of the India-Asia plate collision that had started in Palaeogene 
geological period. In Gangetic plain, the sediment deposition is divided into 
Pleistocene and Holocene deposition (Revenscroft 2001). A flat topography exists 
with a north to south slope in the Holocene alluvium Gangetic plain. Acharyya and 
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Shah (2007) have discussed geomorphologic and quaternary morphostratigraphy of 
Gangetic plain on 1:50,000 scale, along with field observations to identify fluvial 
landforms and soil characteristics. The terrain is divided into two types of deposi-
tion: the older alluvium (Pleistocene) is characterized by the presence of yellow- 
brown clay with profuse calcareous and ferruginous concentrations. The newer 
alluvium (Holocene) is characterized by unoxidized, organic-rich sand, silt, and 
clay and restricted to low-lying fluvial and fluviolacustrine settings. The major part 
of Ganga plain consists of interfluves upland terrace surface (Singh 1996). The plain 
has been incised by dendritic drainage and channels containing a good amount of 
organic muds of Holocene age (Ravenscroft et al. 2005). Shah (2008) revealed a 
mineral assemblage (quartz, muscovite, chlorite, kaolinite feldspar, amphibole, and 
goethite) with the help of XRD studies on soil samples of As-safe older alluvium 
and As-contaminated newer alluvium from Gangetic plain. In Gangetic plain tube 
wells are tapped mostly in shallow aquifers, which hold 30% of total replenishable 
groundwater. Shallow aquifers are the main source of drinking water to fulfill the 
daily requirements of the local population and remain as the major input for societal 
development.

Primarily mineral assemblage of quartz, calcite (CaCO3), muscovite, and chlo-
rite with minor amounts of smectite, feldspar, hematite, siderite, goethite, and mag-
netite was reported in Gangetic plain (Kumar et al. 2016). The significant presence 
of altered feldspar, chert, and chlorite indicated the sedimentary and metasedimen-
tary origin of sands (Ahmed et al. 2004). The presence of calcite and muscovite in 
the upper oxidized sediments suggested a close relationship with chelation of the 
metals in the zone of oxidation (Hasan et al. 2009). Peaks of hematite (Fe2O3) and 
goethite (FeO(OH)) were observed throughout the profile, but magnetite (Fe3O4) 
was reported only in the upper yellowish oxidized silty clay. The presence of this 
secondary mineral was noted in early studies of As in Southeast Asia by Islam et al. 
(2004) and Anawar et  al. (2006). Jönsson and Sherman (2008) investigated on 
 sorption of As to siderite and find As(V) sorbs strongly, but As(III) sorbs weakly. 
Mumford et al. (2012) reported 184,000 μg/kg of As in a siderite, which included 
quartz, so the actual concentration in the siderite is probably higher. Hence, siderite 
was reported as decidedly a sink for As in Gangetic plain.

12.6  Arsenic in  Agricultural Soils: A Close Relation 
with Groundwater Extraction

The total concentration of As observed in agricultural soils ranged from 3527 to 
14,690 μg/kg in Gangetic plain (Kumar et al. 2016), and this finding is approxi-
mately two to seven times higher than the world’s typical average value of 2000 μg/
kg for igneous and sedimentary rocks (Mandal and Suzuki 2002). A high variability 
was observed in the concentration of As in agricultural soils in the Gangetic plain 
(Kumar et al. 2016). It is known that presence of higher concentration of As in soils 
may be attributed to geogenic contribution (Kumar et al. 2016; Meharg and Rahman 
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2003), although few studies indicate higher As concentration in soils than sediments 
(Chowdhury et  al. 1999). This suggests that other sources may contribute to the 
anomalous high concentration of As in soils. The situation of an elevated As in agri-
cultural soils has been documented in previous studies conducted from As prone 
areas of Bangladesh, a country in which it has been confirmed that As levels were 
elevated in zones where As in groundwater used for irrigation was high (Meharg 
and Rahman 2003). Mean As concentration in agricultural soils has been reported 
as 101,000 μg/kg in West Bengal, India (Norra et  al. 2005). Another study con-
ducted in West Bengal in an As-contaminated area revealed a range of 10,000–
35,000  μg/kg in agricultural soils (Sanz et  al. 2007). Arsenic concentration of 
surface soils having a range of 1090–2480 μg/kg and any specific trend was not 
observed in a concentration with the depth of 2 mbgl (Vicky-Singh et al. 2010). The 
As concentration in agricultural soils varied from 880 to 4960 μg/kg in Feni district 
of Bangladesh, while it ranged from 3110 to 8900 for Dhamrai, Bangladesh, and 
17,600–65,000  μg/kg for Faridpur, Bangladesh (Ahsan et  al. 2009). A range of 
8500–10,300 μg/kg in Japanese paddy soils, 2000–4600 μg/kg in South Korean 
soils, and 6700–9100 μg/kg in soils from Thailand (Mandal and Suzuki 2002) has 
been observed.

12.7  Arsenic in  Dietary Components

In study from central Gangetic basin it was reported that the vegetables with highest 
mean As concentration were luffa, brinjal, cucumber, ladyfinger, gourd, and green 
gram with mean values of 800, 492, 399, 375, 268, and 174 μg/kg, respectively 
(Kumar et al. 2016). In other dietary components, rice, wheat, and maize have the 
highest mean As concentrations (Kumar et al. 2016). Variation in As and other ele-
ments’ accumulation in plants depends on many factors, viz., availability of As in 
water and soils, accumulation capacity by plant, lifespan of plants grown, etc. 
(Roychowdhury et al. 2003). Among all food categories such as vegetables, rice, 
wheat, maize, and green gram, vegetables contained elevated concentrations of As. 
In another study, it was reported that As concentrations (dry wt.) in wheat and maize 
were 24 μg/kg and 11 μg/kg, respectively, from Maner district of Bihar, India (Singh 
and Ghosh 2011).

12.8  Ecotoxicological and Health Effects of Arsenic

Arsenic is a toxic element, known as class (I) human carcinogen and widely distrib-
uted in the environment as both inorganic and organic forms (Hughes et al. 2011). 
In general, the inorganic forms (arsenite and arsenate) of As are much more toxic 
than the organic forms (monomethylarsonic acid, dimethylarsinic acid, arsenobeta-
ine, etc.) of As. Arsenite is generally more toxic than arsenate, and humans are 
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exposed to both forms of inorganic As from water and food. There are many pathways 
by which As can enter the human body via food chain (ingestion by water and food 
sources), and occupational exposure is the most common (Rahman et  al. 2009). 
Various inorganic species (arsenite and arsenate) and organic species (methylated 
anionic species, volatile As hydride, and organo As) in food materials have been 
reported as the main pathways to human exposure (Momplaisir et al. 2001).

12.9  Bioremediation Strategies for Arsenic Detoxification

Several conventional remediation methods such as solidification and stabilization, 
soil flushing/washing, electrokinetics, chemical reduction/oxidation, in situ oxidation, 
thermal desorption, surfactant-enhanced aquifer remediation, vitrification, pneu-
matic fracturing, excavation/retrieval, landfill, etc. are available (Saxena et al. 1999; 
Wenzel et al. 1999). Most of these traditional remediation methods used for in situ 
and ex situ remediation of contaminated sites are uneconomical, unsustainable, and 
destructive. Bioremediation is the use of plants or microorganisms to decontaminate 
an environment by transforming or degrading pollutants. In situ bioremediation is a 
well-established technology for the treatment of contaminated sites, especially 
when the pollutants are diffused in large areas. Such managed areas are available for 
safe uses at an economically acceptable price.

Generally, metal contaminants are found in various matrix of the environment such 
as soils, sediments, and water. Metal contaminants may be present naturally or pro-
duced anthropogenically through various industrial processes. The main reason for 
the remediation of the metal-contaminated site is that metals are nonbiodegradable in 
nature; however, they can be transmuted through various processes such as sorption, 
methylation, complexation, and changes in valence state. These conversions affect the 
movement and bioavailability of metal pollutants in a different matrix.

Arsenic bioremediation is an economical  and environment friendly method. 
Arsenic is a chemical analog to phosphorus in several plants, and it is easily taken 
up by plants (Tu and Ma 2003). There are several ways and methods of As bioreme-
diation that are discussed in the next sections of this chapter.

12.9.1  Arsenic Remediation Using Plants (Phytoremediation)

The generic term “phytoremediation” contains two words: the Greek prefix phyto 
means “plant,” attached to the Latin root medium which means “to correct or remove 
an evil.” In general, phytoremediation is a set of mechanisms that use different 
plants to absorb, extract, contain, or immobilize contaminants (organic and inor-
ganic) from different components of the environment (such as air, water, and soil) 
(Salt et al. 1998). Arsenic is an unnecessary constituent for plants, and inorganic As 
species are usually extremely toxic for plants. Usually, the As concentrations found 
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in most of the terrestrial plants are below 10  mg kg−1 under normal conditions 
(Matschullat 2000).

Arsenate present in the soil act as phosphate analog in plants by replacing phos-
phate in several biochemical and also interrupt phosphate metabolism. For example, 
in some plants arsenate can interrupt mitochondrial oxidative phosphorylation and 
thus, the production of the nucleotide adenosine triphosphate (ATP), which is the 
main energy source for cells (Fayiga and Saha 2016). After absorption As can find 
its way into the fruit/grains of plants and accumulate there. There are several factors 
which can affect the phytoremediation of As-polluted soil and water, such as bio-
availability of As in the soil, redox potential, speciation of As in soil, phosphate 
concentrations, the presence of co-contaminants, plant age, plant nutrition, rhizo-
sphere characteristics, and biological associations with microbes (Fayiga and Saha 
2016). During phytoremediation, plant removes or uptakes metals by using one or 
more of these mechanisms, i.e., phytoextraction, phytostabilisation, rhizofiltration, 
phytodegradation, and phytovolatilization.

Arsenic inhibits plant growth, delays seed germination, and causes foliage chlo-
rosis and necrosis (Odutayo et al. 2015). Presence of As in plants may lead to a 
decrease in crop yield, as As can disturb the uptake and transport of nutrients in 
plants (Paivoke and Simola 2001). Phytoremediation has a benefit over traditional 
remediation technology of As-contaminated soils such as burial and chemical stabi-
lization, which may cause long-term health intimidations due to leakage or chemi-
cal uncertainty (Allen 2001; Förstner and Haase 1998; Bhattacharya et al. 2007). 
Thus phytoremediation technology has the possibility to become an environment 
friendly and economical unconventional remediation technique for As-contaminated 
sites (Bhattacharya et al. 2007).

Higher plants can bear high levels of As by two basic approaches, which are (a) 
exclusion, whereby carriage of As is limited, and low, moderately constant As con-
centrations are retained in the shoot or grain over a wide range of soil concentrations, 
and (b) accumulation, whereby As is accumulated in less/nontoxic form(s) in upper 
parts of plant at both high and low soil concentrations (Baker et al. 2000). Some stud-
ies conducted on As remediation using various plant species are given in Table 12.1.

Most of the plants do not accumulate As, and its concentrations in leaves or seeds 
are often below 1 mg/kg. Several authors reported that some tropical and subtropi-
cal plant species can tolerate and uptake various inorganic and organic forms of As 
(Meharg and Hartley-Whitaker 2002). Ma et al. (2001a, b) conducted a screening 
study on several plant species growing at an As-contaminated site in Florida and 
reported that Pteris vittata, as an As hyperaccumulator fern. The results showed that 
its leaves can contain an excess of 1% As (dry weight basis). This was due to the 
capability of the fern to translocate As from the lower parts of plants (roots) to the 
upper parts (leaves) and accumulate it, due to its ability to uphold high phosphate in 
its roots (Tu and Ma 2003; Luongo and Ma 2005). When As enters in plants through 
the roots of plants and through P transporters (Pit and Pst proteins), As(V) is reduced 
to As(III) before being ejected to cell vacuoles.

In another study, Wang et al. (2007) examined the discrepancy of As accumula-
tion by ferns collected at various sites in south China (Guangxi Province) and 
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observed genotypic variations within P. vittata that could be useful in breeding 
improved cultivars. Similarly, Aldrich et  al. (2007) studied the accumulation of 
As(III) and As(V) by mesquite a desert plant species and its possible use for decon-
tamination of As-contaminated soils. During experiment, mesquite seedlings were 
grown in agar-based medium containing 5 mg/L of either As(III) or As(V). The 
results of the study revealed that the As(V) concentration was significantly higher 
than the As(III) concentration in all parts of the plant. It happened as As(V) was 
reduced to As(III) inside the mesquite plant revealed by X-ray absorption spectros-
copy (XAS). Therefore the mesquite plants could be a potential candidate for the 
phytoremediation of As-contaminated soils in arid regions.

A greenhouse experiment with P. vittata showed that frond As concentration 
increased from 29.4 to 15,861 mg kg−1 in soil spiked with 1500 mg kg−1 As in 
2 weeks showing the high translocation of As in the fern (Ma et al. 2001a, b). In 
another study, Tu and Ma (2002) reported that the fern (P. vittata) was also able to 
remove As from soils containing different As species at different As concentra-
tions. A very large percentage of the As (75–93%) accumulated in the fronds show-
ing that the fern was able to translocate As within the plant (Ma et al. 2001a, b; 
Zhang et  al. 2002; Lombi et  al. 2002; Tu et  al. 2002). Many plants have been 
reported to tolerate As in As-contaminated soils but are not hyperaccumulators 
because they accumulate As only in their roots (Bondada and Ma 2003; Srivastava 
et al. 2006).

Alvarado et al. (2008) observed the elimination of As (0.15 mg/L) from polluted 
water by two aquatic plants, i.e., water hyacinth (Eichhornia crassipes) and lesser 
duckweed (Lemna minor). Two plant densities were used: 1 kg/m2 and 4 kg/m2 (on 
a wet basis) for lesser duckweed and water hyacinth, respectively. The results 
showed that water hyacinth removed 18% of As and the removal rate was 600 mg 
As/ha/d. The results showed that L. minor removed 140 mg As/ha/d (5%) from the 
As-polluted water.

Salido et al. (2003) performed field and greenhouse trials to assess the perfor-
mance of phytoremediation of two metals (As and lead) from polluted soil at an EPA 
Superfund site (Barber Orchard). To remove As Chinese brake ferns (Pteris vittata) 
were used in the study. Results showed that the concentration of As in shoots of ferns 
was about 20 times higher than the soil As  concentration under field conditions. 
According to the study, to bring the As concentration to safe levels (40 mg/kg), it 
was estimated that 8 years would be required. Results also indicated that reduction 
in the acid-extractable quantity of soil As and increase in the pH of soil may improve 
As removal from the contaminated site.

12.9.2  Arsenic Remediation Using Bacteria

Plants often exist in mutual relationships with other microorganisms, especially 
bacteria and fungi (Fayiga and Saha 2016). It is important to know the effects and 
role of As accumulation on these microbes. It is also important to know what role 
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these microbes play in As uptake by the fern. Arsenic-resistant bacteria have been 
isolated in the fronds and rhizosphere of P. vittata (Rathinasabapathi et al. 2006; 
Huang et al. 2010).

Arsenic bioremediation depends on microbial action to detoxify, mobilize, or 
immobilize As through oxidation-reduction, biomethylation, sorption, and com-
plexation processes (Wang and Zhao 2009). In prokaryotes and unicellular eukary-
otes, arsenate (AsV) and arsenite (AsIII) enter the cell through phosphate (Pi) 
transporters and aquaglyceroporins, respectively. In bacteria, genes localized in the 
ars operon regulate As resistance. It typically comprises three genes, arsR, arsB, and 
arsC, encoding three proteins, which convert arsenate to arsenite and extrudes arse-
nite from the cells (Rosen 2002; Tripathi et al. 2007).

Takeuchi et al. (2007) conducted a study on nine bacterial strains of marine 
and nonmarine origins for As resistance and removal. The As-resistant and accu-
mulating bacteria are extensively present in the marine and nonmarine aquatic 
environments. Further, they reported that As-accumulating bacterial species, 
such as Marinomonas communis, were possible candidates for remediation of 
As-polluted aquatic mediums. During the experiment, M. communis indicated 
the high As tolerance with median effective concentration (EC50) value of 
510 mg Asl−1 and was capable of removing As from culture medium amended 
with arsenate. Salmassi et  al. (2002) isolated a heterotrophic bacterial strain 
(Agrobacterium albertimagni strain AOL15) which can oxidize As(III) from the 
surface of aquatic macrophytes collected in a Hot Creek. The isolated bacterial 
strain can oxidize 585 μM As(III) within 24 h in mannitol medium in laboratory 
conditions.

Similarly, Liu et al. (2011) piloted a laboratory study for As removal from con-
taminated soil by using genetically modified bacteria. The study showed that those 
bacteria which have expressed arsM gene efficiently removed As through volatiliza-
tion from the As-contaminated soil. Further, it was reported that use of genetically 
engineered microorganisms is a cost-effective and capable approach for As biore-
mediation from contaminated sites.

In past years, many microorganisms were isolated from As-contaminated sites, 
and these were potentially involved in As removal (Routh et al. 2007). Results of the 
study showed that A. bolidensis (a novel gram-positive, facultatively anaerobic, 
coccus-shaped actinomycete) actively reduced As(V) to As(III) in aqueous media in 
laboratory conditions.

Dey et  al. (2016) isolated two rod-shaped gram-positive bacteria, from 
As-contaminated groundwater of West Bengal, India. These isolated bacteria 
(Bacillus sp. and Aneurinibacillus aneurinilyticus) can tolerate arsenate and 
 arsenite concentration up to 4500  ppm and 550  ppm, respectively. The results 
showed that the isolates can remove 51.4–51.9% of arsenite and 50.3–53.37% of 
arsenate, respectively, from a As amended culture media. The isolated bacterial 
species were As resistant and can be used asa potential candidate for the 
 bioremediation of As.
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12.9.3  Arsenic Remediation Using Algae

Phytoremediation is the use of algae (micro or macro) for the biotransformation of 
contaminants, comprising metals, nutrients, and xenobiotics from industrial liquid 
effluents and from terrestrial polluted sites. The alga is commonly present on earth 
and has adapted to a diversity of habitats, with wide tolerance to environmental 
conditions. Microalgae have the capability of removing environmental toxicants 
such as heavy metals, hydrocarbons, and pesticides through various mechanisms, 
such as biosorption, bioconcentration, biotransformation, and biovolatisation.

Becker (1983) observed that some planktonic algae have a great capability for 
the remediation of metal pollutants from wastewater. These algae absorb or remove 
heavy metal residues from wastewaters and the separation of the metal-saturated 
algae from the medium is also done at low cost, resulting in good-quality reusable 
effluent water and valuable biomass which could be used for various uses. The effi-
ciency of the phytoremediation depends on several parameters, i.e., growth rate of 
algae, transfer factor achieved by the algae, the quantity of heavy metal in the 
medium, preferred extent of metal removal from the medium, and metal recovery in 
relation to investment and operating expenses (Becker 1983).

Microalgae can potentially be used in remediation of As from contaminated 
media, due to their capability to bioaccumulate and biotransform As (Bahar et al. 
2013). Recently, Wang et al. (2013) examined two freshwater green algae species 
(Chlamydomonas reinhardtii and Scenedesmus obliquus) to assess the As bioaccu-
mulation kinetics under different conditions. They found that the As bioaccumula-
tion was significantly greater in phosphate-limited conditions as compared to 
phosphate-enriched conditions. This may be due to the competition between As(V) 
and phosphate for the identical transporter to enter the cells due to their structural 
resemblance.

12.9.4  Arsenic Remediation Using Fungi and Yeast

Mycorrhizal fungi and plant association help plants to reduce metal toxicity, by 
binding metals present in the contaminated soil to fungal hyphae (Koslowsky and 
Boerner 1989; Gadd 1993). So the plants grown in metal-contaminated soil and 
infected by fungi show better resistance than normal plants. As a result, plants 
infected by these fungi show a higher degree of resistance to metals, because the 
metals are accumulated in fungal hyphae and are not translocated to plant parts 
(Bradley et al. 1981; Brown and Wilkins 1985; Dehn and Schüepp 1989).

Several other As accumulator fungal species have been reported by different 
authors, such as Scopulariopsis brevicaulis (Gosio 1892), Phaeolus schweinitzii 
(Pearce et al. 1998), Fusarium oxysporum (Granchinho et al. 2002), Sinorhizobium 
meliloti (Carrasco et al. 2005), Neosartorya fischeri, Aspergillus clavatus (Cernansky 
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et al. 2007, 2009), Aspergillus candidus (Vala 2010), Aspergillus niger (Mukherjee 
et  al. 2010), Trichoderma sp., Neocosmospora sp., and Rhizopus sp. (Srivastava 
et al. 2011).

In a study, Chen et al. (2007) studied the effect plant phosphorus on arbuscular 
mycorrhizal fungi Glomus mosseae and As accumulation by Medicago sativa. The 
phosphorous and As interactions were also studied in plants. The results of the study 
indicate that due to fungal colonization, plant dry weight increased more than six-
folds and also considerably increased in total uptake (phosphorus and As contents). 
Notwithstanding of phosphorus and As addition levels, phosphorous content was 
two times higher in shoot and root of both the arbuscular mycorrhizal fungi and 
plants. The results also showed that an As concentration was significantly lesser 
than corresponding uninoculated controls. The decrease in As concentration in the 
shoot was due to the “dilution effects” caused by reduced As partitioning to upper 
parts of the plant and stimulated the growth of arbuscular mycorrhizal fungi.

In another study, the arsenate tolerance level in a fungus (Aspergillus niger) was 
observed by Mukherjee et al. (2010). The results point out that A. niger had a great 
arsenate uptake capacity and tolerance. Further, they reported that the A. niger can 
tolerate oxidative stress by influencing its antioxidative defense mechanism and 
may be used for the removal of arsenate from contaminated water.

In yeasts, As tolerance is provided by three connecting genes in the cluster ACR1, 
ACR2, and ACR3: ACR1 encrypts a putative transcription factor; ACR2 encrypts an 
arsenate reductase, and ACR3 encrypts a plasma membrane AsIII-efflux transporter. 
This approach confirms the reduction and removal of As(V) from the cytosol to the 
exterior medium. The additional mechanism that functions in yeast for the removal 
of cytosolic As is an ABC-type transporter, yeast cadmium factor, which is posi-
tioned at the vacuolar membrane and sequesters glutathione conjugates of AsIII 
(AsIII–GS3) in the vacuole (Ghosh et al. 1999).

12.10  Conclusion

Among all the metalloids, Arsenic (As) is recognized as the leading toxicant world-
wide and having various toxic effects on human and animal health as well as on the 
environment. Exposure of As may be by various routes including direct inhalation 
from the atmosphere, ingestion through contaminated food and water and dermal 
absorption. It causes various types of health effects like dermal and neurological 
involvement, reproductive and pregnancy effects, cardiovascular effects, diabetes 
mellitus, diseases of the respiratory system, multiorgan cancers etc. The source and 
occurrence and accumulation of As in the environment could be natural and anthro-
pogenic causing environmental contamination. Due to its harmful effects, it has 
been investigated in order to find an eco-friendly technique for the removal of As 
contamination from the natural resources. Bioremediation process in this regards is 
an option that offers the possibility to reduce or render trace and toxic elements such 
as As using plants and microbes. Among the various bioremediation processes, 
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phytoremediation and bioremediation using microbes are quite effective. 
Phytoremediation includes the removal of contaminants with the help of green 
plants, while the microbial bioremediation includes the removal of trace and toxic 
elements by microorganisms (bacteria, fungi, yeast and algae) as sorbents.
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Abstract Organophosphate pesticides are extensively used for the control of 
weeds, diseases, and pests of crops. Hence, these insecticides persist in the envi-
rons and thereby cause severe pollution problems. Synthetic pesticides including 
organophosphates insecticides are found to be toxic and/or hazardous to a variety 
of organisms like living soil biota along with valuable arthropods, fish, birds, 
human beings, animals, and plants. Organophosphate pesticides might be decon-
taminated quickly through hydrolysis on exposure to biosphere, which are respon-
sible to be significantly influenced by abiotic and/or biotic factors. The bacterial 
cultures isolated from various places are the major entities in the environment with 
a unique capability to break down different organophosphate pesticides for their 
growth. Additionally, a potential engineered strain(s) application for the bioreme-
diation of organophosphate(s) is of great interest. In the current chapter, the pub-
lished information on organophosphates impact on environment, toxic effects, and 
the available results of their degradation are discussed.

Keywords Toxicity · Chlorpyrifos · Methyl parathion · Quinalphos · Profenofos · 
Degradation

13.1  General Introduction

The green revolution has directed to an upsurge in the food production and, how-
ever, triggered many environmental problems with the increased use of agrochemi-
cals (including pesticides). The pesticides are classified into four major groups 
(Table 13.1). First and foremost are the groups of persistent organochlorine pesti-
cides such as dichlorodiphenyltrichloroethane, heptachlor, hexachlorobenzene, 
etc. Organochlorine insecticides introduced in the1940s are used in various crop 
protections from the pests. The extensive use of these insecticides, during the 
1950s–1970s, interfere with food and nonfood crops such as corn, wheat, and 
tobacco. Organochlorine pesticides fluctuate in their mechanisms of toxicity due to 
their differences in chemical structures. These are also known as lipophilic chemi-
cals, and their accumulation in the higher trophic levels leads to biomagnifications 
with the food chain (Poon et al. 2005). For example, increased concentrations of 
dichlorodiphenyltrichloroethane and its metabolites have been found in soil, water, 
and sediment samples (Bould 1995; Miersma et al. 2003; Shen et al. 2005; Yanez 
et al. 2002).
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Table 13.1 Major classes of pesticides

Pesticides classes Examples Chemical name Structure

Organochlorine 
pesticides

DTT 1,1′-(2,2,2-trichloroethane-1,1-
diyl)bis(4-chlorobenzene)

Cl
ClCl

ClCl

Dicofol 2,2,2-trichloro-1,1-bis(4-
chlorophenyl)ethanol

Cl

Cl
Cl Cl

Cl

HO

Organophosphate 
pesticides

Parathion O,O-diethyl O-(4-nitrophenyl) 
phosphorothioate

P
O

O

O

S

N+

O

-O

Diazinon O,O-diethyl O-[4-methyl-6-
(propan-2-yl)pyrimidin-2-yl] 
phosphorothioate P

OO

O SN

N

Diethyl 
2-dimethoxy

Malathion 2-[(dimethoxyphosphorothioyl)
sulfanyl]butanedioate, diethyl

O

O

O

O

S
PO
O

S
O

O

Profenofos O-(4-bromo-2-chlorophenyl) 
O-ethyl S-propyl 
phosphorothioate P

O O

OS

Cl

Br

Quinalphos O,O-diethyl O-quinoxalin-2-yl 
phosphorothioate

P
O

OO

S

N

N

Methyl 
parathion

O,O-dimethyl 
O-4-
nitrophenylphosphorothioate

ON
P

O
O

SO

O

CH3
CH3

Chlorpyrifos O,O-di 
ethyl-O-(3,5,6-trichloro-2-
pyridinyl)- phosphorothioate N

NCl

Cl

Cl

O P

S

O

O C2H5

C2H5

(continued)
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Organophosphates are the second major group of pesticides. The important 
organophosphate pesticides are malathion, methyl parathion, diazinon, endosulfan, 
dimethoate, chlorpyrifos, quinalphos, profenofos, and monocrotophos. The third 
group is carbamate insecticides, based on the carbonic acid. The most recently 
developed and least persistent of these insecticides belong to pyrethroids, which are 
derived from the chrysanthemum. In addition to the natural group of insecticides 
collectively called pyrethrins, some synthetic pyrethroids like cypermethrin, delta-
methrin, and fenvalerate insecticides are available under various brand names in the 
marketplace. These insecticides have rapid knockdown effects and are most fre-
quently used against flying insects (e.g., as aerosols for the control of household 
insects like flies, mosquitos, etc.). Pesticides with varied chemical nature have been 
used around the world in the agricultural sector for crop protection from pests, 
resulting in increased agricultural productivity (Kuo and Regan 1999). On the other 
hand, their extensive usage leads to the contamination of environmental surround-
ings (Barcelo 1991).

Table 13.1 (continued)

Pesticides classes Examples Chemical name Structure

Carbamate 
pesticides

Carbendazim Methyl 
1H-benzimidazol-2-
ylcarbamate

NH

O
O

N

N
H

Carbofuran 2,2-dimethyl-2,3-dihydro-1-
benzofuran-7-yl 
methylcarbamate

NH

O

O
O

Carbosulfan 2,2-dimethyl-2,3-dihydro-1-
benzofuran-7-yl 
[(dibutylamino)sulfanyl]
methylcarbamate N

O

O S N

O

Pyrethroid 
pesticides

Cyphenothrin Cyano(3-phenoxyphenyl)
methyl 2,2-dimethyl- 3-(2-
methylprop-1-en-1-yl)
cyclopropanecarboxylate

O

O

O

N

Cypermethrin [Cyano-(3-phenoxyphenyl)
methyl]3-(2,2-dichloroethenyl)-
2,2- dimethylcyclopropane- 1-
carboxylate

O

-O

Cl

Cl
O

N
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13.2  Organophosphate Pesticides as Environmental 
Pollutants

Constantly growing human population significantly depends on agriculture (which 
represents the world’s largest terrestrial biome) for food and nourishment (Mugni 
et al. 2016). Hence, for food safety, agrochemicals (pesticides, herbicides, and 
fungicides) are often used in crop production. These agrochemicals, especially 
pesticides, help to enhance the production of crops by protecting from pests in the 
course of pre- and post-harvest (Abhilash and Singh 2009). Among the four groups 
of pesticides, organophosphates are widely used. Some of these pesticides history, 
half-life period and uses are provided in Table 13.2.

The  organophosphate pesticides are used to save crops from pests; however, 
most of their unused portion as well as their by-products is driven to waste and 
remains contaminant in the soil, thereby causing loss of fertility, acidification of 
soil, nitrate leaching, increased resistance of weed species, and loss of biodiversity 
(Mohapatra 2008; Tilman et al. 2002; Verma et al. 2013).

13.2.1  Chlorpyrifos as an Environmental Pollutant

Chlorpyrifos is introduced in the year 1965 by Dow Chemical Company, USA, and 
is known by many trade names (including Dursban and Lorsban). The World Health 
Organization classified chlorpyrifos as class II moderately toxic chemical. It is a 

Table 13.2 History, half-life period, and uses of organophosphate pesticides

Pesticide 
name

Introduction 
(year)

Half-life 
period in 
soil (Days) Uses

Chlorpyrifos 1965 10–120 Controls Coleoptera, Diptera, Homoptera, and 
Lepidoptera in soil and on foliage in over large 
number of crops including rice, cotton, oilseeds, 
pulses, vegetables, and plantation

Methyl 
parathion

1949 25–130 Methyl parathion controls boll weevils and many 
biting or sucking insect pests of agricultural crops, 
primarily on cotton. It kills insects by contact or 
stomach and respiratory action

Quinalphos 1969 29–60 Quinalphos applied for controls caterpillars on fruit 
trees, cotton, vegetables, and peanuts; scale insect on 
fruit trees and pest complex on rice and also controls 
aphids, bollworms, borers, leafhoppers, mites, thrips, 
etc.

Profenofos 1982 7–15 It controls the tobacco budworm, cotton bollworm, 
armyworm, whiteflies, spider mites, plant bugs, and 
fleahoppers. Profenofos also control lepidopteron 
species (the worm complex) at varying rates
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broad-spectrum chlorinated organophosphate insecticide (Yadav et al. 2016). It is 
used in agriculture as a nematicide and acaricide for pest control on various crops. 
The chlorpyrifos persists for long period in soil and water, because of its nonpolar 
nature and readily soluble in organic solvents. In addition to the unused chlorpyrifos 
applied directly in the surroundings, pollution of soil can also be generated in the 
progress of handling the insecticide in the farmyard as well as in the containers 
(Yadav et al. 2016). Moreover, due to its slow degradation rate, chlorpyrifos can 
persist for long periods in soil and thereby affect a substantial risk to the ecosystem 
(Kulshrestha and Kumari 2011; Singh and Walker 2006; Yadav et al. 2016).

13.2.2  Methyl Parathion as an Environmental Pollutant

Methyl parathion (an insecticide) is extensively used in agriculture crops, primarily 
cotton, emulsion concentrate, granular food packing, and pest control management, 
because of its effectiveness toward insect pests (Abhijith et al. 2016). Nevertheless, 
the uncontrolled usage of methyl parathion may cause potential risk to the aquatic 
organisms and interfere with the general health, reproductive, and developmental 
process (Rico et al. 2010). Methyl parathion was detected in many water samples 
(Diagne et al. 2007). In addition, the accumulation of methyl parathion and its resi-
dues in various components of aquatic surroundings has been reported (Diagne 
et al. 2007; Huang et al. 2011). It is also polluted dairy products (Patnaik and Padhy 
2016; Srivastava et al. 2011). On the basis of methyl parathion toxic effect and resi-
due concentration, it has been classified as extremely hazardous and is listed in the 
HazDat database of chemicals detected in surface and/or groundwater at National 
Priorities List (NPL) sites (WHO 2004), as a result, encouraging numerous nations 
to ban or control its usage. Though, methyl parathion is still misused in several 
developed nations (Ghosh et al. 2010).

13.2.3  Quinalphos as an Environmental Pollutant

Quinalphos is a synthetic, non-systemic, and broad-spectrum organophospate pesti-
cide and used extensively to control pests of a variety of crops such as cotton, paddy, 
peanuts, coffee, cocoa, soya beans, tea plantation, vegetables, and fruit trees for 
controls of caterpillars, scale insect, aphids, bollworms, borers, leafhoppers, mites, 
and thrips (Talwar et al. 2014). However, merely 1% of the used chemical (pesti-
cide) interacted with target insect, whereas the rest of the chemical floats into the 
environmental surroundings (Gangireddygari et al. 2017). The large-scale usage of 
quinalphos poses a health hazard to animals and human beings, because of its per-
sistence in the soil and crops (Katti and Verma 1992; Talwar et al. 2014).
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13.2.4  Profenofos as an Environmental Pollutant

Profenofos is a non-systemic and broad-spectrum organophosphate insecticide. It is 
widely used to control lepidopteron insects, whiteflies, aphids, hoppers, and spider 
mites from a variety of crops including cotton, corn, sugar beet, soybeans, potatoes, 
vegetables, and tobaccos (EPA 2012; Reddy and Rao 2008; Talwar and Ninnekar 
2015). Profenofos is a contaminant in a wide range of aquatic and terrestrial ecosys-
tems (Safiatou et  al. 2007; Talwar and Ninnekar 2015). Harnpicharnchai et  al. 
(2013) reported that the average value of profenofos in soil was about 0.041 mg kg−1 
in summers whereas 0.016 mg kg−1 in winters. In addition, profenofos pesticide 
residue was also detected in water, sediments, as well as in muscle tissues of 
Cyprinus carpio (Mahboob et al. 2013).

13.3  Toxicity of Pesticides

In most instances, various pesticides affect the human beings and animals health 
due to their capability to interact with living system especially endocrine system 
(Munoz-de-Toro et  al. 2006). Moreover,  some of these insecticides were easily 
transferred from nursing mothers to children through breast milk (Munoz-de-Toro 
et al. 2006). Carbamate pesticides are related to organophosphates by their mode of 
action, but the dose required to produce minimum poisoning symptoms and mortal-
ity in human beings is higher for carbamate compounds than for organophosphate 
compounds (Goldberg et al. 1963; Vandekar et al. 1971).

13.3.1  Toxicity of Organophosphate Pesticides

Organophosphates are the one of a major group of pesticides. These chemicals are 
neurotoxic that act by inhibiting acetylcholine esterase in the central and peripheral 
nervous system, resulting in choline and acetate formation (Elersek and Filipic 
2011). Further, nerves are significantly enhanced and blocked. This suppression 
leads to convulsion, paralysis, and lastly death for insects and mammals (Singh and 
Walker 2006). Additionally, organophosphates also bear the potentiality to cause 
genotoxic and carcinogenic effects (Kaushik and Kaushik 2007).

13.3.1.1  Toxicity of Chlorpyrifos Pesticide

Chlorpyrifos is moderately toxic to human beings, because, it acts on the nervous 
system by inhibiting acetylcholinesterase activity (Reiss et al. 2012; Schuh et al. 
2002). There are reports of genotoxic and mutagenic effects of chlorpyrifos in 
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human beings (Sandal and Yilmaz 2011; Sobti et al. 1992) and rat (Ojha et al. 2013). 
Nasr et al. (2016) reported that the chlorpyrifos has the tendency to affect significant 
oxidative damage in brain and kidney of rat. There is an increased risk of various 
cancers in pesticide applicators, in particular colorectal (Lee et  al. 2007), breast 
(Engel et al. 2005), lymphoma (Karunanayake et al. 2012), prostate (Alavanja et al. 
2003), hematopoietic, leukemia, and brain cancers (Lee et al. 2004). Additionally, 
there is an evidence of immunotoxicity, including the effects on lymphocytes 
(Blakley et al. 1999) and thymocytes (Prakash et al. 2009). This epidemiological 
evidence has been linked to neurological effects, persistent developmental disor-
ders, as well as autoimmune disorders. However, many countries have recognized 
the hazards of chlorpyrifos and have slowly limited or banned their usage. 
Recently, Jegede et al. (2017) reported that changes in temperature can influence the 
toxicity of chlorpyrifos toward soil microarthropods.

