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Preface

Soil is a living, active and nonrenewable reserve and a crucial ecosystem
component. Soil presents absorbing and emitting capabilities and is susceptible to
contamination by a multiplicity of exogenous and endogenous sources. The study of
soil resources and environmental problems is a broad, fascinating field that can take
numerous dissimilar directions. Today, many anthropogenic ,as well as geogenic
activities, are pressing in soil health, generating a strong ecological concern that
requires an interdisciplinary approach involving both regulatory organizations
and institutions for promptly resolving this situation. Soil contamination is very
complex, and it is also often unsafe and harmful to all living species, including 
human beings specifically. It most frequently occurs from urban development, 
agricultural practices, military activities, mine tailings, metal industries, industrial 
accidents, deposits, or the transport of hazardous chemicals, among several 
other sources. Like pesticides, chlorinated compounds, and nitrogen, certain
trace elements such as arsenic, lead, cadmium, copper, mercury, silver, or nickel 
pollutants can both be naturally present in the soil and be the consequence of
human-made activities that nature cannot—or can only very slowly—decompose
or degrade. These interventions can fragment, change, or even destroy soil habitats, 
significantly modifying the biota that lives in the soil. Whereas soil has a marked 
self-purification capacity, cleaning up contaminated sites is a long and expensive
process. Nonetheless, environmental remediation is an important focus of the green
economy, and a wide variety of conventional and emerging technologies must
rapidly be employed to remove contaminants from polluted sites in order to restore
the soil environment and protect the health of living species, including humans. 
Finally, ensuring long-term management as a final step is mandatory to evaluate the
effectiveness of remedial strategies.

This single volume comprises fifteen high-quality chapters, organized into two
sections, describing several issues related to soil contamination. The first section, 
Contamination Sources, comprises seven excellent and detailed chapters, starting 
with an update in the first chapter about the toxicity of heavy metals in several 
matrices including soil, water, air, and living organisms, presenting this problem
as the main cause of environmental deterioration. This is followed by a second 
chapter providing information about the advantages and disadvantages of using 
microbial indices for heavy metal–contaminated and restored soils, highlighting 
the importance of understanding the mechanism(s) of responding to heavy
metal stress and the methods available for the microbial diagnosis of heavy
metal–contaminated soils. The third chapter presents an overview of the effect
of pentachlorophenol pesticide contamination on microbial diversity, enzymatic
activities, microbial biomass, and physicochemical soil characteristics, including 
a description of a bioremediation process. The fourth chapter summarizes the
various sources of cadmium present in the environment and its toxic effects
on plants and humans. It also includes a description of some bioremediation
approaches to mitigate cadmium pollution in the environment. The fifth chapter
provides information about how the prolonged use of high doses of fertilizers of

XII
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animal origin, such as swine manure, can result in the accumulation of metals 
and phosphorus in the soil. These accumulations potentially contaminate both 
the soil and surface water resources, mainly due to losses from runoff and 
subsurface leaching. The sixth chapter depicts one of the potential sources of soil 
contamination in agricultural production worldwide: the application of chemical 
fertilizers employed in excessive and disproportionate quantities. The chapter also 
summarizes the evidence regarding the employment of biofertilizers as an  
eco-friendly alternative for improving soil quality. Lastly, the seventh chapter 
of this section provides information about the application of fine materials from 
different rock types, such as basalt, trachyte, and volcanic pyroclastic fragments, 
in addition to sedimentary rocks like limestone and gneiss, as potential fertilizers 
on tropical soils from Cameroon. The chapter focuses on strategies for soil acidity 
management and the employment of this type of material as a potential source 
of phosphorus. 

The second section of this book, Remediation Technologies, emphasizes integrated 
remediation approaches for detecting potentially biohazardous contaminants. The 
eighth chapter evaluates the phytoremediation potential of two ornamental plants, 
namely Basella alba and Codiaeum variegatum, in heavy metal–contaminated 
soils collected from several sites in Nigeria. The study reveals the ability of both 
plants to remove heavy metals, the heaviest concentration found to be accumulated 
in the roots rather than the shoots. The ninth chapter reviews the particularities 
of hexachlorocyclohexane (HCH)-contaminated soils and critically examines 
the bases and results of the technologies applied, paying special attention to 
physicochemical remediation processes. The tenth chapter aims to highlight the 
huge potential of several types of microorganisms being used as an attractive 
way of removing or remediating pollutants in landfill leachates, emphasizing 
their cost-effective and environmentally friendly benefits. The eleventh chapter 
discusses how to take phytoremediation approaches from a proven technology 
to accepted practice in an urban context. Additionally, it presents an overview 
of urban soil types following the application of phytoremediation to urban soils, 
focusing on inorganic and organic pollutants, to provide a frame of reference 
for the subsequent discussion on the better utilization of phytoremediation. The 
twelfth chapter aims to highlight the importance of the synergistic association 
between plants and microbes for the remediation of petroleum hydrocarbons as an 
effective tool for reclaiming the soil and the environment. The thirteenth chapter 
offers an interesting overview of the environmental role of nanophytoremediation 
in the elimination of the bioaccumulation of toxic nanoparticles. This innovative 
and encouraging technology has gained greater attention due to its current 
use in research on plants. This chapter describes several plant families that 
act in the biosynthesis of nanoparticles as well as the physiological process of 
nanophytoremediation. The fourteenth chapter provides an interesting overview 
of the role of soil management and conservation in enhancing microbial activity 
for soil ecological intensification as well as in buffering the soil to neutralize 
contaminants. The final, fifteenth chapter highlights the employment of green 
technologies like phytoremediation, biostimulation, and biodegradation for soil 
sustainable remediation, including information about nanotechnology in the 
degradation of contaminants.

The editors of Soil Contamination - Threats and Sustainable Solutions are 
enormously grateful to all the contributing scientists for sharing their knowledge 

V

and insights in this interdisciplinary book project. They have made an extensive 
effort to arrange the information included in every chapter. The publication of this 
book is of high importance for researchers, scientists, and engineers with expertise 
in diverse fields of soil science, health, toxicology, policy making, and other 
disciplines, who can contribute and share their findings in order to take this area of 
study forward for future investigations.

Sonia Soloneski Ph.D. and Marcelo L. Larramendy Ph.D.
School of Natural Sciences and Museum,

National University of La Plata,
La Plata, Argentina

XIV



V

and insights in this interdisciplinary book project. They have made an extensive 
effort to arrange the information included in every chapter. The publication of this 
book is of high importance for researchers, scientists, and engineers with expertise 
in diverse fields of soil science, health, toxicology, policy making, and other 
disciplines, who can contribute and share their findings in order to take this area of 
study forward for future investigations.

Sonia Soloneski Ph.D. and Marcelo L. Larramendy Ph.D.
School of Natural Sciences and Museum,

National University of La Plata,
La Plata, Argentina

XV



1

Section 1

Contamination Sources



1

Section 1

Contamination Sources



3

Chapter 1

Heavy Metal Contamination
Soni Kumari and Amarnath Mishra

Abstract

In the era of industrialization, pollution has totally deteriorated the quality 
and diversity of life. Heavy metal contaminations are the major causes of environ-
ment deteriorations. The basic reasons are natural as well as anthropogenic. Chief 
sources of heavy metal contamination are air pollution, river sediments, sewage 
sludge, town waste composts, agricultural chemicals like fertilizers and pesticides, 
and industrial waste like factories releasing chemicals, anthropogenic activities, 
etc. Agricultural soils in many parts of the world are generally contaminated by 
heavy metal toxicity such as Cd, Cu, Zn, Ni, Co, Pb, Hg, As, etc. These are due 
to the long-term use of phosphate fertilizers, sewage sludge, dust from smelt-
ers, industrial waste, etc. Heavy metals in soils are detected with some specific 
instruments like atomic absorption spectroscopy, inductively coupled plasma, 
inductively coupled plasma-mass spectroscopy, and X-ray fluorescence and spec-
troscopy. Among all these instruments, atomic absorption spectroscopy (AAS) is 
the best because it gives the precise quantitative determination. AAS is a method 
applied for measuring the quantity of the trace elements present in the soil or any 
other samples.

Keywords: environmental forensics, heavy metals, soil, water, air, public health

1. Introduction

Heavy metals are principally referred as the metals which have high densities 
and atomic weights or atomic numbers.

Or
In metallurgy, heavy metals are defined on the basis of densities, and in 

Physics, it is defined on the basis of atomic number while in chemistry on the 
basis of chemical behaviour. In biochemistry, heavy metals are defined whether 
it is Lewis’s acid (electron pair acceptor) performance of the ions in the aqueous 
solutions [1].

Some examples of heavy metals are iron (Fe), copper (Cu), tin (Sn), and other 
elements metals such as silver (Ag), gold (Au), and platinum which are precious; 
these were the earliest known metals. Other heavy metals are moreover essential 
nutrient, for example, iron, cobalt, and zinc some comparatively less dangerous 
such as ruthenium, silver, and indium; but can be toxic in the larger amounts or in 
their definite form [2]. Then a number of the certain heavy metals which are such as 
cadmium, mercury, and lead are highly poisonous.

Heavy metals contamination can be observed in soil, water (rivers), air (atmo-
sphere), etc. The composition and physical properties and chemical structure of 
each of the heavy metals are different. No doubt that the heavy metals are toxic 
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as well as hazardous. They have harmful effects. Heavy metals are needed to be 
handled with care. Some heavy metals tend to be less reactive, whereas some are 
very reactive. These are thought to be toxic or highly destructive to the environ-
ment. Heavy metals mortify air, water, and soil quality and consequently cause 
health issues in plants, animals, people, etc. Some toxic elements are also regarded 
as beneficial, but only in small quantities for human health. These elements are 
vanadium, manganese, cupper, iron, zinc, strontium, selenium, molybdenum etc. 
The deficiency of these metals is harmful and may increase susceptibility to heavy 
metal poisoning. Chronic level ingestion of heavy metals toxic or heavy metals 
has dangerous effects on human body, and the impacts are observable only after 
several years of exposure [2].

According to their toxicity to living organisms, the heavy metals are arranged in 
the following order: Hg > Cu > Zn > Ni > Pb > Cd > Cr > Sn > Fe > Mn > Al [3].

1.1 Properties of heavy metal

• Heavy metals are less reactive than the other lighter metals.

• Heavy metals are relatively scarce in the Earth crust, means concentration of 
heavy metals are less.

• Heavy metals have usually higher density than the light metals.

• These metals are quite hard whereas soft metals are easy and tend to cut 
easily.

• Thermal expansively of heavy metals is lower than the light metals.

• Melting point of heavy metals varies from low to high whereas light metals 
have low melting point.

• Tensile strength of heavy metals is mostly higher.

• Heavy metals are less abundant in earth crust.

• These are extremely insoluble in sulphides.

• These are generally insoluble in hydroxides.

• Heavy metals form coloured solutions in water.

• Complexes of heavy metals are mostly coloured.

• Heavy metals are the micronutrients, required in small concentrations whereas 
light metals are the macronutrients required in larger concentrations.

1.2 Uses of heavy metals

If heavy metals are toxic, they are useful or beneficial also. Its regular uses 
depend on the general characteristics of heavy metals such as electrical conductiv-
ity and reflectivity or some other general characteristics such as its density, its 
strength, and its durability. Other uses depend on the quality of the particular 
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element, such as their biological role as nutrients or poisons or some other specific 
atomic properties. Some examples of the atomic properties include partially filled 
d or f orbital that enables the formation of coloured complexes. Other uses are in 
sport, mechanical engineering, military ordnance, and nuclear science, which take 
the advantage of their relatively high density. In mechanical engineering heavy met-
als are used as ballast in boats, aeroplanes, and other motor vehicles or in balance 
weights on wheels and gyroscope and propellers and centrifugal clutches, in situa-
tion requiring maximum weight in minimum space. In military ordnance, tungsten 
and uranium are used in armour plating and armour piercing projectiles, as well as 
in nuclear weapons to increase the efficiency. Also, denser materials absorbs more 
radioactive emissions than the lighter ones, so heavy metals are useful for radia-
tion shielding and to focus radiation beams in linear accelerators and radiotherapy 
applications [3].

2. Heavy metals contamination in soil

Soil is an essential constituent of an ecosystem. Soil has the absorbing and 
emitting capabilities, which is vulnerable to contamination by a wide variety of 
sources. The continuous development of the urbanisation leads to constructions, 
agriculture farming, cemetery, and traffic emission. Soil, where we live, where we 
do our agriculture, is not safe from these metals. Heavy metals reached into the soils 
as from the parent materials (lithosphere) and from different human activities. 
There are some factors which affects the presence and division of the these metals 
in the earth; they are the composition of the parent rocks, the extent of weathering 
and the chemical, physical and, biological features of the soil, and it also depends 
on the climatic conditions. Human activities are the major cause and are gradually 
increasing day by day which results in the deterioration of environment [4].

2.1 Sources of heavy metal

These metals in soil reach through many sources which include atmospheric 
deposition, improper disposal of the industrial solid and liquid waste, mining activ-
ities, sewage, and using of pesticide and fertilisers. These metals in the environment 
are released mainly from the gas, dirt, and dust produced by the transportation, 
energy, metallurgy, and during building. Heavy metal basically reaches into the air 
in the form of aerosol and finally deposit in the soil through natural sedimentation 
and rainfall process.

Automobile transport causes some serious heavy metal contamination. Also, 
heavy metals are brought into soil by irrigative sewage, sanitary sewage, chemical 
waste water, and industrial mining. Industries release a lot of harmful chemical 
which are directly released to river or an open area. Also, people nowadays use 
a lot of fertilisers, pesticides, for agricultural purposes. The long-term extreme 
application has resulted in the degradation of the soil. Heavy metals are the largely 
reported pollutant inside the fertilisers. Phosphoric fertilisers generally contain 
high amount of toxic heavy metals, whereas nitrogen and potash fertilisers contain 
considerably low amount of heavy metals.

An increased concentration of certain elements is found particularly in veg-
etables grown in the nearby of industrial plants and busy roads, as well as in crops 
exposed to municipal and agricultural wastewater [4]. This may result in disrupted 
balance of these elements, and in turn significantly affect their bioavailability and 
interaction with other food ingredients as well as other metals. Different branches 
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of industry as well as road traffic have a significant impact on the environmental 
pollution with the heavy metals such as the following chrome from metallurgical, 
paint, and tanning industries, nickel mainly from the steel industries and burning 
of coal and liquid fuel, cadmium from metal smelters, while along reads another 
sources of contamination with this element may be grease used in motor vehicles 
and lead from paints industries, metallurgical, and glass industries. The main 
sources of lead contamination in soils, air, and plants are the exhaust gases releasing 
from [4].

2.2 Impact of heavy metals contamination of soil

Microbial activity and the enzymatic activity gradually decrease because of 
heavy metals. Microbial activities are inhibited. Different metals in soil have 
different effects on it. Low concentration of heavy metals indicates high microbial 
activity and growth and thus high microbial biomass and high quantity of the met-
als in the soil indicates very low microbial growth and thus results in low microbial 
biomass. A significant role in process of organic matter decomposition and nutrient 
cycling are played by the enzymes. So due to excess heavy metals in soil reduces its 
enzymatic activity. These degrade the quality and quantity of the soil which are not 
good for fertilisation. The soil loses its fertility and it is completely degraded. So, the 
degraded soil is of no use; it will only be considered as barren land.

2.3 Impact of heavy metals contamination of plants

Heavy metals in soil mean heavy metals in plants too. The prime reaction of 
plants is production of reactive oxygen species (ROS) on the exposure to high level 
of heavy metals. Through soil it reaches the plants and water. In water, heavy metals 
reach not only through water but from the environment too. The aerosol particles 
are present in the atmosphere; these reach the water, soil, from soil to plants and 
water. These all are related, and all are affected by one another. And high concentra-
tion of heavy metals in soil means high concentrations in environment and the sur-
rounding which is a global threat. The heavy metals they are not easy to remove but 
they get incorporated easily. Exposure to heavy metals is toxic is a serious problem 
the motor vehicles [5].

The risk of heavy metal presence in vegetables cultivated near old industrial 
areas is significant. Industrial and municipal sewage is also an important source of 
heavy metals. Also, wastewater irrigation is an important approach for irrigation 
in agriculture which is treated biologically. Wastewater irrigation has changed 
physical and chemical properties of the soil and led to the heavy metals’ uptake 
by plants, mostly vegetables as vegetables are grown mostly. And vegetables 
grown in such soils has high amount of heavy metals accumulated in them. Also, 
concentration of heavy metals in the soil also depends on amount of fertilisers 
and pesticides being used in the soil. The higher we use fertilisers and pesticides 
in the soil for the plants to grow better and to protect them from the insects and 
the weeds the higher the chemicals will reach the soil and will be absorbed by the 
plants or vegetable being grown in that particular soil. So, the amount of fertilis-
ers and pesticides doses also influence the amount of heavy metals in the soil. 
Also, some other sources of heavy metals are used as plant protectors’ products. 
The dynamics of the heavy metals in the soil and their uptake by plants depend 
on the soil properties, which play a key role in the bioavailability of these metals. 
The level and amounts of these heavy metals accumulation in plants depends on 
among others, soil types, pH, humidity, and micronutrients content as well as 
the time of crop harvesting. Among these, the acidic pH is considered to be the 
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most important factor influencing the increased in absorption of heavy metals 
by vegetation. Whereas in alkaline soils, a risk of heavy metal leaching and their 
bioavailability to plants are lower and the presence of organic matter can inhibit 
metals uptake from the soil solution. By changing these following soil properties 
that determine metal solubility in the soil, heavy metals are transferred in its 
solid phase. Metal mobility and bioavailability may be influenced by addition of 
organic and inorganic matter [6].

A basic treatment restricting metal mobility is soil de-acidification by liming. 
Some studies revealed that phosphate stabilises Pb by reducing its availability 
in the soil. But this effect depends on the soil type. The addition of phosphate 
increases soil permeability, thus contributing to arsenic migration deeper into 
soil profile and entering groundwater. Adding materials which are rich in organic 
compounds such as compost, tree bark, sawdust, or granulated or powdered lig-
nite, are generally recommended to reduce mortality and bioavailability of metals. 
Some studies also show that regular addition of organic matter in large quantities 
may inhibit metal uptake from the soil solution. Also, organic matter stabilises 
trace elements in the soil, and addition of compost may lead to increase in accu-
mulation of metals in cultivated plants. Other studies show that lead and arsenic 
levels in vegetables were strongly correlated with a total content of these meals 
in the soil, and not with organic matter content in the soil or a level of compost 
addition. Some researchers also proved that the soil age also plays a crucial role in 
modulation of metal bioavailability in plants. Higher content of heavy metals is 
found in old flat wetlands due to long term discharges of municipal and industrial 
wastewater. Some analysis shows that bed rock is a source of Fe and Mn, while 
copper, zinc, cadmium, chromium, nickel, and lead are of anthropogenic origin. 
After comparing wet ditches and reclaimed wetlands, levels of some heavy metals 
such as lead, cadmium, and zinc are found in excess or in higher amount in wet-
lands because the wetlands are richer in mangrove soils. Apart from the soil factors 
which influence the presence and concentration of heavy metals in soil absorp-
tion of metals differ in different types of soils and plants. An important variation 
in metal concentrations was also seen being depending on the location in plant 
tissue, species also on the varieties of the same species. Such as concentrations of 
nickel, chromium, and cadmium were highest in plants roots, while leaves have 
highest level of lead accumulation. There are differences in the concentrations of 
heavy metals in edible parts of different plants and vegetables and concentration 
also varies. Cadmium and zinc are accumulated to a higher extent in lettuce and 
spinach, and lead was highly accumulated in lettuce and onions. Also, vegetables 
of the same species accumulated different amount and concentration of the heavy 
metals depending on the cultivar [6].

 < < <
< <

Legumes vegetables melon vegetables alliums vegetables root vegetables
solanaceous vegetables leafy vegetables.

Heavy metals concentration is higher than in potato, carrot, tomato, kohlrabi, 
and green bean seeds. After some studies, it is concluded that edible parts have 
highest heavy metal concentration in leafy vegetables, lower in root vegetables, and 
minimum or lowest in fruit vegetables. Root vegetables in plants are particularly 
susceptible to cadmium accumulation. Uptake of cadmium is extremely easy, both 
by the root and the leaves system, generally in proportion to its concentration in the 
environment, despite of the soil properties. However, acidic soil is considered to 
be most important factor influencing its increased phyto assimilation. Cadmium is 
characterised by a high bioaccumulation index up to 10 and its content in plants is 
commonly directly proportional to its content in the soil [7].
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Cultivation of vegetables in regions is characterised by high density of the indus-
trial and factorial, or nearby the busy roads like has traffic 24 hours result in sig-
nificant contamination of crops with heavy metals. On the other hands, irrigation 
of agricultural fields with the wastewater results in the considerable contamination 
with the heavy metals and thereby to the accumulation of metals in vegetables 
cultured there. It is also important to maintain rational approach to fertilising and 
the use of plants protection products because they also increase accumulation of 
these metals in plants. They should be used in a reasonable amount so that could be 
beneficial for the plants or vegetables as well as the soil. Also if the concentration 
of heavy metals in the soil and the plants are in limit, they could be taken care off 
or if they reach into the body of any human being through plants or vegetables; 
they are in little amount or they can be cured but if once the concentration of heavy 
metals exceeds its reasonable limit, they then become very difficult to be cure and 
also causes difficulties in identifying. Leafy vegetables and root vegetables have the 
metals that have the greatest ability to accumulate the heavy metals absorb from the 
soil. Therefore, they should not be grown in such types of soil or the soil should be 
experimented or it should be examined properly before growing of the vegetables. 
Or they should not be grown at all. Once the plants or animals or human being are 
contaminated with the heavy metals, it is very difficult to cure them. Some causes 
damage to the internal organs like damage to the respiratory system, cardiovascular 
system, excretory system, neuromuscular system, and some other causes damage to 
the functioning of brain activity, heart, lungs, and kidney activity. In extreme cases, 
it can lead to paralysis or even death. So, one must take care of themselves. As soil is 
not the only one factor or way through which heavy metals reach the human body in 
fact there are many other ways such as through water, through air, and many other 
ways [7].