13.3.1.2  Toxicity of Methyl Parathion Pesticide

Human beings exposed to methyl parathion reported headaches, nausea, sleepless-
ness, diarrhea, restlessness, breathing problem, dizziness, abdominal cramps, exces-
sive sweating, and mental confusion (Rubin et  al. 2002). The toxicity of methyl 
parathion is associated with hindering acetylcholinesterase (the enzyme responsible 
for the hydrolysis of the acetylcholine) in mammals especially human beings and 
pests leading to severe health complications (Liu et al. 2016b). In previous studies, 
researchers reported that when fish are exposed to methyl parathion, changes were 
observed in acetylcholinesterase activity, hematological and biochemical parame-
ters (Duquesne and Kuester 2010; Uzunhisarcikli et al. 2007). Moreover, Abhijith 
et al. (2016) reported that an acute and sublethal dose of methyl parathion induces 
substantial variations in the enzymatic profiles (in Catla catla).

13.3.1.3  Toxicity of Quinalphos Pesticide

Quinalphos is an insecticide affecting acetylcholinesterase inhibition with interac-
tion and also on stomach and respiratory system (Yashwantha et al. 2016). The toxi-
cological effects of quinalphos in rats and other animals have been well documented 
(Dwivedi et al. 1998). For example, quinalphos (at doses of 1.5 mg kg−1 body weight) 
administered to pregnant rats produced inhibition of acetylcholinesterase activity in 
fetal brain and placenta, indicating a possible transfer of pesticide from dams to 
fetuses (Srivastava et al. 1992). In addition, it is also adversely affects the activity of 
testicular steroidogenic enzymes and thereby causes degeneration of germ cell and 
reduction in sperm count (Ray et al. 1992). However, quinalphos is primarily metab-
olized by desertification to quinoxalin-2-ol and phosphorothioate, of that approxi-
mately 87% of quinoxalin-2-ol is excreted through urine and the remaining exists in 
the bile duct. Debnath and Mandal (2000) reported that quinalphos is an environmen-
tal xenoestrogenic insecticide, which interferes with the expression of the sex 
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hormones leading to abnormalities in mammals. Moreover, quinalphos is also 
showed at certain concentration; it becomes toxic in female reproduction (Khera 
et  al. 2016). In another study, a research group reported that quinalphos will be 
hazardous to silver barb, Barbonymus gonionotus (Sadiqul et al. 2016).

13.3.1.4  Toxicity of Profenofos Pesticide

The presence of profenofos residue in the soil poses high environmental risk due to 
its adverse impact on biosphere (Fosu-Mensah et al. 2016; He et al. 2010). Thus, 
human populations are certainly exposed to profenofos residue and its by-products. 
For example, a study reported the presence of profenofos and its intermediate 
(4-bromo-2-chlorophenol) in human plasma and urine (Gotoh et  al. 2001). In 
another study, a research group demonstrated in vitro toxic profile of profenofos by 
using lymphocytes from peripheral blood samples of healthy human donors 
(Prabhavathy Das et al. 2006). In addition, profenofos is also highly toxic to fish and 
invertebrates (Talwar and Ninnekar 2015). The high-level exposure to profenofos 
causes hepatocellular injury (Gomes et al. 1999). Moreover, high doses of the pro-
fenofos induced tissue vacuolization, hemorrhage, and hyperplasia of kupffer cells 
in the liver. In adddion, swelling of Bowman’s capsules and tubular degeneration in 
the kidney were also documented (Fawzy et al. 2007). It is also able to induce oxi-
dative stress; this may be an earlier diagnostic index in profenofos poisoning (Lin 
et al. 2003). Likewise, Ruparrelia et al. (1986) reported that semi-static exposure of 
profenofos was used to understand the toxic effect in aquatic environment, with the 
special importance on behavioral, morphological, and target enzyme interaction and 
bioaccumulation of the toxicant in various areas of the body of Oreochromis moss-
ambicus (Tilapia). Furthermore, in chromosomal experimental investigation, sam-
ples of the metaphase plates were treated with sublethal doses of profenofos shown 
in satellite links and chromatid disruptions and gaps, demonstrating the effect of 
profenofos on chromosomes (Kushwaha et al. 2016).

13.4  Bacterial Degradation of Organophosphate Pesticides

Bioremediation is a process in which microorganisms and plants are used as bio-
logical mediators to detoxify toxic/hazardous organic and inorganic chemicals into 
less risky smaller compounds (Bharagava et al. 2017a, b; Saxena and Bharagava 
2017; Chandra et  al. 2015; Liu et  al. 2007). It is an environmental-friendly and 
greatly effectual method that can be used as a substitute to chemical and physical 
methods (Gilani et al. 2016). Pesticide pollutants can be degraded either by biotic 
and/or abiotic pathways. However, biodegradation of such chemicals by organisms 
is the primary mechanism in different soils. Hence, it is an advantageous process in 
the developmental strategies for bioremediation of pesticides contaminated soil, 
sediment, and water (Qiu et al. 2006). Numerous reports are available on degradation 
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of different class of pesticides (Mulla et al. 2016; Tallur et al. 2015; Talwar and 
Ninnekar 2015). The successful removal of pesticides (including chlorpyrifos, 
endosulfan, methyl parathion, coumaphos, ethoprop, parathion, diazinon, and 
dimethoate) by bacteria has been reported (Singh and Walker 2006; Zheng et al. 
2013). Isolation of pure bacterial cultures capable of degrading organophosphate 
pesticides has gained significant attention, because, these bacteria are easily acces-
sible and offer an environmental-friendly method of in situ reclamation (Ortiz- 
Hernández and Sánchez-Salinas 2010).

The hydrolysis is the most significant step in organophosphate pesticides catabo-
lism, which causes compounds more exposed to further biodegradation, and the 
mechanism of hydrolysis along with its kinetic characteristics is well presented in 
literature  (Ortiz-Hernández and Sánchez-Salinas 2010). Bacterial isolates having 
the ability to degrade organophosphate pesticides by metabolically and/or co- 
metabolically are listed in Table 13.3.

13.4.1  Bacterial Degradation of Chlorpyrifos

Previous results revealed that in Flavobacterium sp. and Pseudomonas diminuta, 
chlorpyrifos degraded co-metabolically in culture medium (Serdar et  al. 1982; 
Sethunathan and Yoshida 1973). In contrast, these strains do not have the ability to 
utilize chlorpyrifos as a carbon source. The degradation of chlorpyrifos was medi-
ated by soil microorganisms and greatly influenced by abiotic factors (Price et al. 
2001). Furthermore, the isolated Enterobacter sp. strain B-14 from Australian soil 
could transform chlorpyrifos to diethylthiophosphoric acid and 3,5,6-trichloro- 2-
pyridinol (Fig. 13.1) (Singh and Walker 2006).

The isolated Alcaligenes faecalis DSP3 (Yang et  al. 2005) and 
StenotrophomonasYC1 (Yang et al. 2006) were shown to be capable of degrading 
chlorpyrifos and 3,5,6-trichloro-2-pyridinol. In another study, a bacterial strain, 
Serratia sp. (isolated from an activated sludge), can transform chlorpyrifos to 
3,5,6-trichloro-2-pyridinol (Xu et al. 2007). Additionally, enhanced degradation of 
chlorpyrifos by bacterial strain Arthrobacterspxz-3 has been reported (Qian et al. 
2007). Moreover, the bacterial strains, Stenotrophomonas sp. YC-1 and 
Sphingomonas sp. Dsp-2 (isolated from a wastewater effluent of a pesticide- 
producing division), are correspondingly capable of chlorpyrifos degradation 
(100%) within a day (Li et al. 2007; Yang et al. 2006). But, Paracoccus sp. TRP 
(isolated from activated sludge sample) mineralizes completely at a given concen-
tration of chlorpyrifos within 4 days. In contrast, a bacterium, Serratia sp., is capa-
ble to mineralize the same concentration of chlorpyrifos within 18 h only which 
indicates bacterial strain Serratia sp. is highly efficient than Paracoccus sp. (Xu 
et al. 2007, 2008). Additionally, Li and research group isolated various pure bacte-
rial cultures (Stenotrophomonas sp., Bacillus sp., and Brevundimonas sp.) having 
the ability to degrade chlorpyrifos (Li et al. 2008). Later, Anwar et al. (2009)  isolated 
a bacterium Bacillus pumilus strain C2A1 from soil and was found greatly effective 
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Table 13.3 Bacterial cultures having the capability to degrade organophosphate pesticides either 
by metabolically and/or co-metabolically

Pesticide Organisms References

Chlorpyrifos Achromobacter xylosoxidans (JCp4) Akbar and Sultan (2016)
Acinetobacter sp. strain MemCl4 Pailan et al. (2016)
Acinetobacter calcoaceticus Akbar et al. (2014)
Alcaligenes faecalis Yang et al. (2005)
Bacillus cereus Liu et al. (2012)
Bacillus cereus strain ATCC14579 Ishag et al. (2016)
Bacillus licheniformis Zhu et al. (2010)
Bacillus pumilus Anwar et al. (2009)
Bacillus safensis strain FO-36b Ishag et al. (2016)
Bacillus sp. Li et al. (2008)
Bacillus subtilis Lakshmi et al. (2008)
Bacillus subtilis subsp. inaquosorum strain 
KCTC13429

Ishag et al. (2016)

Brevundimonas sp. Li et al. (2008)
Brucella melitensis Lakshmi et al. (2008)
Cupriavidus sp. Lu et al. (2013)
Enterobacter sp. Singh et al. (2003)
Flavobacterium sp. ATCC27551 Mallick et al. (1999)
Klebsiella sp. Ghanem et al. (2007)
Lactobacillus brevis WCP902 Cho et al. (2009)
Lactobacillus plantarum WCP931 Cho et al. (2009)
Lactobacillus sakei WCP904 Cho et al. (2009)
Leuconostoc mesenteroides WCP907 Cho et al. (2009)
Micrococcus sp. Guha et al. (1997)
Ochrobactrum sp. FCp1 Akbar and Sultan (2016)
Ochrobactrum sp. JAS2 Abraham and Silambarasan 

(2016)
Pseudomonas sp. Yadav et al. (2014)
Pseudomonas kilonensis SRK1 Khalid et al. (2016)
Pseudomonas mendocina Akbar et al. (2014)
Pseudomonas putida John et al. (2016)
Pseudomonas putida KT2440 Gong et al. (2016a)
Ralstonia sp. Li et al. (2010)
Rhizobium sp. Rayu et al. (2017)
Serratia Xu et al. (2007)
Serratia marcescens Cycon et al. (2013)
Sphingomonas sp. Li et al. (2008)
Sphingomonas strain HJY Feng et al. (2017)
Staphylococcus warneri John et al. (2016)
Stenotrophomonas sp. G1 Deng et al. (2015)
Stenotrophomonas maltophilia John et al. (2016)

(continued)
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Table 13.3 (continued)

Pesticide Organisms References

Stenotrophomonas maltophilia MHFENV20 Dubey and Fulekar (2012)
Xanthomonas sp. Rayu et al. (2017)

Methyl 
parathion

Acinetobacter radioresistens USTB-04 Liu et al. (2007)

Bacillus sp. Sharmila et al. (1989)
Burkholderia jiangsuensis Liu et al. (2016b)
Citrobacter freundii Pino and Peñuela (2011)
Flavobacterium sp. Pino and Peñuela (2011)
Flavobacterium balustinum Somara and Siddavattam 

(1995)
Klebsiella sp. Pino and Peñuela (2011)
Proteus sp. Pino and Peñuela (2011)
Proteus vulgaris Pino and Peñuela (2011)
Pseudomonas sp. Chaudhry et al. (1988)
Plesiomonas sp. M6 Zhongli et al. (2001)
Pseudomonas putida Rani and Lalithakumari (1994)
Pseudomonas putida X3 Zhang et al. (2016)
Pseudomonas putida KT2440 Gong et al. (2016b)
Pseudomonas sp. R1 Sharmila Begum and Arundhati 

(2016)
Pseudomonas sp. R2 Sharmila Begum and Arundhati 

(2016)
Pseudomonas sp. R3 Sharmila Begum and Arundhati 

(2016)
Pseudomonas sp. WBC Yali et al. (2002)
Serratia sp. strain DS001 Pakala et al. (2007)
Stenotrophomonas sp. G1 Deng et al. (2015)

Quinalphos Bacillus Dhanjal et al. (2014)
Bacillus thuringiensis Gangireddygari et al. (2017)
Ochrobactrum sp. Talwar et al. (2014)
Pseudomonas Pawar and Mali (2014)
Pseudomonas spp. Dhanjal et al. (2014)
Pseudomonas sp. Nair et al. (2015)
Pseudomonas aeruginosa Q10 Nair et al. (2015)
Serratia sp. Nair et al. (2015)

Profenofos Bacillus subtilis Salunkhe et al. (2013)
Burkholderia gladioli Malghani et al. (2009b)
Pseudomonas sp. Salunkhe et al. (2013)
Pseudomonas aeruginosa strain PF2 Siripattanakul-Ratpukdi et al. 

(2015)
Pseudomonas aeruginosa strain PF3 Siripattanakul-Ratpukdi et al. 

(2015)

(continued)
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in degrading chlorpyrifos and its hydrolysis by-product 3,5,6-trichloro- 2-pyridinol. 
Dubey and Fulekar (2012) studied Stenotrophomonas maltophilia MHF ENV20 
(isolated from the Pennisetum rhizosphere) potentiality for chlorpyrifos degrada-
tion. They reported that the presence of mpd gene makes Stenotrophomonas malto-
philia MHF ENV20 to survive at higher concentration of chlorpyrifos. Cycon et al. 
(2013) demonstrated that Serratia marcescens was competent of degrading chlorpy-

Table 13.3 (continued)

Pesticide Organisms References

Pseudomonas plecoglossicida strain PF1 Siripattanakul-Ratpukdi et al. 
(2015)

Pseudomonas putida Malghani et al. (2009b)
Pseudomonas putida (DB17) isolate
Pseudoxanthomonas suwonensis strain HNM Talwar and Ninnekar (2015)
Stenotrophomonas sp. G1 Deng et al. (2015)
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Fig. 13.1 Bacterial degradation of chlorpyrifos (Adapted from Xu et al. 2007; Yadav et al. 2016)
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rifos (at rate constant between 0.017 and 0.052 d−1 with T1/2 of 13.6–37 days) in 
various types of soils. In another study, a research group isolated two bacterial 
strains, namely, Achromobacter xylosoxidans JCp4 and Ochrobactrum sp. FCp1, 
demonstrating chlorpyrifos-degradation potential. The authors reported that these 
organisms were capable to degrade 84.4% and 78.6% of the initial concentration of 
chlorpyrifos (100 mg L−1) within 10 days (Akbar and Sultan 2016). Abraham and 
Silambarasan (2016) studied biodegradation of chlorpyrifos and its by-product 
3,5,6-trichloro-2-pyridinol by a novel bacterium, Ochrobactrum sp. JAS2 (isolated 
from paddy rhizosphere soil). They reported mpd gene responsible for organophos-
phorus hydrolase production was identified in the bacterium, Ochrobactrum sp. 
JAS2 (Abraham and Silambarasan 2016). On the other hand, Ishag et  al. (2016) 
experimental results revealed that α and β half-lives (days) of chlorpyrifos in 
Bacillus safensis culture were 2.13 and 4.76, respectively. On the other hand, 
Bacillus subtilis as well as Bacillus cereus cultures values were 4.09, 9.45, and 4.33, 
9.99 for chlorpyrifos, respectively. They also reported that during degradation of 
chlorpyrifos, no metabolites were detected in Bacillus subtilis subsp. inaquosorum 
strain KCTC 13429 as well as Bacillus cereus strain ATCC14579 culture medium 
(Ishag et  al. 2016). Conversely, a key intermediate (hydroxy O-ethyl O-3,5,6-
trichloropyridin- 2-ylphosphorothioate) was detected after biodegradation by 
Bacillus safensis strain FO-36b culture medium (Ishag et al. 2016). Furthermore, a 
research group reported that the engineered MB285 strain (a solvent-tolerant bacte-
rium, Pseudomonas putida) was capable of completely mineralizing chlorpyrifos 
through direct biodegradation and two intermediates, namely, 3,5,6-trichloro-2-pyr-
idinol and diethyl phosphate, appeared in the culture medium (Liu et al. 2016a). In 
another study, a bacterial strain (Acinetobacter sp. strain MemCl4) having the abil-
ity to utilize chlorpyrifos as a sole source of carbon was isolated by enrichment 
culture technique from an agricultural soil sample, and 3,5,6 trichloro-2-pyridinol 
was identified as a major intermediate of chlorpyrifos catabolism (Pailan et  al. 
2016). Rayu et  al. (2017) isolated Xanthomonas sp., Pseudomonas sp., and 
Rhizobium sp. from sugarcane farm soils by enrichment method and reported all 
three isolates completely mineralize chlorpyrifos (10 mg L−1) in mineral salt media 
as a sole source of carbon and nitrogen. Recently, Feng et al. (2017) demonstrated 
chlorpyrifos degradation using endophytic bacterium, Sphingomonas sp. strain HJY 
that was isolated from Chinese chives (Allium tuberosum Rottl. ex Spreng). They 
reported that strain HJY-gfp inoculated in Chinese chives showed higher degrada-
tion of chlorpyrifos inside the plants than in noninoculated plants.

13.4.2  Bacterial Degradation of Methyl Parathion

Studies on the degradation of methyl parathion by different microorganisms have 
been reported in the literature (Singh and Walker 2006). Previously, Chaudhry et al. 
(1988) isolated a bacterium Pseudomonas sp. that can co-metabolically degrade 
methyl parathion. Thereafter, Rani and Lalithakumari (1994) isolated a bacterium 
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(Pseudomonas putida) that can hydrolyze methyl parathion as well as utilize 
p-nitrophenol as a source of carbon and energy (Fig. 13.2).

Later, Somara and Siddavattam (1995) reported that Flavobacterium balustinum 
can also utilize methyl parathion as a sole source of carbon. Additionally, methyl 
parathion degradation by free- and immobilized-cells of the bacterium (Pseudomonas 
sp.) on sodium alginate beads was studied and reported (Ramanathan and 
Lalithakumari 1996). On the other hand, Charoensri et al. (2001) studied methyl 
parathion degradation rates at different conditions including inoculum sizes of bac-
teria, with and without glucose, pH, salinity, concentrations of methyl parathion, 
and the metabolism of p-nitrophenol. In Plesiomonas sp. strain M6 isolate, methyl 
parathion was transformed to dimethyl phosphorothioate and p-nitrophenol by 
hydrolysis; however, further degradation of p-nitrophenol was not observed (Zhongli 

Fig. 13.2 Bacterial degradation of methyl parathion (Adapted from Singh and Walker 2006)
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et al. 2001). Yali et al. (2002) reported Pseudomonas sp. WBC (isolated from pol-
luted soils around a Chinese pesticide factory) was capable to mineralize methyl 
parathion completely and can utilize it as a sole source of carbon and nitrogen. In 
addition, a soil bacterium, Serratia sp. strain DS001, capable of utilizing methyl 
parathion as the sole source of carbon was isolated by selective enrichment tech-
nique. In Serratia sp. strain DS001, p-nitrophenol and dimethylthiophosphoric acid 
were observed as main by-products of methyl parathion catabolism (Pakala et al. 
2007). In another study, a newly isolated bacterium, Acinetobacter radioresistens 
USTB-04 was used for the degradation of methyl parathion. In a bacterium, methyl 
parathion (1200 mg L−1) was completely degraded; however, no intermediate was 
observed during the degradation (Liu et al. 2007). Pino and Peñuela (2011) demon-
strated the degradation of the pesticide methyl parathion (150 mg L−1) by bacterial 
consortium achieved by selective enrichment from highly polluted soils in Moravia 
(Medellin, Colombia). They reported in the presence of glucose 98% of methyl 
parathion degradation achieved within 120 h. Additionally, Zhao et al. (2014) inves-
tigated an influence of kaolinite and goethite on microbial degradation of methyl 
parathion. They observed during methyl parathion degradation catabolic activities 
of Pseudomonas putida cells were increased by the presence of kaolinite and 
decreased by the presence of goethite. On the other hand, Gong et  al. (2016b) 
reported metabolic engineering of Pseudomonas putida KT2440 for complete min-
eralization of methyl parathion. They observed that the strain was genetically stable 
and its growth was not inhibited. Furthermore, the engineered strain showed higher 
degradation of spiked methyl parathion (50 mg kg−1 soil) in soil samples. In another 
study, a research group reported that the genetically engineered Pseudomonas 
putida X3 strain can utilize methyl parathion as a sole source of carbon for growth. 
In an engineered X3 strain, methyl parathion was hydrolyzed to p-nitrophenol. 
However, no further degradation was observed, this might be due to the lack of 
p-nitrophenol degrading genes in X3 strain (Zhang et al. 2016).

13.4.3  Bacterial Degradation of Quinalphos

The hydrolysis of the ester bond connecting the aromatic moiety to dimethyl phos-
phorothioate in quinalphos leads to 2-hydroxyquinoxaline, which has also been 
identified as the key metabolite (Fig. 13.3).

Pawar and Mali (2014) experimental results revealed that Pseudomonas strain 
can degrade quinalphos up to 90.4% in the presence of co-substrate (glucose) 
whereas up to 38.2% observed in the absence of glucose. Moreover, Dhanjal et al. 
(2014) were isolated Bacillus and Pseudomonas sp. from different contaminated 
soils having the ability to degrade quinalphos. They reported that more than 80% of 
quinalphos was degraded within 17 days in the presence of isolated bacteria; how-
ever, no intermediates were observed in the course of the biodegradation process. 
An organism having the ability to degrade quinalphos was isolated and identified as 
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Ochrobactrum sp. strain HZM from the pesticide-contaminated soil samples by 
enrichment on quinalphos as a sole source carbon (Talwar et al. 2014). They reported 
isolated Ochrobactrum sp. strain HZM can utilize various organophosphate pesti-
cides like quinalphos, profenofos, methyl parathion, and chlorpyrifos as carbon 
sources. Furthermore, they also reported 84.61% of quinalphos degradation (in 
Ochrobactrum sp. strain HZM) can be achieved under the optimum pH 7 and 27 °C 
by response surface methodology. The degradation of quinalphos in Ochrobactrum 
sp. strain HZM proceeds via hydrolysis to yield 2-hydroxyquinoxaline and diethyl 
phosphate. Additionally, the gene responsible for organophosphate hydrolase was 
detected in Ochrobactrum sp. strain HZM by PCR technique. Nair et  al. (2015) 
isolated 12 different bacterial strains (having the ability to grow on quinalphos) of 
which 3 competent isolates such as Pseudomonas sp., Serratia sp., and Pseudomonas 
aeruginosa degraded quinalphos (at a given concentration) up to 86%, 82%, and 
94%, respectively. In Pseudomonas aeruginosa, 2-hydroxyquinoxaline and phos-
phorothioic acid were accumulated during quinalphos degradation (Nair et  al. 
2015). Recently, Gangireddygari et al. (2017) studied the effect of environmental 
factors on quinalphos degradation in Bacillus thuringiensis. They reported that 
highest quinalphos degradation was achieved by using an inoculum of 1.0 O.D with 
optimum pH (6.5–7.5) and 35–37 °C. Furthermore, there results also revealed that 
addition of yeast extract slightly improves quinalphos degradation rate 
(Gangireddygari et al. 2017).
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Fig. 13.3 Bacterial degradation of quinalphos (Adapted from Talwar et al. 2014)
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13.4.4  Bacterial Degradation of Profenofos

Profenofos has been reported to be degraded by few bacterial strains, Pseudomonas 
aeruginosa (Malghani et  al. 2009a), Pseudomonas putida, Burkholderia gladioli 
(Malghani et  al. 2009b), Bacillus subtilis (Salunkhe et  al. 2013), and 
Stenotrophomonas sp. G1 (Deng et al. 2015). 4-Bromo-2-chlorophenol was identi-
fied as the major intermediate during profenofos catabolism (Fig. 13.4).

On the other hand, this intermediate (4-bromo-2-chlorophenol) offers a sensitive 
and precise biomarker of profenofos contact (Dadson et al. 2013). The profenofos 
degradation by Bacillus subtilis has been studied in the vineyard soil, but environ-
mental pH of vineyard soil impacts on degradation of profenofos. In addition, 
degradation is faster in alkaline than the acidic environments; not only soil pH, 
physicochemical properties of soil, and the microbial diversity may also affect the 
degradation of profenofos (Salunkhe et al. 2013). In another study, Siripattanakul- 
Ratpukdi et al. (2015) isolated three bacterial strains, Pseudomonas plecoglossicida 
strain PF1, Pseudomonas aeruginosa strain PF2, and Pseudomonas aeruginosa 
strain PF3 having the ability to degrade profenofos. These bacterial strains individu-
ally degrade profenofos (20 mg L−1) up to 95.0%, 93.1%, and 95.3% within 96 h, 
respectively. On the other hand, Talwar and Ninnekar (2015) studied profenofos 
degradation by free- and immobilized-cells of Pseudoxanthomonas suwonensis 
strain HNM (isolated from pesticide-contaminated soil samples by enrichment 
technique) in sodium alginate, sodium alginate-polyvinyl alcohol, and sodium 
alginate- bentonite clay matrices, and they reported that the sodium alginate- 
bentonite clay immobilized cells showed enhanced degradation rate of profenofos 
than freely suspended cells and other matrices (Talwar and Ninnekar 2015). 
Furthermore, Abdullah et al. (2016) studied degradation of profenofos by endogenous 
bacterial isolates. Their results revealed that isolate DB17 (Pseudomonas putida) 
showed the maximum efficacy to degrade profenofos. Furthermore, in DB 17 isolate, 
a gene responsible for organophosphate pesticide was detected.
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13.5  Conclusion

In view of the extensive pollution of environmental surroundings caused by organo-
phosphate compounds usage along with their toxicity toward biological living sys-
tems, considerable attention has been paid to understanding organophosphate 
pesticides degradation. Biotic mediators (especially bacteria) have a possibility to 
degrade pesticides into their less toxic by-products. Several bacterial strains that can 
decompose organophosphate insecticides via metabolism and/or co-metabolism 
have been isolated and demonstrated. The usage of microbes (biological mediators) 
is highly efficient as they are environmentally friendly and inexpensive. Certain 
biological mediators (bacteria) could degrade numerous organophosphate com-
pounds, and some could degrade either single or a small number of such compounds. 
The organophosphate pesticides hydrolysis decreases the toxicity toward human 
beings and animals. However, the impact of the subsequent decomposition interme-
diates on environmental surroundings has not been completely investigated. The 
mechanisms of different organophosphate pesticides degradation pathways are not 
yet fully investigated. Hence, this part of investigation issues needs concentrated 
efforts, as intermediates of several organophosphates catabolism are contaminants 
and might have a harmful impact on the environmental surroundings as well as 
nontarget living organisms. Additionally, bioremediation of organophosphates can 
be further enhanced by the use of engineered microorganisms.
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Abstract Globally, water quality is deteriorating at alarming levels and sanitation; 
infrastructures are also crumbling at an alarming rate due to technology and man-
agement challenges. While infrastructure inadequacy and poor maintenance of the 
existing structures continue to be a major driving force, industrialization and popu-
lation increase have played a major role in the crisis of water shortage and wastewa-
ter treatment. The inability to recycle industrial wastewater is of particular 
importance to the socioeconomic development of the country. The water recycling 
challenges are even more prevalent in poor and developing countries where indus-
trialization, coupled with limited resources and technologies for wastewater recla-
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mation, is high. There is an urgent need for the development and implementation of 
innovative industrial wastewater management system that will be both cost- effective 
and environmentally friendly and be able to reduce industrial contaminants to the 
levels that will pose no harm to the communities, thus contributing to resolving 
industrial wastewater treatment constraints in developing countries and, in particu-
lar, in the remote poor areas of the developing countries. Phytotechnology has been 
studied and developed for this purpose and has proved a success in the treatment of 
both domestic and industrial wastewaters.

Keywords Constructed wetlands · Industrial wastewater · Phytotechnology · 
Rhizofiltration · Environmental sustainability · Macrophytes

14.1  Introduction

Unsustainable use of freshwater resources, unplanned settlements in urban locali-
ties, industrialization, modern agricultural practices, and forest destruction have led 
to increased water demand and pollution of surface water and groundwater reserves 
(Sayadi et al. 2012; Mosteo et al. 2013). Among them, industrial wastewaters are 
considered as the major sources of environmental pollution and toxicity in living 
beings due to their highly toxic organic and inorganic constituents (Goutam et al. 
2018; Bharagava et al. 2017a, b, c; Gautam et al. 2017; Saxena and Bharagava 2015, 
2017; Saxena et al. 2016). Therefore, there is a need to conserve the available water 
resources and recycle wastewater in order to reduce the water stress in areas that are 
experiencing water scarcity (Kayyali and Jamrah 1999). Economic instability has 
contributed to the wastewater treatment and recycling challenges in developing 
countries (Vera et  al. 2011; Abdel-Raouf et  al. 2012). It has been estimated that 
developing countries will run out of the water by 2050 (Netherlands Environmental 
Assessment Agency 2012; OECD 2012). This is a cause for concern not only to 
communities and industries that depend on water supply for production but also a 
challenge to the water practitioners in the sector in terms of the application of alter-
native means of wastewater recycling. Phytoremediation has been used for many 
decades in many countries with varying degrees of success in the secondary and 
tertiary level of wastewater treatment, with many experiments being on domestic 
wastewater. The uses of these systems have also been reported in the primary stages 
(Chong-Bang et al. 2010; Yongjun et al. 2010). These different outcomes were due 
to limited information available about the role played by the whole system as well 
as by each component involved in the treatment technology. Successes in the appli-
cation of phytotechnology in industrial wastewater have been reported (Vymazal 
2009; Chong-Bang et al. 2010; Yongjun et al. 2010; Litter et al. 2012). This technol-
ogy is engineered to copy natural processes aimed to remove pollutants from 
municipal and industrial wastewaters as well as from mine drainage (Stefanakis 
et  al. 2011). Natural processes employed include vegetation, soil, and microbial 
activities to treat contaminated water. The relationship and interactions between 
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plants and microbial assemble highlight the importance of the performance of the 
phytotechnology in the detoxification of industrial wastewater (Vymazal 2005). 
However, other characteristics that define the ability and the potential of this tech-
nology such as construction and combination of different systems, flow characteris-
tics, loading rate, effect of different operational parameters, and the use of different 
macrophytes need to be considered in the development, implementation, and practi-
cal application of the phytotechnology (Stefanakis et al. 2011).

14.2  Design Characteristics of a Phytoremediation 
Technology

There are three main types of constructed phytoremediation systems characterized 
by different configuration design and operation. They are surface flow (SF), subsur-
face flow (SSF), and vertical flow (VF) systems. These systems are constructed in a 
closed basin with a substrate and the bottom covered by a rubber lining (geotextile) 
to ensure that the processes occurring are completely waterproof (Mthembu et al. 
2013). This is essential in any environment where leakage of water from the system 
can have adverse effects, e.g., contamination of groundwater. The substrates of the 
systems are gravel and sand or lava stones that contribute to nutrient retention in 
these systems (Farroqi et al. 2008). Advances in engineering and technology have 
now permitted construction of a multi-designed system functioning as vertical, hori-
zontal, as well as subsurface in one system. These types of hybrid systems represent 
a new trend and an emerging phytotechnology tool in wastewater treatment relying 
on macrophytes and sand as a medium. Although the design of these systems may 
be expensive, their success in contaminant reduction and detoxification in wastewa-
ter may offer more advantages than conventional systems.

Hybrid wetlands consist of a series of other systems that are used in combination 
(Sayadi et al. 2012) in order to achieve higher treatment efficiencies (Vymazal and 
Kropfelova 2005; Baskar et al. 2009; Vymazal 2010; Nilsson et al. 2012). The opti-
mum combination of the different types of constructed wetlands (CWs) depends 
largely on the target pollutants (Vymazal 2009). For example, HF CWs are nor-
mally characterized by low levels of dissolved oxygen, leading to slow nitrification 
processes, while VF systems are designed to transport oxygen at a greater capacity, 
providing a better environment for nitrification (Kalipci 2011). In order to enhance 
the removal of ammonia, HF CWs may be used in combination with VF CWs in 
well-engineered systems (Vymazal 2009, 2011). A more recent development is a 
technology that embodies the combination of free water surface (FWS) CWs and 
subsurface flow CWs and FWS CWs with subsurface flow CWs (Borkar and 
Mahatme 2010). This combination is designed with a focus on efficient removal of 
organic material and suspended matter (Vymazal 2011) and is ideal for the applica-
tions in an industrial setting for the purpose of industrial wastewater reclamation.
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14.3  Applications of Constructed Wetlands in Wastewater 
Treatment

Previous studies have shown a high-treatment efficiency of constructed rhizofiltra-
tion systems with regard to organic and inorganic nutrient removal as well as 
removal of other general contaminants such as total suspended solids (TSS) and 
microbial contaminants from wastewater (Cooper et  al. 1996; Yadav et  al. 2010; 
Vymazal 2011). Regular monitoring of systems had shown close to 100% removal 
of total coliforms and organic pollutants (Shrestha et al. 2003). Although average 
removal efficiencies of nitrogen and phosphate have been reported, a significant dif-
ference in removal efficiency is observed among plant species as well as among 
different types of rhizofiltration system configurations (Yeh et al. 2009). The main 
mechanisms leading to contaminant removal in these systems are microbial activi-
ties. However, plants also have a huge role in contaminant removal in wastewater. 
They take up nutrients and incorporate them into plant tissue and thus increase in 
plant biomass (Zhang et  al. 2007). Plants also create suitable conditions for the 
processes leading to nutrient removal to occur (Dunabin and Browmer 1992; Wu 
et al. 2011).

Treatment mechanisms involved in a constructed wetland system are the hydrau-
lic retention time (HRT) and volumetric flow rate (VFR) of water. Increased HRT 
coupled with reduced VFR is believed to provide maximum exposure of water to the 
root surface of the plant, thus providing sufficient time for the uptake of the nutrient 
ions and other chemical changes (Srivastava et al. 2008; Steudle 2000).

14.4  Phytoremediation in Constructed Wetlands Systems 
for Industrial Applications

Phytoremediation is a low-risk and attractive cleanup method for domestic, environ-
mental, and industrial pollution. The process uses plants to clean up contaminated 
environments. Macrophytes can help clean up many types of contaminants includ-
ing metals, pesticides, explosives, and oil. However, they work best where contami-
nant levels are low because high concentrations may limit plant growth and the 
process may take too long. Phytotechnology takes advantage of natural plant pro-
cesses and requires less equipment and labor than other methods since macrophytes 
perform most of the work. Also, the site can be cleaned up without digging up and 
hauling soil or pumping groundwater, which saves energy. Among other things, 
macrophytes used during phytoremediation help control soil erosion, make a site 
more attractive, reduce noise, and improve surrounding air quality.

Phytotechnology is known to achieve better treatment of wastewater including 
the removal of heavy metals through detoxification, uptake by the macrophytes, and 
subsequent removal from water (Boutilier et al. 2011). In this process, macrophytes 
act as biofilters or rhizofilters due to their ability to withstand harsh effluent condi-
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tions to transform and remove sediments and pollutants (Saxena et al. 2018; Chandra 
et al. 2015; Nedunuri et al. 2014). Rhizofiltration removes or reduces microorgan-
isms by means of chemical, biological, and physical processes that include filtra-
tion, sedimentation, adsorption, oxidation, direct killing by plant toxins and 
predation by other microorganisms, natural die-off, temperature, and ultraviolet 
radiation (Liu 2009; Abdel-Raouf et al. 2012). Employing this technology in indus-
trial settings, microorganisms such as E. coli can be greatly reduced to non- 
detectable levels (McCarthy et al. 2011; Odinga et al. 2013). Macrophytes, through 
phytoremediation, play a major role in wastewater treatment efficiencies (Ebrahimi 
et al. 2013). This treatment ability is based on the particular plant species, metabolic 
activities within the plant, and pollution tolerance rates (Vymazal 2011; Haarstad 
et al. 2012; Tuttolomondo et al. 2014). Macrophytes’ root systems are resilient to 
various shocks from pollution loading, climatic variations, and pollutants that have 
very high salinity contents with reported levels of up to 11,500 mg/l as total dis-
solved solids. Pollutant removal through phytotechnology is also based on water 
depth, hydraulic loading, hydraulic efficiency, and influent concentration (Haarstad 
et al. 2012).

A study by Odinga et al. (2011) assessed the effectiveness of an HF CW planted 
with Echinochloa pyramidalis and Cyperus papyrus in removing nutrients from 
sugar factory effluent. The wetland system was designed to accommodate 8 wetland 
ponds with an HF system and measuring between 1: 20 and 21 ml × 3 mW × 1 mD. 
The eight CWs were planted with two different macrophytes, E. pyramidalis L. and 
C. papyrus L., in an alternate sequence. All wetland cells were waterproofed at the 
base with high-density polyethylene and lined with fine sand (Cooper et al. 2005). 
The effluent was introduced into the wetland at different velocities with a retention 
time of 7 days. Findings from the study indicated that bacteria and fungi formed 
biofilms on the surfaces of the plants’ rhizomes and utilized the contaminants, lead-
ing to their reduction in water. Adsorption onto the soil matrix also played a major 
role in pollution reduction from the wastewater. In a study conducted by Valigore 
et al. (2012), the effects of hydraulic and solids retention times on productivity and 
settleability of microbial biomass (microalgae) grown on primary-treated wastewa-
ter as a biofuel feedstock concluded that pH levels increased when there was more 
light that increased the rate of photosynthesis. The dissolved oxygen (DO) levels 
increased during the same period as the microalgae used more of the CO2, and DO 
increase during the light periods when CO2 was consumed. The study also noted 
that shorter HRT yielded low DO levels and reduced bacterial growth and that the 
levels were increased by the microbes and atmospheric oxygen release.

Depending on the underlying processes, applicability, and type of contaminant, 
phytoremediation industries may be achieved through:

Phytodegradation: It is also known as phytotransformation. It is the breakdown 
of contaminants taken up by macrophytes through metabolic processes within the 
plant or the breakdown of contaminants surrounding the plant through the effect of 
compounds such as enzymes produced by the plants. During this process, complex 
organic pollutants are degraded into simple molecules and are taken up by the mac-
rophytes in order to form their own cell mass. Macrophytes may contain complex 

14 Constructed Wetlands: An Eco-sustainable Phytotechnology for Degradation…



296

chemical proteins and enzymes that may catalyze and accelerate chemical reac-
tions. In industrial wastewaters, some enzymes may contribute to breaking down 
and convert ammunition wastes and degrade chlorinated solvents such as trichloro-
ethylene (TCE), while others degrade herbicides.

Phytostimulation: It is a plant-assisted bioremediation or degradation where the 
breakdown of contaminants in the rhizosphere achieved through microbial activity 
enhanced by the presence of plant roots. This process is a much slower process than 
phytodegradation. Microorganisms such as yeast, fungi, and bacteria consume and 
digest organic substances for nutrition and energy. Certain microorganisms can 
digest organic substances such as fuels or solvents that are hazardous to humans and 
break them down into harmless products in a process called biodegradation. Natural 
substances released by the plant roots like sugars, alcohols, and acids may contain 
organic carbon that provides food for soil microorganisms, and the additional nutri-
ents enhance their activity. Biodegradation is also aided by the way macrophytes 
loosen the soil and transport water to the area.

Phytovolatilisation: It is the uptake through transpiration of a contaminant by 
macrophytes, with the release of the contaminant or a modified form of the contami-
nant from the plant to the atmosphere. It occurs as growing macrophytes take up 
water and the organic contaminants. Some of these contaminants can pass through 
the plants to the leaves and evaporate, or volatilize, into the atmosphere.

Phytoextraction: It is also known as phytoaccumulation and refers to the uptake 
of metals from soil by macrophytes’ roots into aboveground portions of plants. High 
accumulator macrophytes, hyperaccumulators, absorb unusually large amounts of 
metals in comparison with other plants. After the plants have been allowed to grow 
for some time, they are harvested and either incinerated or composted to recycle the 
metals. This procedure may be repeated as necessary to bring soil contaminant lev-
els down to allowable limits. If plants are incinerated, the ash must be disposed of 
in a hazardous waste landfill, but the volume of ash will be less than 10% of the 
volume that would be created if the contaminated soil itself were dug up for treat-
ment. Heavy metals such as nickel, zinc, and copper are best removed through the 
process of phytoextraction.

Rhizofiltration: It is the adsorption or precipitation onto plant roots of contami-
nants that are in the solution surrounding the root zone. Rhizofiltration is similar to 
phytoextraction, but the plants are used to clean up contaminated groundwater 
rather than soil. The plants to be used for cleanup are raised in greenhouses with 
their roots in water. Contaminated water is either collected from a waste site or 
brought to the plants, or the plants are planted in the contaminated area, where the 
roots then take up water and the contaminants dissolved in it. As the roots become 
saturated with contaminants, they are harvested.

Phytostabilization: It is the use of certain plant species to immobilize contami-
nants in the soil and groundwater through absorption and accumulation by roots, 
adsorption onto roots, or precipitation within the rhizosphere. This process reduces 
the mobility of the contaminant and prevents migration to the groundwater or air 
and also reduces bioavailability for entry into the food chain. This technique can be 
used to reestablish a vegetative cover at sites where natural vegetation is lacking due 
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to high metal concentration in surface soils or physical disturbances to surficial 
materials. Metal-tolerant species can be used to restore vegetation to the sites, 
thereby decreasing the potential migration of contamination through wind erosion 
and transport of exposed surface soils and leaching of soil contamination to 
groundwater.

14.5  Adaptive Strategies of Macrophytes to Various Growth 
Processes

Different macrophytes have different survival strategies in water. These survival 
strategies are essential in macrophytes to absorb and, subsequently, reduce contami-
nants in wastewater. While there are different types of macrophytes, the two tested 
macrophytes for application in industrial wastewater are:

Phragmites australis L.: The common weed, Phragmites australis, is a tall (1.5–
4.0 m) coarse perennial grass found primarily in brackish and freshwater wetlands 
(Lee and Scholz 2007; Odinga et  al. 2013). It is distributed worldwide through 
endemic in North America (Lee and Scholz 2007). In wetlands, Phragmites austra-
lis is sometimes considered a nuisance species because once established, it colo-
nizes a region, thus acting like a climax species (Swearingen and Saltonstall 2010; 
Dolinar and Gaberscik 2010). Phragmites australis has many adaptive features that 
make it suitable as the macrophyte of choice for phytotechnology (Vymazal and 
Kropfelova 2005). These range from reproduction, apical dominance, mechanical 
adaptations, and gaseous exchange (Dolinar and Gaberscik 2010). The rapid growth 
of this macrophyte up to 10 m under optimum conditions may be attained because 
its horizontal stems exhibit strong apical dominance (Verboven et al. 2011; Sayadi 
et al. 2012). Rapid growth enhanced the update of nutrients, leading to the treatment 
efficiency of wastewater (Kropfelova et al. 2009; Howard 2010).

Phragmites species possess abundant aerenchyma cells which are responsible for 
internal gas exchange. This increases the suitability of this macrophyte in enhancing 
oxygenation of the rhizosphere in the treatment system (Shimamura et  al. 2010; 
Malik et al. 2010; Shiono et al. 2010). Light attenuation by the elevated Phragmites 
australis leaf canopy imparts increasing stress to shorter understory wetland plant 
species. Therefore P. australis remains the dominant species as water treatment is 
achieved (Vymazal and Kropfelova 2009; Kalipci 2011; Lum et  al. 2014). This 
macrophyte tends to form a dense thatch elevated above the soil (Howard 2010; Gill 
et al. 2014). This dense thatch assists in moisture conservation. When this occurs, 
the macrophytes’ population is protected from competition from other plants, thus 
improving its phytoremediation performance (Howard 2010; Luca et  al. 2011; 
Kalipci 2011).

Kyllinga nemoralis L.: Available literature on the potential of Kyllinga nemoralis 
to remove heavy metals from wastewater is scanty. A sedge of the family Cyperaceae, 
which forms a mat and grows up to 50 cm high, Kyllinga nemoralis is considered a 
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common weed (Majumder 2013; Odinga et al. 2013). The perennial weed spreads 
by means of creeping rhizomes which contain allopathic oils (Kawabata et al. 1994). 
This plant mainly propagates through rhizome cuttings and seeds (Majumder 2013). 
Kyllinga nemoralis possess an achene fruit which measures about 1.2–1.5 mm long 
by 0.5–0.7  mm wide. The leaves contain active chemicals, the essential oils 
(β-selinene, terpenes α-cyperone, and α-humulene), while the rhizomes possess gly-
cosides, triterpenoids, and flavonoids (Majumder 2013). These compositions render 
the roots and leaves of Kyllinga nemoralis to be highly medicinal and contribute to 
a microbial reduction in water. Greenhouse studies indicate that this macrophyte 
cannot withstand drought conditions (Nedunuri et  al. 2014), a characteristic that 
potentially increases its use in phytotechnology. In a study by Sindhu et al. (2014), 
Kyllinga nemoralis root extract was successfully used to inhibit the growth of patho-
genic bacteria. Hence, it is a wetland plant that may be used in phytoremediation 
processes to inhibit the growth of bacteria and fungi in wastewater. Ray and George 
(2009) studied metal deposition and accumulation on Cyperaceae family along the 
roadside. They discovered that the Kyllinga species accumulated metals which fur-
ther confirmed that this macrophyte has the potential to remediate and detoxify 
heavy metals in wastewater.

14.6  Macrophytes and Their Role in Phytotechnology

Macrophytes may only grow in water or in soil that is permanently saturated with 
water. This characteristic makes macrophytes an important component of the rhizo-
filtration process during wastewater treatment. The growth of aquatic macrophytes 
requires the presence of nutrients such as nitrogen and phosphorus for their growth 
and reproduction. A constructed rhizofilter receives wastewater which is rich in vari-
ous types of nutrients required by aquatic macrophytes for growth (Keddy 2000). 
Most of the natural aquatic macrophytes reproduce by flowering and seed settling, 
while many other types are capable of extensive asexual reproduction by means of 
rhizomes and fragments (Hutchinson 1975). Aquatic macrophytes require warm 
weather for growth. They usually grow at a much higher rate during warm seasons. 
Major factors such as nutrient availability and salinity need to be monitored during 
their growth since unacceptable levels may retard growth (Keddy 2000).

The growth of many macrophytes requires the presence of a root system growing 
within an organic-rich soil substrate. Macrophyte roots hanging within a rhizo-
sphere or beneath have been demonstrated to provide an extensive surface area for 
the attachment of biofilm growth and entrapment of fine suspended particles (Bourn 
1932; Hochereutiner 1986). Macrophytes use their root systems to release oxygen 
into the rhizosphere required by aerobic microorganisms in order to degrade con-
taminants in the rhizosphere. The amount of oxygen released in the subtropical 
region is higher and decreases with distance from the root apex (Armstrong 1979). 
Another important role of roots is the absorption of carbon dioxide from the sub-
strate which serves as a rich source of this dissolved gas. Some macrophytes have 
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shown rapid growth in the absence of any substrate when the carbon dioxide- 
enriched air is bubbled through a nutrient medium (Bristow 1974).

The mechanisms of nutrient removal from industrial wastewater in constructed 
rhizofiltration systems by macrophytes have been attributed to phytodegradation, 
phytostimulation, phytovolatilization, rhizofiltration, phytostabilization, and pre-
cipitation. Macrophytes are able to tolerate high concentrations of nutrients and 
heavy metals and, in some cases, accumulate them in their tissues (Stottmeister 
et al. 2003). Macrophytes take up these pollutants in order to form their cell mass 
(Kalbar et al. 2012). The most reactive zones for rhizofiltration are in the rhizo-
sphere, where all physicochemical and biological processes occur. These processes 
are induced by macrophytes’ interactions with microorganisms, soil matrix, and 
contaminants.

Macrophytes are responsible for approximately 90% of oxygen transport avail-
able in the rhizosphere (Vymazal 2011). Oxygen and nitrogen transport stimulates 
aerobic and anoxic decomposition of organic matter, respectively, as well as pro-
mote the growth of nitrifying bacteria and periphyton in the soil medium (Zhang 
et al. 2007). The added oxygen enhances nutrient transformation and thus contrib-
utes to higher treatment efficiency of the phytotechnology.

14.7  Microorganisms and Their Role in Phytotechnology

Microbial biofilms have been reported to play a prominent role in the transforma-
tion, mineralization, and subsequent removal of organic and inorganic contaminants 
in the process of phytotechnology (Moeseneder et  al. 1993; Moura et  al. 2007). 
These nutrients are metabolized in various ways. In SSF-constructed rhizofiltration 
systems, aerobic microbial-driven processes occur predominantly near plant roots 
as well as on root surfaces. These are mainly responsible for nitrogen removal. In 
the areas that are largely oxygen-free, denitrification, sulfate reduction, and metha-
nogenesis occur, which removes nitrogen, sulfates, phosphates, and carbon, respec-
tively. The combination of compost degradation and microbial biofilms in 
heterotrophic microbial growth is responsible for oxygen removal from the rhizofil-
ter units and thereby promotes the formation of hydrogen sulfide in industries. 
Sulfate-reducing bacteria degrade and reduce nutrients that contain sulfates and 
produce hydrogen sulfide in the process (Lee and Yang 2010).

Both autotrophs and heterotrophs have been found to incorporate ammonia and 
convert it to amino acids and proteins (Vymazal 2007). However, in industries, this 
removal mechanism is less significant compared to microbial transformation. 
Nitrification-denitrification is the main microbial nitrogen removal mechanism by 
microorganisms (Stottmeister et al. 2003). In an industrial setting, depending on the 
type of contaminants, nitrogen compounds are continually transformed from inor-
ganic to organic compounds and back from organic to inorganic through volatiliza-
tion, ammonification, nitrification, nitrate ammonification, denitrification, and 
nitrogen fixation. All these transformations are necessary for the rhizofiltration eco-
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system to function successfully, and all chemical changes are controlled by enzymes 
produced by microorganisms. Thus, microorganisms are essential in the phytosys-
tem if contaminants are to be completely degraded and removed from wastewater 
(Lizotter et al. 2001).

14.8  Mechanisms of Contaminant Removals Using 
Phytotechnology in Industries

Combinations of biological, chemical, and physical processes have been shown to 
be responsible for the removal of contaminants in the rhizotechnology. Biologically, 
both macrophytes and microorganisms play a synergistic role in the removal of 
contaminants by transforming and/or accumulating them and converting them into 
their cell mass. Wastewater treatment within a constructed rhizofilter occurs as the 
water passes through the rhizofiltration media and plant roots. Interactions between 
water and rhizomes lead to rhizofiltration and sedimentation while that of microor-
ganisms and contaminants cause biodegradation and bioaugmentation. Root hairs 
and rootlets provide aerobic environment which supports the activities of aerobic 
microorganisms. Aerobic and anaerobic microorganisms facilitate the decomposi-
tion of organic matter and inorganic substances through degradation and nutrient 
uptake. During these processes, nitrogen is liberated from the system through 
microbial nitrification and subsequent denitrification processes. Organic nitrogen, 
nitrate, ammonia, ammonium, and nitrogen gases are the most common forms of 
nitrogenous compounds liberated during treatment process (Cooper et  al. 1996). 
These compounds are essential for plant growth and development. However, it is 
important that these are removed whenever they exceed allowable limits since some 
may be toxic to aquatic life (Brisson and Chazarenc 2009). Suspended solids are 
removed by settling in the water column in surface flow systems or are physically 
filtered out by the medium within subsurface flow filters. Pathogens are removed by 
filtration and adsorption onto biofilms or plant roots. Heavy metals and phosphates 
are removed by either plant uptake or through sedimentation (Hunter et al. 2001). 
Macrophytes themselves may also need to be removed from time to time from the 
system in order to prevent die-off in the system and reintroduction or recycling of 
the contaminants.

Phytotechnology is based on mechanisms of phytofiltration. The pollutant rhizo-
filtration works through phytostabilization and phytoextraction, with treatment 
mechanisms based on absorption and concentration of contaminants by the roots of 
the plants where microbial activities are involved in the breakdown of organic con-
taminants (Bouasria et al. 2012). Reports from previous studies indicate that plants 
used in rhizofilters are effective in the removal of environmental toxic heavy metals 
such as Cu2+, Cd2+, Cr6+, Ni2+, Pb2+, and Zn2+(Akpor and Muchie 2010). These heavy 
metals are usually obtained in industrial wastewater. Rhizofilters are designed to 
remove pollutants (especially metals) using the roots of wetland plants (Elias et al. 
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2014). The hydraulic retention time (HRT) and volumetric flow rate (VFR) of water 
are also essential in phytoremediation. Increased HRT coupled with reduced VFR is 
believed to provide maximum exposure of water to the root surface of the plant, and 
thus providing sufficient time for the uptake of the nutrient ions and other chemical 
changes (Steudle 2000; Srivastava et al. 2008).

In order to understand more about the complexities of what happens when indus-
trial wastewater pollutants are degraded in a constructed rhizofiltration system dur-
ing treatment, it is essential to know more about macrophytes and their interactions 
with microbial community structure as well as their abundance in the system. The 
following section discusses the detailed mechanisms of nutrient, pathogen, and 
heavy metal removal in the wetland phytotechnology:

Nutrient removal: Rhizofilters may be used to remove nitrogen and phosphorus 
from industrial wastewater. The contaminants are transformed and reduced by 
microorganisms that are attached to the filter media and root system of the macro-
phytes. Microorganisms in the system may also utilize nutrients for their growth 
through several mechanisms while reducing nutrients in the process. Rhizofilter 
system carries out wastewater treatment as the influent passes through the treatment 
system. The rhizosphere provides aerobic conditions which support the activities of 
aerobic microorganisms. Microorganisms in the system facilitate decomposition of 
organic matter as well as inorganic substances. Filtration, uptake by roots, adsorp-
tion, absorption, precipitation, nitrification, and denitrification are all processes 
responsible for the nutrient reduction in phytotechnology in industries. Rhizofiltration 
systems have shown reduction efficiencies ranging between 21% for phosphorus 
and 85% for nitrogen (expressed as plant biomass which accounts for 53% PO4-P 
removal and 50% NOx-N removal) (Greenway and Woolley 2001). The denitrifica-
tion process may remove between 60% and 70% total nitrogen, with 20–30% of the 
removal process derived from plant uptake (Lee 2011). The main priority is to 
reduce the level of excessive concentrations of organic nutrients that may cause 
oxygen deprivation when consumed (Culp et al. 1986). Ammonia, nitrate, nitrite, 
phosphates, and orthophosphates are the main organic nutrients present in industrial 
wastewater that need to be reduced. While rhizofiltration medium plays a vital role 
in the removal of phosphorus through sorption, its action may be greatly influenced 
by external factors which may decrease its ability. Therefore, it is essential to 
 understand what and how those factors may affect the performance of the treatment 
efficiency of the rhizofiltration unit (Yoon et al. 2001).

Parameters such as temperature may either have beneficial or negative effects on 
macrophytes, microbial growth, and other processes in the system. Phragmites aus-
tralis and Kyllinga nemoralis require temperatures between 12 and 25 °C for opti-
mal growth. When temperatures are outside these ranges, the absorption ability of 
macrophytes to nutrients decrease and thus reduce treatment efficiency.

Pathogens removal: Municipal wastewater is composed of a number of microor-
ganisms, some of which are pathogenic and may adversely affect human life when 
ingested (Chaidez et  al. 2014). The fate of bacteria, yeast, and nematodes, once 
released from their hosts and into wastewater systems and aquatic or natural  
environments, has been investigated by a number of scholars (Stevik et al. 2004; 
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Garcia et al. 2010; Chaidez et al. 2014; Wu et al. 2014). Their presence and quantity 
in wastewater is a major determinant of the quality of wastewater discharged into 
various ecosystems (Varela and Manaia 2013). This is because some of the patho-
genic microorganism survive the treatment system, whereas others have adaptations 
that compromise their removal depending on the type of wastewater treatment 
applied (Al-Jaboobi et al. 2013). Some pathogens are very resilient and change their 
forms (form cysts, e.g., Ascaris lumbricoides) in order to survive harsh environmen-
tal conditions (Abbadi et al. 2012; Rani et al. 2014; Odinga et al. 2013).

For successful applications in wastewater treatment, rhizofiltration systems 
should have the ability to remove pathogens in wastewater. Previous research indi-
cates that rhizofiltration systems have an ability to reduce pathogens with varying 
but significant degrees of effectiveness (Karim et  al. 2004). Though industrial 
wastewater may not have many pathogens compared to domestic wastewater, micro-
bial water quality improvements using rhizotechnology have been reported, with 
some studies documenting up to 57% reduction of total coliforms, 62% of fecal 
coliforms, 98% reduction of most species of Giardia, 87% of most Cryptosporidium 
spp., and 38% of coliphage (Stottmeister et  al. 2003; Karim et  al. 2004). 
Rhizofiltration systems are also capable of reducing human pathogenic viruses from 
wastewater. Viruses associated with large particles leave the water column and settle 
into the bottom sediments, while some that are adsorbed on colloidal particles tend 
to stay suspended in water before filtered (Karim et al. 2004).

Pathogen removal through rhizofiltration systems was also reported by Greenway 
(2005) and Boutilier et al. (2011). They documented enteropathogenic Escherichia 
coli removal efficiencies to be between 52% and 99.9%, respectively. To mitigate 
elimination variability, it may be necessary to better understand what pathogen 
removal mechanisms dominate within the system in an industrial setting and how 
these mechanisms may be intensified through the manipulation of the rhizofilter 
operational parameters at optimum levels. Many mechanisms have been associated 
with the removal of pathogen employing rhizotechnology. These include physical 
(filtration, sedimentation, adsorption, and aggregation), biological (consumed by 
protozoa, lytic bacteria, bacteriophages, natural death), and chemical (oxidative 
damage, the influence of toxins from other microorganisms and plants) processes. 
Sedimentation remains a leading mechanism responsible for pathogen reduction in 
these systems (Karim et  al. 2004). This has been demonstrated by many studies 
which found total coliforms, fecal coliforms, and Salmonella had concentrated in 
sediments of contaminated surface water in wetland systems (Greenway 2005; 
Boutilier et al. 2011). They also demonstrated that revival of such organisms from 
sediments was easier than in water column itself. Chauret et al. (1998) observed 
higher numbers of fecal coliforms in marine sediments than in overlying water. 
They also found that about 90% of Salmonella isolates from sediments showed high 
recovery in sediments than in water. Escherichia coli was also demonstrated to sur-
vive longer in sediments than in overlying water.

Accumulation of microorganisms, pathogens in particular, in sediments of con-
structed rhizofiltration systems designed for wastewater treatment means that these 
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systems could be used for elimination of pathogens from influents. However, 
removal of pathogens using sedimentation process could also pose some serious 
threats as the bottom sediments of the system could serve as a potential reservoir of 
human pathogens. These reservoirs might be released back into the water column by 
events such as storm and thereby released with effluent to the river during floods or 
through increased runoffs (Pedescoll et al. 2011).

Plants have also been found to reduce pathogens in rhizofiltration systems. 
Macrophytes like Mentha aquatica, Phragmites australis, and Scorchilacustric 
were found to inhibit the growth of E. coli (Stottmeister et al. 2003). Other than a 
bactericidal effect of the macrophytes, other mechanisms and indirect mechanisms 
of removal such as adsorption, aggregation, and filtration were also shown to be 
involved in the reduction and subsequent removal of pathogens. It could be con-
cluded from the literature study that the combined action of physical, chemical, and 
biological processes are required to achieve high-reduction efficiencies of the 
pathogen in the rhizofiltration technology.

Heavy metal removal: Heavy metals are naturally occurring elements that are 
potentially hazardous to both terrestrial and aquatic environments when present 
above permissible limits (Rawat et al. 2012). Their toxicity may be attributed to the 
fact that they cannot be biologically biodegraded (Thayaparan et al. 2013), and thus 
when their presence in the environment exceeds acceptable limits, they are consid-
ered as pollutants (Lum et al. 2014). The main sources of metal pollution in the 
environment arise from battery manufacturing factories, mining activities, e-waste, 
smelting activities, automobile emissions, paints (Mukesh and Thakur 2013), atmo-
spheric deposition and fossil fuel combustion, industries, etc. (Zhang et al. 2011; 
Song and Li 2014). Traces of heavy metals usually occur in water where some get 
immobilized in the sediment and form complexes with oxides and hydroxides of 
iron (Fe) and other particulate matter in the sediment. It is, therefore, necessary to 
efficiently treat wastewater suspected of having metal concentration beyond accept-
able limits. Efficient wastewater treatment in conformity with the set standards will 
eliminate potential toxicological effects on humans, animals, and aquatic environ-
ment (Baysal et al. 2013).

While heavy metals may be found in industrial wastewater and mine drainages, 
small quantities may be detected in municipal or domestic wastewaters as well. The 
main heavy metals associated with wastewater and produced by mines and indus-
tries are chromium, iron, mercury, copper, lead, cadmium, and zinc. These heavy 
metals may be removed from wastewater through phytoremediation employing a 
variety of methods including filtration and sedimentation, adsorption, uptake into 
plant material, and precipitation by geochemical processes (Stottmeister et  al. 
2003). Removal efficiencies of heavy metals by rhizofiltration have been reported to 
be up to 100% (Romero et al. 2011). Other possible removal efficiencies through 
the system as reported by Sheoran and Sheoran (2006) are 75–99% for cadmium, 
26% for lead, 76% for silver, and 67% for zinc, while COD, BOD, and TSS were 
removed at an efficiency of between 75% and 80%. Metals were demonstrated to 
accumulate in the leaves, shoots, rhizomes with roots, and lateral roots having the 
highest content, while the lowest concentrations were found within the shoots.
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In SF systems used to treat mine drainage, Fe (II) is oxidized to Fe (III) by  
abiotic and microbial oxidation. In this system, other inorganic substances such as 
arsenic may also precipitate. Iron may also be immobilized in the anoxic soil matrix 
by microbial dissimilatory sulfate reduction, producing hydrogen sulfide. Most 
heavy metals are taken up and accumulated within the plants. A higher percentage 
of the metal ions adsorbed and absorbed by the plants are concentrated in the plant 
roots and less commonly in the stems. Only a few heavy metals like mercury are 
able to translocate to the leaves (Romero et al. 2011). Different plant species have 
differing abilities to take up heavy metals (Mitsch and Jorgensen 2004). Some spe-
cies of plants have high biomasses which enhance their phytoremediation capacity. 
Plants like Polygonum punctatum have been proposed as copper and zinc biomoni-
tors and phytoremediators and are useful as rhizofilters for the treatment of indus-
trial wastewaters and mine drainages.

Previous studies by Stottmeister et al. (2003), Sheoran and Sheoran (2006), and 
Romero et al. (2011) indicated that from a technological point of view, heavy metal 
accumulation by macrophytes was insignificant when considering treatment of 
industrial wastewater and mine drainages. This was because the number of heavy 
metals that could be accumulated by plants was found to be far too small when 
compared to the total load in wastewater. In a rhizofiltration system filter, sediments 
and precipitation are the leading means of heavy metal removal.

14.9  Phytotechnology in Third-World Countries 
in the Twenty-First Century

Industrial wastewater treatment is a growing concern worldwide, with issues span-
ning environmental, economic, and fiscal sectors. Of specific concern is the con-
tamination of groundwater with heavy metals as a side effect of societal and 
industrial pollution. While moderate quantities of certain contaminants are accept-
able for consumption, larger quantities may lead to acute poisoning (Dushenkov 
et al. 1995), especially in countries where water resources are scarce and/or treat-
ment and purification techniques are primitive. New technologies are a necessity to 
prevent these serious health crises in such cases.

Phytotechnology is a cost-effective technology for the remediation of industrial 
wastewater to the required effluent discharge standards, with low labor require-
ments. Large and established facilities of the twenty-first century may reduce costs 
by adapting to this natural water recycling technique as an alternative to current 
methods, while small populations devoid of such resources can apply rhizofiltration 
on a local and manageable scale. In the case of small industries, no big expensive 
infrastructure may be necessary as phytotechnology may be set on site. In the devel-
oped countries, the current state of the art in wastewater treatment systems generally 
involves significant investments in terms of financial strains and infrastructure 
where before any treatment occurs, water must be moved from its native location, 
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often requiring an initial investment in mileages of the pipeline. Once at the treat-
ment plant, taking an advantage of the abundance of the technologies of the twenty- 
first century, a myriad of techniques ranging from aeration, digestion, flocculation, 
sedimentation, filtration, sludge treatment, and disinfection is applied before reach-
ing a final product with each step requiring additional technology and manpower to 
operate. While the complete process is effective, the resources needed to carry out 
this process are too great for certain populations. For example, poor and developing 
countries may lack the fiscal acuity to invest in the infrastructure required for such 
extensive treatments. While current estimates for the construction of a full operation 
filtration system range into the hundreds of millions of dollars depending on the 
volume of water to be treated and the level of treatment required, this is in stark 
contrast to few dollars that may be spent per thousands of gallons of wastewater that 
may be treated using rhizofiltration technology. This cost-effective advantage may 
be associated with the way in which the system may be implemented.

14.10  Human Health Concerns in Applications 
of Phytotechnology

Wetlands that receive primary effluent are known to produce noxious odors and 
should be restricted only to authorized personnel. Human and animal health con-
cerns become significant especially when the water is to be reused or discharged 
into sensitive receiving rivers, ponds, and lakes. Moreover, whenever there are water 
shortage and need for irrigation using wastewater, hygiene concerns and infection 
from potential pollutants become a major concern on the direct users of the treated 
water (Lilach et al. 2010). Crops grown through irrigation by treated wastewater 
may contain pathogenic microorganisms based on the treatment method applied. 
While in industries the main threats may arise from nutrients and heavy metal pol-
lutants (depending on the industry operation), other health concerns may include 
risks of infection by protozoan parasites like Cryptosporidium, Giardia spp., and 
Ascaris lumbricoides. However, CWs have demonstrated effective removal of pro-
tozoan parasites mainly with horizontal and vertical subsurface flow gravel- based 
systems (Redder et al. 2010). Other risks may include skin contact and potential 
transmission of viral and other air-borne diseases normally associated with waste-
water. Mosquito populations also pose health effects in the environments around 
these systems especially in warmer regions where the encephalitis mosquito (Culex 
tarsalis) is dominant and breeds well by extension due to the wet conditions pro-
vided by the wetland. The mosquito population may be controlled by a two- tiered 
pond design which concentrates the prey in smaller areas for consumption by  
predators such as the mosquitofish (US EPA 1999), and also the introduction of 
macroinvertebrate predators into the wetland system as suggested in a study by 
Greenway (2005).
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14.11  Conclusion

Alternative and effective ways of managing increasing amounts of wastewaters gen-
erated in industries are imperative. Currently experienced drought in most parts of 
the world, particularly in African countries, accompanied by fast depletion as well 
as escalating of freshwater sources may be compensated by rhizofiltration technol-
ogy in wastewater circling to ensure the availability of freshwater that would meet 
the industrial and population needs. Rhizofiltration systems are a promising, cheap, 
and effective wastewater treatment tool using local resources in small and mainly 
rural underdeveloped nations. These systems have been in operation for a while as 
wastewater treatment methods. However, the lack of knowledge associated with 
their applications has derailed the progress of their application as alternatives in 
wastewater treatment. The role played by different components during treatment 
needs to be understood if these systems are to be applied for industrial purposes. 
With more research, recent emergent or construction of hybrid systems may con-
tribute to achieving higher contaminant reductions with little investments. While 
this technology may be of great benefit to everyone who may use it, developing 
countries may greatly benefit from this technology because of its low capital cost 
and energy requirements compared to cost of installing the conventional systems. 
The system may tolerate both great and small volumes of water and varying con-
taminant levels.

Some wetlands may offer an ideal disposal system for sludge generated from 
conventional treatment systems to be used for purposes such as nutrient source. 
Research findings on CWs planted with aquatic macrophytes show that both sub-
merged and free floating designs are able to effectively improve wastewater quality 
by removing and reducing heavy metals and pathogens. Selection of the most 
appropriate macrophyte for systems efficiency remains a challenge to many 
researchers since macrophyte phytoremediation characteristics are specific to the 
toxins and the antimicrobial properties of each plant are also varied.
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Abstract Heterogeneity, recalcitrance, and ubiquitous persistence of textile efflu-
ent make it the foulest industrial pollutant which poses a serious threat to soil and 
water bodies. Textile effluent like all other industrial effluents contributes consider-
ably to environmental pollution. Presence of huge amount of water-soluble unfixed 
dyes, heavy metals, acids, alkalis, inorganic and organic salts has resulted in  a 
highly concentrated, colored, and complex high strength  wastewater that  resists 
degradation. The conventional treatment methods including biological and physico-
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chemical methods for treatment of textile waste are not convincing enough because 
of low biodegradability of dyes, fouling of filters, high pressure requirement, and 
generation of sludge containing iron hydroxide. Hence, it has become imperative to 
seek alternative advanced technology which must be essentially environment com-
petent. Exquisite properties are shown to be possessed by the nanoparticles making 
it an efficient technology for cleanup of environmental pollutants. Nanoremediation 
is an upcoming field of research with huge prospects in the treatment of environ-
mental contaminants. In addition to its high reactivity with the contaminants, they 
also act as suitable carriers for immobilization of whole cells and enzymes. Effluent 
treatment aided by enzymes has been demonstrated to be effective for recalcitrant 
pollutants and requires moderate reaction conditions, making them environmentally 
sound. The generic enzymes sought for the treatment of textile pollutants include 
most of the peroxidase, cytochrome reductase (Fe III), and oxidoreductase. This 
chapter extensively covers current know-how of nanoparticles as a carrier for sev-
eral enzymes for the degradation of pollutants present in textile wastewater. The role 
of nanoparticle in the removal of dyes is also highlighted.

Keywords Nanomaterials · Textile wastewater · Bioremediation · Enzymes · 
Pollutant removal

15.1  Introduction

The textile industry is one of the most flourishing industries across the globe. 
According to Global Industry Analysts (GIA) report, the worth of textile industry at 
present is around $480 billion and is expected to reach $700 billion, shortly. It is the 
second largest employment generator in many nations after agriculture. In modern 
scenario, clothing became much more than the need of mankind and became the 
tool to represent personality and impression on others. People are very conscious 
about their clothing in terms of quality, colors, designs, and cost. Henceforth, in 
order to fulfill the global demand, textile industry extensively uses resources like 
high power, water, and raw material which contribute to pollution of air, water, and 
soil (MoT 2001).

India produces around 700 different types of dyes and its intermediaries. These 
dyes and pigments contain hazardous metals such as mercury, chromium, nickel, 
copper, and cobalt which usually escape the treatment systems because of their 
incapability to degrade recalcitrant dyestuff. Moreover, textile industries deal with 
varieties of hazardous chemicals in their various processes starting from prelimi-
nary preparatory processes followed by spinning, weaving, and finishing, causing a 
potential threat to the environment (U.S. Environmental Protection Agency 1997). 
Although we have various traditional and current technologies to cope up with the 
existing textile pollution, still the expected effluent quality could not be achieved 
due to certain limitation. The Bureau of Indian Standards (BIS 10500) has laid 
down drinking water color standard at the desirable limit of 5 color units and 25 
color units to be the maximum permissible limit in the absence of the alternate 
source. Hence, in order to match the drinking and  effluent quality standard laid 
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down by the CPCB and BIS, different physicochemical, membrane technologies 
and other advanced techniques are encouraged to adopt. These techniques however 
because of associated high cost and maintenance have forced the research and 
development to seek a cost-effective and environmentally friendly alternative to 
answering the problem of dye degradation.

Recently nanoparticles have gathered a lot of attention in many fields of research, 
and textile effluent treatment is one among them. Nanoparticles have shown to play 
an important role in the treatment of textile effluent up to the satisfactory standards. 
Lately, numbers of studies have revealed the effectiveness of various nanomaterials 
in decolorization of a broad range of dyes and colorants. In this chapter, we will go 
through the commonly used pollution remediation techniques and the application of 
nanomaterials as a new combating tool in treating textile-generated pollutants. This 
chapter also discusses the potential applicability of nanomaterials in enzyme immo-
bilization, acting as a substrate.

15.2  Textile Industry and Its Potential Impact 
on the Environment

In many countries, the textile industry is one of the major contributors in terms of 
economy and employment. In India, it serves as the second largest employment- 
generating sector after agriculture providing employment for over 45–60 million 
individuals directly and indirectly (Wararkar et al. 2016). According to the annual 
report 2016–2017 of the textile ministry, around 2% of India’s total GDP is contrib-
uted by the textile industries. The Indian textile industry comprises of large- and 
small-scale units across the nation that are involved in the production of traditional 
and fashionable items for national and international market. Briefly, they are involved 
in the production of raw and synthetic fibers and occupy the top positions such as the 
largest producer of jute and second largest producer of silk, cellulose fiber, and yarn. 
Ludhiana, Mumbai, Surat, Ahmadabad, Coimbatore, and Kanpur are the major tex-
tile hubs of India in addition to numerous small towns (Garg and Kaushik 2008; 
Verma et al. 2012). Apart from being an economic contributor, textile industries also 
play a vital role in environmental pollution. The textile industries have a wide spec-
trum of manufacturing activities and processing units that consume a huge amount 
of power, water, and chemicals. Annually around 1 trillion kilowatts per hour of 
power is consumed by textile industries. Water is the backbone of the textile industry 
processes. Beginning with the washing of raw fiber to bleaching, dyeing, and wash-
ing of final product, excess amount of water is used. According to the Textile Export 
Report 2010, the weaving of one T-shirt consumes 700 gal of freshwater. Roughly 
200 l of water is consumed to produce 1 kg of fabric. Textile industries are catego-
rized under highly polluting energy-intensive industries as they contribute to 20% 
freshwater pollution. Broadly, textile waste is classified into four major categories, 
hard to treat, hazardous or toxic, dispersible, and high volume waste. Textile effluent 
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is usually colored containing high BOD, COD, and total dissolved solids (TDS). In 
cotton pretreatment process, the average COD concentration reached up to 
3000 mg/L, and in case of the dyeing process, COD remains at 1000 mg/L. The 
other major characteristics of textile industry wastewater are mentioned in Table 15.1. 
Color is one of the major problems of textile wastewater as they are more stable and 
resist degradation. Removal of dyes is very difficult even at low concentration. 
Likewise, use of Glauber and common salt increases the TDS of textile effluent to 
17,000  mg/L.  Textile effluent is highly distinctive in nature because of the large 
varieties of chemicals used in different processes. The various salts, surfactants, 
ionic metals, biocides, toxic anions, dyes, detergents, emulsifiers, and dispersants 
used in textile industries are a source of aquatic toxicity. Metals enter into the textile 
waste stream from two sources: dyes and through impurities of chemicals. Only the 
small proportion of these chemicals such as dyes and finishing agents remain 
attached to the textiles; the rest enter the processed water (Moustafa 2008).