2.4 Toxic affects

Soil contaminated with zinc due to fertilisers, urban compost, emission from 
municipal waste incinerators, and other anthropogenic activities. Also, zinc is as 
essential nutrient for living organisms while cadmium is non-essential and poten-
tially toxic for higher plants, animals, and also for the humans. Excess concentra-
tion of zinc leads to phytotoxicity, limits in its growth of both roots and shoots, 
senescence, chlorosis in younger leaves, and later extends to older leaves. Copper 
is a micronutrient for plants and its role is in CO2 assimilation and ATP synthesis. 
It reaches to soil through industrial activities and human activities like mining and 
smelting of Cu containing ores. Excess of Cu in soil leads to growth of plants and 
its reduction. Mercury reaches the soil mainly in the solid phase through adsorp-
tion. It accumulates in the higher aquatic plants. It induces physiological disorder. 
Chromium is heavy metal and is a serious threat for the environment contamina-
tion of soil. Its toxicity is seen in many plants. Its toxicity leads to alterations in the 
growth of roots, stems, and leaves, deleterious effects on the plants physiological 
process such as photosynthesis, water relations, and mineral nutrition. Cobalt, this 
naturally occurs in the earth crust as cobaltite, erythrite, and smaltite. Excess of 
Ni2+ in soil causes various physiological alterations and diverse toxicity symptoms 
such as chlorosis and necrosis according to different species, shows impairment 
of nutrient balance, and resulted in disorder of cell membrane functions. Other 
symptoms are changes in water balance, etc. Lead accumulations are gradually 
decreasing in the plants and the nearby highway and roads as when the law came 
up with using of lead-free petrol. Properties of soil include its texture, capability to 
absorb water, Ph value, and ion exchange capacity. Lead, mercury, and chromium 
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are usually tightly fixed in soils, and cadmium and zinc are readily absorbed by 
the plant roots. The heavy metals are absorbed by the plants through soil. These 
metals are absorbed by plants roots and get accumulated in the softer tissue of 
plants. These metals are not metabolised by the tissues, so it gets accumulated. From 
plants, it reaches human body. Human being consumes the plants containing the 
heavy metals, and the metabolization in humans too is not proper and thus it gets 
accumulated there. This further becomes toxic for the human and they face the 
consequences in form of the diseases.

Plants uptake the heavy metals that are present in soluble components in soil 
solution or those which can be easily solubilised. Some heavy metals are essential 
for the plants for their growth and upkeep, but in excess amount, these metals 
become toxic for the plants and even for the humans too. Plants growing in the soils 
containing heavy metals show reduction in growth, yield, and performance too. 
Growth reduction because of changes in physiological and biological process in 
plants growing on heavy metals polluted soil is seen. Continued growth in the size 
of plants leads to decrease in the yields which eventually lead to food insecurity. Soil 
properties affect metal availability in many ways. Like pH is the main factor affect-
ing metal availability in soil. Other factors like density and type of charge in soil 
colloids the degree of complexation with ligands and the soils relative surface area.

Heavy metals reach the soil through the air\atmosphere and absorb by the roots 
of the plants and get accumulated in the softer tissues of plants. Plants experience 
oxidative stress on exposure to the heavy metal that finally leads to the cellular dam-
age. Also, plants accumulate metal ions that destroy the cellular ionic homeostasis. 
To overcome the hazardous effects of heavy metal exposure and their accumula-
tion, plants have developed detoxification method. These mechanisms are mainly 
based on chelation and sub cellular compartmentalisation [8].

2.5 Impact of heavy metal contamination on humans

Heavy metals reach human body through intake of plants containing it. Heavy 
metals turn out to be venomous, when not metabolised via the body and thus they 
accumulate or gather in the softer tissues. Chronic level ingestion of heavy metals 
toxic or heavy metals has hazardous effects on human body, and the impacts are 
noticeable only after several years of exposure. Heavy metals enter plants, animals, 
and human tissue through air (inhalation), diet (humans consuming both plants 
and animals or animal consuming plants and in turn humans consuming animals). 
These metals not only cause hazardous effects to humans only but are harmful for 
soil too. Toxic metals are a threat for both terrestrial and aquatic ecosystem. Heavy 
metals contaminate water bodies, soils, and sediments, after releasing from both 
natural or anthropogenic or human activities. Heavy metals are importunate, so 
they accumulate or deposit in the ground waters. Contamination also occurs when 
these metals are released into air through volcanic activities and from different 
industrial emission which ultimately return to the land.

Cadmium toxicity has been identified in the liver, brain, kidney, lungs, pla-
centa, and bones. It causes muscular weakness, vomiting, abdominal cramps, and 
nausea. In Japan, Itai-Itai diseases brought dangers of cadmium into attention. 
Zinc is considered nontoxic, however, if taken in excess amount causes vomiting, 
impairment of growth, diarrhoea, bloody urine, reproductive issues, liver and 
kidney failure and anaemia. Cupper, exposure to high levels causes hepatic and 
renal damage, severe gastrointestinal irritation, skin irritation, etc. Heavy met-
als are detected in soil with some specific instruments like Atomic Absorption 
Spectroscopy (AAS), Inductively Coupled Plasma (ICP), Inductively Coupled 
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are usually tightly fixed in soils, and cadmium and zinc are readily absorbed by 
the plant roots. The heavy metals are absorbed by the plants through soil. These 
metals are absorbed by plants roots and get accumulated in the softer tissue of 
plants. These metals are not metabolised by the tissues, so it gets accumulated. From 
plants, it reaches human body. Human being consumes the plants containing the 
heavy metals, and the metabolization in humans too is not proper and thus it gets 
accumulated there. This further becomes toxic for the human and they face the 
consequences in form of the diseases.

Plants uptake the heavy metals that are present in soluble components in soil 
solution or those which can be easily solubilised. Some heavy metals are essential 
for the plants for their growth and upkeep, but in excess amount, these metals 
become toxic for the plants and even for the humans too. Plants growing in the soils 
containing heavy metals show reduction in growth, yield, and performance too. 
Growth reduction because of changes in physiological and biological process in 
plants growing on heavy metals polluted soil is seen. Continued growth in the size 
of plants leads to decrease in the yields which eventually lead to food insecurity. Soil 
properties affect metal availability in many ways. Like pH is the main factor affect-
ing metal availability in soil. Other factors like density and type of charge in soil 
colloids the degree of complexation with ligands and the soils relative surface area.
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of the plants and get accumulated in the softer tissues of plants. Plants experience 
oxidative stress on exposure to the heavy metal that finally leads to the cellular dam-
age. Also, plants accumulate metal ions that destroy the cellular ionic homeostasis. 
To overcome the hazardous effects of heavy metal exposure and their accumula-
tion, plants have developed detoxification method. These mechanisms are mainly 
based on chelation and sub cellular compartmentalisation [8].

2.5 Impact of heavy metal contamination on humans

Heavy metals reach human body through intake of plants containing it. Heavy 
metals turn out to be venomous, when not metabolised via the body and thus they 
accumulate or gather in the softer tissues. Chronic level ingestion of heavy metals 
toxic or heavy metals has hazardous effects on human body, and the impacts are 
noticeable only after several years of exposure. Heavy metals enter plants, animals, 
and human tissue through air (inhalation), diet (humans consuming both plants 
and animals or animal consuming plants and in turn humans consuming animals). 
These metals not only cause hazardous effects to humans only but are harmful for 
soil too. Toxic metals are a threat for both terrestrial and aquatic ecosystem. Heavy 
metals contaminate water bodies, soils, and sediments, after releasing from both 
natural or anthropogenic or human activities. Heavy metals are importunate, so 
they accumulate or deposit in the ground waters. Contamination also occurs when 
these metals are released into air through volcanic activities and from different 
industrial emission which ultimately return to the land.

Cadmium toxicity has been identified in the liver, brain, kidney, lungs, pla-
centa, and bones. It causes muscular weakness, vomiting, abdominal cramps, and 
nausea. In Japan, Itai-Itai diseases brought dangers of cadmium into attention. 
Zinc is considered nontoxic, however, if taken in excess amount causes vomiting, 
impairment of growth, diarrhoea, bloody urine, reproductive issues, liver and 
kidney failure and anaemia. Cupper, exposure to high levels causes hepatic and 
renal damage, severe gastrointestinal irritation, skin irritation, etc. Heavy met-
als are detected in soil with some specific instruments like Atomic Absorption 
Spectroscopy (AAS), Inductively Coupled Plasma (ICP), Inductively Coupled 
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Plasma-Mass Spectroscopy (ICP-MS), and X-ray Fluorescence and Spectroscopy 
are used. Among all these instruments, atomic absorption spectroscopy gives the 
precise quantitative determination. The research basically focuses on the study to 
find out the presence of heavy metal, and quantity or amount of heavy metals or 
what the heavy metals are [9].

2.6 Forensic significance

Soil is like the fingerprint because as there are different patterns of fingerprint, 
the same way soil has its unique characteristics and properties that serve as its 
identification. Soils can be used as a profitable proof to establish the link between 
the suspect and the crime scene. Soil is a common blend of chemical, biological, 
and physical properties. If any heavy metals detected in soil, then it is used to 
geo-tag any particular location. Atomic Absorption Spectroscopy (AAS) is an 
apparatus for identification of the metals from the sample (soil, blood, serum, 
etc.) While investigating a various crimes, soils from different regions like sites 
of rivers, urban regions, industrial regions, and institutional regions etc. are 
used. Suppose we found a soil sample from the crime scene, it was sent further 
to laboratories tor its analysis. Whatever the result is like present of any heavy 
metals or ay normal or general metals will help to geo tag the location. By tallying 
both the question soil samples and the reference soil samples conclusions can be 
drawn [10, 11].

3. Heavy metals contamination of water

Water pollution includes contamination in liquid forms. Water pollution is of 
both marine pollution and river pollution. Industrial, factorial and consumer waste, 
fertilisers and pesticides, and acid rain which fall in the soils and finally reache 
these heavy metals into streams, rivers, lakes, and ground water. Heavy metals tend 
to bio accumulate and thus they are dangerous. It is well said that because of water, 
life exists in biosphere. And water is a universal solvent. Various inorganic chemi-
cals and organic chemicals are dissolved in water, and the environment impurities 
are also dissolved in water. Both aquatic ecosystems be it fresh water or marine 
all are affected because of pollution. Water contamination is a serious environ-
mental issue and which has direct impact on animals, plants, and human beings. 
Heavy metals are tremendously lethal to aquatic life even at small concentrations. 
Histopathological modification in the tissues of aquatic organisms such as fish, 
insects, and other aquatic life are seen because of the toxicity of the water. As these 
metals do not decompose, they accumulate in the soft tissues of the aquatic animals 
as well as in plants too. Contamination by heavy metals from many other various 
sources is major threat to the water and its organism. One source is effluents which 
released from the factories and industries [12].

3.1 Sources of heavy metals in water

Environmental pollution from dangerous metals and minerals can appear from 
natural as well as human activities sources. Natural sources such as leakage from 
rocks into water, volcanic action, forest fires, etc. With quick industrialisation and 
changing in lifestyle supply of environment pollution has increased. Chromium 
through mining and industrial coolants; lead through lead acid batteries, E-wastes, 
and bangle industry; mercury through fluorescent lamps, hospital waste, and 
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electrical appliances; arsenic through natural process, fuel, and thermal power 
plants; copper and nickel through mining and electroplating; cadmium is released 
through waste batteries, e-waste, paints sludge, incinerators, and fuel combustions; 
zinc through smelting and electroplating [13].

3.2 Impact of heavy metal contamination of water

It releases toxic substances which are harmful for the aquatic life. Heavy metals 
tend to bio accumulate and thus they are dangerous for all the living organisms. 
Bio accumulates mean to boost concentration of any chemical in any living organ-
ism eventually. Increase in water pollution leads to release of toxic substance, 
pathogenic germs which requires more oxygen to decompose, for radioactivity, etc. 
Example: Eutrophication is a condition in which lack of oxygen in a water body is 
seen which is caused by unnecessary algae growth since it has enrichments of pol-
lutants. It kills all the aquatic plants, small fishes (which in turn feds on the aquatic 
plants), large fishes (which feeds on the small fishes), and the human beings. And 
finally degrade the environment. The quality of water everywhere is degrading 
day by day. It is becoming less suitable for any work, and for drinking purpose, it 
is completely unfit. But still some people have no choice, they filter the water and 
then they consume it. And the animals, they have no idea whether is suitable for 
drinking purpose or not, and after grazing, they come to the river, ponds, or small 
lakes to drink water. Along with the water, they take the toxic metals in them. And 
slowly this toxic metal affects their system and makes them ill and finally leads to 
their death [13].

3.3 Impact of heavy metal contamination on human

Animals graze on the plants which are contaminated with the heavy metals and 
then gulp the same water. The marine lives that breed in heavy metals contaminated 
water; both such metals form a mass in their tissue and milk. In short, every single 
living organism is dependent on each other for their survival. And when humans 
consume these plants and animals, they eat the toxic substances along with them. 
Specific metals have specific toxicity. And toxicity also depends on the concentra-
tion of the metals consumed. Cadmium is poisonous at a low level [10]. In humans, 
it leads to renal dysfunction, bone defects, osteoporosis, increases blood pressure, 
and myocardial dysfunctions. Lead is very harmful and mostly captivated by 
ingestion with food and water and through inhalation. One of the serious effects is 
teratogenic effect. Poisoning of lead also causes cessation of the production of hae-
moglobin, kidney dysfunction, and unceasing damage to central nervous system. 
Zinc has same effects as lead. Its excessive concentration causes improper growth 
and reproduction, diarrhoea, bloody urine, vomiting, kidney failure, and anaemia. 
Mercury is toxic as it causes spontaneous abortion, gastric intestinal disorder, etc. 
Many health-related issues occur because of protein deficiency including reduction 
of chondroblastic or osteoblastic activity. In this condition, normal growth and for-
mation of bones and cartilage gets manipulated, which finally results in irreparable 
body deformities in the growing child and in adults. Fishes are an important and 
staple food in the coastal regions of many parts of India. Hence, it is very important 
to know the correct amount of heavy metals present in the coastal amounts to 
protest both the aquatic and terrestrial life. Terrestrial life suffers damage to liver, 
kidney, heart, and body joints. The liver and kidney produce metallothioneins 
causing toxicity which is very hazardous for the human life [14]. In Figure 1, there 
is presentation of bioaccumulation and biomagnification.
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ingestion with food and water and through inhalation. One of the serious effects is 
teratogenic effect. Poisoning of lead also causes cessation of the production of hae-
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Zinc has same effects as lead. Its excessive concentration causes improper growth 
and reproduction, diarrhoea, bloody urine, vomiting, kidney failure, and anaemia. 
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Many health-related issues occur because of protein deficiency including reduction 
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is presentation of bioaccumulation and biomagnification.
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3.4 Impact of heavy metal contamination on fish

Heavy metals are continuously being released in aquatic environment from 
natural and anthropogenic activities such as industrial, factories and domestic 
sewage discharges, mining, farming, electronic waste, anthropic accidents, etc., and 
metals are easily dissolved in water and are subsequently absorbed by the aquatic 
organisms such as small and large fishes and invertebrate, including a wide range 
of biological effects from being important or essential to being lethal. In spite of 
the fact that some metals are essential at low concentration, at higher concentra-
tion, they could be inducing toxic and lethargic effects in organisms, disturbing its 
growth, metabolism or reproduction [16].

Micronutrients are such as copper, zinc, ferric, manganese, cobalt, molybde-
num, chromium and selenium, and macronutrients such as calcium, magnesium, 
sodium, phosphorous and sulphur. Apart from the essential elements, the non-
essential elements such as lead, cadmium, nickel, arsenic, and mercury show its 
toxic effects at a very low concentration. High levels of metals in the surrounding 
could be hazardous for the functioning of the natural ecosystem and human health, 
due to their toxic effects, long persistence, bio accumulative properties, and bio 
magnifications in the food chain. Due to the possibility that the aquatic biota can 
accumulate various chemicals, are used to measure the effects of metals on aquatic 
organism as an essential indicator of water quality [17].

The organic chemical can be metabolised by the organisms easily, but the 
majority of metals cannot be easily metabolised because of its non-biodegradability. 
Once they get introduced in the aquatic environment, the metals get redistributed 
throughout the water column, gets accumulated in sediments, or consumed by 
biota. Metal residues in contaminated habitats have the ability to bio accumulate in 
aquatic environment like aquatic flora and fauna, which in turn gets consumed by 

Figure 1. 
Bioaccumulation and bio magnification [15].
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the human beings or animals as food and enters the human food chain and finally 
results into health problems. Metal accumulation in sediments occurs through 
the process of precipitation of certain compounds. Some factors that control the 
bioavailability of metals are such as size or age, sediments, suspended matter and 
metal speciation, physical and chemical factors such as temperature, salinity, pH, 
ionic strength, concentration of the dissolved organic carbon, etc. [18].

The metals are up taken from the permeable epidermis if metals are in dissolved 
forms or through food ingestion if metals are in particulate forms. The ingestion 
uptake mainly depends on many factors. The suspended solid particles accumulate 
the insoluble metal compounds but under certain conditions, the metals reach the 
interstitial water being dissolved.

4. Discussion

Toxic metals are a threat for both terrestrial and aquatic ecosystem. Heavy met-
als contaminate water bodies, air, soils, and sediments, after releasing from natural 
or anthropogenic or human activities. Heavy metals are unrelenting or indestruc-
tible, so they both accumulate or deposit in the ground waters. Heavy metals reach 
water through the industrial, factorial, and consumer waste, through fertilisers and 
pesticides and also the from acid rain falling down in the earth which releases the 
heavy metals in the lakes, rivers, streams, and ground water. The release of factories 
and industrial effluents or waste is the chief source of water pollution as they are 
released directly into the rivers without being treated, which is a major threat to 
the aquatic life. Pollution of the rivers and water is a global problem because of 
its perseverance, bioaccumulation, and biomagnifications in the food chains and 
toxicity of the heavy metals. Atmosphere pollution is mainly in the gaseous state of 
the heavy metals and dust emitted by the transport, energy, metallurgy, and during 
building. Heavy metal principally goes in the atmosphere in the form of atomizer 
and gets deposited in the soil in the course of the natural sedimentation and rainfall 
process. Automobile transport causes some serious heavy metal contamination. 
Also, heavy metal is brought into soil by irrigative sewage, sanitary sewage, chemi-
cal wastewater, and industrial mining. Industries release a lot of harmful chemical 
which are directly released to river or an open area. Also, people nowadays use a 
lot of fertilisers and pesticides, for agricultural purposes. Factories and industrial 
outlets in the form of smoke, automobiles emissions and release of variety of com-
pounds and chemical are followed by increase by man’s some unwanted pollutants, 
which are serious threats and problem risking for the environment and for the man 
himself. Lead, mercury, and cadmium are the common air pollutants.

5. Conclusion

From the description of heavy metals, it can be concluded that these are toxic 
for all living beings. But the difference is in its concentration. If the concentration 
is low, the toxicity is also low but if it is high, it could be fatal. Heavy metals are 
present everywhere. These are present in soil, deposited in water, and present in 
the atmosphere too. These pollute the environment as well as human’s life. Through 
soil, it is absorbed by plants further by the herbivorous animals which in turn are 
eaten by the carnivorous animals as well as by the humans. These metals do not go 
off easily from the plants and animals instead it gets accumulated in the soft tissues 
of plants and animals and further reaches to humans. The heavy metals which are 
in the water degrade the quality of water and makes it unfit for drinking for all the 
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living beings and even for other purposes. It is a threat for the aquatic life. Because 
of this, the amount of dissolve oxygen decreases and thus the life which are under 
aquatic do not get sufficient oxygen to breathe, which could lead to death of the 
fishes, aquatic insects, animals, and plants. Heavy metals are present in the atmo-
sphere in the form of aerosols, air, etc. which directly goes into our lungs and then 
slowly to all our body parts through breathing. These heavy metals reached into 
the environment through the anthropogenic activities or human activities. By the 
industrial effluents, discharge of industrial and hospital waste directly into water 
without being treated, similarly the sewages are also released unto water without 
being treated, through vehicular emission.

We should control our activities and start thinking about the future. Already a 
lot of damage has been done to the environment and now it is time to take preven-
tive measures. That includes a forestation, sewage waste should be treated before 
releasing into rivers, non-biodegradable waste should not be dumped here and 
there, instead recycle it and then again use it, heavy and radioactive metals should 
be properly incinerated.
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by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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living beings and even for other purposes. It is a threat for the aquatic life. Because 
of this, the amount of dissolve oxygen decreases and thus the life which are under 
aquatic do not get sufficient oxygen to breathe, which could lead to death of the 
fishes, aquatic insects, animals, and plants. Heavy metals are present in the atmo-
sphere in the form of aerosols, air, etc. which directly goes into our lungs and then 
slowly to all our body parts through breathing. These heavy metals reached into 
the environment through the anthropogenic activities or human activities. By the 
industrial effluents, discharge of industrial and hospital waste directly into water 
without being treated, similarly the sewages are also released unto water without 
being treated, through vehicular emission.

We should control our activities and start thinking about the future. Already a 
lot of damage has been done to the environment and now it is time to take preven-
tive measures. That includes a forestation, sewage waste should be treated before 
releasing into rivers, non-biodegradable waste should not be dumped here and 
there, instead recycle it and then again use it, heavy and radioactive metals should 
be properly incinerated.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Heavy metal contamination has gained popularity worldwide due to their 
persistent nature in the environment, on the top of that non-biodegradable nature 
makes its accumulation easy to toxic levels. Understanding the nature of contami-
nation has become a major concern before heavy metals deteriorate the quality 
of soil; to diagnose heavy metal pollution suitable indices are required. Microbial 
indices gaining importance because of their sensitive nature towards change in 
surrounding, which is the imperative quality required to select microbes as envi-
ronmental indicators. Albeit enough literature is present related to this topic but 
the information is scattered so role of this chapter is imperative. The chapter will be 
helpful for the reader to provide a thorough understanding of merits and demerits 
of microbiological indices for heavy metal contaminated and restituted soils. The 
changes in microbiological indices and their mechanism of response towards heavy 
metal stress are effectively summarized. Research gap and future needs of microbial 
diagnosis of heavy metal contaminated soils are discussed.