Excessive use of dyes and other chemicals leads to a huge amount of waste gen-
erated that when discharged into water bodies causes pollution. The released chemi-
cals adversely affect the receiving water body due to its high organic matter, 
detergents and soaps, oil and grease, sulfide, TDS, TSS, and alkalinity (Pala and 
Tokat 2002) which comprehensively lead to depletion of dissolved oxygen in a 
water body, increased turbidity, and reduced light penetration for photosynthetic 
processes. Most of the aquatic organisms are highly sensitive toward pH. The pH of 
textile wastewater inhibits the growth of aquatic organisms. Dyes present in the 
wastewater act as a reflector on the surface of water body and hence reduce the light 
penetration and oxygen diffusion (Wang et al. 2011).

The textile processes also contribute to air pollution during dye and polymeriza-
tion sequence of finishing operations. Gaseous emission is the second largest pollu-
tion problem (after effluent quality) of the textile industry. In textile industries air 
emission is classified on the basis of their nature into two types: emissions from a 
point source (boiler, storage tank, and ovens) and the second type a diffusive source 
which includes warehouses, spills, wastewater treatment, and solvent-based pro-
cesses. Nitrogen oxides, sulfur dioxides, and volatile organic components are the 
most common air pollutants generated from the boilers in textile industries. Oil 

Table 15.1 Characteristics 
of textile industry wastewater

Sr. no. Parameters Value

1 pH 7.0–9.0
2 Color (Pt-Co) 50–2500
3 Chloride (mg/L) 1000–1600
4 BOD (mg/L) 80–6000
5 COD (mg/L) 150–12,000
6 Total suspended solids (TSS (mg/L) 15–8000
7 Total dissolved solids (TDS (mg/L) 2900–3100
8 Total Kjeldahl nitrogen (mg/L) 70–80

Adapted from Al-Kdasi et al. (2004)
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mists are produced when textile material contain spinning oil and during thermal 
degradation of the processing material. Processes like carbonization and volatiliza-
tion produce acid mists which are highly corrosive in nature. Depending upon the 
concentration and amount used in printing and dyeing operations, solvent vapors 
consist of excessive toxic chemicals such as mineral turpentine oil (MTO), chloro-
fluorohydrocarbons, ethyl acetate, formaldehyde, mono- and dichlorobenzene, sty-
rene, and hexane (Wang et  al. 2011). Generally, environmental hazards occur 
throughout the whole production chain in textile industries, but wet processing 
causes a serious threat to the environment. In order to achieve the market demands 
in all aspects, a huge amount of chemical is used in textile wet processes. The solid 
waste generated from the textile industry accounts for 5% landfill space. Hence in 
order to remediate textile effluent, a number of technologies are used; the prominent 
ones are discussed in the following sections.

15.3  Textile Wastewater Treatment Methods 
and Technologies

15.3.1  Physical Techniques

Physical methods of textile wastewater treatment are based on the principle of natu-
ral sedimentation, electrical attraction, or van der Waals forces. They utilize physi-
cal barriers that help in restricting the passage of target pollutants from the 
wastewater. Physical treatment mechanisms do not cause any change in the chemis-
try of the target pollutant; however in some cases, e.g., vaporization, the physical 
structure of the target substance is changed, and in case of filtration, the dispersed 
substances agglomerate. The common physical treatment methods used for textile 
wastewater treatment include coagulation and flocculation, ion exchange, adsorp-
tion, and membrane filtrations.

15.3.1.1  Coagulation/Flocculation

The process of coagulation and flocculation is carried out to counterbalance the 
charges by trapping or bridging the particles together to form gelatinous agglomer-
ates, large enough to settle down or restricted in a filter. Coagulation/flocculation is 
widely employed in the textile industry to treat wastewater because of its low deten-
tion time, simple operation and maintenance, and less capital cost. In this technique, 
coagulants like aluminum sulfate (Al2(SO4)3 18H2O), lime (Ca(OH)2), ferric sulfate 
(Fe2(SO4)3 7H2O), and ferric chloride (FeCl3 7H2O) bind with the dispersed dyes 
and other pollutants to remove them through the action of electrostatic force, sorp-
tion, and bridging. The process of sorption and bridging which aid in coagulating/
flocculating dispersed dyes and colloids from the wastewater occurs due to 
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protonated amine groups and high molecular weight polymer, respectively (Guibal 
and Roussy 2007). Coagulation and flocculation decrease the suspended matter, 
dissolved substances, colloidal particles, coloring agents, and non-settable particles 
from the effluent. The process of coagulation/flocculation is explained in Fig. 15.1. 
Aluminum-containing coagulants are assumed to cause severe health issues; hence 
environment-friendly coagulants such as chitosan (cellulosic polymer) were also 
used. The flocs produced from chitosan coagulation are efficient as they are rela-
tively larger with faster settling velocity. The quality of flocs is enhanced by the 
presence of inorganic solutes in the mineral suspension (Pan et al. 1999). By this 
technique, the COD removal of the textile wastewater varied in the range of 50–70% 
when the concentration of the coagulant/flocculants is optimized (Vera et al. 2005).

Moreover, the chemical coagulants also showed 80–100% removal of dye. For 
instance, El-Gohary and Tawfik (2009) removed 100% of colorants from the textile 
wastewater using magnesium chloride-based coagulant with an optimum dosage of 
120  mg/L at an optimum pH of 11. Similarly, alum, using commercial cationic 
 flocculent, showed to treat 98% of reactive as well as acid dyes at an optimized dos-
age of 20 mg/L and at neutral pH (Golob et al. 2005).The pH of the textile wastewa-
ter influences the coagulation process. The pH 4 of the wastewater is considered 
optimum in some cases as it increases the sorption capacity when it interacts elec-
trostatically with the anions in the solution. Optimum pH leads to rapid and larger 
floc formation resulting in easy settling, decreased turbidity, and high COD removal 
(72.5%) (Guzman et al. 2003). Unlike chitosan which works best at low pH, lime is 
shown to be highly effective at higher pH. Lime coagulant resulted in 100% decol-
orization and 50% COD removal. Magnesium chloride along with lime showed 
complete decolorization and COD reduction by 40% at pH 11 (Torres et al. 2010). 
The demerits associated with this process are sludge problems that arise from the 
usage of coagulants and secondly the requirement of requisite chemical addition to 
maintaining optimum pH for effective removal of dyes. In some cases, coagulants 
like gelatinous hydroxide tend to get solubilized in the wastewater. Likewise, elec-
trochemical coagulation requires excessive conductivity in wastewater. Sometimes 

Micro Pollutants Coagulants Coagulants bind with the
suspemded and dissolved
particless to from larger
particels and settle down

Fig. 15.1 Mechanism of coagulation/flocculation
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there is the formation of a non-permeable oxide layer on the cathode, and due to its 
oxidation, anode gets dissolved in the wastewater, limiting the performance of elec-
trocoagulation cell. The requirement of external power supply makes the process 
more expensive.

15.3.1.2  Ion Exchange

Ion exchange removes undesirable positively and negatively charged ions from the 
effluent. In this process, the external ionic solution is exchanged with the ions 
attached to the functional groups electrostatically. Most of the dyes in textile indus-
tries are either cationic or anionic, so theoretically they can be removed through the 
process of ion exchange. Textile wastewaters which contain different dispersed dyes 
are passed through ion exchange resins till all the ion exchanging active sites are 
saturated. Once it gets saturated, it is backwashed to remove all the contaminants, 
and it is further reconditioned. There are various types of ion exchangers: organic 
and inorganic ionic exchangers that are naturally and synthetically produced with 
desirable chemical and physical properties.

Composite ion exchangers are one that has more than one ion exchanger com-
bined with either organic, inorganic, or another ion exchanger (Dyer and Hudson 
1993). The acidic dyes (anionic and reactive) and basic dyes (cationic) can be 
efficiently removed through this method, but the removal of other dispersed (non-
ionic) dyes is negligible. The total exchange capacity of an ion exchange resin is 
dependent on the number of the functional groups present on it. The process of ion 
exchange is affected by the concentration of the functional groups which influence 
the distribution coefficient and variations in the physical factors. High distribution 
coefficient is always desired. Ion exchange process can be executed in different 
ways: batch mode, packed bed column, continuous loop, and combined with mem-
brane technology. This technique is being used since years for decontamination 
and separation of the ion-containing aqueous solution. However, the ion exchange 
resins are not efficient enough to accommodate the entire range of dyes, so they 
are not widely applied. The sorbent used in this method is not lost when regener-
ated, and it is effective (Robinson et al. 2001). Ion exchange is a reliable technol-
ogy to remove impurities from water and other aqueous phases. Laszlo in 1996 
prepared anion exchanger from sugarcane bagasse by quaternizing and cross-link-
ing it. It was simple, cheap and promptly trapped dyestuff. Ion exchange process 
removed 25–50% organic content and 25% turbidity (Metcalf and Eddy Inc 2003). 
However, they are not effective for solutions containing lower pH or when the 
concentration of iron, manganese, and aluminum is high. Other limitations of the 
process include high TDS and suspended solids. The waste generated in this pro-
cess is quite concentrated and requires careful disposal. Moreover, the regenera-
tion of sorbent requires organic solvents such as methanol which adds to the 
operational cost (Joshi et al. 2004).
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15.3.1.3  Adsorption

Adsorption is an equilibrium separation technology where the pollutant in the solu-
tion is adsorbed onto the adsorbent, which is depicted in Fig. 15.2. This process is 
widely used in textile wastewater treatment for the removal of dyes and other toxic 
chemicals such as pesticides, phenols, and cyanides. Adsorption mechanism is stud-
ied using different adsorption isotherm models including Langmuir, Freundlich, 
and Dubinin-Radushkevich adsorption isotherm (Freundlich 1906; Langmuir 1916; 
Dubinin and Radushkevich 1947). Adsorption isotherm data is crucial to predict and 
compare the performance of adsorption. It is essentially important for optimizing 
the adsorption pathways and to estimate the capacity of adsorbents (Thompson 
et  al. 2009). Modeling of  adsorption data expresses the process of adsorption at 
constant pH and temperature (Foo and Hameed 2010).

Among the different adsorbents, activated carbon is most commonly used due to 
its porosity and large surface area per  unit mass. Activated carbon outfitted 
the  adsorption isotherm models (Langmuir and Freundlich) and  showed greater 
 efficiency in decolorization of textile wastewater containing various dyes (Qu et al. 
2008). Large pore size facilitates diffusion of organic pollutant to reach the active 
sites. The surface area and pore size of the activated carbon are 750 m2/g and 2 μm, 
respectively (Lee et  al. 2000). Adsorbents having high affinity and capability of 
regeneration are always preferred for the purpose of decolorization. Even though 
the adsorption capacity of the activated carbon is very high, it is too expensive; 
henceforth low-cost natural adsorbents and other by-products from industries have 
been given much attention.

In India and China, adsorbents derived from biomass derivatives such as bamboo 
and agricultural waste have been shown to treat textile wastewater effectively 
(Karthikeyan et al. 2008; Chan et al. 2008). Other natural adsorbents include flash, 
teak bark powder, seeds of avocado and pear, bentonite and natural clay. Moreover 
the different range of polysaccharides such as chitin, chitosan, locust bean gum, 
tamarind gum, cornstarch, wheat starch, pectin, and alginic acid have been used as 

Dispersed
particles/dyes
(Adsorbate)

Adsorbent

Fig. 15.2 Process of adsorption
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an adsorbent. The usage of chitosan showed 94.2%, 92.2% and 99% removal of 
reactive, direct and acid dyes, respectively (Blackburn 2004). Rahman and Akter 
(2016) were able to achieve maximum dye removal of 96–97% at the optimum 
chitin dosage of 2 g and contact time of 60 min. But the absorptivity of chitosan and 
chitin showed slow kinetics with adsorption capacity of 0.45 mol/kg for acid red 
dye, and in the case of chitin, the adsorption capacity of 0.45 and 0.13 mol/kg was 
observed for acid blue dye and acid red dye, respectively (Joshi et  al. 2004). 
Moreover, the major problem associated with this technique is sludge production 
containing saturated dye materials which pose disposal issue. Regeneration is 
another major problem of the adsorbents. Thermal or chemical regeneration results 
in partial recovery of the blocked sites. Further frequent regeneration is required for 
the adsorbent.

15.3.1.4  Membrane Filtration

Membrane filtration is widely used in process industries to yield high-quality pol-
lutant- and salt-free final product, the permeate. It is an efficient technology to treat 
textile effluent as it removes dyes, salts such as chlorides, sulfates, silicates, and 
many more. The product water obtained from membrane processes is of high qual-
ity that it can be used for indirect potable water purposes. A general dead-end mem-
brane filtration process is shown in Fig.  15.3. Microfiltration, ultrafiltration, 
nanofiltration, and reverse osmosis are the popularly used membrane processes. 
Microfiltration among these is economically viable and has the biggest pore size of 
around 0.1 μ which can serve the purpose of pretreatment of textile effluent before 
passing through nanofiltration or reverse osmosis (RO).

Microfiltration membrane, however, removes significant varieties of dispersing 
and vat dyes. Polypropylene microfiltration membrane is reported to remove direct 
red 2 and salts from the feed at a feed conductivity of less than 500 mμ Siemens 
(Porter and Gomes 2000). All other dyes except the reactive dyes are removed by 
ultrafiltration membranes. Moreover, the use of ultrafiltration membranes is limited 
due to the problems of rapid fouling, unlike nanofiltration membranes that reject all 
types of dyes with minimum membrane clogging (Jiraratananon et al. 2000). RO 
technique which yields high-quality permeate possesses a potential to retain more 
than 90% of salts and pollutants. The reverse osmosis (0.69–6.9 MPa) and ultrafil-
tration (0.069–0.69 MPa) are high-pressure processes with the ability to withstand 
high flux rates, high temperatures, and pH. In order to pass pure water through the 
RO membrane, a fair amount of pressure is required to surpass the osmotic gradient 
of the feed and force water to pass from the reject compartment into clear water 
channel through the membrane. Around 95–100% decolorization of colored effluent 
is achieved in RO process (Joshi et al. 2004; Hul 1999). Generally, in RO system, 
the wastewater stream is pumped through the pretreatment compartment which 
removes the suspended solids and ions such as iron and magnesium to avoid mem-
brane fouling. RO membranes are available in different modules like a spiral wound; 
tubular, hollow fiber; and disk module. They are sensitive to oxidants like chlorine 
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and ozone; hence it should be ensured that they are removed. Moreover, the RO 
membrane gets fouled due to organic and inorganic substances, colloidal materials, 
and microorganisms, so their materials and particles have to be removed from the 
feed prior to passing through the membrane. The demerits of this system include 
expensive membranes, the elevated working pressure to drive wastewater through 
the membrane, and shorter lifetime of the membrane as the membrane pores get 
clogged frequently.

15.3.2  Chemical Treatment Methods

15.3.2.1  Oxidation Process

In this method, dyes are degraded with the help of chemicals. The oxidation process 
is categorized into an advanced oxidation process (AOP) and chemical oxidation. 
Irrespective of the type, AOPs use hydroxyl radical, a strong oxidant with an oxidiz-
ing potential of 2.33 V to degrade harsh pollutants. The generation of hydroxyl free 
radical is accelerated by combined ozone, UV radiation, hydrogen peroxide, elec-
tron beam irradiation, ultrasound, and titanium dioxide. Among these, ozone/hydro-
gen peroxide, ozone/UV, and hydrogen peroxide/UV are prominent in oxidizing 
textile wastewater. In AOP, the organic compounds are mineralized into CO2, water, 
and mineral acids with the help of hydroxyl radicals. Hydroxyl radicals are capable 
of oxidizing majority of complex organic and inorganic compounds present in 
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Filtration Membrane

Purified water

Fig. 15.3 Dead-end membrane filtration
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textile wastewater with a higher rate of reaction constant. Table 15.2 summarizes 
decolorization of various dyes using advanced oxidation process. Ultraviolet radia-
tions in the range of λ = 254–578 nm showed 47% treatment efficiency when textile 
effluent was exposed to UV for 1–3 h (Ledakowicz et al. 2001). AOP and chemical 
oxidation can be used individually or synergistically (hybrid AOP) to degrade toxic 
compounds, dyes, pesticides, and other pollutants. AOP also includes photocatalytic 
oxidation in which sunlight is used to activate semiconductor catalyst and Fenton 
reaction. In Fenton oxidation, hydrogen peroxide and ferrous ion produce OH radi-
cal that decolorizes a broad range of dyes in short reaction time (Ay et al. 2008). 
However, Fenton process leads to huge amount of iron sludge production because 
of flocculation of reagent and dye molecule. In chemical oxidation technique, ozone 
and hydrogen peroxide form tough nonselective hydroxyl radicals at high pH. These 
radicals efficiently break down the conjugated double bond and complex aromatic 
ring structure of dyes. The efficiency of chemical oxidation is lower compared  
to AOP.

15.3.2.2  Ozonation

Ozone is one of the strongest oxidants which reacts with a large number of organic 
compounds either directly or by forming secondary hydroxyl free radicals and is 
widely used to disinfect potable water (Baig and Liechti 2001). It is popularly used 
in industries for the oxidation of organic and inorganic compounds and for the 
removal of dyes and odors. Ozonation breaks complex organic compounds into 
simpler compounds. Ozone is provided to the wastewater through either turbine 
mixer or diffuser tubes. The process diagram of ozonation is shown in Fig. 15.4. An 
ozone dose of 300 mg/dm3 showed improved biodegradability index (1.6 times) of 
textile effluent (Mehmet and Hasan 2002). Ozone showed the removal of all dyes 
except vat dyes and nonsoluble disperse dyes which are too slow to react (Namboodri 

Table 15.2 Treatment of textile wastewater using advanced oxidation process

Sr. 
no.

Type of dyes/textile 
wastewater

Removal efficiency 
of dyes (%) Operating condition References

1 Reactive yellow 84 80 – Koch et al. (2002)
2 Biotreated textile 

wastewater
99 CODin 160 mg/L Gianluca and 

Nicola (2001)95 CODin 203 mg/L
3 Simulated reactive dye 

bath effluent
90 pH 7 Mehmet and Hasan 

(2002)
4 Disperse dyes 10 pH 8 Lidia et al. (2001)
5 Dye house wastewater 99 Time: 2 h Percowski and Kos 

(2003)
6 Reactive dye 80–82 H2O2/UV and time: 

2 h
Georgiou et al. 
(2002)

7 Polyester fiber dyeing 
process

99 O3/H2O2/UV and 
time: 90 min

Azbar et al. (2004)
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et al. 1994). Biotreated textile water showed 99% decolorization efficiency when 
exposed to ozone for 40–60 min (Ahmet et al. 2003).

Rajeshwari (2000) stated that color removal efficiency was dependent on the 
temperature. Likewise, increase in pH also showed enhanced oxidation of dyes in 
textile wastewater. Increased decolorization of simulated reactive dye bath effluent 
was recorded at pH 7 and ozone concentration of 2970 mg/L (Arslan and Isil 2002). 
Other examples of textile wastewater treatment using oxidation process are men-
tioned in Table 15.2. An ozone dosage of 2 mg/L has been demonstrated to remove 
color and other complex pollutants. Moreover, the biodegradability of textile waste-
water is improved in addition to the reduction in COD (Ramasamyaa et al. 2001). 
As ozone is used in the gaseous state, it results in no sludge production. Water- 
soluble dyes are rapidly decolorized, while insoluble dyes take a longer time to 
oxidize. Prior to ozonation, pretreatment is required to avoid excessive ozone con-
sumption by the pollutants present in the wastewater.

15.3.2.3  Electrochemical Methods

In electrochemical anodic oxidation processes, the pollutants are either directly oxi-
dized at the surface of the electrode (direct electrolysis) or the oxidation occurs with 
the help of oxidizing species generated electrochemically (indirect electrolysis). 
The energy supplied to an electrochemical reactor plays an important role in an 
electrochemical process. It transfers electroactive particles from the electrolytic 
solution (feed) to the electrode and electrons between the feed and the electrode. 
The electrical energy is converted into chemical energy at the interface of the elec-
trode resulting in oxidation of the pollutants. The operation of the electrochemical 
process does not require high temperature; hence the use of additional chemicals is 
avoided (Kim et al. 2002). As this process is non-specific, it acts on a wider range  
of dyes and pollutants, and it does not form any by-products. Around 
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100% decolourization was achieved in 6 min of electrolysis during the dyeing pro-
cess (Vlyssides et al. 2000). PbO2-coated titanium subtract insoluble anode (TSIA) 
showed 100% removal of anthraquinone dyes (disperse blue, 26) through electro-
chemical oxidation. The electrolysis reaction conducted for 3 h and 66 min removed 
90–93% of colors at the current density of 4.5 A/dm2 at neutral pH (Manisankar 
et al. 2001). Jethava et al. (2001) recorded 95.2% of color removal at the current 
density of 29.9 mA/cm2 and flow rate of 5 ml/min. The utilization of chemicals in 
this process is nearly zero. Moreover, there is no sludge production, and this process 
does not yield any hazardous metabolite.

15.3.3  Biological Treatment Methods

In biological treatment, microorganisms degrade organic dyes through the aerobic 
or anaerobic process (Saxena and Bharagava 2015, 2017; Gautam et  al. 2017; 
Bharagava et al. 2017; Saxena et al. 2016). Microbes degrade and utilize the organ-
ics as an energy source. Different dyes contained in textile effluent are harmful to 
the aerobic microorganisms and cause problems of sludge bulking, sludge rising, 
and flocculation. The aerobic biological process is reported to be not efficient 
enough to degrade textile dyes especially azo dyes (Ibrahim et al. 2009). Moreover, 
it requires larger space and higher hydraulic retention time. Aeration is required 
which can lead to the generation of unknown oxidation compound which can add 
the color intensity of the effluent. A general biological aeration process is shown in 
Fig.  15.5. The problem of flocculation too  restricts the biodegradation of dyes. 
Ibrahim et al. (2009) reported COD and color removal of 55% and 70%, respec-
tively, after 6 days of the time period in anaerobic reactor using microbial flocs.

Anaerobic microbes are slow growers and hence require a longer time to accli-
matize. The treatment of textile dyes in anaerobic condition generates more toxic 
aromatic amines during break down of azo dye by azoreductase. Aromatic amine 
produced in anaerobic condition mineralizes into non-harmful compound when 
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exposed to air; hence anaerobic system integrated with the aerobic system can be 
used to achieve effective treatment. Methanogenic biogas can be produced in the 
anaerobic process if the COD of the textile effluent is higher than 3000 mg/L.

The anaerobic microbes which maintain the reducing condition for the decolor-
ization of the textile dyes are sensitive to toxic shocks and hence restrict the color 
removal process. Some reports show the inhibitory effect of the dyes on methano-
genesis. The dye itself can affect effective color removal in addition to other inhibi-
tory compounds (heavy metals, sulfide, and salts) that inhibit biological treatment 
system. Textile effluents are shown to hinder nitrifying bacteria in aerobic treatment 
systems, thus affecting nitrogen removal process. The COD/N ratio should be con-
sidered in the anaerobic treatment of textile effluents. Further, the nutrient additives 
should also be minimized in wastewater treatment. Thus in order to avoid problems 
faced in biological treatment systems, some more reliable and promising methods 
are focused on. The role of nanoparticles in wastewater remediation is the promi-
nent option nowadays; the details of which are described in the following section.

15.4  Role of Nanoparticles in Textile Wastewater Treatment

Due to large-scale production and extensive application, dyes have turned into seri-
ous pollutants when improperly handled and disposed off, creating grave public 
health and environmental problems. One of the problems that textile industry is 
facing is related with the incomplete exhaustion of dyes onto textile fibers from an 
aqueous dyeing process and the need to implement innovative and sustainable efflu-
ent treatment methods to remove color. Additionally, legislation on the limits of 
color discharge has increasingly turned rigid. But as textile effluent exhibits low 
biodegradability, conventional biological treatment methods fail to degrade dyes. 
Hence advanced methods like chemical treatments, membrane filtration, etc. are 
employed to treat textile wastewater. But high operation and maintenance cost prove 
to be the limiting factor in the widespread application. So, more energy and cost- 
effective techniques are sought after to curb the issue of textile effluent treatment. 
Nanoparticles have recently been shown to be promising materials in treating textile 
dyes because nanoparticles come with unique physicochemical properties like 
ordered structure, high mechanical strength, high aspect ratio, high electrical and 
thermal conductivity, ultralightweight feature, metallic/semimetallic behavior, and 
high surface area. Different types of nanomaterials are involved in remediation of 
textile wastewater. Table 15.3 enlists different types of nanoparticles/nanocompos-
ites utilized in degrading textile effluent. Magnetic iron nanoparticles, carbon nano-
tubes, zinc nanoparticles, TiO2, and metal oxide nanoparticles are some of the 
popularly used nanomaterials.
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Table 15.3 Textile effluent degradation using different nanomaterials

Sr. 
no.

Name of the 
nanoparticles Contaminant

Degradation/
adsorption

Adsorbate 
amount References

1 γ-Fe2O3 Acridine orange 
dye

98% and 
59 mg/g

5 mg Qadri et al. (2009)

2 Fe3O4 Coccine (acidic 
dye)

65% 0.1 g Weng et al. (2010)

3 Fe3O4 Procion red 30.5 mg/g 0.8 g/L Hariani et al. (2013)
4 Fe3O4 Congo red [CR 

(azo dye)], 
Coomassie 
Brilliant Blue 
R-250 [CBB 
(anionic dye)], and 
acridine orange 
[AO (cationic 
dye)]

0.056, 0.082, 
and 
0.078 mg/g

0.02 g Chaudhary et al. 
(2013)

5 GO-Fe3O4 magnetic 
nanohybrids

Methylene blue 97.3% and 
∼72.9 mg/g

10 mg Huong et al. (2016)

6 Ferrite MNPs Direct red 31 86% 0.4 g Mahmoodi et al. 
(2014)Direct red 23 67%

Direct green 6 89%
7 γ-FeOOH Reactive orange 

29
36.3% 500 mg/L Sheydaei and 

Khataee (2015)
8 γ-Fe2O3 Real textile 

wastewater
363.6 mmol/g 0.1 g Nassar et al. (2015)

9 Prussian blue 
(PB)-modified 
γ-Fe2O3

Methylene blue 
(MB) dye

100% 0.3 g/L Wang and Huang 
(2011)

COD 53.6%
TOC 35%

10 Fe3O4 hollow 
nanospheres

Neutral red dye 90% 0.05 g Iram et al. (2010)

11 Multi-walled 
carbon nanotubes 
(MWCNT) and 
single-walled 
carbon nanotubes 
(SWCNT)

Reactive blue 4 502.5 and 
567.7 mg/g

30 mg Machado et al. 
(2014)

12 Carbon materials Mordant yellow 
10 (MY10) and 
reactive red 120

~85% 0.1 g/L Pereira et al. (2014)
70%

13 Cr-doped ZnS 
nanoparticles

Methyl orange 74.28% 0.2 mol% Eyasu et al. (2013)

14 MgO nanoparticles Acid red 73 total 
COD

100% 0.8 g/L Jorfi et al. (2016)

TOC removal 98.3%
86.9%

(continued)
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15.4.1  Metal Oxide Nanoparticles

Metal particles when downsized to nanoscale often show remarkable optical,  
electrical, magnetic, and chemical catalytic properties. Metal elements can form a 
diverse group of oxide compounds and can take up varieties of geometrical configu-
rations with a specific electronic structure which can exhibit either metallic, insula-
tor, or semiconductor nature (Wyckoff 1964). Particle size influences the structural 
characteristics like lattice symmetry and cell parameters, surface free energy, and 
stress of any material. The metal oxide nanoparticles show unique chemical and 
physical properties because of their minute size, high dense corner and edge surface 
size. The decrease in the particle size causes increase in the number of surfaces, and 
as a result, the interface atoms create stress/strain and also result in thermodynamic 
changes which lead to the associated structural changes (Cammarata 2009). The 
surface properties of nanostructured metal oxides get highly altered producing 
remarkable sorption capacity. Widely used metal oxide nanoparticles are composed 
of materials such as titanium, iron, aluminum, zinc, and cerium.

Metal oxide nanoparticles are also used as adsorbents as they are cost-effective 
and efficient enough in adsorbing pollutants. To enhance this ability (i.e) to adsorb 
pollutants from wastewater, iron oxide nano-sorbent was designed to treat wastewater 

Table 15.3 (continued)

Sr. 
no.

Name of the 
nanoparticles Contaminant

Degradation/
adsorption

Adsorbate 
amount References

15 Nano-zinc oxide Methyl orange dye 84% 1 g/L Hemapriyamvadha 
and Sivasankar 
(2015)

Real textile 
effluent (COD)

41% (1:1 
dilution)

16 Amine- 
functionalized silica 
nanoparticles

Acid red 14 434 mg/g, 0.05 g Mahmoodi (2011)
Acid black 1 250 mg/g 0.07 g
Acid blue 25 167 mg/g 0.07 g

17 Ammonium- 
functionalized silica 
nanoparticles

Methyl orange 105.4 mg/g 0.1 g Liu et al. (2013)

18 Silver nanoparticles 
loaded on activated 
carbon

Methyl orange 98.9% 0.02 g Karimi et al. (2012)

19 Ag@TiO2 
core-shell 
nanoparticles

Reactive blue 220 100% 1 g/L Khanna and Shetty 
(2014)

20 TiO2 nanoparticles Rhodamine and 
malachite green

72.1% 1.5 g/L Chanathaworn et al. 
(2012)76.3%

21 TiO2 nanoparticles Methyl orange 92.8% 55 mg Rashed and 
El-Amin (2007)

22 CdO-modified ZnO 
nanocomposites

Methylene blue 98% – Saravanan et al. 
(2015)Methyl orange 93%

Textile effluent 85%
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(Zhang et al. 2013). Organic dyes from the wastewater have been removed from the 
wastewater using nanostructured tungsten oxide (WO2). The reactive yellow dyes 
from the textile effluent were successfully removed by zinc and aluminum layered 
double hydroxide nano-sorbent (El-Safty et al. 2012)

15.4.1.1  Nanostructured Metal Oxide as Photocatalysts

Photocatalysts are known to accelerate chemical reaction on absorbing solar radia-
tion or any other source of light having a certain wavelength (McNaught and 
Wilkinson 1997). Nanostructured catalysts which are sensitive to light exposure 
tend to degrade pollutants in wastewater. ZnO, CdS, and TiO2 are some of the prom-
inent semiconductors which produce electron-hole pair on absorbing light with 
energy higher than its bandgap energy. These electron-hole pairs have a tendency to 
react with an aqueous solution and produce highly reactive species such as oxidiz-
ing and reducing radicals. These radicals which are mainly hydroxyl or superoxides 
destruct any type of organic, inorganic, or heavy metal pollutants present in waste-
water through some secondary reactions (Kumar et al. 2017). Nanomaterial semi-
conductors come with a huge surface area and hence possess elevated photocatalytic 
activity compared to normal semiconductors.

TiO2 nanoparticles are well-known semiconductor photocatalysts that are widely 
used for removing pollutants from the wastewater. TiO2 have been reported to purify 
water by destroying (photodegradation) microbial pathogens within few hours of 
exposure to simulated solar light (Chaturvedi et al. 2012). TiO2 as nano- photocatalyst 
has shown to remove dyestuff successfully from the waste stream. TiO2 is generally 
used in powdered form or as a film for the purpose of photocatalytic degradation of 
the pollutants. However, TiO2 in the form of nanotubes has shown improved photo-
activity and effective photodegradation of textile dye compared to TiO2 powder. 
Increased photoactivity of TiO2 nanotube is due to efficient separation of charges, 
which is possible because of the lack of grain boundaries, commonly found in TiO2 
films (Liu et al. 2008). TiO2 nanotubes prepared by the anodization of titanium foils 
have shown to catalyze photodegradation of textile dyes (Sohn et al. 2008). The size 
of TiO2 nanotubes influences the photocatalytic activity, i.e., shorter nanotubes 
show better efficiency compared to larger ones (Liu et al. 2008). Moreover, Wang 
(2000) showed photodegradation of eight different types of commercial dyes includ-
ing methyl orange in the suspension of TiO2 under UV light irradiation. A complete 
decolorization of methyl orange was demonstrated in the TiO2 suspension activated 
by fluorescent lamp, halogen lamp, and solar irradiation (Rashed and El-Amin 
2007).

ZnO comes with large bandgap compared to all semiconductors, and it is non-
hazardous in nature. They find wide applicability because of its high thermal stabil-
ity and low cost (Lin et  al. 2014). ZnO nanoparticles are prepared by thermal 
evaporation method and chemical deposition method. They have been examined to 
degrade methyl orange in aqueous solution as photocatalysts for the UV-induced 
degradation. The photocatalytic activity in ZnO is size dependent, and the particle 
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size of 50  nm showed utmost photocatalytic activity (Wang et  al. 2007). As the 
bandgap in ZnO is larger, it requires UV activation in order to achieve good photo-
catalytic activity. The photocatalytic activity of ZnO is enhanced by preventing 
electron-hole recombination process, which is mainly achieved by doping ZnO with 
metals like Ag, Cd, Cu, Co, Fe, or Mn and nonmetals like N, S, or F. These heterog-
enous ZnO composites can be ZnO/metal, ZnO/polymer, and ZnO/metal oxide. 
ZnO modified with CdO showed to be effective enough in degradation of methylene 
blue in visible light (Saravanan et al. 2011). Shifting of photocatalytic activity from 
ultraviolet to visible light and enhanced degradation efficiency of the dye by ZnO/
CdO composite can be attributed to the suppression of back reaction between ZnO 
and CdO leading to the generation of a large number of charge carriers (Saravnan 
et  al. 2011). Silver, when coupled with ZnO, expresses improved photocatalytic 
activity in visible light because of lower bandgap energy and its capability to hinder 
quick electron-hole recombination. In case of silver coupled with ZnO, the amount 
of Ag, its size, and its surface area strongly influence the photocatalytic activity of 
ZnO. The ZnO and Ag in the ratio of 90:10 demonstrated improved degradation of 
textile dyes under few hours of irradiation by visible light (Saravnan et al. 2013). 
The activity of binary photocatalyst (ZnO/Ag and ZnO/CdO) is surpassed by the 
synergy of ZnO/Ag/CdO nanocomposite which was prepared in combination with 
80% ZnO, 10% Ag, and 10% CdO using thermal decomposition method for the 
photocatalytic degradation of textile effluent under the irradiation of visible light 
(Saravnan et al. 2015).

15.4.1.2  Magnetic Iron Nanoparticles

Magnetic nanoparticles are popular among researchers for their multiple properties. 
Low toxicity, low cost, magnetic properties such as high magnetic susceptibility, 
superparamagnetic property, high coercivity, and low Curie temperature are few of 
its unique properties which makes it more attractive in various applications (Nam 
and Tratnyek 2000; Bigg and Judd 2002). Magnetic iron nanoparticles are prepared 
by varied types of methods such as water-in-oil microemulsion, polyol, coprecipita-
tion, sol-gel, sonolysis, and hydrothermal methods. Each method results in mag-
netic iron nanoparticles of different properties (shape, average size, size distribution, 
crystallinity, magnetic properties, dispersibility). Among these methods, the copre-
cipitation method is the commonly used method due to numerous advantages asso-
ciated with it. Advantages of coprecipitation over other methods include 
cost-effectiveness, good homogeneity, high purity of the product, and no require-
ment of heat treatment and organic solvents. Figure 15.6 shows the SEM image of 
magnetic iron nanoparticles (MNPs) prepared using coprecipitation. Coprecipitation 
method of nanoparticle synthesis does not have control over the particle size, unlike 
other methods. The size and morphology control were achieved better by hydrother-
mal method, and sonochemical method gave unusual magnetic properties to mag-
netic nanoparticles.
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Magnetic iron nanoparticles are being popularly investigated in various environ-
mental applications. Iron nanoparticles are the most common metallic reducing 
agent (reductant) used popularly for removal of dyes and phenolic compounds. The 
dyes are shown to be removed by magnetic nanoparticles via a reduction mecha-
nism. The dye is diffused into the solution and metal surface where adsorption 
occurs. Iron oxide has shown to have excellent photocatalytic activity because of its 
narrow bandgap (2.2 eV). It is activated by visible light and captures around 40% of 
the solar radiation, and it is a very low-cost material available. On absorbing visible 
light, the excited electrons and subsequent holes activate nearby chemical species 
and instigate a chemical reaction. Porous hematite nanorods expressed high photo-
catalytic activity by removing methylene blue, eosin B, and methyl orange from the 
aqueous phase (Liu et al. 2015).