Keywords: heavy metals, soil contamination, microbial indices, soil pollution,  
soil health

1. Introduction

Heavy metals are very crucial for maintaining the life cycle of living organisms. 
Albeit they are important but excessive accumulation of heavy metals is harmful for 
environment as well as for human health. Excessive accumulation of heavy metals 
in the soil may take different pathways, which may be through industrial residue, 
chemical manufacturing, pesticides and fertilizers, sewage irrigation, metal plating 
etc. but all sources are principally result of anthropogenic activities [1]. Heavy 
metal pollution in soils is present in different parts of the world including Spain, 
United states, France and India are in worst condition by Cd- contaminated soils 
[2]. Urban soils of Naples city and Mexico city is contaminated with Cu, Pb and Zn 
[3, 4]. Due to non- biodegradable nature of heavy metals their persistence in nature 
is very long which harms soil ecological environment [5]. Earlier studies proved 
that high heavy metal concentration cause certain harmful effects on microorgan-
ism as dysfunction of cell, protein degeneration, and sometimes destruction of 
plasma membrane [6]. Above that heavy metal contamination affects enzyme 
activity of microorganism, DNA sequencing as well as abundance is also affected 
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by heavy metal contamination. Thus, it is highly important to choose such indices 
which are accurate and efficient for the diagnosis and analysis of quality of heavy 
metal contaminated soils, so that preventive measures chosen beforehand and 
further deterioration of soil quality can be controlled as well as suitable remediation 
technique could be employed on time. Soil quality can be diagnose using sensi-
tive microbial indices, which are monitoring of soil microbial changes before and 
after contamination or some remnant part of land under observation. In a general 
perspective soil having higher microbial population or activity performs better and 
can be called as good quality soil. Using microbes for diagnosis have several advan-
tages i.e. (1) Microbes are active participants of soil ecosystem [7] highly sensitive 
for heavy metal contamination than plants and animals growing in the similar 
conditions [8]; (2) microorganisms are closely related to pollutant degradation and 
soil fertility conditions [9]; (3) microbial analysis requires a very small amount 
of sample, quick to perform, simple and cheaper [10]. One should always include 
some ecologically relevant attributes while diagnosing soil quality so that they give 
better performance while studying ecosystem quality. Microbiological indicators 
mainly include study of microbial population, microbial diversity, function and 
activity. If the indices are correctly selected they will give better information about 
heavy metal polluted soils. Albeit information about microbial indices are available 
in literature but that information is scattered. This chapter provides information 
about merits and demerits of using microbial indices for heavy metal contaminated 
soils. The changes occurred in different indices and their possible mechanism under 
heavy metal stress were studied comprehensively and summarized.

2. Diagnosis based on microbial abundance

Abundance of functional gene is a genetic diagnosis method of understanding 
heavy metal contaminated soils. Presently genes related to nitrogen transforma-
tion are gaining popularity in diagnosis of target soil. In the process of nitrification 
ammonium (NH4

+ − N) is converted to Nitrite (NO2
−) and ultimately to Nitrate 

(NO3
−) [11]. In the nitrification process ammonia oxidation is the rate limiting step 

in the global N-cycle [12, 13]. Ammonia oxidation is carried out by Ammonia oxi-
dizing archaea (AOA) and ammonia oxidizing bacteria (AOB) [14]. They contains 
different enzymes to carry forward the process like AMO, HAO and NXR. AMO 
protein contains alpha, beta and gamma subunits as it is a trimeric membrane- 
binding protein, units alpha, beta and gamma is encoded by genes amoA, amoB 
and amoC genes respectively [15]. Nitrite oxidation is carry forward by a group of 
microbes i.e. nitrite oxidizing bacteria (NOB) [16]. Heavy metal contamination is 
widely Diagnose using ammonia oxidizing gene as markers mostly amoA gene due 
to its conservative coding. When abundance of amoA gene is compared for AOB 
and AOA in a Cu contaminated soil it is found that amoA gene has a negative cor-
relation with Cu concentration [17]. When the sensitivity is compared AOB amoA 
gene was found more sensitive than AOA amoA gene. AOB and AOA amoA gene 
abundance is reduced when the soil is contaminated with As and Pb, the sensitiv-
ity of AOB was found higher than AOA [18]. Similar results were found in case of 
sensitivity when studied a Cd contaminated soil [11]. AOA found less sensitive than 
AOB it may be because of AOA have metal reducing ability and heavy metals are 
generally less toxic when they are in their reduced state i.e. lower valance state [19] 
which ultimately is beneficial in metal detoxification. AOA have more rigid cell 
membrane than AOB.

Just opposite to the above recorded observation, scientist indicated that in a Zn 
contaminated soil abundance of AOA amoA gene decreased quickly than ABO [20]. 
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In long term Zn tolerance development AOB amoA gene copy and transcript 
enhanced hence AOB community structure also changed, And AOA failed to 
respond towards Zn [21, 22]. Albeit the abundance of amoA gene of AOA was 
dominated in second year but expression from the genes were not detected [20]. 
Response of AOA community is not that clear till now with the available literature 
further details are needed to understand whether AOA can adapt to long term 
contamination. AOA may use other processes to fulfill their energy requirement or 
they may survive in their dormant state. Despite cultivated AOA clusters are few in 
numbers, so response of AOA to external environment is so far needed exploration. 
Remediation of contaminated soil exhibit changes in amount of ammonia oxidation 
genes. Application of biochar and alfalfa enhanced abundance of amoA gene of 
AOA and AOB in a heavy metal and fungicide contaminated soil [11]. Abundance of 
AOB amoA gene increased with application of biochar in a Cu and Pb contaminated 
soil when the soil is remediate using biochar and compost [23].

However some scientist reported gene copy number is a weak indicator for heavy 
metal pollution. There was no significant change in gene abundance of AOB or AOA 
amoA gene when a soil is treated with Hg [24]. This may be because of Hg tolerant 
ammonia oxidizing community present in soil from before or may be application of 
Hg may induce tolerance in the community [24] thus from this study it is found that 
amoA gene did not respond towards heavy metal pollution, but for its confirmation 
we need further exploration of the nature of gene. Gene transcript number is found 
a better index than gene abundance when talking about indices of soil quality. In a 
study it is found that there was a decrease in amoA gene transcript number of AOB 
and AOA by three and four order of magnitude, while gene copy number remained 
unchanged in a one week Zn treatment [21]. Hence from the above discussion it 
can be concluded that heavy metal pollution cannot be predicted accurately on the 
basis of change in gene abundance of AOA and AOB further research is still needed 
in this aspect. Furthermore we cannot judge the change in any one of AOA or AOB 
separately there may be some sort of interaction among both the community while 
dealing with heavy metal toxicity [19]. So it is recommended to monitor the change 
in both the community simultaneously other than thinking separately. Sometimes 
increase in growth of microbial community may be a response of toxic effect [25]. 
Till now only AMO genes are explored to some extent while HAO gene and NXR 
gene did not received much attention it may possible they may express well as a 
diagnosing tool than AMO in heavy metal contaminated soil.

3. Response of denitrification genes

During denitrification nitrate is converted to dinitrogen through several 
intermediate products NO3

− → NO2
− → NO → N2O → N2 [26, 27] different reduc-

tase enzymes are involved at different stages of intermediate product for nitrate 
reduction nitrate reductase (Nar), for nitrite reduction nitrite reductase (Nir), for 
nitric oxide reduction nitric oxide reductase (Nor) and for nitrous oxide reduction 
and nitrous oxide reductase (Nos). Nitrate reductases (Nar) encoding is done by 
operons of nas, nar and nap. Encoding of nitrite reductase (Nir) is done by nirK 
and nirS, while nitric oxide reductase (nor) consist of norB and norC. Nitrous oxide 
reductase (nos) contains nosZ, nosR and nosD etc.

Denitrifying enzymes encoding genes are very sensitive towards heavy metal 
stress, they characterize denitrifier community and helpful in diagnosing soil 
quality. Different studies have been carried out to study the relation of denitrifying 
enzymes and heavy metal stress and found that reduction in genetic diversity is the 
most common inhibitory effect of heavy metal stress [28, 29]. Research conducted 
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on Pb contaminated soils and found that nirK gene community diversity was 
reduced due to Pb contamination [30]. Enzyme involved in different reduction 
steps showed significant difference in Cu tolerance in a study conducted it was 
reported that diversity of nirS, nirK and nosZ genes decreased with the increase 
in Cu concentration [31]. Increase in Ag concentration lead to decrease in nirK 
gene copy number but diversity of nirK gene increased [29]. Under Hg stress 
nirS gene diversity increased. Different denitrification genes respond differently 
towards same environmental pressure [32, 33] thus, selection of sensitive indicators 
becomes mandatory for detection of soil pollution.

Abundance of nirS gene changed significantly under Hg stress while no change 
in nirZ gene was observed under all given treatments, this proves nirS gene more 
sensitive than nirZ gene [34], while it can be said that nosZ denitrifier is resistant 
under different pollution condition in soil and shows more stability [21, 27]. Effect 
of different remediation strategy were observed. Abundance of denitrification 
genes (narG, nirK, nirS) except nosZ increased with application of alfalfa and 
biochar in a heavy metal and fungicide contaminated soil [11]. Denitrifying genes 
shows different patterns while diagnosing heavy metal pollution, hence further 
research is needed for better information base. However nosZ gene found less sensi-
tive to heavy metal pollution than denitrifying genes, further its resistance need to 
be study.

4. Microbial biomass

Microbial biomass in soil include living microorganism present in soil i.e. fungi, 
bacteria, algae and protozoa [35]. Microorganisms contain usually carbon, nitro-
gen, phosphorus and sulfur but mainly their population is expressed as microbial 
biomass carbon. Terrestrial ecosystem organic matter dynamics is affected by 
microbial biomass being an important component of organic matter in soil [36]. 
Microbial biomass have a direct correlation with soil condition [36], there are 
sufficient evidences which proves the sensitivity of microbial biomass with increase 
of heavy metal stress [37–39]. Microbial biomass can be used to predict soil qual-
ity. Higher microbial biomass in soil indicates good functional quality and will be 
able to store more nutrients and regulated nutrient cycles [40]. Heavy metal stress 
severely inhibits microbial biomass [8, 40]. Increase in Cd concentration leads to 
decrease in Cmic in soil [41]. A negative correlation between soil microbial carbon 
and heavy metal concentration (Cd, Pb) is indicated [42].

Under heavy metal stress microbes requires more energy for their survival which 
required more consumption of substrate, resulting less substrate left for other 
microbes. This limits their growth [5, 39]. Albeit there will be declined microbial 
biomass but it does not indicate population extinction, more resistant species will 
fill the gap with their presence, microbial ecosystem will remain enriched [43]. On 
the other hand remediation strategy helps in increasing microbial biomass, which 
indicated improved soil condition. Soil replacement found to be helpful in increas-
ing carbon when metal concentration decreased in soil (Cd, Cu, Pb, and Zn) [36]. 
Cmic may not respond sometimes effectively to stimulation of heavy metal, any 
correlation between microbial biomass and heavy metal was not found [39, 43]. 
[44] found that there were no significant relation between Cmic and soil- soluble 
Cu. No correlation found between heavy metals (Cr, Cd, Pb, Zn, Cu) and carbon 
[45]. Microbial biomass Nitrogen (Nmic) also serve a good indices for soil quality 
assessment, it is found associated with heavy metal content in different cases [46]. 
Nmic decreased with increased heavy metal content [43]. While inconsistent and 
weak downward trend of Nmic under metal contaminated sites (Cd, Cu, Pb, Zn) 
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was observed [37]. Nmic found less correlated with heavy metal pollution than 
Cmic. Nitrogen at severely polluted areas of metal contamination was 64.4% of 
non-polluted area while Cmic accounted only 31.6% [40]. Albeit individual micro-
bial biomass is highly sensitive towards change in soil condition but it has certain 
limitation while serving as indices for soil monitoring. One cannot predict change 
in microbial structure only through microbial biomass observation. Short term 
response of microbes to heavy metal contamination does not predict soil quality in 
long run, even if the soil environment is same. At lower metal concentration (Cd/
Cu/Zn) Cmic changed in long long-term experiment while no change were observed 
in short laboratory test [47]. Microbial biomass is highly dependent on soil physical, 
chemical and biological properties, which are helpful to blur the toxicity of heavy 
metals. Soils with more labile carbon increases Corg in soils [48]. Soil particle size 
also affects toxicity of heavy metals, heavy metal toxicity (Pb, Cd, Zn and Cu) to 
Cmic was more prevalent in coarse fraction of soil than clay fraction [48]. Different 
biomass related ratios to heavy metals also have been explored. Cmic/Nmic ratio is 
helpful in controlling microbiologically operated nutrient cycling and availability 
[49], this ratio is an important indicator of soil condition. There are sufficient stud-
ies available which indicate that heavy metal stress can induce change in C/N ratio 
[46, 49]. Under heavy metal stress Cmic/Nmic may increase due to increase in tolerant 
fungal component. Huge difference between C/N ratio of bacteria and fungi sup-
port this increased ratio with increase in fungal population, C/N ratio of bacte-
rial species 3.5:1 while for fungal species this ratio ranges from 10:1 to 15:1 [46]. 

Soil 
microbial 
biomass

Contaminants Remediation Results References

Cmic Cd Plantation of Eulaliopsis 
binata

Negative correlation [41, 42, 47]

Cd, Pb Plantation of Sedum 
plumbizincicola

Negative 
correlation, Metal 
content decreases, 
Cmic increases

[42, 44, 59]

Cd, Cu, Pb, Zn Soil replacements in trenches+ 
planting Eucalyptus in 
contaminated soil + Natural 
vegetation

Metal content 
decreases, Cmic 
increases

[60]

Soil replacements in trenches+ 
planting Eucalyptus in 
contaminated soil along with 
uncontaminated soil in upper 
20 cm soil layer+ Brachiaria 
decumbens

Metal content 
decreases, Cmic 
increases, Cmic was 
found 100% higher 
than earlier method

[36]

Nmic Cd, Cr, Cu, 
Pb, Zn

Cultivation of Eucalyptus 
binata

No correlation [45]

Cd, Pb Cultivation of Eucalyptus 
binata

Metal content 
decreases, Nmic 
increases

[59]

Cu, Zn, Cd, 
Pb, Ni, Mn

Cultivation of Eucalyptus 
binata

Polluted sites, 
decreased Nmic

[40]

Cd, Cu, Pb, Zn Cultivation of Eucalyptus 
binata

Polluted sites, 
decreased Nmic

[37]

Table 1. 
Heavy metal pollution with relation to microbial biomass.
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was observed [37]. Nmic found less correlated with heavy metal pollution than 
Cmic. Nitrogen at severely polluted areas of metal contamination was 64.4% of 
non-polluted area while Cmic accounted only 31.6% [40]. Albeit individual micro-
bial biomass is highly sensitive towards change in soil condition but it has certain 
limitation while serving as indices for soil monitoring. One cannot predict change 
in microbial structure only through microbial biomass observation. Short term 
response of microbes to heavy metal contamination does not predict soil quality in 
long run, even if the soil environment is same. At lower metal concentration (Cd/
Cu/Zn) Cmic changed in long long-term experiment while no change were observed 
in short laboratory test [47]. Microbial biomass is highly dependent on soil physical, 
chemical and biological properties, which are helpful to blur the toxicity of heavy 
metals. Soils with more labile carbon increases Corg in soils [48]. Soil particle size 
also affects toxicity of heavy metals, heavy metal toxicity (Pb, Cd, Zn and Cu) to 
Cmic was more prevalent in coarse fraction of soil than clay fraction [48]. Different 
biomass related ratios to heavy metals also have been explored. Cmic/Nmic ratio is 
helpful in controlling microbiologically operated nutrient cycling and availability 
[49], this ratio is an important indicator of soil condition. There are sufficient stud-
ies available which indicate that heavy metal stress can induce change in C/N ratio 
[46, 49]. Under heavy metal stress Cmic/Nmic may increase due to increase in tolerant 
fungal component. Huge difference between C/N ratio of bacteria and fungi sup-
port this increased ratio with increase in fungal population, C/N ratio of bacte-
rial species 3.5:1 while for fungal species this ratio ranges from 10:1 to 15:1 [46]. 
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microbial 
biomass
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vegetation

Metal content 
decreases, Cmic 
increases

[60]

Soil replacements in trenches+ 
planting Eucalyptus in 
contaminated soil along with 
uncontaminated soil in upper 
20 cm soil layer+ Brachiaria 
decumbens

Metal content 
decreases, Cmic 
increases, Cmic was 
found 100% higher 
than earlier method

[36]

Nmic Cd, Cr, Cu, 
Pb, Zn

Cultivation of Eucalyptus 
binata

No correlation [45]

Cd, Pb Cultivation of Eucalyptus 
binata

Metal content 
decreases, Nmic 
increases

[59]

Cu, Zn, Cd, 
Pb, Ni, Mn

Cultivation of Eucalyptus 
binata

Polluted sites, 
decreased Nmic

[40]

Cd, Cu, Pb, Zn Cultivation of Eucalyptus 
binata

Polluted sites, 
decreased Nmic

[37]

Table 1. 
Heavy metal pollution with relation to microbial biomass.
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Fungal species appear more resistant to heavy metal pollution than actinomycetes 
and bacterial species [50, 51]. Fungal/bacterial population ratio is considered as a 
good soil health indicator [48, 52]. Bacteria and fungi play dominant role in nutri-
ent availability and organic matter dynamics being the major population governing 
soil microbial biomass i.e. about 90% of total microbial biomass [48]. Heavy metal 
stress cause bacterial mortality which enhances carbon release, this carbon is used 
by resistant fungal population for their growth [25]. However this index is not 
generally used for diagnosis of soil pollution. Cmic/Corg is also a good indicator of 
soil heavy metal pollution. Different studies indicate under heavy metal pollution  
Cmic/Corg ratio decreases [53, 54]. In a study Cmic/Corg ratio is found negatively cor-
related with As and Cu contamination [55, 56]. While in a study it was observed  
that Cmic/Corg ratio increased with decrease in heavy metal stress (Cu, Zn) [48]. 
When Corg is used by microorganisms for their respiratory metabolism the effi-
ciency of conversion of Corg to Cmic reduced hence ratio of Cmic/Corg also declines 
[55, 57]. Few scientist claim that the ratio of Cmic/Corg is significant in non-contam-
inated soils, but for metal contaminated soils this relation even may not exist [58]. 
Not Any change in Cmic/Corg nor any obvious trend was present under heavy metal 
contaminated soil (Zn, Cd, Pb, Cu)[46]. Hence in microbial biomass or in related 
ratios no consistent and clear change is observed with heavy metal pollution. This 
ratio does not reveal any change in population structure. Hence none of them is 
suitable solely as an indicator of soil quality (Table 1).

5.  Heavy metal contamination diagnosis through change in microbial 
community structure and diversity

Change in microbial community structure and diversity is a sensitive tool 
which can be used for diagnosis of heavy metal pollution in soil [47]. Extremely 
rich microbial diversity in soil [61, 62] can be reduced to 1000 times in a moder-
ately contaminated soil [63] or up to 1% of primitive soils in highly contaminated 
conditions [64]. Different experiments have been conducted in favor of reduced 
diversity in metal polluted soils [7, 65] as indicated in the Table 2. A reduction in 
microbial diversity is observed with long term Cr contaminated soil [66]. Microbial 
community diversity also found decreased with Cu and Zn contamination in long 
run [68]. Soil remediation techniques show their significance by changing microbial 
diversity. Use of sepiolite for stabilization of Cr significantly increased commu-
nity diversity [70]. Iron grit is useful for control of metal contamination (Cd, Cu, 
Zn) it gives result by improving diversity of microbial communities [71]. Certain 
findings indicated heavy metal contamination is not always negatively correlated 
with diversity it may increase diversity [5], while others not found any correlation 
[62] Table 2. Studies indicated that heavy metal contamination directly affects 
physiology of microbial community thus decreases diversity, Certain communities 
can withstand this adverse condition while adopting dormant state [62]. Albeit 
dormancy is an option but it serves the purpose only in short run if exposure is 
prolong to chronic contamination an obvious adverse effect on functions of com-
munity is unavoidable. Communities resistant to contamination may gain their full 
diversity with time [63]. Soil quality reliably evaluated with Community structure 
of microbes [42]. Soil microbial community structure significantly changes with 
heavy metal stress [72, 73]. With long exposure to Cr contamination soil proteo-
bacteria community changed to firmicutes [66]. Pristine soils were dominated 
with acidobacteria and actinobacteria but population turns into proteobacteria 
when soil contaminated with Cr, As [62]. Heavy metal contamination may affect 
one population while not affecting the other one. A study conducted by indicates 
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that Cu contamination changes the community composition for bacteria without 
affecting fungal community [74]. Heavy metal stress affects bacterial population 
most than archaea [19]. Archaea shows a positive correlation with Cd while bacte-
rial species exhibit different responses towards Cd like α-proteobacteria shows 
negative correlation, β-Proteobacteria are positively correlated, γ-proteobacteria 
and δ-proteobacteria does not show any correlation. Different response of proteo-
bacteria can be explained with complex lifestyle of proteobacteria, it can use dif-
ferent organic matter as a carbon, and energy source [75] this ability enables them 
withstand in harsh conditions and respond differently to different environments. 
Different microbial interaction may also help microbes to a better adaption [19]. 
Consistent conclusion about sensitivity of microbial diversity and structure is not 
available; one cannot clearly explain which one is more sensitive indicator. Bacterial 
diversity must be more sensitive than bacterial community structure for heavy 
metal stress [67]. Soils contaminated with neutral mine effluent and sediments [76] 
changes bacterial structure significantly than their diversity [77]. It was investi-
gated that both diversity and structure of bacterial population changed under Cd 
contamination [65]. Increased diversity and structural improvement of microbial 
community ensures better functioning of soil in heavy metal contaminated soils 
[74]. In heavy metal contaminated soil sensitive species are replaced with more 
tolerant species thus it increases species richness [78]. Community dynamics also 
affected by species evenness [79]. Hence relation between diversity and structure 
is complex, both need to be use simultaneously in order to evaluate soil quality of 
a heavy metal contaminated soil. Species richness and evenness may not change 
simultaneously under stress condition. Mn contamination in soil affects species 
richness but not evenness to the significant level [80]. In all the previous studies 
related to heavy metal contamination importance has given to species richness very 
few literature considered species evenness [80]. Different modern techniques of 
new era improved our understanding towards cellular constituents like fatty acids, 
protein, nucleic acid and other compounds related to any specific taxa which proved 
helpful in recognizing diversity and structure of bacterial community in contami-
nated soils. Pros and cons of different techniques cannot be avoided; different 
techniques show certain deviation from other technique Table 3. Pyrosequencing 
does not indicated any significant change in bacterial community structure of a 
heavy metal Cu, Zn and Pb contaminated soil but using PLFA analysis a significant 