15.4.2  Copper Nanoparticles

Metal nanoparticles like Cu nanoparticles have higher Fermi potential which leads 
to decrease in their reduction potential values. Hence they can catalyze many elec-
tron transfer reactions. Metal nanoparticles can effectively drive those reactions 
which are thermodynamically favorable but kinetically restricted in the absence of 
a catalyst (Pradhan et  al. 2002). Copper-based catalysts because of their unique 
catalytic properties have been used to treat a wide range of wastewaters. Out of dif-
ferent compounds of copper, copper sulfide (CuS) has gathered much attention 

Fig. 15.6 SEM image of MNPs
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because of its low cost and unique physical, chemical, electronic, and optical prop-
erties. CuS, a metal chalcogenide, is an important p-type of semiconductor which 
occurs in a wide range of stoichiometry. Based on the stoichiometric ratios of cop-
per to sulfide, these CuS can either be direct or indirect bandgap semiconductors. A 
vast range of morphologies can be prepared from CuS such as nanocubes, nano-
plates, nanotubes, nanoflowers, nanospheres, nanorods, and complex hierarchical 
nanostructures. Good crystalline CuS has shown to successfully degrade dye under 
visible light irradiation (Meng et al. 2012). CuS and graphene oxide (GO) nano-
composite prepared through hydrothermal method have shown nearly 100% of the 
photodegradation of methylene blue dye (Saranya et al. 2014). This is because Cus 
and GO exhibit high photocatalytic activity in dye degradation under the visible 
light because of the narrow bandgap. Moreover, GO can transform the electronic 
structure of semiconductor and metal nanoparticles and also stimulate easy transfer 
of electrons from the excited dye molecule or the conduction band of the semicon-
ductor to the GO because of the equalization of large energy level formed at the 
interface which results in enhanced photocatalysis. Zerovalent copper nanoparticles 
have been shown to remove azo dye molecule as they are good electron donors. 
Moreover, the azo dye molecules accept the electrons from the copper and get trans-
formed into transitional products on combining with H+ ion. The combination of 
copper ferrite (CuFe2O4) nanocomposites also effectively reduced and decolorized 
textile dyes through the photocatalytic activity (Mahmoodi 2011).

15.4.3  CdS Nanoparticles

CdS is also a well-known semiconductor having a bandgap of 2.42 eV and can be 
operated at wavelength <495  nm (Khallaf et  al. 2008). CdS nanoparticles have 
attracted intensive interest as a photocatalyst for treatment of industrial dyes in 
wastewater (Tristao et al. 2006; Zhu et al. 2009).

15.4.4  Gold Nanoparticles (AuNPs)

Gold nanoparticles are known to be an effective catalyst in reducing textile dyes 
(Brust and Gordillo 2012). Stable Au nanoparticles are prepared from the reduction 
of Au3+ to zerovalent Au with an aqueous starch solution at 70  °C.  Here starch 
served as stabilizing reducing agent and gold nanoparticles in combination with 
activated carbon have shown remarkable adsorption of Congo red dye (Ghaedi et al. 
2011). AuNP has effectively shown to degrade methylene blue and other dyes 
(Cheval et al. 2012). The catalytic activity of AuNP is highly dependent on particle 
size, shape, and charge. Positively charged AuNP was shown to degrade around 
98% of the methylene blue dye in a microbial fuel cell with a power output of 
around twofold (30–40 mW/m2). A complete oxidative mineralization of methylene 
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blue was achieved with approximately 100% recovery of positively charged AuNP 
(Han et al. 2008).

15.4.5  Carbon Nanotubes

Carbon nanotubes have a modifiable surface chemistry, and its adsorption sights are 
highly assessable besides possessing high specific surface area. The active sites get 
reduced because CNT needs to be stabilized in aqueous suspension in order to cir-
cumvent clumping due to their hydrophobic surface. Contaminants can be detected, 
preconcentrated, as well as adsorbed by them (Pan and Xing 2008). Electrostatic 
attraction and chemical bonding play a vital role in the adsorption of metal ions by 
CNTs (Rao et al. 2008). They also possess antimicrobial characteristics. They gen-
erate oxidative stress on them and destroy the cell membrane (Liu et al. 2013).

The adsorption mechanism for organic compounds varies depending on the 
properties of the compound of interest (e.g., polar vs. nonpolar). Estimating the 
adsorption behavior of organics on CNTs is a difficult task (Pan and Xing 2008); 
therefore different interactions among organics and CNTs have been projected. 
Electrostatic interactions, π–π stacking interactions, hydrophobic interactions (Ai 
et al. 2011), van der Waals forces (Yang et al. 2008), and hydrogen bonding interac-
tions are few of them. These interactions might act alone or sometimes together. 
Usually, there are three types of methods used for the preparation of carbon nano-
tubes, viz., electric arc, laser ablation, and pyrolysis. Among them, electric arc and 
laser ablation were the most frequently used methods, but they are associated with 
only lab-scale production, while pyrolysis is the frequently used commercial 
method. This method has been employed for the preparation of the longest known 
threadlike bundles of nanotubes (NT) and macroscopic ribbons (“mats”) of interwo-
ven NT (Endo et al. 1995; Niu et al. 1997).

Reactive blue 4 textile dye was removed using multi-walled carbon nanotubes 
(MWCNT) and single-walled carbon nanotubes (SWCNT) as adsorbents from the 
aqueous solution. The equilibrium isotherm for contact time was obtained at 4 h for 
both the adsorbents at 298–323 K. The best fit for the equilibrium data of reactive 
blue 4 dye was given by the Liu isotherm model. The maximum sorption capacity 
for adsorption was 502.5 and 567.7 mg g−1 for MWCNT and SWCNT, respectively, 
which occurred at 323 K (Machado et al. 2014). One of the feasible redox mediators 
is activated carbon (AC) because it shows an advantage in comparison with soluble 
ones (e.g., anthraquinone disulfonate and anthraquinone-2-sulfonate) (Van Der Zee 
et al. 2003; Mezohegyi et al. 2010; Pereira et al. 2010). The biodegradation of azo 
dye and textile wastewater was treated with the samples of microporous thermal- 
treated AC (ACH2) and mesoporous carbons: xerogels (CXA, CXB) and carbon 
nanotubes (CNT). The carbon materials used has been reported to show ~85% color 
removal for Mordant yellow 10 (MY10) and 70% for reactive red 120 (RR120). The 
degradation of acid orange 10 (AO10) was obtained when CXB and CNT were used 
together, where 98% of color removal was achieved. The degradation rate achieved 
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was in an order of control < CXA< CXB < CNT for MY10 and RR120. The dyes 
were reduced to  corresponding aromatic amines  which was confirmed through 
HPLC analysis (Pereira et al. 2014).

15.5  Nanoparticles as a Carrier for Enzyme Immobilization

The immobilization of enzymes involves confining of enzyme molecules to a dis-
tinct region of space without affecting their catalytic properties by fixing them onto 
or within some suitable carrier material. Immobilization allows repeated and contin-
ued use of enzymes (Brena and Batista-Viera 2006). Nanoparticles were considered 
as a perfect support material for enzyme immobilization due to the high surface area 
per unit mass, high enzyme loading capability, less diffusional limitations, and mass 
transfer resistance (McHenry and Laughlin 2000; Lei and Ju 2012; Hwang and Gu 
2013). Nanoparticles can easily diffuse through macromolecular substrates where 
the diffusion problem is more relevant making it an ideal carrier. When enzyme- 
immobilized nanoparticles were dispersed in aqueous solutions, it follows a 
Brownian movement proving the efficiency of immobilized enzyme in comparison 
to free enzyme. Moreover, immobilization of enzymes onto the nanoparticles 
reduces the protein unfolding and improves the performance and stability of the 
immobilized enzyme.

Garcia-Galan et  al. (2011) reported that the purity of the enzyme impairs the 
volumetric activity when nonporous nanoparticle supports were used for immobili-
zation. In addition to all the abovementioned advantages of nanomaterials as a car-
rier for enzyme immobilization, they are also associated with the benefits of 
maintaining the regulation of the protein/enzyme orientation onto it. They are 
devoid of external diffusion problems associated with porous supports. This behav-
ior of nanoparticles makes them an efficient choice for their usage in solid-liquid 
systems at industry level on a large-scale process (Colombié et al. 2001).

Enzyme immobilization has been carried out for different enzymes, viz., lyso-
zyme, glucose oxidase, aminopeptidase, and alcohol dehydrogenase on different 
nanoparticle carriers such as polymeric nanoparticles, porous nanoparticles, mag-
netic nanoparticles, metal nanoparticles, and metal oxide nanoparticles. Generally, 
the enzymes are immobilized onto the carriers by reversible (adsorption, chelation, 
disulfide bond, ionic bonding, and affinity bonding) and irreversible methods (cova-
lent coupling, entrapment or microencapsulation, and cross-linking). However, 
cross-linking and covalent bonding are the most commonly used enzyme immobili-
zation methods for nanoparticle carriers. This method is different from other immo-
bilization techniques as it does not require any support (Shi et al. 1997; Honda et al. 
2006). Here, by means of multifunctional reagents, the leading three-dimensional 
cross-linked aggregates form covalent bonds between the enzyme molecules. This 
method is also termed as carrier-free immobilization. Glutaraldehyde is the most 
commonly used reagent for the process of cross-linking. An enzyme is coupled 
forming covalent bond with other protein molecules using bi- or multifunctional 
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coupling agent (Sheldon 2007; Tran and Balkus 2011). The coupling agent cross- 
links the enzyme with support material (Tischer and Wedekind 1999). In this mode 
of immobilization, the biocatalyst formed occupies 100% weight of the protein in it, 
as the coupling agent has negligible molecular weight as compared to an enzyme 
(Schoevaart et  al. 2004). Structural and functional property of enzymes remains 
undisturbed during the process of immobilization. Cross-linking agents such as bis-
diazobenzidine, glutaraldehyde, and hexamethylene diisocyanate are used as bi-/
multifunctional agents (Singh 2009). Glutaraldehyde is the most widely used 
bifunctional cross-linker, because it facilitates the formation of stable inter- and 
intra-subunit covalent bonds as it is soluble in aqueous solvents (Datta et al. 2013).

Covalent bonding is a highly stable and most frequently used method of immo-
bilization as the enzyme strongly binds to the support through covalent binding. The 
enzyme immobilized on matrix involving covalent binding does not release enzyme 
while being used in the solution due to the stability of the bonds formed (Guisan 
2006). It involves highly specific reaction so that no contaminant on the carrier 
material appears and also no leaking of the enzyme is observed in the reaction mix-
ture. Thermal stability and the half-life of enzyme increase when various support 
materials like mesoporous silica, chitosan, etc. are used for covalent attachment 
(Hsieh et al. 2000; Ispas et al. 2009). The covalent attachment of enzymes to carriers 
is due to amino acids like aspartic acid, arginine, and histidine present in their side 
chain (D’Souza 1998). Different functional groups like imidazole, indolyl, phenolic 
hydroxyl, etc. are responsible for their degree of reactivity (Singh 2009). Brena and 
Batista-Viera (2006) reported that covalent bonding alters the catalytic activity of 
the enzyme thereby minimizing its activity. Substrate analogs can be used for a 
coupling reaction to enhance the activity of the enzymes (Mattiasson and Kaul 
1991). Fu et  al. (2011) found out that if peptide-modified surfaces were used to 
immobilize enzyme linkage then higher specific activity and stability can be 
achieved with controlled protein orientation. To achieve enzyme immobilization by 
covalent bonding, functionalization followed by activation of supports using spe-
cific activating agents (such as inorganic and organic halides, carbodiimides, glutar-
aldehyde, etc.) is vital (Zucca and Sanjust 2014).

15.5.1  Surface-Activating Agents

To covalently bind the enzyme to the nanoparticles, surface activation/modification 
is very essential. So far several chemicals have been used to modify the surface of 
the nanoparticles. Some of them include glutaraldehyde, carbodiimides, and cyanu-
ric chloride. Carbodiimides are the chemical activators which facilitate the enzyme 
in binding with support material via carboxyl group. An intermediate is formed 
when carbodiimides react with carboxyl which gets stabilized when it reacts with 
amines, forming a peptide bond, without a spacer. EDAC is the most popular form 
of carbodiimides, and it serves various purposes, for example, peptide synthesis, 
cross-linking, and immune conjugate preparation. An advantage associated with 
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EDAC activation is that no such lengthy linker species are involved which ulti-
mately reduces the hydrodynamic radius of the nanoparticles (Thanha and Greena 
2010). Cyanuric chloride is also used to activate the surface of the nanoparticles. It 
is a triazine which activates the OH group of the support material for covalent bond-
ing of the enzyme (Moreno and Sinisterra 1994; Alcántara et al. 1998). In one of the 
studies conducted by Moreno and his co-workers (1994), it was observed that cyan-
uric chloride increased the stability of the enzyme. Glutaraldehyde, a colorless to 
pale straw-colored linear 5-carbon dialdehyde, is also used as a surface activator. It 
is soluble in water, alcohol, and organic solvents at all proportions having a pungent 
smell (Migneault et  al. 2004). Glutaraldehyde is an acidic aqueous solution (pH 
3.0–4.0) with the ability to generate thermally and chemically stable cross-links 
than other aldehydes (Nimni et al. 1987).

15.6  Role of Enzyme-Immobilized Nanoparticles 
in the Removal of Contaminants of Textile Wastewater

Enzyme-immobilized nanoparticles have been popularly reported for the treatment 
of textile wastewater. Table  15.4 summarizes the list of enzyme-immobilized 
nanoparticles in textile wastewater treatment. A variety of dyes have been decolor-
ized by the enzyme-immobilized nanoparticles. The mechanism adopted by the 

Table 15.4 List of enzyme-immobilized nanoparticles in textile wastewater treatment

Sr. 
no. Enzyme Nanoparticles Dye

Dye 
degradation 
(%) Reusability References

1 Laccase Fe3O4/SiO2 Procion red 
MX-5B

80 Yes Wang et al. 
(2013)

Azophloxine 79
2 Horseradish 

peroxidase
Phospholipid- 
templated titania

Phenol 93 Yes Jiang et al. 
(2014)2-Chlorophenol 88

Direct Black 38 80
3 Lignin 

peroxidase
Magnetic (Fe3O4) Blue azo dye 54 Yes Darwesh 

et al. (2015)
4 Glucose 

oxidase
Magnetic (Fe3O4) Acid yellow 62 Yes Aber et al. 

(2016)
5 Laccase Magnetic poly 

(p-phenylenediamine) 
(PpPD/Fe3O4)

Blue 19 80 Yes Liu et al. 
(2016)

6 Laccase Magnetic graphene 
oxide (MGO)

Crystal violet 95 Yes Chen et al. 
(2017)Malachite green 96

Brilliant green 91
7 Laccase EDTA-Cu (II) Indigo carmine 28 Yes Fernandes 

et al. (2017)Congo red 21
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enzyme-immobilized nanoparticles for dye degradation is the absorption of the dye 
by the support material followed by degradation (Wang et al. 2013). Liu et al. (2016) 
reported that dye decolorization occurred by developing a surface microenviron-
ment that allows electrical conductivity. The absorption of dyes occurs on the sur-
face of nanoparticles, and enzyme degrades azo dye into simpler aromatic amines. 
Figure  15.7 describes the general mechanism involved in the degradation and 
absorption of azo dyes.

Fe3O4/SiO2 nanoparticles were used as the support for laccase immobilization 
that showed more than 80% decolorization of the azo dyes. Laccase immobilized on 
titania nanoparticle, magnetic graphene oxide, and EDTA-Cu (II) chelating mag-
netic nanoparticles were also used in dye decolorization studies, and the efficiency 
was in the range of 91–97%. The decolorization was achieved within 20–60 min 
incubation. Surface functionalization and high surface to volume ratio facilitated 
the high mass transfer and easy removal of the dye from reaction matrix. pH is one 
important parameter that influences the laccase enzyme activity. Laccase enzyme 
showed the best activity at pH 3 (Das et al. 2017; Chen et al. 2017). Similar to lac-
case, other enzymes, horseradish peroxidase and lignin peroxidase immobilized on 
phospholipid-templated titania and magnetic (Fe3O4) nanoparticles, respectively, 
were also used for dye and phenolic compound degradation. Unlike laccase, these 
enzymes showed slightly decreased decolorization in the range of 65–79% at longer 
incubation period (Jiang et al. 2014; Darwesh et al. 2015). Glucose oxidase enzyme 
on Fe3O4 magnetic nanoparticles particles was also used in dye decolorization. 
However, they also showed decreased decolorization (63%) compared to laccase 
enzyme (Aber et  al. 2016). In contrast to laccase, glucose oxidase shows better 
activity at slightly acidic pH 6.5. Immobilization improves the stability of enzymes 
at a wider pH range. The shift in pH might be due to the variations in the conforma-

Enzyme immobilized
Nanoparticles Azo Dye

Absorption by
Nanoparticles

Degradation by enzyme

Azo Dye Aromatic amines

Fig. 15.7 General mechanism involved in degradation of dye using enzyme-immobilized 
nanoparticles
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tion of the enzyme during covalent bond formation leading to changes in the micro-
environment of the enzyme (Chiou and Wu 2004). The immobilized nanoparticles 
showed high stability and activity even up to ten cycles of reusability.

15.7  Role of CLEAs in Textile Wastewater Treatment

Cross-linked enzyme aggregates (CLEAs) are enzyme aggregates prepared by 
cross-linking of the enzyme aggregates with a difunctional cross-linker. It does not 
require a solid support and is used as a biocatalyst. The CLEAs are backed up with 
a number of advantages such as high enzyme activity, high pH, thermal stability, 
improved functional and operational stability, and reduced mass transfer problems 
(Sheldon 2007; Bayramoglu et al. 2010). Low cost and environment-friendly char-
acteristic of CLEAs have also favored its widespread application. CLEAs can be 
prepared from crude enzyme extracts without any need of purification and provide 
a platform for synergistic action of the multiple enzymes leading to cascading reac-
tions (Dalal et al. 2007; Sheldon 2011). Furthermore, the CLEAs exhibited excel-
lent recovery due to easy separation (Sheldon 2011).

CLEAs are easily separated by filtration or centrifugation and have low produc-
tion cost, and it is a carrier-free immobilization (Sheldon 2011). However, the num-
ber of enzymes immobilized by CLEAs technology is limited. There might be two 
reasons: (a) CLEAs might not be as effective as expected for enzymes with low Lys 
residue contents since cross-linking occurs superficially at the surface of enzyme 
resulting in low mechanical strength (Sheldon 2007). It even releases enzyme into 
the media during the reaction (Dong et al. 2010). (b) The clumping of CLEA clus-
ters during separation of CLEAs from the reaction mixture by centrifugation or fil-
tration results in internal mass transfer limitations particularly in case of enzymes 
acting on macromolecular substrates (Wang et al. 2011).

Different methods have been developed to solve the problem of enzymes which 
are having less content of Lys residue, i.e., enzyme co-aggregation with a polymer 
containing several free amino groups, e.g., polylysine (Yamaguchi et al. 2011) or 
polyethyleneimine (Vaidya et al. 2012), can result in the production of mechanically 
stable CLEAs. Further, Talekar et al. (2012) developed a novel strategy to prepare 
magnetic cross-linked enzyme aggregates in order to overcome the limitations of 
CLEAs. The magnetic cross-linked enzyme aggregates (M-CLEAs) were prepared 
by the addition of amino-functionalized magnetite nanoparticles as an additive into 
enzyme solution followed by its precipitation to form aggregates. A cross-linking of 
enzyme aggregates and nanoparticles occurs during this process. Nanoparticles due 
to their smaller size and high surface area facilitate more coating of amino groups 
on their surface (Hu et al. 2009). Addition of such amino-functionalized magnetic 
nanoparticles into the low Lys enzyme solution results in non-leachable and 
mechanically stable CLEAs. The magnetic properties of the nanoparticles will facil-
itate better solid-liquid separation. Sinirlioglu et al. (2013) and Kumar et al. (2014) 
prepared CLEAs of laccase enzyme to study the decolorization of malachite green 
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dye. The magnetic combi-CLEAs showed double the dye removal efficiency (93%) 
of the free enzymes (47%). The pH and temperature range also increased in com-
parison to free enzymes. The CLEAs showed a maximum reusability of eight cycles 
(Zhou et al. 2016). Similar to laccase, CLEAs with horseradish peroxidase were 
also used for anthraquinone dye, C. I. acid violet 109 decolorization.

15.8  Conclusion

In every aspect of human activity, water plays a fundamental role, and day by day, 
this resource is getting scarce in various corners of the world. Textile wastewater is 
one of the major water polluting industry. Many technologies and methods have 
been designed, explored and used for wastewater treatment. Enzyme assisted waste-
water treatment is one of the facet applied for textile effluent treatment. However 
due to the cost of enzyme production, purification and reusability their application 
is limited or prohibited. At present, large-scale treatment of effluent using enzymes 
is not economically viable.  From the various reports and studies conducted by 
researchers, it can be established that nanomaterials can act as efficient material for 
enzyme immobilization. The separation difficulty of nanoparticles from the treated 
solution may result in the loss of nanoparticles. To overcome the separation prob-
lems and increase their reusability, magnetic nanoparticles and magnetic CLEAs 
have been explored. These method proved their efficiency in batch studies and their 
upscaling requires more detailed study. Forthcoming interdisciplinary approach to 
wastewater treatment is the confluence of nanoscience and enzyme technology. 
Biocatalysts can be utilized to their maximum potential due to such groundbreaking 
applications.

15.9  Future Outlooks

Nanoremediation holds a promising role in the future for treatment of any kinds of 
the waste stream. Many aspects of nanotechnology in bioremediation need to be 
explored as it is still in its infant stage. Numerous varieties of nanocomposites can 
be tested to achieve the desired effects. Separate bio-nanomaterial for different 
waste can also be looked after so that efficient degradation can be obtained in a 
lesser span of time. The activity of crude enzyme preparations needs to be accentu-
ated for its optimization and also on the advancement of enzyme reusability to 
thwart the high start-up and running costs.
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Abstract Green synthesis of nanoparticles (NPs) is an emerging research trend in 
green nanotechnology as this method is nontoxic or less toxic, eco-friendly, effi-
cient, and cost-effective as compared to other conventional physical and chemical 
methods. Green synthesis of NPs employs various biological agents such as plants, 
bacteria, algae, and fungi, but nowadays plant-based green synthesis of NPs is gain-
ing more attention among researchers from around the world. A variety of green 
synthesized NPs are currently being used in water and wastewater treatment due to 
their high efficiency and biocompatible nature. Green synthesized NPs are highly 
proficient for recycling and removal of heavy metal from wastewaters without loss 
of their stability and degradation of a variety of organic pollutants from wastewaters 
and, thus, purify the wastewaters for reuse and recycling and could solve various 
water quality issues worldwide. However, regeneration and reusability are the main 
challenges to researchers and scientist yet in the green synthesis approach as a tech-
nology transfer from laboratory scale to commercial applications. In this chapter, 
we discussed the green synthesis approach for NPs and their applications in water 
and wastewater treatment and dye degradation from wastewaters. Further, chal-
lenges and issues related to the use of green synthesized NPs in water and wastewa-
ter treatment are also discussed.

Keywords Green nanotechnology · Green synthesis · Nanoparticles · Wastewater 
treatment · Environmental protection

16.1  Introduction

Water is the necessary element for all life forms and covers two-thirds of earth’s 
surface. It has variable physical, chemical, or biological properties after the addition 
of different organic/inorganic materials, pathogens, heavy metals, or other pollut-
ants which make it harmful to the whole ecosystem. (Bora and Dutta 2014). 
Moreover, the water on earth is a precious and limited resource, which is bound-
lessly recycled in the water cycle. Hence, the sustainable management of water 
resources is immediately required due to their increasing contamination with vari-
ous organic and inorganic pollutants discharged along with urban wastewaters 
including industrial wastewaters.

The global challenge of the twenty-first century is to overcome the lack of clean 
water and to provide safe and clean water for all living beings to survive. The scar-
city of treated and clean water influenced the living standard of our society and 
deducted the equal opportunities of development in the society (Qadir et al. 2007). 
According to a report of the World Health Organization (WHO) in 2012, 780 mil-
lion people from all around the world still lack access to safe and clean drinking 
water supply (Qu et  al. 2013). In most of the developing countries, 90% of all 
diseases arise due to the use of contaminated water for drinking purpose (WHO 
Report 2012). According to the United Nations World Water Development Report 
(2017), over the past 5 years, clean water scarcity has become a major risk to the 
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surviving human population (UN Water Development Report 2017). In a report of 
the World Economic Forum (WEF) in 2016, it is reported that water scarcity was 
evaluated as the universal risk of premier concern for individuals and economies 
for the next 10 years (http://unesco.org/images/0024/002471/247153e.pdf). In the 
countries including India, China, Australia, Western South America, Central 
America, and Western North America, around 500 million people live in areas 
where water consumption exceeds by a double factor than treated water resources 
(Mekonnen and Hoekstra 2016). According to the reports of the United Nations 
International Children’s Fund (UNICEF) and WHO in 2015, around two-thirds of 
the world’s population has acquired developed sanitation, and developing coun-
tries are still facing a lack of sanitation or sewer connections (Kjellén et al. 2012). 
In some of the developing countries, there is no central facility to provide the 
 connections to a water supply; generally the people depend on the self-provided 
services or nongovernment organization (NGO) support (http://unesdoc.unesco.
org/images/0024/002471/247153e.pdf).

Wastewater is a major source of water pollution in the developing countries and is 
generally classified into two main categories (Bora and Dutta 2014): (a) residential 
wastewater (municipal wastewater) and (b) nonresidential wastewater (urban or 
industrial wastewater). According to UN-Water Report in 2015, wastewater is roughly 
composed of 99% water and 1% suspended colloidal and dissolved solids (http://
unesdoc.unesco.org/images/0024/002471/247153e.pdf). Residential wastewater 
originates from the public residence and contains 99.90% water and 10% solids, 
organic and inorganic content, nutrients, microorganism, and biodegradable organic 
materials (Bora and Dutta 2014). The organic and inorganic contents (metals) in 
wastewaters are considered to be highly toxic for humans as well as the environment 
(Goutam et  al. 2018; Bharagava et  al. 2017c; Saxena and Bharagava 2015, 2017; 
Gautam et al. 2017; Saxena et al. 2016). However, the organic content of wastewater 
can be measured in terms of biochemical oxygen demand (BOD) and chemical oxy-
gen demand (COD), the main water quality parameters, and represent the degradabil-
ity of wastewater (Henze and Comeau 2008).The amount of  residential wastewater is 
influenced by the lifestyle and living standard of people (Chandrappa and Das 2012). 
Further, nonresidential or urban wastewater mainly originates from industries, agri-
cultural fields, and commercial actions, and its composition depends on their sources.

To provide a safe and clean water supply to all, the sustainable management of 
water and wastewaters is an urgent need of the present time. Currently, many con-
ventional and nonconventional wastewater treatment technologies are available to 
remove pollutants from various types of wastewaters, but these technologies are 
sometimes not effective and require high fund investment, specific operative condi-
tions, and maintenance cost and high energy necessities (Amin et al. 2014; Baruah 
et  al. 2012; Bora and Dutta 2014). On contrary, nanotechnology offers a great 
potential for the development of next-generation water and wastewater treatment 
technologies and could replace the conventional wastewater treatment technologies 
(Goutam et  al. 2018). Nanoparticles (NPs) are increasingly applied for the 
 wastewater treatment and purification due to their high reactivity and degree of 
functionalization, large surface area, size-dependent properties, etc. (Gawande et al. 
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2011). Recently, nanomaterials offered many advantages in wastewater treatment 
owing to the unique characteristics which elicited from nanoscale sizes, such as 
improved catalysis and adsorption properties as well as high reactivity (Gawande 
et al. 2011; Guo et al. 2014).

Various nanoparticles have been successfully reported for water and wastewater 
treatment such as zerovalent metal nanoparticles (silver nanoparticles, iron nanopar-
ticles, zinc nanoparticles), metal oxide nanoparticles (titanium dioxide nanoparti-
cles, iron oxide nanoparticles, zinc oxide nanoparticles), carbon nanotubes, and 
nanocomposites (Mueller and Nowack 2009). NPs, especially, the chemically syn-
thesized titanium dioxide (TiO2), have been extensively applied in the photocata-
lytic treatment of industrial wastewaters (Filipponi and Sutherland 2010). 
Nano-sized TiO2-based photocatalytic treatment is a highly effective method for the 
degradation and detoxification of recalcitrant organic and inorganic pollutants from 
industrial wastewaters (Ray and Ray 2009; Lu et al. 2015). The chemical synthesis 
of NPs under specific conditions requires highly expensive and toxic and hazardous 
chemicals, and their release in the environment creates a serious ecotoxicological 
concern (Bhattacharya et al. 2013). Nonetheless, the green synthesis is a simple, 
eco-friendly, and less toxic way of synthesizing NPs from biodegradable materials 
such as plant extracts, microbes, and enzymes (Bhattacharya et  al. 2013; Tiwari 
et al. 2008). However, the synthesis of NPs using plant extracts is the most useful 
strategy as it lessens the chance of associated contamination while reducing the 
reaction time and maintaining the cell structure (Tiwari et al. 2008). Moreover, the 
application of green NPs for industrial wastewater treatment could be an excellent 
strategy to cope with environmental pollution.

To date, only very few studies reported the application of green synthesized NPs 
in wastewater treatment (Bhattacharya et  al. 2013; Savage and Diallo 2005). 
Therefore, this chapter is mainly focused on the green synthesis of nanoparticles 
using plant extract and their applications in dye removal and water and wastewater 
treatment. In this chapter, we discussed the green synthesis approach for NPs and 
their applications in water and wastewater treatment and dye degradation from 
wastewaters. Further, challenges and issues related to the use of green synthesized 
NPs in water and wastewater treatment are also discussed.

16.2  Nanotechnology: An Overview

The science and technology associated with various nanostructures has become a 
wide area of research for the sustainable development of human society, and the 
technology is growing up incredibly day by day to have a great impact in the future 
for commercialization. The term “nanotechnology” was first introduced by 
Taniguchi in 1974. According to him, nanotechnology is a technology which com-
prises the processes of separation, consolidation, and deformation of materials by 
single atom or molecule (Iqbal et al. 2012). In other words, nanotechnology is also 
used for the study of nanomaterials that exhibit amazing properties, functionalities, 
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and phenomena due to the influence of small size (nanoscale) (Khan et al. 2017). It 
is the ability to understand, fabricate, and manipulate the materials at the nanoscale 
(Roco 2004). The word “nano” comes from the Greek word Nanos which refers to 
small animals or plants. The one-nanometer scale is equal to 10−9m. The aim of 
nanotechnology is to measure and manipulate the matters at nanoscale; the scale of 
its dimension lies in the range of 1–100 nm (Mansoori and Soelaiman 2005). At 
nano-level, material shows unique chemical, physical, and biological properties due 
to higher surface to volume ratio where the surface area of the nanoparticle is 
inversely proportional to particle size, which probably occurs due to the increasing 
order of surface atoms with respect to the decreasing order of particle size (El Saliby 
et al. 2008). Thus, as a result of the extremely large surface area along with high 
surface energy, the nanoparticle reveals distinctive optical, electrical, and magnetic 
properties than the bulk one (Ichinose et al. 1992).

Nanoscience and nanotechnology have various promising applications due to the 
affectedly changed and excellent properties of materials at the nanoscale (https://
royalsociety.org/~/media/Royal_Society_Content/policy/publications/2004/9693.
pdf). It covers a wide spectrum of various technologies, which are based on various 
types of physical, chemical, and biological processes relied on nano-level, not only 
to create nanomaterials but also to operate them or to influence them or to use them 
according to their projected motives (https://www.eolss.net/sample-chapters/C05/
E6-152-01.pdf). As the size of materials rises from bulk to nanostructure, the prop-
erties and functionalities of the materials may be different. Conclusively, if two 
parameters of the materials, structural arrangement of atoms or molecules and the 
length scale of the materials, are molded appropriately, then variation in the proper-
ties of materials can easily be achieved (Heath 1995). Nanotechnology provided 
some of the promising techniques for wastewater treatment such as (a) photocataly-
sis, (b) nanofiltration, and (c) nanosorbents (Bora and Dutta 2014).

16.2.1  Photocatalysis

Photocatalysis is a process defined as “change in the rate of a chemical reaction or 
its initiation under the action of ultraviolet, visible, or infrared radiation in the pres-
ence of a photocatalyst, a substance that absorbs the light and involved in the chemi-
cal transformation of the reaction partners” (McNaught and Wilkinson 1997). It is a 
surface phenomenon which commonly includes the following five mechanistic 
steps: (i) diffusion of reactants to the surface of the catalyst, (ii) adsorption of the 
reactants on the surface of the catalyst, (iii) reaction at the surface of the catalyst, 
(iv) desorption of the products from the surface of the catalyst, and (v) diffusion of 
the products from the surface of the catalyst (Pirkanniemi and Sillanpaa 2002).

Photocatalysis is currently being applied in wastewater treatment as two differ-
ent types of applications: one is solar photocatalysis, and another is photocatalytic 
application system equipped with artificial UV-visible light (https://www.sswm.
info/sites/default/files/reference_attachments/MULLER%20et%20al%202010%20
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Photocatalysis%20for%20Water%20Treatment.pdf). Nanostructured semiconduc-
tor materials are the most suitable photocatalyst because they have the most of the 
photogenerated electrons and holes, which are available at the surface. Photocatalysis 
plays an important role in the removal of organic and inorganic contaminants such 
as heavy metal ions and microbes.

A recent study by Goutam et  al. (2018) presents an excellent example of the 
photocatalytic treatment/degradation of tannery wastewater using green synthe-
sized TiO2 nanoparticles, although some other previously reported literatures by 
Devatha et al. (2016), Wang et al. (2014), Ghaly et al. (2011), and Bordes et al. 
(2015) have also shown the significance of photocatalysis in wastewater treatment. 
Nanoparticle (NP)-based photocatalytic treatment is a highly effective method for 
the degradation and detoxification of recalcitrant organic and inorganic pollutants 
from wastewaters (Mahlambi et al. 2015). A general mechanism of TiO2-NP-based 
photocatalysis is shown in Fig. 16.1.

The photocatalytic reduction of inorganic contaminants (Cr+6 to Cr+3) from 
wastewater along with photooxidation of organic pollutants can be easily under-
stood by the following reaction mechanisms (Goutam et al. 2018; Malakootian and 
Mansuri 2015):

 
TiO catalyst h e2 ( ) + → ++ −hν

 
(16.1)

 Cr O H e Cr H O2 7
2 3

214 6 2 7
−

+ + → + ++ − +

 (16.2)

 2 4 42 2H O h O H+ → ++ +

 (16.3)

 H O h OH H2 + → ++ +

 (16.4)

Fig. 16.1 Mechanism of TiO2-based photocatalysis. (Adapted from Goutam et al. 2018)

S. P. Goutam et al.
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 OH organics CO H O+ → +2 2  (16.5)

 H organics CO H O+ + → +2 2  (16.6)

16.2.2  Nanofiltration

The second popular technique for wastewater treatment is nanofiltration. It is a type 
of membrane process and has emerged as a promising area for extended membrane 
applications. Membrane filtration is a pressure-driven process in which membrane 
acts as selective barriers to restrict the passage of pollutants such as organics, nutri-
ents, turbidity, microorganisms, inorganic metal ions, and other oxygen-depleting 
pollutants and permit the pass-through of comparatively clear water (Drioli et al. 
2015; Mulder 1997). With technological advances and the ever-increasing strin-
gency of water quality criteria, membrane processes are becoming a more attractive 
solution to the challenge of water quality and water reuse (Shannon et al. 2008).

Numerous studies have previously reported on the application of microfiltration 
and ultrafiltration for wastewater treatment and reuse (Seo et  al. 1996, 1997; 
Snoeyink et  al. 2000;  Shon et  al. 2013; Visvanathan et  al. 2000; Ben Aim and 
Semmens 2001; Matsui et al. 2001aa, b). Generally, membrane process has been 
classified into four broad categories depending on their pore sizes: microfiltration 
(MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) mem-
branes. As per previously reported in literature, NF membranes are considered to be 
the best alternative to water purification. NF membrane is generally polyamide 
membranes and has lower salt rejection facilitating a diverse cut-off based on the 
molecular weight of a species with more than 92% rejection (Shon et al. 2013).The 
NF membrane is the relatively newly introduced technology in wastewater treat-
ment system. Due to the less size of NF membrane (~1 to 5  nm), very small 
uncharged solutes from wastewater are becoming highly rejected (Kim et  al. 
2001; Shon et al. 2013). Over the last few years, NF technology is developing as a 
feasible approach for the removal of pollutants from pulp-bleaching effluents and 
textile effluents, separation of pharmaceuticals from fermentation broths, deminer-
alization in the dairy industry, and metallic pollutants and viruses from wastewaters 
(Bowen et al. 2002). A general mechanism of nanofiltration for the removal of dif-
ferent pollutants from wastewater is shown in Fig. 16.2.