Heavy 
metal

Changes in diversity and structure Research methodology References

Cr Decrease in diversity, community changes 16S r RNA sequencing [66]

Cu, Zn, 
Pb

Decrease in diversity, community changes Pyrosequencing and PFLA 
techniques

[67]

Cu, Zn Decrease in diversity, community changes Metagenomics and functional 
assays

[68]

Cd Decrease in diversity, community changes Metagenomics [7]

As, Pb Decrease in diversity, community changes PCR-DGGE [69]

Cu No significant change in diversity, 
community structure changes

16S r RNA tagcoded 
pyrosequencing

[63]

V Diversity first decreases then increases, 
community structure changes

PCR-DGGE [5]

Table 2. 
Heavy metal pollution with relation to diversity and structure of microbial community in soil.
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negative correlation, β-Proteobacteria are positively correlated, γ-proteobacteria 
and δ-proteobacteria does not show any correlation. Different response of proteo-
bacteria can be explained with complex lifestyle of proteobacteria, it can use dif-
ferent organic matter as a carbon, and energy source [75] this ability enables them 
withstand in harsh conditions and respond differently to different environments. 
Different microbial interaction may also help microbes to a better adaption [19]. 
Consistent conclusion about sensitivity of microbial diversity and structure is not 
available; one cannot clearly explain which one is more sensitive indicator. Bacterial 
diversity must be more sensitive than bacterial community structure for heavy 
metal stress [67]. Soils contaminated with neutral mine effluent and sediments [76] 
changes bacterial structure significantly than their diversity [77]. It was investi-
gated that both diversity and structure of bacterial population changed under Cd 
contamination [65]. Increased diversity and structural improvement of microbial 
community ensures better functioning of soil in heavy metal contaminated soils 
[74]. In heavy metal contaminated soil sensitive species are replaced with more 
tolerant species thus it increases species richness [78]. Community dynamics also 
affected by species evenness [79]. Hence relation between diversity and structure 
is complex, both need to be use simultaneously in order to evaluate soil quality of 
a heavy metal contaminated soil. Species richness and evenness may not change 
simultaneously under stress condition. Mn contamination in soil affects species 
richness but not evenness to the significant level [80]. In all the previous studies 
related to heavy metal contamination importance has given to species richness very 
few literature considered species evenness [80]. Different modern techniques of 
new era improved our understanding towards cellular constituents like fatty acids, 
protein, nucleic acid and other compounds related to any specific taxa which proved 
helpful in recognizing diversity and structure of bacterial community in contami-
nated soils. Pros and cons of different techniques cannot be avoided; different 
techniques show certain deviation from other technique Table 3. Pyrosequencing 
does not indicated any significant change in bacterial community structure of a 
heavy metal Cu, Zn and Pb contaminated soil but using PLFA analysis a significant 

Heavy 
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Changes in diversity and structure Research methodology References

Cr Decrease in diversity, community changes 16S r RNA sequencing [66]

Cu, Zn, 
Pb
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PCR-DGGE [5]
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Heavy metal pollution with relation to diversity and structure of microbial community in soil.
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change is observed [67]. Soil environment also play a significant role in expression 
of microbial communities in contaminated soils. Soil pH had a significant role in 
affecting community composition in long term Cu contaminated soil [74]. Soil 
microbial community structure and diversity not only serves as an indicator of 
detrition of soil quality but it also predict ways to remediate a deteriorated soil. 
Metagenomics helps one to understand complicated communities of microorgan-
isms and their working process along with unique ability for identification of new 
strains and genes [85]. Thermophilic cyanobacterium MTP1 genome is helpful in 
encoding different resistant system, mainly Cd, Cu, As, Co, Zn, Hg contaminated 
soils, Which indicates greater potential of this microorganism in remediation of 
metal contaminated soils [86]. Certain microorganism which are tolerant to con-
tamination for example proteobacteria are tolerant to Cd contamination, possibly 
can be used to deal with soil Cd contamination [7]. Microbial abundance is less 
sensitive than microbial community structure and diversity as a indicator for metal 
contamination [21, 34], but sole dependence on these indicator is not advisable for 

Method Applicability Advantage Limitation References

PLFA Microbial 
community

Indicator of living 
microorganism; act 
as a biomarker for 
community structure 
and physiological 
state microorganism

Interpretation of PLFA 
method is difficult; 
microbial diversity cannot 
be assessed: Temperature 
and nutrition can change 
fatty acid structure; Single 
acid cannot represent any 
specific species

[67, 81]

DGGE Gene cluster; 
microbial 
community 
structure

Sample can be analyze 
under temporal and 
spatial variation; easy 
to operate; multiple 
samples can be 
analyzed at a time

It can provide information 
sequence between 
primers; if a primer is 
mismatched it will lead 
some missing lineages; 
it only isolates <500 bp 
fragments effectively; 
it only detect the 
microorganism but cannot 
give any information 
about species richness.

[82]

ARDRA Microbial 
community 
structure

Identify closely 
related sequence 
effectively and 
inexpensively

Cannot identify 
polygenetic group; 
restriction enzyme 
optimization with this 
technique is difficult

[83]

High-
throughput 
sequencing

Microbial 
diversity and 
community 
structure

Helpful in tracking 
biomarker so 
characteristics of 
microbial community 
can be determined

Expansive; data accuracy 
may get spoiled by some 
invalid sequence

[84]

T-RFLP Microbial 
community

High sensitivity and 
better resolution

Interpretation needs 
multiple restriction 
enzymes; This technique 
is highly dependent on 
PCR amplification of 
16S/18S r RNA

[81]

PLFA: Phospholipids fatty acids; DGGE: Denaturing gradient gel electrophoresis; T- RFLP: Terminal-restriction 
fragment length polymorphism; ARDRA: Amplified ribosomal DNA restriction analysis.

Table 3. 
Different methods for determination of community structure of microbes.
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determination of soil quality. These two indicators do not reflect functioning of 
system. Different microbial communities may have similar functions which causes 
superfluity, and in some cases even though microbial diversity is high but activity 
may be low [48]. However activity of microbial community may recover in long run 
but it may change its community structure.

6. Diagnosis based on enzyme activity

Sol enzymes, most important component which governs nutrient cycling in soil 
specially C, N and P cycle [87]. Enzyme system stability and sensitivity makes it 
an effective indicator of biochemical processes, Hence enzyme system behaves as a 
biological indicator helpful in diagnosing sol health [87]. High enzyme activity of 
soil represents good sol health while in presence of pollutant enzyme activity may 
reduce [88]. Quantitative relation between soil pollution and enzyme activity is not 
established till today hence only the change in soil enzyme activity after and before 
contamination is analyzed for determination of soil quality. Sufficient literature 
is present to support that enzymes are sensitive towards heavy metal pollution 
[40, 87]. When a contaminated soil is compared with non-contaminated soil dehy-
drogenase enzyme activity decreased with heavy metal (Cu Cd Zn Pb) contamina-
tion [48]. Vanadium (V) concentration shows negative correlation with urease 
activity [5]. Response of soil enzymes can vary in different ways to heavy metal 
contamination it may be activation, inhibition and neutral. Most of the studies indi-
cate the depressed enzyme activity, and inhibition may depend on concentration of 
heavy metal [45]. The mechanism is not certain whether heavy metal direct inhibit 
enzyme activity or they reduces their release or both the mechanisms are opera-
tive simultaneously [89]. Heavy metal seriously inhibit enzyme activity, but with 
time some recovery was observed [90]. This may be because of sudden exposure to 
heavy metal contamination but with time microorganism adapt to environment and 
recovery is seen in enzyme activity. Different soil enzymes react differently to heavy 
metal stress, it is important to choose the right enzyme which shows maximum 
response to heavy metal contamination and react as a suitable indicator in determi-
nation of soil quality. Enzymes like catalase, urease and  dehydrogenase mostly used 
as bioindicator.

Catalase helps in decomposition of hydrogen peroxide, reduce heavy metal 
toxicity (Cu, Zn, Pb, As, Cr, and Cd) to microorganisms [87]. Dehydrogenase takes 
part in oxydative phosphorylation and used in heavy metal contaminated soils [48]. 
Urease partakes in N cycle and used in V, Zn, Cu, Pb, Ni and Mn contaminated sites 
[5, 40]. Amylase, phosphatase and protease were also used as biological indicator 
for metal contaminated sites. Different enzymes have different levels of sensitivity 
[91] shows that soil contaminated with different heavy metals follow presented 
order on the basis of their sensitivity; dehydrogenase found highly sensitive fol-
lowed by urease followed by alkaline phosphatase and lastly acid phosphatases 
found least sensitive. As and Cd toxicity did not influence dehydrogenase activity 
[92]. Heavy metal (Cd, Zn and Pb) contaminated soils sensitivity of urease was 
found higher than other enzymes like invertase, catalase and alkaline phosphatase 
[93]. Contamination of heavy metals (Zn, Cu, Cd, As, Cr, Ni, Pb) did not affect 
urease activity significantly [87]. Previously conducted studies and their results 
indicated that there were many differences during the applicability of experimental 
results to the actual environment [87]. Synergistic and antagonist relation among 
different heavy metals also influence their toxicity for enzyme system. In a study 
conducted by [57] they concluded that combined effect of Cd and Pb was signifi-
cantly inhibitorier for enzymes (Dehydrogenase, acid phosphatase and urease) than 
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determination of soil quality. These two indicators do not reflect functioning of 
system. Different microbial communities may have similar functions which causes 
superfluity, and in some cases even though microbial diversity is high but activity 
may be low [48]. However activity of microbial community may recover in long run 
but it may change its community structure.

6. Diagnosis based on enzyme activity

Sol enzymes, most important component which governs nutrient cycling in soil 
specially C, N and P cycle [87]. Enzyme system stability and sensitivity makes it 
an effective indicator of biochemical processes, Hence enzyme system behaves as a 
biological indicator helpful in diagnosing sol health [87]. High enzyme activity of 
soil represents good sol health while in presence of pollutant enzyme activity may 
reduce [88]. Quantitative relation between soil pollution and enzyme activity is not 
established till today hence only the change in soil enzyme activity after and before 
contamination is analyzed for determination of soil quality. Sufficient literature 
is present to support that enzymes are sensitive towards heavy metal pollution 
[40, 87]. When a contaminated soil is compared with non-contaminated soil dehy-
drogenase enzyme activity decreased with heavy metal (Cu Cd Zn Pb) contamina-
tion [48]. Vanadium (V) concentration shows negative correlation with urease 
activity [5]. Response of soil enzymes can vary in different ways to heavy metal 
contamination it may be activation, inhibition and neutral. Most of the studies indi-
cate the depressed enzyme activity, and inhibition may depend on concentration of 
heavy metal [45]. The mechanism is not certain whether heavy metal direct inhibit 
enzyme activity or they reduces their release or both the mechanisms are opera-
tive simultaneously [89]. Heavy metal seriously inhibit enzyme activity, but with 
time some recovery was observed [90]. This may be because of sudden exposure to 
heavy metal contamination but with time microorganism adapt to environment and 
recovery is seen in enzyme activity. Different soil enzymes react differently to heavy 
metal stress, it is important to choose the right enzyme which shows maximum 
response to heavy metal contamination and react as a suitable indicator in determi-
nation of soil quality. Enzymes like catalase, urease and  dehydrogenase mostly used 
as bioindicator.