16.2.3  Nanosorbents

Nanoparticles (NPs) as nanosorbents have been widely used for the removal of 
microbes, organic dyes, and heavy metal pollutants from water and wastewaters. 
Nanoparticles have specific properties like extremely small size, high surface area 
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to volume ratio, specificity for pollutants, biocompatibility, and adaptability which 
attributed to the relevant technology for the enhanced and efficient removal of pol-
lutants from wastewaters. Metal oxide at nanoscale shows the higher level of adsorp-
tion as compared to bulk size because of formation of metal-ligand precipitation 
(Stietiya and Wang 2014). As reported previously, pH value of the wastewater 
affects the efficiency of metal pollutant removal by adsorption mechanism. The 
removal efficiency of metallic pollutants (heavy metal ions) from the wastewater 
increased with a pH value of wastewater. Deprotonation at nanosorbent surface is 
enhanced with an increased pH value of wastewater and forces of attraction between 
positively charged metallic ions, and the negative sites on adsorbents also increased 
due to increased negatively charged sites. Nassar (2012) reported a brief review on 
iron oxide nano-adsorbent for the removal of various pollutants from wastewater 
(Nassar 2012). Zhang et al. (2014) reported the synthesis of Fe-La composite oxide 
for the removal of As (III) from wastewater (Zhang et al. 2014).

According to Khajeh et al. (2013), nanomaterials can be classified in different 
groups on the basis of their role or surface property in adsorption applications such 
as (a) carbon nanomaterials, (b) silicon nanomaterials, (c) nanomaterials, and (d) 
nanoparticles as adsorbents. Although, TiO2 NPs and other metal oxide  nanoparticles 
such as ZrO2, Al2O3, and SiO2, ZnO have been reported with very high adsorption 
capacity because of their specific surface chemistry (He et al. 2008; Lian et al. 2005; 
Hadjiivanov et al. 1991; Bolis et al. 1991; Cui et al. 2006). A general mechanism of 
nano-adsorbent for the removal of different pollutants from wastewater is shown in 
Fig. 16.3.

16.3  Techniques for Nanoparticle Synthesis

Recently, the development of several steadfast methods to synthesize nanoparticles 
by controlling their sizes, shapes, and chemical composition becomes a marvelous 
area of research interest in the field of nanotechnology. Nanoparticles in association 
with organic molecules facilitate collective nature and cause the formation of 

Fig. 16.2 Schematic mechanism of nanofiltration of contaminants from wastewaters
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different dimensional (1-D, 2-D, 3-D) mesostructures, which also gave a great inter-
est in research. Nanoparticle synthesis methods generally use precursors in the form 
of solid, liquid, or gas phase, following chemical and physical deposition processes 
to construct various nanostructured materials.

The nanoparticle synthesis methods are primarily categorized into two 
approaches: top-down and bottom-up approaches (Hu and Shaw 1999) as shown in 
Fig.  16.4. Top-down approach includes the physical processes such as milling, 

Fig. 16.3 Schematic mechanism of nanosorbents for pollutant removal from wastewaters

Fig. 16.4 Basic approaches for nanoparticle fabrication
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crushing, etc. where bulk particles break up into small to smaller particles; as a 
result, nanoparticles are formed. Though this approach has a negative impact on 
the surface structure due to crystallographic injury during the formation of the 
nanostructure, on the other hand, bottom-up approach includes chemical and bio-
logical processes such as sol-gel, laser pyrolysis, plasma spraying process, aerosol-
based process, green synthesis method, etc. where the formation of nanoparticles 
starts from the basic atomic or molecular levels, i.e., the nanostructures are formed 
by the addition of atom to atom, molecule to molecule, or cluster to cluster. The 
bottom-up approach is very fabulous and best as compared to top-down approach 
to produce nanostructured materials with uniform structures and distributions 
(Saravanan et al. 2008). Various techniques that are used to synthesize nanomateri-
als are shown in Fig. 16.5.

16.3.1  Mechanical Milling Method

Mechanical milling method mainly associated with the production of powders 
where fine particles are created from the surfaces of small particles reduced from 
bulk materials during the rubbing with one another by the introduction of an 

Fig. 16.5 Synthesis methods for nanoparticles
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agitator medium or high-speed air jets to produce enormous pressure and friction 
together (Ichinose et  al. 1992). It is very high energy consumption route where 
structural defects, chemical disorders, and elastic strain are introduced to parent 
bulk material during the whole process. As a result of which, nanostructures are 
produced (Saravanan et al. 2008). Ball milling is an appropriate example of mechan-
ical milling.

16.3.2  Physical Vapor Deposition

Physical vapor deposition is a technique to produce nanostructures at gas phase 
using a focused beam of electrons that heat the parent bulk material. This method 
does not depend on any catalytic interaction during the synthesis process, and there 
occurs no chemical reaction from start to end of the process during the formation of 
final production from parent entity, namely, sputtering, laser ablation, laser pyroly-
sis, etc.

16.3.3  Sputtering

Sputtering is one of the most influential physical vapor deposition techniques  
and useful for nanostructured film production where surface atoms of evaporated 
material become separated to generate that occurrence  (https://sci-hub.tw/10.1533/ 
9781845696689.58).

16.3.4  Laser Ablation

Laser ablation is one type of heating technique where materials like metal and com-
pounds are melted and evaporated by using a laser beam to generate nanostructures 
under high vacuum system (Ichinose et al. 1992).

16.3.5  Laser Pyrolysis

Laser pyrolysis is a laser-supported deposition technique where the vaporized 
reactant material is decomposed by using a potent laser beam in some inert gas 
environment. In this method, the reactant vapor atoms interact with inert gas  
atoms under collision, then deposited on a substrate to grow nanostructured film 
(Kulkarni 2015).
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16.3.6  Sol-Gel

Sol-gel is a chemical process to synthesize nanoparticles by gelation followed by 
precipitation and calcination, respectively. Generally, the gel is configured from 
stabilized sols where sols are often present in the form of colloidal aggregates of 
small metal oxy-hydroxy particles in an aqueous solvent. However, it is possible to 
break up this aggregation in the presence of some capping agents. Hydrolysis and 
condensation in a controlled way play a pivotal role during gelation of the system. 
The relative rates of hydrolysis and condensation depend on various physical and 
chemical parameters such as temperature, pH, the concentration of metal ions pre-
cursor solution, etc. The change in pH value affects the surface properties of the 
synthesized material remarkably, which occur due to the change in porosity of gel. 
As usual for the preparation of nanostructures, metal alkoxides are taken as precur-
sors in some organic solvent. Sometimes in place of alkoxide, chelate also can use 
to be a precursor which has the ability to stabilize the metal cations. Chelating 
facilitates mainly for the preparation of multicomponent gel, for example, 
TiO2 − SiO2 mixed gel, etc. (Kung and Ko 1996).

16.3.7  Chemical Vapor Deposition

Chemical vapor deposition technique is used to generate a highly pure nanostruc-
tural thin film having high performance. In this method, the precursor is deposited 
on the surface of a substrate by heating followed by evaporation to generate vapor, 
and the deposition occurs through a chemical reaction under vacuum in such a way 
to create a difference in chemical properties between precursor material and prod-
uct. After exposing the surface of a substrate to the vaporized precursor, primarily a 
template is formed on the surface; thereafter, nanostructures are formed on that 
template (Filipponi and Sutherland 2010). The formation of the nanostructure is 
always influenced by the reaction temperature, the reaction rate, and also the precur-
sor concentration during the deposition occurrence (Kim et al. 2004). Overall, this 
method facilitates for uniform coating of nanostructures on the substrate surface, 
though there are some restriction due to the higher temperature requirement in the 
process.

16.3.8  Colloidal Method

Colloidal method is a chemical precipitation method where different ionic solutions 
are mixed up to get precipitated by the adjustment of the reagent’s concentration 
and capping agents and also by using the temperature and pressure in a controlled 
way. This method requires a stabilizer to prevent agglomeration that arises mainly 
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due to the presence of van der Waals forces between colloidal nanoparticles which 
can be stabilized electrically or sterically by Coulombic repulsions and adsorption 
of surfactants onto the nanoparticles surfaces, respectively (Fendler 2001). This 
method is very popular to produce metal and metal oxide nanoparticles and useful 
in various organic and pharmaceutical fields.

16.3.9  Spray Pyrolysis

Spray pyrolysis is a chemical deposition technique which is extensively used for 
the preparation of nanomaterial thin film. The formation of thin film depends on 
numerous parameters such as the spray rate, the temperature of the substrate, con-
centration of chemical solution, etc. The deposition efficiency can be improved by 
controlling the sizes of droplets and their distribution on the substrate during 
spraying. It is a very easy approach to prepare nanostructures on the substrate as a 
film by taking facilities for doping of several elements with any proportions in 
spraying solution. There are no limitations on quality, dimension, and surface 
properties of the substrate, and thus, the method has certain positive impacts com-
pared with the other vapor deposition techniques to have opportunities for indus-
trialization (Patil 1999).

16.4  Green Synthesis Approach for Nanoparticles 
Fabrication

Conventional methods are bound with various limitations such as being expensive, 
the generation of hazardous toxic chemicals, the requirement of high temperature 
and pressure, etc. (Sharma et  al. 2015). Due to these drawbacks of conventional 
methods, researchers are currently focusing on the biological systems and giving 
preference toward green synthesis.

Green synthesis is an environment-friendly, cost-effective process to synthesize 
nanostructural material to have adjustable structures, morphologies, and particle 
size distributions (Khan et al. 2017). Recent progress displays an important role in 
biological synthesis for the production of nanomaterials. Green synthesis methods 
employ organisms like plant, bacteria, fungi, etc. for the synthesis of nanomaterials, 
and it has become a very quickly rising area of research due to their less toxic or 
nontoxic nature, environment-friendly behavior, and low cost of preparation (Das 
et al. 2016; Goutam et al. 2017, 2018). For plant-mediated synthesis method, the 
plants are used to synthesize nanoparticles that have excessive potential in heavy 
metal accumulation mechanism and detoxification (Iravani 2011; Goutam et  al. 
2018). Plant extract can be produced from leaves, stems, flower, and seeds of vari-
ous plants. The extract contains biomolecules such as protein, amino acid, enzymes, 
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vitamins, terpenoids, flavonoids, alkaloids, phenolic acids, etc., which act as cap-
ping and reducing agents that can reduce metal ions during the bioreduction process 
to produce nanoparticles or nanostructures with different shapes and sizes (Goutam 
et al. 2018; Iravani 2011; Shiv Shankar et al. 2003, 2004). For example, Pelargonium 
graveolens extract reduces gold ions into nanoparticles of size 20–40 nm; Trigonella 
foenum-graecum extract can reduce gold ions into nanoparticles of size 15–25 nm 
(Shiv Shankar et  al. 2003; Aromal and Philip 2012). Alternanthera dentata leaf 
extract reduces silver ions into nanoparticles of size 50–100 nm (Kumar et al. 2014), 
while leaf extracts of Ziziphora tenuior, Ficus carica, Cymbopogan citratus, and 
Premna herbacea reduce the silver nanoparticles to the sizes 8–40  nm, 13  nm, 
32 nm, and 10–30 nm, respectively (Sadeghi and Gholamhoseinpoor 2015; Ulug 
et al. 2015; Geetha et al. 2014; Masurkar et al. 2011; Kumar et al. 2013).

Terpenoid and phenolic are the organic polymers which exhibit strong antioxi-
dant activities and act as stabilizing agents for synthesizing nanomaterials (Shiv 
Shankar et al. 2003). Phenolate ions were capable of transferring electrons to the 
metal ions during nanoparticle formation (Lukman et al. 2010). For example, euge-
nol is the leading phenolic of clove extract which plays the foremost role in biore-
duction of AgNO3and HAuCl4to form nanoparticles (Singh et al. 2010). Flavonoids 
such as anthocyanin, flavonol, flavone, flavanone, isoflavonoid, chalcone, etc. are 
also  composed of polyphenolic compounds that are capable of reducing the metal 
ions during the formation of nanoparticles. For example, Ocimum basilicum plant 
extract that contains flavonoids like luteolin, apigenin, etc. plays a significant role in 
the formation of silver nanoparticles by reducing silver ions (Ahmad et al. 2010). 
Amino acids are also found to be able to bind metal ions and reduce them into 
nanoparticles. It is observed that amino acids such as cysteine, arginine, methionine, 
lysine help to bind silver ions for the formation of silver nanoparticles (Gruen 1975).

Nanoparticle formation during bioreduction by plant extracts depends on various 
chemical and physical parameters such as pH, temperature, etc. (Iravani 2011). It is 
found that at low pH value, the rate of nucleation of metal ions becomes very low 
such that agglomeration occurs in metal nanoparticles, for which there may be a 
chance of formation of large-sized nanoparticles due to low pH value, while the 
higher pH value can help to the formation of small-sized nanoparticles (Thanh et al. 
2014). The shape of synthesized nanoparticles also depends on pH. At higher pH, 
spherical and decahedral types of nanoparticles are generated. It is observed that the 
case of synthesizing the silver nanoparticles using the plant extract of Curcuma 
longa, alkaline pH associates with large numbers of functional groups in compari-
son with acidic pH, which facilitates binding huge numbers of silver ions to form 
greater numbers of silver nanoparticles having a very small diameter (Sathishkumar 
et al. 2010).

The preeminent activities of biomolecules that are present in plant extract are 
influenced by the pH of the surrounding medium which highly affects the reaction 
of biomolecules with the metal ions during nanoparticles production. As per the 
previous report on the formation of silver nanoparticles using Medicago sativa 
extract, at pH value 11, a high monodispersity is found during the reaction that 
causes the formation of nanoparticles with average size 11.5 nm, but at pH 2 no such 
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reaction happens (Lukman et al. 2010).The temperature also affects the nucleation 
rate during nanoparticles synthesis process using plant extract. The sizes, shapes, 
and production rate of nanoparticles change with the variation of reaction tempera-
ture during synthesis (Sathishkumar et al. 2010). Incubation temperature also affects 
the metal ion reduction process and indicates a variation of colors due to surface 
plasmon resonance. For example, during synthesis, with a variation of temperature, 
gold nanoparticles show different color effects such as yellow-brown, purplish- 
pink, and pinkish-brown colors at the temperatures 60  °C, 80  °C, and 100  °C, 
respectively (Bankar et al. 2010). According to a previous report, it is necessary to 
maintain the temperature greater or equal to 30 °C to synthesize silver nanoparticles 
using M.  Sativa plant seed extract (Lukman et  al. 2010). The structural form of 
synthesized silver nanoparticles using Cassia fistula plant extract varies with tem-
perature. At room temperature due to the accumulation of silver nanoparticles in a 
linear manner which causes recrystallization, as a result, formation of silver nanow-
ires occurs. But, when calcined at 400 °C, then raising the temperature, the interac-
tion between biomolecules and surfaces of silver nanoparticles also changes, which 
hampers the coalescence of nanoparticles; as a result, some irregular nanorods and 
spherical silver nanoparticles are perceived (Lin et al. 2010). Nucleation depends on 
reaction temperature such that at high temperature, there action rate becomes high 
and maximum gold ions are used to form nuclei which prevent the secondary reduc-
tion process on the surfaces of that nuclei. As a result, spherical nanoparticles are 
made. Generally, the secondary nucleation occurs at low temperature (Das et  al. 
2011). A schematic representation of green synthesis mechanism of nanoparticles 
using leaf extract of the plant is shown in Fig. 16.6.

16.5  Application of Green Synthesized Nanoparticles 
in Wastewater Treatment

Green nanotechnology has diverse applications in different fields (Fig.  16.7). 
However, green synthesized metal or metal oxide nanoparticles have been exten-
sively used in the treatment of different type of wastewaters (Table 16.1). In a study, 
silver nanoparticles have been synthesized using P. thonningii leaf extract and used 
for the effective removal of heavy metals (magnesium, copper, lead, iron) from 
simulated wastewater (Shittu and Ihebunna 2017). Green synthesis of silver nano-
composite using leaf extract of Ocimum tenuiflorum (Black Tulsi) has been reported 
by Banerjee et al. (2014) for the treatment of textile dye. Treated wastewater can be 
efficiently reused for industrial and domestic purposes.

Ehrampoush et al. (2015) reported the efficient cadmium removal from waste-
water by green synthesized iron oxide nanoparticles using peel extract of tangerine. 
In this study, peel extract of tangerine was used as a stabilizing agent, which attrib-
uted to the inexpensive and eco-friendly synthesis of iron oxide nanoparticles as it 
also plays an important role to control the size and morphology of nanoparticles 

16 Green Synthesis of Nanoparticles and Their Applications in Water and Wastewater…



364

during synthesis. Ehrampoush et al. (2015) showed that the concentration of peel 
extract of tangerine impact the size of nanoparticles. The synthesized iron oxide 
nanoparticles were applied as a good adsorbent for the removal of cadmium from 
wastewater. The average size of synthesized iron oxide nanoparticles observed 
decreased when the concentration of peel extract increases. In the study of 
Ehrampoush et al. (2015), a maximum of 90% removal of cadmium ions has been 
reported (Ehrampoush et al. 2015).

In the study of Rosales et al. (2017), green synthesis of zerovalent iron nanopar-
ticles using two different extracts, green tea (Camellia sinensis) and rooibos 
(Aspalathus linearis), has been performed. In this study, it was found that the reac-
tivity of synthesized nanoparticles of zerovalent iron is higher when using rooibos 
(Aspalathus linearis) extract, although the antioxidant content was highest in green 
tea (Camellia sinensis). Further, green synthesized zerovalent iron nanoparticles 
were applied in the degradation of textile dye and demonstrated a better perfor-
mance in the treatment of the wastewater.

In the study of Goutam et al. (2018), anatase phase of green titanium dioxide 
(TiO2) NPs using Jatropha curcas L. leaf extract was successfully synthesized to 
evaluate their performance for the photocatalytic treatment of TWW after the 
secondary treatment process. The synthesized anatase phase of the spherical TiO2 

Fig. 16.6 Workflow for green synthesis of nanoparticles using plant leaf extract (Source: authors 
own)
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NPs unfolds the presence of phytochemicals in leaf extract, which might involve 
in the capping/stabilization of NPs. Moreover, the green synthesized TiO2 NPs 
were applied for the first time to testify its potential for the simultaneous removal 
of chemical oxygen demand (COD) and chromium (Cr) from secondary treated 
TWW.  In this study, treatment of tannery wastewater using green synthesized 
TiO2 NPs in a self-designed and fabricated parabolic trough reactor (PTR) 
resulted in the 82.26% removal of COD and 76.48% removal of Cr from TWW 
(Goutam et al. 2018).

Chaudhary et al. (2017) reported a rapid method of green chemistry approach for 
the synthesis of gold nanoparticles (AuNPs) using Lagerstroemia speciosa leaf 
extract. The green approach for the synthesis of AuNPs showed strong photocata-
lytic activity in the reduction of dyes, viz., methylene blue, methyl orange, bromo-
phenol blue, and bromocresol green, and 4-nitrophenol under visible light in the 
presence of NaBH4 (Choudhary et al. 2017). This study proposed the nontoxic and 
cost-effective approach for the synthesis of AuNPs using plant extract.

Fig. 16.7 Applications of green nanotechnology
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Devatha et al. (2016) reported the green synthesis of iron nanoparticles using 
plants. The motive of this study was to prepare leaf extracts, precursor, and synthe-
sis of iron nanoparticles and to assess its efficacy in the treatment of domestic 
wastewater. The synthesis of iron nanoparticles was performed using leaf extracts 
of Mangifera indica, Murraya koenigii, Azadirachta indica, and Magnolia cham-
paca to check its potential for the treatment of domestic wastewater. A significant 
removal in total phosphates, ammonia nitrogen, and chemical oxygen demand from 
domestic wastewater was achieved upon treatment with the synthesized nanoparti-
cles. Among the different plant-mediated synthesized iron nanoparticles, 
Azadirachta indica showed the satisfactory results in the removal of 98.08% of 
phosphate, 84.32% of ammonia nitrogen, and 82.35% of chemical oxygen demand 
(Devatha et al. 2016).

Al-Qahtani (2017) reported the synthesis of zerovalent silver nanoparticles by 
using an environmentally eco-friendly method without using hazardous compounds 
with the help of Ficus benjamina leaf extract. The synthesized silver nanoparticles 
were satisfactorily capable to remove the Cd2+ from contaminated solution, and 
various parameters like adsorbent dose, heavy metal concentration, pH, agitation 
speed, and contact time were studied (Al-Qahtani 2017).

Davar et al. (2015) synthesized ZnO NPs as a photocatalyst using lemon juice 
and zinc acetate as precursors and also investigated the effect of sucrose addition on 
the initial precursors. In this study, it has been showed that the photocatalytic activ-
ity of synthesized material was tested for the degradation of methyl orange, methyl 
red, and methylene blue solutions and resulted in the photocatalytic degradation of 
organic dyes. Moreover, synthesized ZnO NPs were used in decolorization pro-
cesses and the treatment of textile dyes (Davar et al. 2015).

According to the study of El-Kassas et al. (2016), Fe3O4-NPs were successfully 
synthesized using two seaweeds Padina pavonica L. Thivy and Sargassum acinar-
ium L. Setchell 1933 water extracts. Further, the algal extract was used as a reducing 
agent for FeCl3 causing the photosynthesis of Fe3O4-NPs. The biosynthesized 
Fe3O4-NPs were entrapped in calcium alginates beads and used in Pb adsorption 
experiments. Green synthesized Fe3O4-NPs alginate beads via P. pavonica L. Thivy 
had a high capacity for 91% removal of Pb while that of S. acinarium L. Setchell 
1933 had 78% removal capacity after 75 min (El-Kassas Hala et al. 2016).

Mystrioti et  al. (2016) successfully synthesized nano-iron suspensions for 
application in Cr(VI) reduction. In this study, five plant extracts and juices, i.e., 
extracts of Camellia sinensis (green tea, GT), Syzygium aromaticum (clove, CL), 
Mentha spicata (spearmint, SM), Punica granatum juice (pomegranate, PG), and 
red wine (RW), have been taken to study their effectiveness in the synthesis of 
nano-iron suspensions. In the extract of plant and juice, polyphenols contained in 
extracts act as reducing agents for iron ions in aqueous solutions and stabilize the 
nanoparticles produced from additional agglomeration and oxidation. In this 
study, the concentration of non-iron in suspensions was estimated and observed. 
The maximum concentration of nano-iron in suspensions was estimated using RW 
and PG at a mixing ratio of iron solution to extract equal to 2 was obtained  
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22 mM and lower concentrations, were obtained using GT and CL extracts up to 
18 mM. Thus, PG juice and RW showed the effective nature for the synthesis of 
nano-iron. PG juice and RW with GT extracts effectively reduce the Cr(VI) with 
removal capacity as high as 500 mg Cr(VI) per g of iron in nanoparticles (Mystrioti 
et al. 2016).

Wang et al. (2014) reported the first time synthesis of spheroidal iron nanoparti-
cles through a one-step room-temperature biosynthetic route using eucalyptus leaf 
(EL) extracts. In this study with the help of X-ray diffraction (XRD) and Fourier 
transform infrared (FTIR) spectrometer, it has been showed that some polyphenols 
are bound to the surfaces of EL-Fe NPs as a capping/stabilizing agent. Reactivity of 
EL-Fe NPs was evaluated for the treatment of swine wastewater, and results indi-
cated that 71.7% of total N, 30.4% of total P, and 84.5% of COD were removed, 
respectively (Wang et al. 2014).

Kuang et al. (2013) reported the successful synthesis of iron nanoparticles (Fe 
NPs) using tea extracts as a catalyst for the Fenton-like oxidation of monochloro-
benzene (MCB), where 69%, 53%, and 39% of MCB were, respectively, degraded 
by Fe NPs synthesized using green tea extracts along with tea extracts and black tea 
extracts. Further, it has been observed that Fe NPs synthesized using green tea 
extracts (GT-Fe NPs) demonstrated the best degradation since green tea contains a 
high concentration of caffeine/polyphenols used as both reducing and capping 
agents in the synthesis of Fe NPs. In this study, results showed that the oxidation of 
MCB and the removal of chemical oxygen demand (COD) using GT-Fe NPs were 
81% and 31%, respectively, at optimal conditions, where dosages were 0.6  g/L 
GT-Fe NPs, 0.045 mol/L H2O2, and preliminary pH of 3.0. Matched to homoge-
neous Fenton oxidation of MCB, GT-Fe NPs as a heterogeneous catalyst indicated 
that Fe2+ and Fe3+ filtered from GT-Fe NPs nanoparticles and consequently reduced 
the formation of iron sludge. Conclusively, GT-Fe NPs have shown satisfactory 
removal of MCB and possible Fenton-like oxidative mechanism of MCB from 
wastewaters (Kuang et al. 2013).

16.6  Stability and Reusability of Green Synthesized 
Nanoparticles

From the literature survey, it has been clearly observed that the green synthesized 
NPs have greater potential in terms of efficient, safe, nontoxic, clean, and 
environment- friendly synthesis for higher pollutant removal performance. The 
application perspective of nanoparticles in pollutant removal/water and wastewater 
treatment cannot be ignored in terms of regeneration and reusability as these factors 
are important in the cost-benefit analysis of the nano-based water and wastewater 
treatment technology and its sustainability (Venkateswarlu et al. 2016). It has been 
reported in many studies that nanoparticles are applied as adsorbent and produce 
zero effluent (Wang et al. 2013; Dinesh and Pittman Jr 2006; Srivastava et al. 2017). 
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Moreover, it is worth to consider that NPs have the ability to produce zero effluent 
owing to the presence of organic functional groups on the surface of adsorbent 
which could eventually degrade after a certain period of time and same characteris-
tic causes to minimize the reusability of NPs (Lunge et al. 2014).

The reusability of NPs, repeated recycling, and adsorbent stability are essential 
key factors to economic concerns and commercial success. Srivastava et al. (2017) 
reported that the spherical magnetic NPs with an average diameter of 8.76 nm syn-
thesized using Lagerstroemia speciosa bark (LB) extract by co-precipitation method 
showed significant Cr(VI) removal from aqueous solution. In this study, adsorption 
kinetics and equilibrium have been well described by Langmuir isotherm and 
pseudo-second-order model separately. After the maximum adsorption of Cr(VI), 
magnetic NPs were collected effortlessly from the aqueous solution by a magnet, 
and the adsorbed Cr(VI) by synthesized magnetic NPs was found to be more than 
93.72% after 11 successive adsorption-desorption cycles (Srivastava et al. 2017). 
Martinez et al. (2016) synthesized the iron oxide NPs using Eucalyptus globulus 
plant extract at different ratios of iron and plant extract. In this study, synthesized 
iron oxide NPs were found effective in arsenic adsorption. However, the desorption 
studies of As(V) clearly showed that synthesized iron oxide NPs can be easily 
regenerated using moderate concentration basic solutions (Martínez-Cabanas et al. 
2016). Further, Lingamdinne et al. (2017) synthesized magnetic inverse spinel iron 
oxide nanoparticles (MISFNPs) using seed extract of Cnidium monnieri L. Cuss 
(CLC). The synthesized MISFNPs was further used for the removal of Pb(II) and 
Cr(III) from aqueous solutions through batch studies. From this study, it has been 
concluded that green synthesized NPs synthesized by a green route are capable of 
recycling and removal of heavy metals without loss of its stability, and the synthe-
sized MISFNPs were easily recoverable and reusable for the removal of heavy met-
als up to at least five times without a loss of stability (Lingamdinne et al. 2017). 
Further research is required in this direction to use green synthesized nanoparticles 
effectively in water and wastewater treatment.

16.7  Challenges and Future Prospects

Green synthesized NPs are nontoxic in nature and eco-friendly and can be synthe-
sized by simple green chemistry approach using plant extract that contains essential 
metabolites, which act as reducing/capping agents during NP synthesis (Ali et al. 
2017). Green synthesized NPs have been successfully applied in the pollutant 
removal from water and wastewater during treatment and, thus, can produce zerova-
lent effluent discharge. However, some challenges and future prospects should be 
considered (Ali et al. 2017):

 (a) The toxicity of long-term exposure of the green synthesized NPs to human 
beings should be assessed before application from desorbed pollutants.
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 (b) Despite the simple synthesis method, the use of solution extract volume, tem-
perature, solvent type, pH, strength of precursor, and functional groups from 
plant metabolites should be optimized to avoid any change in the magnetic 
behavior and saturation magnetization value of the green synthesized NPs.

 (c) Efforts are required to devise the NP morphology and saturation magnetization 
value by optimizing the synthesis method to maintain the stability of NPs for 
efficient pollutant removal from water and wastewaters and NP magnetic 
separability.

 (d) There is a need to synthesize new NPs with a wide range of organic functional 
groups by manipulating the plant metabolites and synthesis method for the 
selective as well as multi-pollutant removal from water and wastewaters.

 (e) Cost-benefit analysis should be performed for commercial purposes as there is 
no cost data available to date.

 (f) Further, biocompatibility test should also be performed for biomedical 
applications.

16.8  Conclusions

Green nanotechnology is rapidly contributing to the removal of emerging pollutants, 
organic/inorganic contaminants such as dyes and heavy metal ions from water and 
wastewaters. Nanoparticles can greatly influence the domain of wastewater treat-
ment in the coming future; however, focusing on the improvement in the existing 
treatment methods by increasing the efficiency of the processes and enhancing the 
reusability of nanomaterials can save the cost of operation of the plant or processes. 
Current wastewater treatment technologies can remove organic and inorganic pol-
lutants from water and wastewater, but these methods are energy intensive and 
uneconomical because of their inability to completely purify water/wastewater as 
well as to reuse the retentates. However, the green synthesis of NPs is a very promis-
ing approach of green nanotechnology, and green synthesized NPs can easily be 
separated and reused because of their specific nature and high stability. Moreover, 
the use of green synthesized NPs in water and wastewater treatment is not only an 
environment-friendly option but also a promising technology for low-economy 
countries that can also fulfill the concept of zero effluent discharge after wastewater 
treatment using low cost and energy. Thus, green synthesized NPs could be an 
essential component of water and wastewater treatment systems in the future. 
Further, future research is warranted in this direction to commercialize the use of 
green synthesized NPs in pollutant removal from wastewater/wastewater treatment.
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Abstract Undoubtedly, leather industries are the key contributors in the economy 
of many developing countries. However, unfortunately these are also one of the 
major polluters worldwide, generating large volumes of high-strength wastewater 
having high pH, dark brown color, unpleasant odor, biological oxygen demand, 
chemical oxygen demand, total dissolved solids, and a blend of highly toxic envi-
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ronmental pollutants. It reduces sunlight penetration in aquatic resources which in 
turn decreases both photosynthetic activity and dissolved oxygen concentration 
affecting aquatic life; however, on land, it causes reduction in soil alkalinity and 
inhibition of seed germination. Moreover, it may also create serious toxicity in liv-
ing beings upon exposure. Therefore, it becomes necessary to adequately treat/
detoxify the tannery wastewater to protect the environment and living beings. 
Therefore, this chapter provides an overview on the environmental impacts, toxicity 
profile of tannery wastewater, and existing and emerging bioremediation strategies 
for environmental safety.

Keywords Tannery wastewater · Pollutants · Pollution · Toxicity · Bioremediation 
· Environmental safety

17.1  Introduction

Leather industries (LIs) are one of the major contributors in the economy of many 
developing nations due to ever increasing demand of leather and leather products. 
Around 2108.94 M mt2 of leather is annually produced worldwide, and the world 
trade for the leather sector is estimated as US$100 billion per year (FAO 2008; 
UNIDO 2010). The major countries like Germany, the United States, and other 
European countries are the major importers of leather or leather products, whereas 
the countries like India, China, Pakistan, Egypt, Brazil, Thailand, and Indonesia are 
the major exporters of leather and leather products (Saxena et al. 2016).

Regrettably, LIs are also the major pollution causing industries in the world. LIs 
are mainly concerned with the production finished leather or leather products. 
During leather production process, a variety of highly toxic chemicals are beings 
used in tanning process and often discharged along with wastewater into the envi-
ronment where they create serious ecotoxicological effects in the environment and 
the toxicity in living beings upon exposure (Gautam et al. 2017; 2018; Bharagava 
et  al. 2018a; Saxena et  al. 2016; Saxena and Bharagava 2015; UNIDO 2000). 
Tannery wastewater (TWW) is mainly characterized by high biochemical oxygen 
demand (COD), total dissolved solids (TDS), chromium (Cr), phenolics, and a vari-
ety of toxic chemicals (Bharagava et al. 2018a; Saxena et al. 2016), and therefore, 
its adequate treatment is necessary to protect the environment and public health.

Physicochemical treatment approaches are currently being applied to treat the 
TWW, but these are environmentally destructive and costly and may cause 
 secondary pollution and, hence, are not economically feasible. However, biologi-
cal approaches such as bioremediation can be a suitable approach to effectively 
treat and detoxify the highly toxic and hazardous TWW for environmental protec-
tion and sustainable development of the society. Therefore, this chapter provides 
an overview of the environmental impacts, toxicity of organic and inorganic pol-
lutants of TWW, and its bioremediation approaches with their merits, demerits, 
and challenges.

G. Saxena et al.



383

17.2  Overview of Tannery Industry

Leather industry is a wide and common industry in the world and is a major key 
player in the world leather trade (Thanikaivelan et al. 2005; Durai and Rajasimman 
2011; Lofrano et al. 2013). In India, the LIs play an important role in the national 
economy as they significantly earn the foreign exchange through leather export, 
generate employment opportunity for economically weaker sections with 30% of 
women predominance, and contribute 15% of the total production capacity of the 
world (Alam et  al. 2009). It is the third largest sector known for its production 
capacity and fifth largest exporter of leather goods and accessories in the world 
(ILTIP 2010). There are about 3000 listed LIs, which are located in the following 
states of India: Tamil Nadu, West Bengal, Uttar Pradesh, Maharashtra, Punjab, 
Karnataka, Andhra Pradesh, Haryana, and Bihar (CPCB 2009). About 75% of LIs 
are in the cottage and small-scale sector whereas about 20% in medium and only 
about 5% in the large sector (TGMT 2010).

LIs are specialized in the processing of hide (skins of large animals such as cows, 
buffaloes, and horses) and skins (skins of small animals such as sheep, goats, and 
calves) for leather production. The hide/skins are available from animals that died 
naturally or are the by-products of meat and meat products industry. The prime 
objective of tanning process is to convert the hide/skins (a highly putrescible mate-
rial) into stable and imputrescible products termed as leather that is used for various 
purposes. Tanning processes are classified into vegetable and chrome-tanning pro-
cess depending on the type of tanning reagent (chromium or tannins) used 
(Aravindhan et  al. 2004; ILTIP 2010). The production of leather from raw hide/
skins is accomplished into four major groups of sub-processes: beamhouse opera-
tion, tanyard processes, retanning, and finishing (Thanikaivelan et al. 2005; ILTIP 
2010; Durai and Rajasimman 2011). However, the tanning process involves differ-
ent steps and chemicals for different end products, and the kind and amount of 
waste generated may vary in a wide range of quantity and nature (Saxena et  al. 
2016; Dixit et al. 2015; Lofrano et al. 2013). Further, the detail information on tan-
ning process can be found in the review article entitled “Recent Trends in Leather 
Making: Processes, Problems, and Pathways” (Thanikaivelan et al. 2005).

17.3  Nature and Characteristics of Tannery Wastewater

A large amount of water is used in the leather industry as it acts as a transport 
medium for the chemicals used in the processing of raw leather. An average of 
30–35 m3 of wastewater is generated per ton of raw hide/skins processed (Lofrano 
et al. 2013). Characteristically, tannery wastewater (TWW) is a basic, dark brown- 
colored liquid having a high content of organic and inorganic pollutants, which may 
vary according to the type of chemicals and their amount used (Kongjao et al. 2008). 

17 Environmental Hazards and Toxicity Profile of Organic and Inorganic Pollutants…
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However, its physicochemical characteristics may vary according to, from industry 
to industry depending upon the size of leather industry, raw materials used, chemi-
cals used for a specific process, amount of water consumed, type of final product, 
and the production processes applied in the LIs (Rameshraja and Suresh 2011; 
Lofrano et al. 2013).

TWW is mainly characterized by high chemical oxygen demand (COD), bio-
chemical oxygen demand (BOD), total dissolved solids (TDS), phenolics, and chro-
mium (III) with high pH, strong odor, and dark brown color (Aravindhan et  al. 
2004; Rameshraja and Suresh 2011; Durai and Rajasimman 2011; Lofrano et al. 
2013; Tripathi et al. 2011). The physicochemical properties of TWW are presented 
in Table 17.1. TWW, if discharged into the receiving environment without adequate 
treatment, may cause serious soil and water pollution, and hence, its proper treat-
ment is required for environmental sustainability.

17.4  Environmental Hazards and Toxicity Profile of Organic 
and Inorganic Pollutants of Tannery Wastewater

TWW is of serious environmental concern to pollution control authorities worldwide 
due to its highly toxic and hazardous nature. The highly toxic nature of TWW is mainly 
due to the presence of highly toxic organic and inorganic pollutants, which causes seri-
ous environmental pollution and toxicity in living beings. Table 17.2 represents the 
toxicity profile of various organic and inorganic pollutants used in leather processing.

TWW causes serious soil and water pollution. It (Saxena et al. 2016; Bhattacharya 
et al. 2016) (a) causes a huge foaming problem on surface waters; (b) inhibits the 
nitrification process; (c) blocks sunlight penetration due to its dark brown color and, 
thus, reduces the photosynthetic activity and oxygenation of receiving water bodies 
and, hence, becomes detrimental to aquatic life; (d) causes depletion in dissolved 
oxygen that encourages the anaerobic condition, which leads to the putrefying odor 
of receiving water bodies; (e) causes eutrophication of water bodies, thus adversely 
affecting the ecological functioning of aquatic resources; (f) causes salinization of 
soil (acidification, reduce soil fertility) and water due to its highly saline nature (salt 
concentration); (g) causes groundwater pollution due to leaching of highly toxic 
chromium (Cr) to the deeper layer of soil; (h) causes the deficiency of some 
 micronutrients in soil such as zinc (Zn), copper (Cu), iron (Fe), etc.; (i) alters the 
structure of soil microbial communities and reduces their growth and finally retards 
the bioremediation process due to its high chromium content; and (j) sup-
port the growth of pathogenic microbes as it is highly rich in organic susbstances 
that may act as nutrient source for them (Saxena et al. 2015, 2016).

TWW also causes serious toxicity in living beings. It has been reported to:

 (a) Cause genotoxicity and mutagenicity in fish, Oreochromis niloticus (Matsumoto 
et al. 2006)

 (b) Disturb protein metabolism in fresh water teleost, Cirrhinus mrigala (Ham.) 
(Afaq and Rana 2009)

G. Saxena et al.
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Table 17.2 Toxicity profile of organic and inorganic pollutants used in leather processing

Name of chemicals Applications
LD50 in rats 
(oral mg/kg) Target organs

Pentachlorophenol (PCP) 
(a carcinogen)

Applied as a biocide in 
preservative for raw hides/
skins

2000 Eyes, nose, skin, 
respiratory tract, blood, 
kidney, liver, immune 
system, and 
reproductive system

Dibutyl phthalate (DBP)  
(a endocrine disrupting 
chemical)

Applied as a plasticizer in 
artificial leather 
manufacturing

7499 Eyes, lungs, 
gastrointestinal (GI) 
tract, and testes

Benzyl butyl phthalate 
(BBP) (a endocrine 
disrupting chemical)

Applied in preparation of 
microporous artificial 
leather coating/water 
vapor- permeable sheet 
materials

2330 Eyes, lungs, liver, and 
reproductive system

Bis(2-ethylhexyl) phthalate 
(DEHP) (a endocrine 
disrupting chemical)

Applied as a plasticizer in 
artificial leather 
manufacturing

30.000 Liver and testes

Short-chain, chlorinated 
paraffins

Additive for leather 
treatment (gives 
smoothness), leather 
clothing and belts, and as 
oiling agent

3090 Liver, kidney, and 
thyroid

Anthracene (a carcinogen) Additive during tanning 16,000 Kidneys and liver
Nonylphenol (a endocrine 
disrupting chemical and 
xenoestrogen)

Applied during finishing 1475 Blood, lungs, eyes, 
skin, central nervous 
system (CNS), kidneys, 
and testes

N-methyl pyrrolidone Applied as a coalescence, 
plasticizers, and wetting 
agents

3914 Eyes, kidneys, 
lymphatic system, liver, 
lung, and testes

Methylisothiazolinone  
(a carcinogen)

Applied as biocide 1800 Skin and eyes

Organotin compounds 
(dibutyltin) (a carcinogen)

Applied as a catalyst 175 GI tract and liver

Azo dyes (Orange II)  
(a carcinogen)

Applied as a dyeing agent 3418 Blood, liver, and testes

Chloromethyl benzene or 
benzyl chloride

Applied to inhibit the 
growth of molds and 
mildews on hides/skins, 
facilitates leather softening 
and wetting, and to color 
finished leather in 
combination with dyes

– Moderately aquatic 
toxicant and identified 
as a Group 2A 
carcinogen

4-Chloro-3-methyl phenol 
or p-chloro-m-cresol 
(PCMC)

Applied as biocide in raw 
hide/skins preservation

– Potential endocrine 
disruptor by the US 
Environmental 
Protection Agency

(continued)
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 (c) Cause hematotoxicity in the common fish Tilapia mossambica and fresh water 
fish, Labeo rohita (Hamilton) (Sounderraj et al. 2012; Praveena et al. 2013)

 (d) Interfere metabolic processes by altering the activity of oxidative enzymes in 
different organs of guppy fish, Poecilia reticulata (Aich et al. 2011, 2015)

 (e) Disrupt the several physiological and cytological processes in plants (Saxena 
et al. 2016)

 (f) Disturb the delicate hormonal balance (endocrine disruption in rats) and com-
promise the reproductive fitness of living beings (Kumar et al. 2008)

 (g) Cause embryonic toxicity‚ coagulation of fertilized eggs, detachment of tail bud 
from the yolk sac, yolk sack edema, malformation of the tail, scoliosis, and 
deformation of swim bladder in the embryos of zebra fish, Danio rerio (Rocha 
and De Oliveira 2017)

 (h) Cause reduction in the diversity of macroinvertebrates (Wosnie and Wondie 
2014)

 (i) Cause acute embryotoxicity and developmental defects in the sea urchins 
(Paracentrotus lividus and Sphaerechinus granularis) and serious toxicity in 
Daphnia magna (Oral et al. 2007)

 (j) Cause detrimental changes in the biochemical parameters, damage to gonad 
and mantle tissues, and also genotoxic effects in the snail, Pila globosa 
(Bhattacharya et al. 2016)

Table 17.2 (continued)

Name of chemicals Applications
LD50 in rats 
(oral mg/kg) Target organs

Hexachlorobenzene  
(a carcinogen)

Applied for raw hide/skins 
preservation

10,000 Reproductive system

Chromium (a carcinogen) Applied as a tanning agent 3250 Kidneys, CNS, and 
hematopoietic system

Formaldehyde  
(a carcinogen)

Applied in finishing of 
leather

100 Eyes and lungs

Arsenic (a carcinogen) Applied in finishing of 
leather

763 Liver, kidneys, skin, 
lungs, and lymphatic 
system

Sodium dichromate Applied in preparation of 
chrome-tanning salts

– Blood, kidneys, heart, 
lungs, and eyes

Cobalt dichloride Applied in dyeing and 
finishing

80 Skin, lungs, liver, 
kidney, and heart

Cadmium sulfate 
(pigment)

Applied as fastening agents 
and used in marking and 
surfacing of material

280 Lungs, liver, tissues, 
and reproductive 
system

Lead chromate (pigment) Applied as fastening agents 
and used in marking and 
surfacing of material

1000 Lungs, liver, tissues, 
and reproductive 
system

Adapted from Saxena et al. (2016), Dixit et al. (2015), and Kumar et al. (2008)
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Such toxic effects caused by TWW make it a serious pollutant, and hence, its 
adequate treatment to its final disposal into the environment is required to combat 
the environmental threats and protect the public health.

17.5  Bioremediation Approaches for Tannery Wastewater 
Containing Organic and Inorganic Pollutants

Bioremediation approaches are viewed as the eco-friendly alternatives to adequately 
treat and detoxify the highly toxic TWW as these are self-driven and sustainable and 
do not create secondary pollution as compared to physicochemical approaches cur-
rently applied. An overview of various bioremediation approaches used to treat 
TWW is provided below:

17.5.1  Microbial Bioremediation

Microbial bioremediation is the use of various microorganisms such as bacteria, 
fungi, and algae to degrade and detoxify TWW for environmental safety (Bharagava 
et  al. 2018b;  Saxena and Bharagava 2017; Bharagava et  al. 2017a; Saxena and 
Bharagava 2016). Various research reports are available on the bioremediation of 
TWW using different microbes in the public domain (Kim et al. 2014; Noorjahan 
2014; Yusuf et  al. 2013; El-Bestawy et  al. 2013; Sivaprakasam et  al. 2008). 
Table 17.3 also list various microbes reported in the bioremediation of TWW.

Kim et al. (2014) reported the 98.3% of COD and 88.5% of Cr removal from 
TWW. Noorjahan (2014) reported 90% of COD, 90% of BOD, and 63.8% of Cr 
removal from TWW using E. coli whereas 95.4% of COD and BOD and 73.5% of 
Cr removal from TWW using Bacillus sp. Yusuf et al. (2013) reported 87.6% of 
COD from TWW using B. subtilis whereas 85.2% of COD from TWW using  
P. fragi. El-Bestawy et al. (2013) reported 79.16 of COD, 94.14 of BOD, and 93.66 
of Cr from TWW using an optimized bacterial consortium containing Providencia 
vermicola W9B-11, Escherichia coli O7:K1 CE10, Bacillus sp. 58, Bacillus amylo-
liquefaciens T004, Pseudomonas stutzeri M15-10-3, and Bacillus sp. PL47. 
Sivaprakasam et al. (2008) also reported 80% of COD removal from TWW using a 
bacterial consortium (P. aeruginosa, B. flexus, E. homiense, and S. aureus).

However, the highly saline nature of TWW causes difficulties in its bioremedia-
tion due to (Saxena et al. 2016) (a) limited adaptation of conventional microbial 
cultures to higher salt concentration (>3–5% w/v), (b) changes in the ionic strength 
(salt concentration from 0.5% to 2% w/v) that also may cause cell disruption even 
with the acclimatized cultures, (c) salt adaptation of cultures that is easily lost when 
subjected to salt-free medium, and (d) the presence of poorly biodegradable com-
pounds such as tannins and other toxic metals like Cr in wastewater that may inhibit 
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Table 17.3 Microorganisms used for the bioremediation of tannery wastewater

References Microorganisms

COD 
removal 
(%)

BOD 
removal 
(%)

Cr 
removal 
(%)

Kim et al. 
(2014)

Brachymonas denitrificans 98.3 – 88.5

Noorjahan 
(2014)

E. coli 90 90 63.8
Bacillus sp. 95.4 95.4 73.5

Elmagd and 
Mahmoud 
(2014)

Mixed culture 98.3 98.4 98.3

Sharma and 
Malviya (2014)

Fusarium chlamydosporium SPFS2-g 71.80 – –

Yusuf et al. 
(2013)

B. subtilis 87.6 – –
P. fragi 85.2

El-Bestawy 
et al. (2013)

Providencia vermicola W9B-11, 
Escherichia coli O7:K1 CE10, Bacillus sp. 
58, Bacillus amyloliquefaciens T004, 
Pseudomonas stutzeri M15-10-3, Bacillus 
sp. PL47

79.16 94.14 93.66

Mandal et al. 
(2010)

Thiobacillus ferrooxidans 69 72 5

Nanda et al. 
(2010)

Nostoc sp. 37.8 48.6 –

Ramteke et al. 
(2010)

E. coli 98.46 90 –
Vibrio sp. 87.5
Pseudomonas sp. 96.15

Sivaprakasam 
et al. (2008)

P. aeruginosa, B. flexus, E. homiense, S. 
aureus

80 – –

Vankar and 
Bajpai (2008)

Trichoderma sp. – – 97.93

Onyancha et al. 
(2008)

S. condensate – – >75
R. hieroglyphicum

Srivastava et al. 
(2007)

Acinetobacter sp. – – 90

Rajasimman 
et al. (2007)

Mixed culture 46–85 65–93 –

Wang et al. 
(2007)

A. thiooxidans – – 99.7

Srivastava and 
Thakur (2006)

Aspergillus sp. – – –
Hirsutella sp. 70

Lefebvre et al. 
(2005)

Halophiles 95 – –

Thanigavel 
(2004)

Mixed culture 89.5 – –

Shakoori et al. 
(2000)

Bacterial strain – – 87
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the biological treatment processes; hence, to overcome such limitations, proper 
enrichment of a particular microbial species is required for the effective bioreme-
diation of TWW.

17.5.2  Phytoremediation

Phytoremediation is the use of green plants or trees and their associated microbiota 
to treat and detoxify the wastewater or contaminated soils/sites for environmental 
sustainability (Chandra et al. 2015). There are only few research reports are avail-
able on the phytoremediation of TWW in public domain (Gupta et al. 2018; Kassaye 
et al. 2017; Gregorio et al. 2015).

Gupta et  al. (2018) studied the microbe-assisted phytoremediation of tannery 
effluent-contaminated agricultural soils. They isolated a Cr6+-resistant plant growth- 
promoting Pseudomonas sp. (strain CPSB21) from the tannery effluent- contaminated 
agricultural soils and evaluated the various plant growth-promoting activities, oxi-
dative stress tolerance, and Cr6+ bioremediation. Further, they applied the isolated 
strain for microbe-assisted phytoremediation and reported that the inoculation of 
strain CPSB21 alleviated the Cr6+ toxicity and enhanced the plant growth parame-
ters and nutrient uptake in sunflower plant during pot experiment. Kassaye et al. 
(2017) reported the phytoremediation potential of swamp smartweed (Polygonum 
coccineum), para grass (Brachiaria mutica), and papyrus (Cyprus papyrus) for 
Cr-containing TWW. They reported that all the three plants exhibited a significant 
transfer of Cr from wastewater to roots and shoots, but removal efficiency of Cr for 
swamp smartweed was relatively low as compared to para grass and papyrus and 
further suggested the use of para grass and papyrus for effective phytoremediation 
of TWW. Gregorio et al. (2015) reported the bacterial-assisted phytoremediation of 
organic pollutants in TWW received from a conventional tannery wastewater treat-
ment plant. They bioaugmented a plant growth-promoting rhizobacteria (PGPR) 
belonging to the Stenotrophomonas species in the rhizosphere of P. australis 
reported 88%, 84%, and 71% degradation of 4-n-nonylphenol, mono-ethoxylated 
nonylphenol, and di-ethoxylated nonylphenol as compared to control (simple phyto- 
based approach).

17.5.3  Electrobioremediation

Electrobioremediation is an emerging hybrid remediation technology coupling bio-
remediation to electrokinetics. It involves both the advance oxidation process and 
biological treatment process and is the best solution to achieve the regulatory stan-
dard for TWW discharge. Kanagasabi et al. (2012) reported the electrobioremedia-
tion of TWW that involved an electrooxidation reactor connected to a column 
packed with immobilized bacterial biomass. They reported that the electrooxidation 
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technique was found to obtain maximum COD reduction up to 73.1% at 1.5 A dm−2 
using raw TWW and Bacillus strain B proved to be superior in terms of COD reduc-
tion up to 91.5% with diluted TWW. However, the intimate coupling of electro- and 
biooxidation recorded good degradation for both raw and diluted TWW samples 
and achieved 66.2% and 76.6% COD degradation, respectively.

17.5.4  Anammox

Anammox is an emerging technology used for the anaerobic removal of ammonia 
from industrial wastewaters due to its low-cost and less-energy consuming nature. 
It involves the anoxic oxidation of ammonia with nitrite as a preferred electron 
acceptor and consumes 50% less oxygen and 100% less organic carbon and saves 
90% of operational costs in sludge disposal as compared to the conventional nitrifi-
cation/denitrification processes (Anjali and Sabumon 2014). Therefore, industries, 
producing wastewaters having a high concentration of ammonia, are showing 
increased interest in the anammox process. However, the long start-up time and 
inhibitive nature in the presence of organic carbon and NH4-N limit its field applica-
tions (Anjali and Sabumon 2014). Therefore, it is imperative to develop the mixed 
consortium capable of anammox in the presence of organic compounds. Further, the 
development of mixed microbial consortium consisting of ammonia-oxidizing bac-
teria, anammox bacteria, and denitrifying bacteria is also expected to treat the 
wastewaters containing both ammonia and organic carbon.

17.5.5  Constructed Wetlands

Constructed wetlands (CWs) are the man-engineered, eco-friendly systems designed 
to provide the eco-technological solution for the degradation and detoxification of 
pollutants from highly polluted industrial and municipal wastewaters (Bharagava 
et al. 2017b). These systems are vegetated with wetland and terrestrial plants to treat 
and manage wastewater in an effective way. However, the proper functioning of a 
wetland system depends on the complex relationship between the plants, microor-
ganisms, soil, wastewater characteristics, and operational parameters (Aguilar et al. 
2008).

Various studies are available in public domain on the biological treatment of 
TWW using CWs (Mant et al. 2004; Calheiros et al. 2007, 2012). The phytoreme-
diation potential of Pennisetum purpureum, Brachiaria decumbens, and Phragmites 
australis in CWs has been reported for the phytoremediation (phytoextraction) of 
Cr from TWW (Mant et al. 2004). Calheiros et al. (2007) have also reported the 
phytoremediation potentials of Canna indica, Typha latifolia, P. australis, 
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Stenotaphrum secundatum, and Iris pseudacorus in CWs for the treatment of TWW 
under two different hydraulic loading rates at 3 and 6 cm/day, and it was found that 
only P. australis and T. latifolia were able to establish successfully. Further, they 
also evaluated Arundo donax and Sarcocornia fruticosa in two series of horizontal 
subsurface flow CWs that used to treat TWW received from a conventional 
 biological treatment plant and reported the removal of COD (51% and 80%) and 
BOD5 (53% and 90%) for COD inlet: 68–425 mg L−1 and for BOD5 inlet: 16–220 mg 
L−1 (Calheiros et al. 2012).

17.6  Challenges in Bioremediation of Tannery Wastewater

Tannery wastewater is a highly toxic soup of various organic and inorganic pollut-
ants, and thus, its adequate treatment is required for environmental sustainability. 
However, several limitations make the treatment of TWW more challenging, which 
include (Saxena et al. 2016) (a) the presence of non-biodegradable metal line Cr that 
inhibits the growth of remediating microbes, (b) the presence of poorly biodegrad-
able tannins or syntans that makes a high load of organic pollutant, (c) the presence 
of high salt load that is too difficult to be acclimatized by microbes, and (d) the 
presence of sulfide that has high antibacterial activity and, thus, cause system fail-
ure. However, search for new microbes with high bioremediation potential and 
application of combined treatment technologies like electrobioremediation may 
provide a better treatment solution for TWW. Further research efforts are required 
to expand the efficacy of the existing bioremediation methods for TWW treatment 
and management.

17.7  Conclusion

This chapter was mainly focused on the various bioremediation technologies for the 
treatment and management of hazardous TWW. It was evidenced from the literature 
that bioremediation methods can be the suitable alternative to the physicochemical 
methods, which are costly and environmentally destructive and create secondary 
pollution. However, bioremediation is a time-consuming process, and its proper 
monitoring is required for the better treatment and management of TWW.
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Abstract The polycyclic aromatic hydrocarbons (PAHs) are a major pollutant 
from petroleum industry and oil refineries. This group of organic xenobiotics is 
produced either by pyrolytic or petrogenic sources. The physicochemical properties 
of PAHs such as hydrophobicity and electrochemical stability increase its persis-
tence in the environment and add to the carcinogenicity and other health impacts. 
The major degradation processes of PAH in the environment are adsorption, volatil-
ization, photolysis, chemical oxidation, bioaccumulation, and microbial degrada-
tion. The microbial communities like bacteria, fungi, and algae play a significantly 
important role in the biological removal of PAHs. The natural attenuation, bioaug-
mentation, biostimulation, phytoremediation, rhizoremediation, and composting 
are major bioremediation approaches for PAHs from contaminated environment. 
The enzymes linked with the PAH degradation are mainly oxygenases, manganese 
peroxidases, lipases, and laccases. The surfactant production in the microbes 
increases the bioavailability of PAH and enhanced the removal process. The PAH 
degradation depends on the various environmental conditions such as temperature, 
pH, aeration, moisture content, nutrient availability, absence of toxic compounds, 
and the type and number of degrading microbial population. The bacterial and fun-
gal degradation pathways produce intermediate metabolites and mineralization to 
carbon dioxide. The molecular techniques like gene engineering and protein engi-
neering improve the removal of PAHs. Thus the biodegradation of PAHs is linked 
to the carbon cycle and remediation of these persistent organo-molecules from the 
environment.

Keywords Petroleum industry · Polycyclic aromatic hydrocarbons · 
Biodegradation · Enzymes · Biosurfactant · Metabolites

18.1  Introduction

The environmental contamination by polycyclic aromatic hydrocarbons (PAHs) and 
its health effects are of great concern as these organic contaminants are resistant to 
biodegradation, persist in the environment for long periods, have bioaccumulation 
potential and carcinogenic and toxic effects (Jacob et al. 1986; Dipple and Bigger 
1991). The semi-volatility of PAHs results in formation of diones, nitro- and dinitro- 
PAHs, and sulfonic acids, respectively by reaction with ozone, nitrogen oxides, and 
sulfur dioxide. The 16 PAH compounds were recommended as priority pollutants 
by the US Environmental Protection Agency (US EPA) and as persistent organic 
pollutants (POPs) by the United Nations Environment Programme (UNEP) due to 
its persistence and toxicological nature (Saxena and Bharagava 2015; Keith and 
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Telliard 1979). The human health is under threat of PAHs due to its carcinogenic, 
mutagenic, and teratogenic nature as reported by the Environmental Protection 
Agency (USEPA 2011).

Petroleum industry contributes to the energy demands of the world but is one of 
the major polluting industries. As the petroleum consists of saturates, aromatics, 
resins, and asphaltenes, there is a chance of its release to the environment from the 
petroleum industries. The serious environmental problems of emission of polycy-
clic hydrocarbons are associated with oil spills during exploration, transportation, 
and refining (Zhang et al. 2011). So these petrochemical plants and oil refineries 
produce a large amount of hazardous waste. The estimates show petrochemical 
plants and oil refineries produce a great quantity of solid oily waste of around 
10,000 m3 per day which are grouped under hazardous waste due to its flammability, 
corrosivity, toxicity, and reactivity (Gafarov et al. 2006). The polycyclic aromatic 
hydrocarbons are one of the major pollutants in that hazardous waste group along 
with alkanes, cycloalkanes, BTEX (benzene, toluene, ethylbenzene, and xylene), 
and phenol. The crude oils on an average contain 0.2–7% PAHs, with configurations 
ranging from two to six rings.

The cleanup of soil can be accomplished using different remediation technolo-
gies, but bioremediation plays one of the most efficient means to restore original 
ecosystem conditions (Haritash and Kaushik 2009). The PAH-degrading microor-
ganisms include algae, bacteria, and fungi. The use of microorganisms for bioreme-
diation of PAH-contaminated environments seems to be an attractive technology for 
restoration of polluted sites.

18.2  IUPAC Nomenclature of Polycyclic Aromatic 
Hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons (PAHs) are a group of compounds containing 
carbon and hydrogen, composed of two or more fused aromatic rings in linear, 
angular, and cluster arrangements. The nomenclature of PAHs is based on the rules 
and recommendations of the International Union of Applied and Pure Chemistry 
(IUPAC) from 1957. The step-by-step procedure for naming a PAH are:

Step 1: Find within the molecule the polycyclic substructure which corresponds to 
the highest priority (usually largest) parent compound.

Step 2: Determine the number and type of ring systems fused to this parent 
structure.

Step 3: Preference is hereby given to the most simple priority substructures by 
choosing the maximum number of first-order attachments and the maximum 
number of identical attached components.

The chemical structure of 16 priority PAHs is as follows (Fig. 18.1). Table 18.1 
represents the chemical formula and CAS registry no. of 16 priority PAHs.
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Naphthalene

Acenaphthylene Acenaphthene Fluorene

Phenanthrene
Anthracene Fluoranthene

Pyrene

Chrysene Benzo(a)anthracene
Dibenz(a,h)anthracene benzo(k)fluoranthene

Benzo(b)fluoranthene Benzo(a)pyrene Indeno[1,2,3-cd]pyrene Benzo[ghi]perylene

Fig. 18.1 Two-dimensional structure of 16 priority PAHs

Table 18.1 IUPAC name, chemical formula and CAS registry no. of 16 priority PAHs

Preferred IUPAC name Other common name
Molecular 
weight (g) Formula

CAS registry 
no.

Naphthalene Naphthalene 128 C10H8 91-20-3
Acenaphthylene Acenaphthylene 152 C12H8 208-96-8
Acenaphthene Acenaphthene 154 C12H10 83-32-9
9H-fluorene 9H-fluorene 166 C13H10 86-73-7
Phenanthrene Phenanthrene 178 C14H10 85-01-8
Anthracene Anthracene 178 C14H10 120-12-7
Fluoranthene Fluoranthene 202 C16H10 206-44-0
Pyrene Pyrene 202 C16H10 129-00-0
Tetraphene Benz(a)anthracene 228 C18 H12 56-55-3
Chrysene Chrysene 228 C18 H12 218-01-9
Benzo(pqr)tetraphene Benz(a)pyrene 252 C20 H12 50-32-8
Benzo(e)
acephenanthrylene

Benzo(b)fluoranthene 252 C20 H12 205-99-2

Benzo(k)fluoranthene Benzo(k)fluoranthene 252 C20 H12 207-08-9
Indeno[1,2,3-cd]pyrene Indeno[1,2,3-cd] 

pyrene
276 C20 H12 193-39-5

Benzo[ghi]perylene Benzo[ghi]perylene 276 C22 H12 192-24-2
Benzo(k)tetraphene Dibenz(ah)anthracene 276 C22 H14 215-58-7
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18.3  Characteristics of Priority PAHs

Polycyclic aromatic hydrocarbons (PAHs) consist of two or more benzene rings 
fused in a linear, angular, or cluster arrangement. These compounds have two or 
more fused carbon rings that have hydrogen or an alkyl (CnH2n+l) group attached to 
each carbon. Compounds range from naphthalene (C10H8, two rings) to coronene 
(C24H12, seven rings). The molecular size (i.e., their number of aromatic rings) and 
molecule topology (i.e., their pattern of ring linkage) of PAHs are directly related to 
chemical properties of PAHs. The larger size and higher angularity may lead to 
persistence from increase of hydrophobicity and electrochemical stability (Kanaly 
and Harayama 2000). These compounds have low solubility in water, high melting 
and boiling points, and low vapor pressure. With an increase in molecular weight, 
their solubility in water decreases, melting and boiling point increase, and vapor 
pressure decreases (Jones 1991; Wild et al. 1994). The physical and chemical prop-
erties of PAH are given in Table 18.2. Based on molecular weight, PAHs are divided 
into two categories: low molecular weight (LMW) and high molecular weight 
(HMW) PAHs. The low molecular weight PAHs are with two or three rings and are 
relatively volatile, soluble, and more degradable in nature. The high molecular 
weight (HMW) PAHs have four or more rings and hydrophobicity; these PAHs are 
very toxic to whole cells (Yucheng et al. 2008).

18.4  Sources of Petrogenic PAHs (Pollutants)

PAHs enter into the environment components, such as air, water, and soils, from 
natural and anthropogenic sources. The sources of PAHs are divided into categories: 
pyrolytic and petrogenic. The pyrolytic sources of PAHs include (1) incomplete fuel 
combustion, wood and coal burning, car emissions, tobacco-related activities, and 
meat grilling (Freeman and Cattell 1990; Jacob et al. 1986; Piskonen and Itävaara 
2004; Farhadian et al. 2010) and (2) coal tar, creosote, roofing tar, and parking lot 
seal coats (ATSDR 2010). However, the sources of petrogenic PAHs are mainly 
derived from crude oil, unburned fuel, and refinery products (Elias et al. 2007).

The petrochemical industry is one of the major contributors of PAHs into the 
environment (Tsibart and Gennadiev 2013). The petroleum exploration and refining 
operations release PAHs (Fetzer 2000). The petroleum spills, discharges, seepages, 
industrial and municipal wastewater, urban and suburban surface runoff, and atmo-
spheric deposition add PAH to the water environment. The accidents during oil 
exploration and transportation also add PAH to the marine environment (Souza et al. 
2014). The PAHs enter to soil by petroleum spills and discharges, forest and grass 
fires, volcanoes, industrial and municipal solid waste, and atmospheric deposition. 
The cooking and tobacco smoking (Mumford et al. 1989) also release PAH to the 
environment. The industries that manufacture aluminum, creosote, cement, and 
asphalt also contribute PAH into the environment (Tsibart and Gennadiev 2012).
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18.5  Transport and Fate of PAHs in Terrestrial and Aquatic 
Ecosystem

The movement of PAHs in the environment depends on properties such water solu-
bility and volatility (Agency for Toxic Substances and Disease Registry). The PAH 
compounds once entered into the environment result in adsorption, volatilization, 
photolysis, chemical degradation, microbial degradation, and mineralization 
(Fig. 18.2). The PAHs in soils may get adsorbed on mineral surfaces of clay parti-
cles and organic matter (i.e., humic and fulvic acids) (Bogan and Sullivan 2003). 
The PAHs trapped in soil micropores increase persistence and limit the biodegrad-
ability, leachability, and volatility of PAHs (Bamforth and Singleton 2005; Wick 
et al. 2011). The degradation rate of PAHs depends on soil structure, particle size, 
and organic matter content in the soil (Manilal and Alexander 1991; Sims et  al. 
1990; Steiber et al. 1990). The researchers estimated the total PAH concentrations 
between 1 μg kg−1 and 300 g kg−1 in soil (Bamforth and Singleton 2005; Kanaly and 
Harayama 2000).

The PAHs can undergo volatilization of either the parent compound or their 
breakdown products from the contaminated environment to the atmosphere (Bossert 
and Bartha 1984; Park et al. 1990; Civilini 1994; Cousins and Jones 1998). The 
polycyclic aromatic hydrocarbons released into the atmosphere travel over distances 
by air currents and finally reached earth as wet or dry particulate deposition. The 
PAHs exposed to sunlight and in air, soil, or water are oxidized to polar oxidized 

Polycyclic
Aromatic

Hydrocarbons

Adsorption

Volatilization

Photo
oxidation

Sedimentation

Chemical
oxidaton

Bioaccumulation

Removal

Complete
Mineralization

Initial degradation
(Biotransformation/De

toxification

Microbial
activity

Fig. 18.2 Environmental fate of polycyclic aromatic hydrocarbons. (Adapted from Cerniglia 
1992)
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compounds by the process of photooxidation. The oxidation of PAHs also occurs by 
chemical oxidation process. The terrestrial vegetation is capable of adsorbing PAH 
from air or absorption by plant tissues. The bioaccumulation of PAHs is inversely 
linked to the ability of organisms to metabolize it. The biodegradation or biotrans-
formation by microbes converts PAHs into less complex metabolites. The mineral-
ization process results in conversion of PAHs into inorganic minerals, H2O, CO2 
under aerobic conditions, or CH4 under anaerobic conditions.

The presence of PAH residues was reported in surface water, groundwater, road 
runoff (Boxall and Maltby 1997; Pitt et al. 1995), vegetation (Wagrowski and Hites 
1997), and foods (Edwards 1983). The breakdown of PAHs in soil and water gener-
ally takes days, weeks to months depending on the type of PAH compounds, reac-
tion with sunlight, chemicals, and bioavailability for microbial degradation.

18.6  Bioremediation Techniques of PAHs from Petroleum 
Industry

Bioremediation plays one of the most efficient means to restore original ecosystem 
conditions (Haritash and Kaushik 2009). Biodegradation by microorganisms is 
 usually the dominant and most important way to utilize living organisms such as 
bacteria and plants or their enzymes to degrade and detoxify the organic and 
 inorganic pollutants (Bharagava et  al. 2017a, b; Saxena and Bharagava 2017; 
Chandra et al. 2015; Nnamchi et al. 2006). Bisht et al. (2015) reviewed the different 
approaches of bioremediation of PAHs.

18.6.1  Intrinsic Bioremediation

This is also known as natural attenuation or bioattenuation where the indigenous 
microbial populations degrade PAHs based on their natural metabolic processes 
(Kuiper et  al. 2004; Widada et  al. 2001). The intrinsic bioremediation processes 
include a variety of physical, chemical, and biological processes that act to reduce 
the mass, toxicity, mobility, volume, or concentration of contaminants (USEPA 
1999). The aerobic and anaerobic biodegradation, dilution, sorption, volatilization 
decay, chemical or biological stabilization, and transformation of contaminants are 
involved in this technique of bioremediation (Gentry et al. 2004). The time con-
sumption is a challenging factor of this technology. But if no other techniques are 
applicable, this can be used for on-site remediation (Kuiper et al. 2004).
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18.6.2  Bioaugmentation Through PAH-Degrading Microbes

In the bioaugmentation process, microbial strains having PAH-degrading capability 
are inoculated to the contaminated environment. This method introduces either wild-
type or genetically modified microbes into the environment to increase degradation 
and transformation (Kuiper et al. 2004). The advances in the bioaugmentation tech-
nology include cell encapsulation, gene bioaugmentation, rhizosphere bioaugmenta-
tion, and phyto-augmentation (Gentry et  al. 2004). The mineralization of 
phenanthrene in contaminated soil by inoculation of phenanthrene-utilizing bacteria 
was reported by Madsen and Kristensen (1997). The reduction in population of 
introduced microorganisms over the time of inoculation on to the site is the limiting 
factor of this method (Gentry et al. 2004). It may be resulted from abiotic factors like 
extreme temperature, pH, nutrient availability, the presence of toxic substances, and 
biotic stresses like antagonistic interactions from other microbes, protozoans, fungi, 
etc. (Rahman et al. 2002; Kim et al. 2004). Bogan et al. (2003) and Kim et al. (2004) 
reported Mycobacterium sp. is capable of degrading a great variety of low and high 
molecular weight PAHs.

18.6.3  Biostimulation of PAH-Degrading Microbes

The biostimulation is the addition of supplementing carbon sources or other nutri-
ents to stimulate the activity of indigenous or inoculated PAH-degrading strains. 
The increase in oil biodegradation under aerobic conditions with nutrient amend-
ments was reported by Jobson et al. (1974), Venosa et al. (1996), Lee et al. (1997), 
Brook et al. (2001), and Vinas et al. (2005).

18.6.4  Phytoremediation

It is the process in which the plants are used for removal of xenobiotics from the 
environment (Salt et al. 1998; Singh and Jain 2003). The phytoextraction of faba 
bean or alfalfa with humic acid addition to soil is capable of remediating PAHs in 
crude oil-contaminated soil (Halim et al. 2003). The interaction between humic acid 
and PAH concentrated on one or two of the three phases was studied by Liang et al. 
(2008). Pilon-Smits (2005) reported PAH remediation by the plants. The limitation 
of this method is the stress faced by the plants due to non-availability of nutrients or 
climatic factors (Harvey et al. 2002).
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18.6.5  Rhizoremediation

Rhizoremediation is type of phytoremediation with both plant roots and their asso-
ciated rhizospheric microbes. This technique harbors large population of bacteria on 
plant roots and transports the root-colonizing, remediating microorganism to pollut-
ants 10–15 m deep in the soil (Kingsley et al. 1994). This remediation works on the 
mechanism of the synergistic effect of plant roots and rhizospheric microbial com-
munities like the secretion of organic acids followed by reduction in soil pH and 
production of siderophores, phytochelains, amino acids, and 1-aminocyclopropane- 
1-carboxylate (ACC) deaminase by plant growth-promoting rhizobacteria (PGPR), 
supply bacteria with cofactors required for the activation of bacterial enzymes 
involved in the pollutant degradation pathway (Anderson et al. 1993; Lugtenberg 
et al. 1997).

Bisht et al. (2010, 2014) studied rhizospheric and endophytic bacteria for rhi-
zoremediation of PAH using Populus sp. The proper agronomic techniques improved 
the removal efficiency of rhizoremediation (Zhuang et al. 2007). Aprill and Sims 
(1990) concluded the effectiveness of prairie grasses in the removal of four PAHs in 
a sandy loam soil. Qiu et al. (1994) also reported grass-enhanced bioremediation for 
clay soils contaminated with polynuclear aromatic hydrocarbons.

18.6.6  Composting

The bioremediation of PAH-contaminated soil using composting technology was 
studied by Crawford et al. (1993), Joyce et al. (1998), Kirchmann and Ewnetu 
(1998), Jørgensen et  al. (2000), Namkoong et al. (2002), and Antizar-Ladislao 
et al. (2006). The removal of anthracene in soil by compost addition was reported 
by Kastner et  al. (1995) and Kastner et  al. (1999). Qiu and McFarland (1991) 
studied composting of PAH-contaminated soil using Phanerochaete chrysospo-
rium. Phanerochaete chrysosporium was used for removal of benzo(a)pyrene in 
soil composting systems by McFarland and Qiu (1995). Wellmann et al. (2001) 
concluded from his study that manure addition improved degradation of PAHs in 
soil by 81% in 41 days. Wong et al. (2002) and Atagana (2004) studied removal 
by co- composting of PAH-contaminated soil with pig manure and poultry manure.

18.7  Role of Microbial Diversity in Degradation of PAHs

Many microbial strains have been isolated and characterized for biodegradation of 
PAHs including bacteria, fungi, and microalgae. Biodegradation of polycyclic aro-
matic hydrocarbons was carried out either by bacteria (Arulazhagan and Vasudevan 
2011; Mao et al. 2012; Sun et al. 2014; Cébron et al. 2015; Darmawan et al. 2015; 
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Ferreira et al. 2015; Okai et al. 2015), fungi (Wang et al. 2014; Li et al. 2005; Chan 
et al. 2006; Elisabet Aranda 2009; Hadibarata et al. 2009; Hadibarata and Kristanti 
2014; Cébron et al. 2015; Mineki et al. 2015; Young et al. 2015), or algae (Chan 
et al. 2006; Diaz et al. 2014; Luo et al. 2014).

18.7.1  Biodegradation of PAHs by Bacteria

Table 18.3 lists the bacteria involved in biodegradation of major PAH (Cerniglia 
1992, 1997; Kanaly and Harayama 2000). The biodegradation efficiency of some 
bacteria is given in Table 18.4. Pseudomonas cepacia was found to simultaneously 

Table 18.3 Bacteria involved in biodegradation of PAHs

PAH Bacterial species

Naphthalene Acinetobacter calcoaceticus, Alcaligenes denitrificans, Brevundimonas 
vesicularis, Burkholderia cepacia, Comamonas testosteroni, 
Corynebacterium renale, Cycloclasticus sp., Neptunomonas 
naphthovorans, Moraxella sp., Mycobacterium sp., Pseudomonas sp., 
P. fluorescens, P. marginalis, P. putida, P. saccharophila, P. stutzeri, 
Sphingomonas paucimobilis, Streptomyces sp., Rhodococcus sp.

Acenaphthene Alcaligenes eutrophus, Alcaligenes paradoxus, Beijerinckia sp., 
Burkholderia cepacia, Cycloclasticus sp., Neptunomonas 
naphthovorans, Pseudomonas sp., P. fluorescens, P. putida

Anthracene Acinetobacter calcoaceticus, Arthrobacter sp., Beijerinckia sp., 
Burkholderia cepacia, Comamonas testosteroni, Cycloclasticus 
pugetii, Cycloclasticus sp., Flavobacterium sp., Gordonia sp., 
Mycobacterium sp., P. fluorescens, P. marginalis, P. putida, 
Rhodococcus sp., Sphingomonas sp., S. paucimobilis, S. yanoikuyae

Pyrene Acinetobacter calcoaceticus, Alcaligenes denitrificans, Burkholderia 
cepacia, Flavobacterium sp., Gordonia sp., Mycobacterium sp.,  
P. putida, P. saccharophila, Rhodococcus sp., Sphingomonas sp., 
Stenotrophomonas maltophilia

Benzo[a]anthracene Agrobacterium sp., Alcaligenes denitrificans, Bacillus sp., 
Beijerinckia sp., Burkholderia cepacia, Burkholderia sp., 
Pseudomonas sp., P. putida, P. saccharophila, Sphingomonas sp.,  
sp. paucimobilis, sp. yanoikuyae, Stenotrophomonas maltophilia

Chrysene Acinetobacter calcoaceticus, Agrobacterium sp., Bacillus sp., 
Burkholderia sp., Pseudomonas sp., P. marginalis, P. saccharophila, 
Rhodococcus sp., Sphingomonas sp., S. paucimobilis, 
Stenotrophomonas maltophilia

Benzo[b]fluoranthene Alcaligenes denitrificans, sp. paucimobilis

Benzo[a]pyrene Beijerinckia sp., Mycobacterium sp., Pseudomonas NCIB 9816, 
Sphingomonas paucimobilis

Dibenzo[a,h]anthracene S. paucimobilis, Stenotrophomonas maltophilia

Adapted from Cerniglia and Gibson (1979), Cerniglia (1992, 1997), Kanaly and Harayama (2000), 
and Antizar-Ladislao et al. (2004)
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degrade a mixture of three-, four-, five-, and seven-benzene-ring PAHs when inocu-
lated at high cell densities, and it was observed that the degradation of five- and 
seven-benzene-ring PAHs improved when low molecular weight PAHs were pres-
ent (Juhasz and Naidu 2000; Silva et al. 2014).

Table 18.4 Bacterial efficiency in biodegradation of PAHs

PAHs Microorganism
Biodegradation 
(%) References

Naphthalene Bacillus sp. 86 Kafilzadeh et al. (2011)
Pseudomonas sp. 80
Corynebacterium sp. 77
Staphylococcus sp. 69
Micrococcus sp. 58
Bacillus sp. 33 Kafilzadeh et al. (2012)
Pseudomonas sp. 42 Ahirwar and Dehariya 

(2013)
Corynebacterium sp. and 
Pseudomonas sp.

100 Kafilzadeh and Pour 
(2012)

Phenanthrene Pseudomonas sp. ARP26 93 Coral and Karagoz 
(2005)Pseudomonas sp. ARP28 98

Sphingomonas sp. GY2B 99.8 Tao et al. (2007)
Mycobacterium sp. BB1 82 Boldrin et al. (1993)
Pseudomonas stutzeri ZP2 96 Zhao et al. (2009)
Corynebacterium sp. 91.5 Kafilzadeh and Pour 

(2012)Pseudomonas sp. 83.2
Pyrene Pseudomonas putida PL2 50 Ping et al. (2011)

Pseudomonas putida MUB1 88.2 Miya and Firestone 
(2000)

Bacillus sp. PK-12 64 Khanna et al. (2012)
Bacillus sp. PK-13 55
Bacillus sp. PK-14 53
Mycobacterium sp. 48 Heitkamp et al.  

(1988a, b)60
Mycobacterium sp. 89.1 Kafilzadeh and Pour 

(2012)
Fluoranthene Mycobacterium sp. KR20 60 Rehmann et al. (2001)

Pseudomonas alcaligenes PA-10 –– Gordon and Dobson 
(2001)

Acinetobacter sp. PSM11 61 Kumar et al. (2011)
Bacterial strains PSM10 48
Bacterial strains PSM6 42
Bacterial strains PSM7 41
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18.7.2  Biodegradation of PAHs by Fungi

Ligninolytic fungi too have the property of PAH degradation. Phanerochaete chrys-
osporium, Bjerkandera adusta, and Pleurotus ostreatus are the common PAH- 
degrading fungi. The fungi produce hydroxylated intermediates that help in 
mineralization of PAH-polluted sites in comparison to bacteria (Cerniglia 1997). 
The metabolites produced by fungi are with higher water solubility and enhanced 
chemical reactivity. The fungi belonging to genera Agrocybe, Bjerkandera, 
Coriolopsis, Crinipellis, Flammulina, Kuehneromyces, Laetiporus, Marasmiellus, 
Nematoloma, Phanerochaete, Pleurotus, Ramaria, Rhizoctonia, Rhodotorula, 
Trametes, Trichosporon, Aspergillus, Candida, Chrysosporium, Fusarium, 
Neurospora, Penicillium, Saccharomyces, Trichoderma, Cunninghamella, 
Mortierella, Mucor, and Syncephalastrum are related with PAH bioremediation 
(Alexopoulos et al. 1996; James and O’Donnell 2004).

Phanerochaete chrysosporium has metabolized a wide variety of PAHs under 
ligninolytic and nonligninolytic conditions and converted them to CO2 (Bumpus 
et al. 1985; Bumpus 1989; Haemmerli et al. 1986; Sanglard et al. 1986). The detailed 
list of fungal species involved in degradation of PAHs is presented in Table 18.5. 
Table 18.6 shows the efficiency of PAH biodegradation by fungi.

18.7.3  Biodegradation of PAHs by Microalgae

Different researchers (Cerniglia et al. 1979, 1980a, b; Narro et al. 1992a, b; Safonova 
et al. 2005; Chan et al. 2006; El-Sheekh et al. 2012) reported the degradation ability 
of microalgae for PAH degradation. The free cells of Selenastrum capricornutum 
were also found to have a higher ability to degrade PAHs (Lei et al. 2000, 2007). 
The PAH removal by microalgal species is mainly due to passive physicochemical 
biosorption. Tam et al. (2010) reported Selenastrum capricornutum immobilized in 
alginate beads able to remove 1 mg l-1 phenanthrene, 0.25 mg l−1 fluoranthene and 
0.1  mg l−1 pyrene. They found the immobilization enhanced the biodegradation 
potential of microalgae.

18.8  Biosurfactants in Degradation of PAHs

The surfactants help to overcome the non-availability of PAH due to their insolubil-
ity in water. The solubilization and degradation improved with the surfactant addi-
tion. The biosurfactants are preferable to chemical surfactants because of its 
biodegradability, compatibility with the environment, low toxicity, high selectivity, 
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and their activity even in extreme temperature, pH, and salinity conditions (Banat 
et al. 2010). The increase in PAH degradation by addition of surfactants produced 
by bacteria and fungi was reported by many researchers (Wong et al. 2004; Jacques 
et al. 2005; Batista et al. 2010; Gusmão et al. 2010; Luna et al. 2011; Sobrinho et al. 
2013).

The mechanisms of biodegradation by biosurfactants is either due to increase of 
availability of PAH to the microbial activity by reduction of surface tension of the 
medium around the bacterium and interfacial tension reduction between the  bacterial 

Table 18.5 Fungal species involved in biodegradation of PAHs

PAHs Fungal species

Naphthalene Absidia glauca, Aspergillus niger, Basidiobolus ranarum, Candida utilis, 
Choanephora campincta, Circinella sp., Claviceps paspali,
Cokeromyces poitrassi, Conidiobolus gonimodes, C. bainieri, C. elegans, C. 
japonica, Emericellopsis sp., Epicoccum nigrum, Gilbertella persicaria, 
Gliocladium sp., Helicostylum piriforme, Hyphochytrium catenoides, 
Linderina pennispora, Mucor hiemalis, Neurospora crassa, Panaeolus 
cambodginensis, Panaeolus subbalteatus, Penicillium chrysogenum, Pestalotia 
sp., Phlyctochytrium reinboldtae, Phycomyces blakesleeanus, Phytophthora 
cinnamomi, Psilocybe cubensis, Psilocybe strictipes, Psilocybe stuntzii, 
Psilocybe subaeruginascens, Rhizophlyctis harderi, Rhizophlyctis rosea, 
Rhizopus oryzae, Rhizopus stolonifer, S. cerevisiae, Saprolegnia parasitica, 
Smittium culicis, Smittium culisetae, Smittium simulii, Sordaria micola, 
Syncephalastrum racemosum, Thamnidium anomalum, Zygorhynchus moelleri

Acenaphthene Cunninghamella elegans, T. versicolor

Fluorene Cunninghamella elegans, Phanerochaete chrysosporium, Pleurotus ostreatus

Anthracene Bjerkandera sp., Bjerkandera adusta, Ceriporiopsis subvermispora,
Cladosporium herbarum, Coriolopsis polyzona, Curvularia lunata,
Curvularia tuberculata, Cryphonectria parasitica, Cylindrocladium
simplex, C. elegans, Daedalea quercina, Drechslera spicifera,
Flammulina velutipes, Fusarium moniliforme, Laetiporus sulphureus, 
Marasmiellus sp., Monosporium olivaceum, Oxysporus sp., Penicillium sp., 
Pleurotus ostreatus, P. chrysosporium, P. laevis, Ramaria sp., Rhizopus 
arrhizus, R. solani, Trametes versicolor, Verticillium lecanii

Pyrene Agrocybe aegerita, Bjerkandera adusta, C. elegans, Dichomitus squalens, 
Flammulina velutipes, Kuehneromyces mutabilis, Laetiporus sulphureus, 
Phanerochaete chrysosporium, Penicillium sp., P. janthinellum, P. glabrum, 
Pleurotus ostreatus, Pleurotus sp., Syncephalastrum racemosum, Trametes 
versicolor

Benzo[a]
anthracene

C. elegans, P. laevis, P. janthinellum, Trametes versicolor

Chrysene Penicillium sp., P. janthinellum, Syncephalastrum racemosum

Benzo[a]
pyrene

Chrysosporium pannorum, Cunninghamella elegans,
Phanerochaete chrysosporium, Stropharia coronilla

Dibenzo[a,h]
Anthracene

Trametes versicolor, P. janthinellum

Adapted from Cerniglia and Gibson (1979), Pothuluri et al. (1990, 1993, 1995), Cerniglia (1992, 
1997). Kanaly and Harayama (2000), and Antizar-Ladislao et al. (2004)
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cell wall and hydrocarbon molecule or promoting modifications in the membrane, 
facilitating hydrocarbon adherence (hydrophobicity increase) and reducing the lipo-
polysaccharide index of the cell wall without damaging the membrane (Pirôllo et al. 
2008; Aparna et al. 2011). The monomers of the biosurfactants form a micelle with 
hydrophobic part at the center and hydrophilic part on the surface, thereby increas-
ing exposure of hydrocarbon to microbes (Soberón-Chávez and Maier 2010; Tondo 
et al. 2010). The membrane modifications like change in composition of proteins or 
increase in cell wall hydrophobicity improve microbial cell accessibility and hydro-
carbon dispersion by encapsulation in micelles, spherical or irregular vesicles, and 
lamellar structures (Aparna et al. 2012).

Grotenhuis et al. (1999) reported increase in PAH degradation by Bjerkandera 
by surfactant addition. Sobisch et  al. (2000) reported the surfactant T1 and T5 
increased the solubility and degradation of PAHs. Wong et  al. (2004) detailed 
improvement in phenanthrene biodegradation by surfactants produced by 
Pseudomonas aeruginosa. Jacques et al. (2005) investigated enhancement of degra-
dation of anthracene by surfactant from P. citronellolis. The nine bacterial groups 
belonging to genera Acinetobacter, Arcobacter, Bacillus, Halanaerobium, 
Leuconostoc, Marinobacter, Streptomyces, Propionibacterium, and Streptococcus 
are found in oil samples from oil reservoirs (Sette et al. 2007).

Table 18.6 Efficiency of some fungi in biodegradation of PAHs

PAH Fungal species Biodegradation (%) References

Pyrene T. versicolor 34.1 Sack et al. (1997)
Anthracene Bjerkandera sp. Bos 55 99.2 Field et al. (1992)
Benzo(a)pyrene Bjerkandera sp. Bos 55 83.1
Anthracene Cryphonectria parasitica 96 Krivobok et al. (1998)

Ceriporiopsis subvermispora 88
Oxysporus sp. 94
Cladosporium herbarum 85
Rhizopus arrhizus 95
P. chrysosporium 40 Jové et al. (2016)
Irpex lacteus 38
P. ostreatus 30

Fluoranthene Ceriporiopsis subvermispora 8 7 Salicis et al. (1999)
Ceriporiopsis subvermispora 71
Oxysporus sp. 79
Aspergillus terreus 89
Cicinobolus cesatii 86
Cryptococcus albidus 93
Cunninghamella elegans 98
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18.9  Enzymatic Biodegradation of PAHs

Enzymes involved in the degradation of PAHs are oxygenase, dehydrogenase, and 
ligninolytic enzymes. The ligninolytic system contains the principal enzyme groups, 
i.e., lignin peroxidase (LiP), Mn-dependent peroxidase (MnP), phenol oxidase (lac-
case, tyrosinase), and H2O2 producing enzymes (Novotný et al. 2004). The other 
fungal enzymes with PAH-degrading ability are cytochrome P450 monooxygenase, 
epoxide hydrolases, lipases, proteases, and dioxygenases (Bezalel et al. 1997; Balaji 
et al. 2014).

Penicillium chrysogenum produce both lipases and laccases for degrading PAHs. 
P. chrysogenum, Aspergillus fumigates, Mucor racemose, and Rhizopus stolonifer 
produce laccases during PAH degradation (Balaji et al. 2014). Lasiodiplodia theo-
bromae is also capable of producing lipase (Thiyagarajan et al. 2008; Venkatesagowda 
et al. 2012; Balaji et al. 2014). The type of fungal strain directly linked to the enzyme 
efficiency of PAH degradation. The white rot fungi with high ligninolytic potential 
such as P. chrysosporium, P. ostreatus, and Bjerkandera adusta are reported to have 
high potential to metabolize PAHs (Haritash and Kaushik 2009).

Fungal ligninolytic enzymes involved in PAH degradation are lignin peroxidase, 
laccase, and manganese peroxidase which are extracellular and catalyze radical for-
mation by oxidation to destabilize bonds in a molecule (Ball et al. 1995; Hofrichhter 
et  al. 1999). The optimum temperature for laccase activity is 45 °C, and for 
Mn-dependent peroxidase activity is 75–80 °C (Farnet et al. 2000). Pleurotus lac-
case produces hydroxyl radicals in PAH degradation pathway, while Mn-dependent 
peroxidase of Nematoloma frowardii degrades a broad spectrum of PAHs directly to 
carbon dioxide and polar fission products (Hofrichter et  al. 1998; Guillen et  al. 
2000).

The naphthalene was degraded more efficiently by Toluene ortho- monooxygenase 
(TOM) by hydroxylation (Canada et al. 2002). The initial oxidation of polycyclic 
aromatic hydrocarbon occurs by dioxygenase (Fig. 18.3) enzyme. Naphthalene is 
initially oxygenated by naphthalene dioxygenase to produce1,2- 
dihydroxynaphthalene. It is further converted to salicylate. It is further metabolized 
through catechol or gentisic acid. Phenanthrene is oxidized by phenanthrene dioxy-
genase to produce 3,4 dihydroxyphenanthrene. This follows two metabolic 
 pathways. One is the formation of salicylate, and the other one forms protocatechuic 
acid. Anthracene by the dioxygenase produces 1,2 dihydroxyanthracene which also 
metabolized to salicylate and protocatechuic acid. The pyrene is dioxygenated and 
forms phenanthroic acid and further follows the similar metabolism.

The extracellular peroxidases of fungi are also responsible for the initial oxida-
tion of PAHs (Acevedo et al. 2011; Betts 2012; Li et al. 2014; Zhang et al. 2015). 
Fungal lignin peroxidases oxidize a number of PAHs directly, while fungal manga-
nese peroxidases co-oxidize them indirectly through enzyme-mediated lignin per-
oxidation. Vyas et al. (1994) have tested several white rot fungi and suggested that 
all of them oxidize anthracene to anthraquinone.
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18.10  Molecular Techniques in Bioremediation of PAHs

18.10.1  Role of Genetically Engineered Microorganisms 
in PAHs Biodegradation

The genetic modification of the bacteria is done for developing metabolic pathways 
for PAH degradation, and Sayler et al. (1999), Sayler and Ripp (2000) reported field 
application of genetically engineered microorganisms for polycyclic aromatic 
hydrocarbon bioremediation process monitoring and control. Generally genes from 
native bacterial strains are used for engineering potential microbes. Pseudomonas 
fluorescens (BC-45) isolated from PAH-contaminated soil was genetically engi-
neered with lux gene from Vibrio fischeri. This genetically engineered bacterium is 
capable of emitting light in the presence of PAHs (Gupta 2008). Several Pseudomonas 
species are engineered for oil spill degradation. Ananda Chakrabarty developed the 
first genetically engineered oil-eating bacteria belonging to Pseudomonas sp. to 

Pyrene Phenanthrene
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Acepnaphthene
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phnAC,
phdAC,
bphA1
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nldA,narA1,
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Gentisic acid

xylE1,todE,

tbmE
C230 Ring Fission

Protochatechuic
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Catechol

COOH

OH

OH

OH

OH

OH

OHOH

COOH

COOHCOOH
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CH3

Fig. 18.3 Schematic presentation of genes involved in the microbial degradation of PAHs. 
(Adapted from Williams and Sayers 1994 and Habe and Omori 2003)
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remove oil spills. Schell (1983) cloned E. coli with naphthalene-degrading genes 
from plasmid NAH7. Ripps et al. (2000) reported GEM Pseudomonas fluorescens 
HK44 for polyaromatic hydrocarbon (PAH) bioremediation process. Khan et  al. 
(2001) cloned the genes encoding polycyclic aromatic ring dioxygenase from 
Mycobacterium sp. strain PYR-1. Isiodu et al. (2016) studied the role of plasmid- 
borne genes in the biodegradation of polycyclic aromatic hydrocarbons (PAHs) by 
a consortium of aerobic heterotrophic bacteria.

18.10.2  Role of Protein Engineering in Degradation of PAHs

The low water solubility makes high molecular weight PAHs less bioavailable, and 
the lack of naturally occurring microbial enzyme systems resists the biodegradation 
in the environment (Heitkamp et  al. 1988a, b; Cerniglia 1992; Schneider et  al. 
1996). The engineering of proteins with its selectivity and specificity helps in bio-
catalysis of bioremediation. Hydroxylation and epoxidation reactions are catalyzed 
by monooxygenases. The protein engineering helps the oxygenases to overcome its 
limitations such as complexity, poor stability, low expression, or low activity on 
unnatural substrates.

The initial oxidation of polycyclic aromatic hydrocarbons by P450 monooxy-
genases and non-heme iron dioxygenases acts as the biodegradation rate-limiting 
step in microbes (Herbes and Schwall 1978; Heitkamp et al. 1988a, b; Cerniglia 
1992). The role of P450 enzyme for oxidation of pyrene to 1,6- and 1,8-pyrenequi-
none was reported in the detoxification pathway of pyrene in the fungus 
Cunninghamella elegans (Cerniglia et al. 1986). The hydrophobic substitutions at 
Y96 mutant broaden the P450cam substrate range by increasing active site hydropho-
bicity and should promote the binding of organic molecules and also reduce uncou-
pling by disfavoring the entry of water molecules into the active site during the 
catalytic cycle (Stevenson et al. 1996; England et al. 1998). The increase in PAH 
oxidation by BM-3 mutant was reported with application of site-directed mutagen-
esis at residues in the active site and at the entrance of the substrate access channel 
(Carmichael and Wong 2001). Harford-Cross et al. (2000) investigated the activity 
of cytochrome P450cam (CYP101) from Pseudomonas putida for the oxidation of 
the phenanthrene, fluoranthene, pyrene, and benzo[a]pyrene with mutations of the 
active site residues F87 and Y96. The NADH oxidation rates of the mutants with 
fluoranthene and phenanthrene were 144 min−1 and 374 min−1, respectively. Li et al. 
(2001)  engineered cytochrome P450 BM-3 from Bacillus megaterium for oxidation 
of polycyclic aromatic hydrocarbons. The improved activities and coupling effi-
ciencies of this mutant that were reported for naphthalene, fluorene, acenaphthene, 
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acenaphthylene, and 9-methylanthracene were 160, 53, 109, 287, and 22/min, 
respectively, and 11, 26, 5.4, 15, and 3.2%, respectively.

Wong et al. (2004) reported the oxidation of pyrene, phenanthrene, and fluoran-
thene by mutants of P450 BM-3. The regioselectivity and enantioselectivity of 
naphthalene dioxygenase were influenced by multiple mutations (Yu et al. 2001). 
The proposed reaction catalyzed by P450 BM-3 mutants as per Li et al. (2001) is 
given in Fig. 18.4.

Naphthalene 96%
1-naphtho1

4%
2-naphtho1

Fluorene
9-fluorenol

Acenaphthene
1-Acenaphthenol

Acenaphthylene 1-Acenaphthylenol 1,2, Acenaphthylene oxide

9-Methy1 anthracene 9-anthracene methano1

OH

OH
OH

OH

O

CH2OHCH3

Fig. 18.4 Proposed reaction catalyzed by P450 BM-3 mutants. (Adapted from Li et al. 2001)
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18.11  Mechanism of Biodegradation of PAHs

The first step in the aerobic catabolism of a PAH molecule by bacteria is the oxida-
tion of the PAH to a dihydrodiol by a multicomponent enzyme system incorporating 
both atoms of molecular oxygen into the PAH nucleus (Gibson et al. 1975). After 
oxidation, the dehydrated intermediates followed either an ortho- or a meta- cleavage 
type of pathway, leading to intermediates that are further converted to intermediates 
(Fig. 18.5) of the tricarboxylic acid cycle (Kanaly and Harayama 2000).

The ligninolytic fungi can co-metabolize PAHs to form trans-dihydrodiols, phe-
nols, quinines, and dihydrodiol epoxides (Fig. 18.6). The enzymes such as lignin 
peroxidases, manganese peroxidases, and laccases help in the degradation of PAHs 
(Harayama 1997). The schematic presentation of initial microbial attack and ring 
cleavage and genes involved in the respective reactions for PAHs are given in 
Fig. 18.3 (Williams and Sayers 1994; Habe and Omori 2003). Naphthalene is ini-
tially oxygenated by a naphthalene dioxygenase to yield 1,2-dihydroxynaphthalene, 
which is further degraded to salicylate. It is further metabolized via catechol or 
gentisic acid. Phenanthrene is mostly oxygenated by a phenanthrene dioxygenase to 
yield 3,4-dihydroxyphenanthrene,which is further metabolized through two path-
ways: following naphthalene biodegradation pathway with the formation of salicy-
late or leading to protocatechuic acid. Anthracene is dioxygenated at the 1,2 position 
to yield 1,2-dihydroxyanthracene,which is later metabolized to salicylate and cate-
chol. Pyrene is mostly dioxygenated at the 1,2 position. A successive derivative, 
4-phenanthroic acid, undergoes a second dioxygenase reaction and further metabo-
lized via catabolic pathways similar to those of phenanthrene.

The anaerobic degradation process of naphthalene and phenanthrene (Young and 
Phelps 2005; Chakraborty and Caotes 2004) is given in Fig. 18.7, and the addition 
of carbon dioxide produces benzoic acid and subsequent transformation to 
 benzoyl- CoA.  For naphthalene, carbon dioxide addition yields 2-naphthoic acid 
which is further degraded by sequential reduction steps to decalin-2-carboxylic 
acid. The phenanthrene is also directly carboxylated to phenanthrene carboxylic 
acid following mineralization.

PAH

Dihydrodiol Catechol

meta or
ortho
cleavage

type of
pathwayR R

H

H

OH

OH

OH

OH

Tricarboxylic
acid cycle

Fig. 18.5 Pathways of PAH degradation by bacteria. (Adapted from Bamforth and Singleton 2005 
and Cerniglia 1992)
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18.12  Metabolites of Degradation of PAHs

The metabolites of acenaphthene degradation by Cunninghamella elegans are 1-ace-
naphthenone, 1,2-acenaphthenedione, cis-1,2-dihydroxyacenaphthene, trans- 1,2-
dihydroxyacenaphthene, 1,5-dihydraxyacenaphthene, and 6- hydroxyacenaphthenon 
(Pothuluri et al. 1992a, b). Anthracene was metabolized to anthracene trans-1,2-di-
hydrodiol 1-anthrol, 9,10-anthraquinone, phthalate, glucuronide, sulfate, and xylo-
side conjugates of hydroxylated intermediates by microbial strains such as 
Bjerkandera sp., Cunninghamella elegans, Nematoloma frowardii, Phanerochaete 
chrysosporium, Phanerochaete laevis, Pleurotus ostreatus, Pleurotus sajor-caju, 
Ramaria sp., Rhizoctonia solani, and Trametes versicolor (Bezalel et al. 1996a, b, c; 
Bogan and Lamar 1996; Cerniglia and Yang 1984; Hammel et al. 1992; Johannes 
and Majcherczyk 2000; Kotterman et al. 1998; Sac and Gunther 1993). The metabo-
lites of phenanthrene produced by Aspergillus niger, Cunninghamella elegans, 
Nematoloma frowardii, Phanerochaete chrysosporium, Phanerochaete laevis, 
Pleurotus ostreatus, Syncephalastrum racemosum, and Trametes versicolor are 
phenanthrene trans-1,2-dihydrodiol; phenanthrene trans- 3,4-dihydrodiol; phenan-
threne trans-9,10-dihydrodiol; glucoside conjugate of 1-phenanthrol; 1-, 2-, 3-, 4-, 
and 9- phenanthrol; 1-methoxyphenanthrene; phenanthrene- 9,10-quinone; and 
2,2-diphenic acid (Bezalel et al. 1996a, b, c; Bogan and Lamar 1996; Bumpus 1989; 
Cerniglia 1997; Hammel et al. 1992; Kotterman et al. 1998; Sac and Gunther 1993). 

Fig. 18.6 Pathways for the fungal metabolism of PAHs. (After Cerniglia 1997)
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Fig. 18.7 Schematic representation for the anaerobic degradation of naphthalene and phenan-
threne. (Adapted from Young and Phelps 2005 and Chakraborty and Caotes 2004)

M. S. Dhanya and A. Kalia



421

Cunninghamella elegans, Laetiporus sulphureus, Phanerochaete chrysosporium, 
Pleurotus ostreatus, and Trametes versicolor produce 9-fluorenone, 9-fluorenol, and 
1-hydroxy-9 fluorenone as the metabolites of fluorine (Bezalel et al. 1996a, b, c; 
Bogan et al. 1996a, b; Bogan and Lamar 1996; Sac and Gunther 1993). Fluoranthene 
metabolites produced by Cunninghamella elegans, Nematoloma frowardii, 
Laetiporus sulphureus, Penicillium sp., and Pleurotus ostreatus were fluoranthene 
trans-2,3- dihydrodiol, 8- and 9- hydroxyfluoranthene trans-2,3-dihydrodiols, and 
glucoside conjugates of hydroxylated intermediates (Pothuluri et al. 1990; Sac and 
Gunther 1993). Aspergillus niger, Agrocybe aegerita, Candida parapsilosis, 
Crinipellis maxima, Crinipellis perniciosa, Crinipellis stipitaria, and Crinipellis 
zonata produced 1,6- pyrenequinone, 1,8-pyrenequinone, glucoside conjugates, and 
1-pyrenol as metabolites of pyrene (Bezalel et al. 1996a, b, c; Hammel et al. 1986; 
Manilla-Perez et al. 2011)

18.13  Factors Affecting Biodegradation

The environmental factors such as soil pH, nutrient availability, and the bioavail-
ability of the contaminant can influence the process of bioremediation by inhibiting 
growth of the pollutant-degrading microorganisms. The microbial population and 
type of the microorganisms, degree of acclimation, accessibility of nutrients, chemi-
cal structure of the compound, cellular transport properties, and chemical partition-
ing in growth medium affect the biodegradation ability of the microbes. The 
biological degradation in contaminated soil and water ecosystem is controlled by 
factors like carbon source, nutrients, temperature, pH, redox potential, and oxygen 
content that are needed for microbial growth (Adams et al. 2015; Ghosal et al. 2016).

18.13.1  Temperature

The solubility of PAHs increases with an increase in temperature (Lim et al. 1999) 
that increases the bioavailability of the PAH molecules. In addition, oxygen solubil-
ity decreases with increasing temperature, which will reduce the metabolic activity 
of aerobic microorganisms.

The enzymatic activity is directly related with the temperature. With increasing 
temperatures, the solubility of PAHs increases, which increases their bioavailability. 
In addition, increasing temperatures also decrease the solubility of oxygen, thereby 
reducing the metabolic activity of aerobic microorganisms (Bamforth and Singleton 
2005). The rate of hydrocarbon degradation at different temperatures was studied by 
Beaudin et al. (1999) and Chung et al. (2000). The temperature as an indicator of 
microbial activity in PAH degradation was studied by Amir et al. (2005) in compost-
ing of lagooning sewage sludge. The high PAH degradation was observed at the 
stabilization phase of composting following presence of thermophilic communities.
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Biodegradation of PAHs can occur over a wide temperature range, but meso-
philic temperatures had higher efficiency of transformations than at very low or high 
temperatures. The microorganisms adapted to metabolize PAHs at extreme tem-
peratures, for example, naphthalene and phenanthrene degradation, were also 
reported from crude oil in seawater at temperatures as low as 0 °C (Simon et al. 
1993). In comparison, the laccase and manganese peroxidase enzymes of lignino-
lytic fungi were reported to have a temperature optimum of ∼50 °C and >75 °C, 
respectively, in spent mushroom compost during the degradation of PAHs (Lau 
et al. 2003) with over 90% degradation of the contaminating PAHs occurring at the 
set temperature.

18.13.2  pH

The pH of the environment plays a crucial role in bioremediation process. The 
retired gaswork sites result in leaching of demolition wastes that increases the pH 
that in turn makes the environment unfavorable for the PAH-degrading microbes. 
Similarly oxidation and leaching of coal spoil with sulfide oxidation result in acidic 
conditions. The pH of the area controls microbial biotransforming ability of PAHs 
(Alexander 1995). The phenanthrene removal was 80% at neutral pH, and only 40% 
removal was reported at pH 5.5 after16 days of incubation of Burkholderia coco-
venenans (Wong et al. 2002).

The degradation of phenanthrene and anthracene by Sphingomonas paucimobilis 
was inhibited at pH 5.2 (Kastner et al. 1998). Kim et al. (2005) studied effects of pH 
on the degradation of phenanthrene and pyrene by Mycobacterium vanbaalenii 
PYR1.The degradation of naphthalene by acidophilic native strains at coal spoil 
with pH 2 was 50% and 10–20% for phenanthrene and anthracene.

18.13.3  Oxygen

The metabolism of PAH-degrading microbes can occur in aerobic and anaerobic 
conditions. The initial oxidation of aromatic ring requires oxygen under aerobic 
degradation (Gibson et al. 1968). Genthner et al. (1997) found the PAH degradation 
was limited under denitrifying, sulfate-reducing, and methanogenic conditions. 
McNally et al. (1999) reported that anaerobic degradation under denitrifying condi-
tions was comparable to aerobic degradation. The aeration and moisture content are 
directly linked to PAH bioremediation (Vinas et al. 2005). It enhanced heterotrophic 
and PAH-degrading microbial populations resulting in the highest rate of PAH 
biodegradation.
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18.13.4  PAH Concentration

The rate of change in contaminant concentration is proportional to the contaminant 
concentration in the soil, and the time prediction tool in degradation depends on the 
microorganism, the contaminant (Cutright 1995). Trichoderma asperellum degraded 
74% of phenanthrene, 63% of pyrene, and 81% of benzo[a]pyrene after 14 days of 
incubation at concentration of 1000 mg/kg (Zafra et al. 2015a).

Lee et al. (2014) reported Peniophora incarnata KUC8836 was able to degrade 
up to 95.3% of phenanthrene and 97.9% of pyrene after 2 weeks of incubation. The 
concentration of contaminant had a selective pressure on hydrocarbon-degrading 
organisms, and higher PAHs are growth-limiting for microorganisms which 
 developed a response against PAHs regarding cell membrane structure, mycelia pig-
mentation, and sporulation alterations (Zafra et al. (2015b).

18.13.5  Nutrients

Mineki et  al. (2015) investigated the degradation of PAHs with Trichoderma/
Hypocrea genus using pyrene as sole source of carbon, and pyrene-degrading activ-
ity was enhanced to 24–25% in 14  days by adding 0.02% yeast extract, 0.1% 
sucrose, or 0.1% lactose. Carbon and nitrogen are essential for enzyme activity and 
thereby PAH degradation (Hofrichter et al. 1998).

The microbial population, number and type of the microorganisms, degree of 
acclimation, accessibility of nutrients, chemical structure of the compound, cellular 
transport properties, and chemical partitioning in growth medium also affect the 
biodegradation of PAHs.

18.14  Commercial Applications of Bioremediation 
in Petroleum Industry Waste Management

In the bioremediation of contaminated sites, in situ, on-site, and bioreactor tech-
niques are commonly practiced techniques for PAH removal. Luna et  al. (2013) 
reported Candida sphaerica UCP0995 for application in the petroleum industry.

Straube et al. (2003) reported the use of Pseudomonas aeruginosa strain 64 for a 
pilot-scale land farming treatment of PAH-contaminated soil from a wood treatment 
facility. Along with bioaugmentation, they have also undertaken biostimulation of 
the soil with water, ground rice hulls as a bulking agent, and palletized dried blood 
as a nitrogen source. The total PAH reduction was ∼86% along with substantial 
reduction in high molecular weight PAHs in 1 year.

Lundstedt et al. (2003) found higher reduction in low molecular weight PAHs 
during treatment of an aged gaswork soil contaminated with PAHs. Guerin (2000) 
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found significant PAH removal from the soil at a tar-contaminated site is remediated 
by composting along with conventional land treatment process.

Bewley and Webb (2001) reported bioaugmentation and biostimulation pro-
cesses for in situ bioremediation of an aquifer contaminated with PAHs with nutri-
ents (a commercial mixture of urea and diammonium phosphate), a commercially 
available phenol-degrading mixed bacterial inoculum (PHENOBAC, Microbac 
Ltd., Durham), and sodium nitrate (an oxygen source). The PAH reduction obtained 
was 0.9 μg L−1 from 11 μg L−1 after 2.5 years of treatment. Sasek et al. (2003) also 
reported the remediation of a manufactured gas plant soil contaminated with PAHs 
via composting in a thermally insulated chamber using mushroom compost contain-
ing wheat straw, chicken manure, and gypsum. The PAH removal obtained after 
100  days was ∼37 to 80% of individual PAHs; degradation was observed after 
100 days of composting. Zein et al. (2006) reported more than 99% PAH removal 
after ex situ aerobic biotreatment of groundwater contaminated with PAHs, gasoline 
hydrocarbons, and methyl tert-butyl ether.

18.15  Future Perspectives

The newly developed strategies for remediation of PAH by microbes include 
increase in PAH bioavailability by development of efficient biosurfactant produc-
tion and the use of bio-emulsifiers and bioluminescence-based biosensors to detect 
and monitor the PAH in the environment, and improvement in genetic engineering 
to overcome the limitations of conventional remediation approaches. The develop-
ment on alternate mechanisms, modifying structures and functions by engineering 
genes, enzymes, or microorganisms, may help in efficient degradation pathway for 
PAHs. The bioremediation of PAH was advanced by biomolecular engineering with 
rational design and directed evolution approaches. More research work should be 
focused on improvising the bioremediation techniques for PAH removal in an effi-
cient and eco-friendly manner.

18.16  Conclusion

The bioremediation approach for cleaning up of the environment contaminated with 
the hydrophobic polycyclic aromatic hydrocarbons in petroleum wastes generated 
from the petroleum industry by the PAH-degrading bacteria has exert less pressure 
on the environment.

• Sixteen priority polycyclic aromatic hydrocarbons are identified by US EPA 
based on its health impacts.

• The low solubility in water reduces its bioavailability and increases persistence.
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• Many bacterial, fungal and algal species are identified as potential PAH 
degraders.

• The low molecular weight PAH compounds are more accessible and degradable 
by the microbial community.

• The conventional bioremediation approaches have its limitation in PAH degrada-
tion mechanisms.

• The production of enzymes and biosurfactants by genetic and protein engineer-
ing helps to improve biodegradability of high molecular weight PAHs.
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