Catalase helps in decomposition of hydrogen peroxide, reduce heavy metal 
toxicity (Cu, Zn, Pb, As, Cr, and Cd) to microorganisms [87]. Dehydrogenase takes 
part in oxydative phosphorylation and used in heavy metal contaminated soils [48]. 
Urease partakes in N cycle and used in V, Zn, Cu, Pb, Ni and Mn contaminated sites 
[5, 40]. Amylase, phosphatase and protease were also used as biological indicator 
for metal contaminated sites. Different enzymes have different levels of sensitivity 
[91] shows that soil contaminated with different heavy metals follow presented 
order on the basis of their sensitivity; dehydrogenase found highly sensitive fol-
lowed by urease followed by alkaline phosphatase and lastly acid phosphatases 
found least sensitive. As and Cd toxicity did not influence dehydrogenase activity 
[92]. Heavy metal (Cd, Zn and Pb) contaminated soils sensitivity of urease was 
found higher than other enzymes like invertase, catalase and alkaline phosphatase 
[93]. Contamination of heavy metals (Zn, Cu, Cd, As, Cr, Ni, Pb) did not affect 
urease activity significantly [87]. Previously conducted studies and their results 
indicated that there were many differences during the applicability of experimental 
results to the actual environment [87]. Synergistic and antagonist relation among 
different heavy metals also influence their toxicity for enzyme system. In a study 
conducted by [57] they concluded that combined effect of Cd and Pb was signifi-
cantly inhibitorier for enzymes (Dehydrogenase, acid phosphatase and urease) than 
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Cd or Pb alone as a pollutant in the system. Heavy metals (Pb, Cd, Zn) in combi-
nation had strong inhibitory action on enzymes (alkaline phosphatase, catalase, 
invertase and urease) than any single heavy metal [93]. Some researchers found 
that Cu as a sole heavy metal in a system inhibit enzymes (alkaline phosphatase, 
acid Phosphatase, dehydrogenases and urease) more than its presence in combi-
nation with Cd, Cr, Pb, Ni and Zn. Type of heavy metal and content in a system 
determines antagonistic or synergistic relationship of heavy metals. Effect of heavy 
metal on soil enzymes will also be determined by environment (soil grain size, soil 
organic matter, pH, etc.). Particle size distribution explains the Zn pollution and 
enzyme resistance to the pollution [94].

Target enzyme Participation enzyme Pollutants Results References

Catalase Dehydrogenase, 
β-glucosidase, urease, 
alkaline phosphatase, 
arylsulphatase

As, Cd, Cr, 
Cu, Hg, Mn, 
Pb, Zn

Negative correlation [95]

Polyphenoloxidase, 
catalase, amylase, acid 
phosphatase, urease

As, Cd, Pb, 
Zn

Positive correlation, 
polyphenoloxidase was 
the most sensitive soil 
enzyme

[87]

Catalase, alkaline 
phosphatase, 
dehydrogenase

Cd, Pb Negative correlation [90]

Dehydrogenase Alkaline phosphatase, 
dehydrogenases, urease, 
acid phosphatase

Cd, Cr, Cu, 
Ni, Pb, Zn

Sensitivity: 
dehydrogenases > urease 
> alkaline phosphatase > 
acid phosphatase

[91]

Urease, catalase, acid 
and neutral phosphatase, 
sucrase

Cu, Zn, Cd, 
Pb, Ni, Mn

Negative correlation; 
Sensitivity: 
dehydrogenase > urease 
> catalase > neutral 
phosphatase > sucrase > 
acid phosphatase

[40]

Catalase, alkaline 
phosphatase

Cd, Pb Negative correlation; 
Sensitivity: 
dehydrogenase > 
catalase, alkaline 
phosphatase

[90]

Invertase, urease, 
arylsulfatase, catalase, 
alkaline phosphatase

As, Cd Insignificant [92]

Urease V Negative correlation; 
Sensitivity: 
dehydrogenase > urease

[5]

Urease Dehydrogenase, catalase, 
acid and neutral 
phosphatase, sucrase

Cu, Zn, Cd, 
Pb, Ni, Mn

Negative correlation; [40]

Phosphatase Phosphatase, urease, 
β-glucosidase, protease

Cd, Ni Sensitivity: phosphatase 
> urease > β-glucosidase 
> protease

[96]

Catalase, dehydrogenase Cd, Pb Negative correlation [90]

Table 4. 
Heavy metal pollution and soil enzymes.
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pH also affects enzyme activity in different ways being low and high it controls 
enzyme activity sites and their dissociation state as well as enzyme stability [87]. 
Soil organic matter content positively affects soil enzyme activity. There was a 
quantitative relationship between soil enzymes and organic matter content at Pb 
concentration of 500 mg/kg, Arylsulfatase activity found higher with organic 
matter content of more than 1.05%, activity of enzyme decreased gradually with 
decrease in organic matter content below 1.05% [92]. Dehydrogenase activity 
was also related to soil organic matter availability [48]. Labile organic carbon not 
only act as a food source for microorganism but also serve a binding agent for soil 
particles and in between space of these complexes soil enzymes are being protected 
[95]. Till now a uniform standard for selection of indicator enzyme is absent, no 
enzyme serve the purpose of being an universal indicator for soil quality determina-
tion. Heavy metals affect different enzymes differently based on their respective 
environment. All the enzymes used in diagnosis of soilquality can be divided in 
two classes one oxidoreductase (polyphenoloxidase, catalase etc.) and other one 
is hydrolases (amylase, urease, phosphatase, etc.). oxidoreductase are bioindica-
tor enzymes, they take part in detoxification of metal contaminated soils hence 
more sensitive for heavy metal pollution as an indicator [87]. While hydrolases 
are involved in nutrient cycling hence can be used as auxiliary enzymes. Highly 
heterogeneous nature of soils demands further verification of this hypothesis over 
a long time to validate the results. Moreover we need better quantitative relation to 
understand the nature of heavy metals and enzymes along with their environmen-
tal condition (Table 4).

7. Conclusion

Different microbiological indices including microbial abundance, diversity 
structure and function of microbial community have been used to diagnosis of soil 
health. So far there is not any single method is alone found a suitable indicator of 
heavy metal pollution. Every indicator has their shortcomings as microbial abun-
dance does not consider population structure change. Community structure does 
not reflect functions of population. For a better understanding of soil health all the 
indicators need to be used simultaneously. More study is needed in the direction of 
heavy metal contamination diagnosis with functional microorganism. Quantitative 
relationship between physicochemical factors and microbial indicators need to be 
established in a better way. Harm due to heavy metal on microorganism depends 
on the speciation and availability of heavy metal not on metal abundance. Heavy 
metals may change their toxicity after entering the complex soil system [74]. Long 
term experiments are needed to find the long term effect of heavy metals short term 
diagnosis of soil quality is unable to reflect long term soil quality changes.
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are involved in nutrient cycling hence can be used as auxiliary enzymes. Highly 
heterogeneous nature of soils demands further verification of this hypothesis over 
a long time to validate the results. Moreover we need better quantitative relation to 
understand the nature of heavy metals and enzymes along with their environmen-
tal condition (Table 4).

7. Conclusion

Different microbiological indices including microbial abundance, diversity 
structure and function of microbial community have been used to diagnosis of soil 
health. So far there is not any single method is alone found a suitable indicator of 
heavy metal pollution. Every indicator has their shortcomings as microbial abun-
dance does not consider population structure change. Community structure does 
not reflect functions of population. For a better understanding of soil health all the 
indicators need to be used simultaneously. More study is needed in the direction of 
heavy metal contamination diagnosis with functional microorganism. Quantitative 
relationship between physicochemical factors and microbial indicators need to be 
established in a better way. Harm due to heavy metal on microorganism depends 
on the speciation and availability of heavy metal not on metal abundance. Heavy 
metals may change their toxicity after entering the complex soil system [74]. Long 
term experiments are needed to find the long term effect of heavy metals short term 
diagnosis of soil quality is unable to reflect long term soil quality changes.
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Chapter 3

Effect of PCP Pesticide 
Contamination on Soil Quality
Rim Werheni Ammeri, Yassine Hidri and Hassen Abdenaceur

Abstract

In recent years, soil contamination with pesticides has become a crucial news 
issue with serious short- and long-term effects on human health and its environ-
ment. Pesticides play a significant role in the success of modern farming and food 
production. These compounds have potential for toxicity and adverse effects on 
human health and ecological soil systems. Pentachlorophenol (PCP) is one of the 
most recalcitrant chemicals polluting the environment for its stable aromatic ring 
system and chloride content. Nowadays, many sites are contaminated with this sub-
stance. In these areas, concentrations may stay high for a long time because of slow 
degradation in the soil due to the negative effects that PCP has on soil microbial 
populations. Bioremediation of PCP contaminated sites can be realized introducing 
directly, into a contaminated system, microorganisms able to consume selectively 
the target compound (bioaugmentation) or increasing the microbial indigenous 
population by addiction of nutrients in form of organic and/or inorganic fertilizers 
and biosolids (biostimulation). In the present chapter, we present an overview of 
the effect of PCP pesticide contamination on soil microbial populations (density 
and diversity), enzymatic activity and physicochemical parameters. Additionally, 
the bioremediation process will be detailed.

Keywords: soil contamination, pentachlorophenol, bioremediation, microorganisms, 
ecological system

1. Introduction

Soil is an active, dynamic, and nonreplaceable reserve, and its situations impact 
its construction, environmental efficacy, and total stability [1, 2]. The charge of 
soil reposes on in portion on its ordinary structure and on the variations affected 
by human use and administration [3]. Soil, as the main interface with other envi-
ronmental compartments, plays an important role in the fate of organic pollutants. 
During the treatment of crops, most of the quantities of pesticides applied reach 
the soil, either because pesticides are directly applied to it, or because the rain has 
washed the foliage of treated plants (crops and/or weeds). The ground therefore 
occupies a position central in regulating the fate of pesticides in the environment, 
and it will have a dual role of storage and purification [4].

Pollutants come into contact with soil primarily through deliberate application, 
dispersion, and atmospheric deposition. The soil therefore represents a storage 
reservoir for these substances. These compounds can also be lost from the soil or 
remain at high concentrations. Consequently, the fate and behavior of organic 
contaminants in soils have been the subject of intense research, with particular 



37

Chapter 3

Effect of PCP Pesticide 
Contamination on Soil Quality
Rim Werheni Ammeri, Yassine Hidri and Hassen Abdenaceur

Abstract

In recent years, soil contamination with pesticides has become a crucial news 
issue with serious short- and long-term effects on human health and its environ-
ment. Pesticides play a significant role in the success of modern farming and food 
production. These compounds have potential for toxicity and adverse effects on 
human health and ecological soil systems. Pentachlorophenol (PCP) is one of the 
most recalcitrant chemicals polluting the environment for its stable aromatic ring 
system and chloride content. Nowadays, many sites are contaminated with this sub-
stance. In these areas, concentrations may stay high for a long time because of slow 
degradation in the soil due to the negative effects that PCP has on soil microbial 
populations. Bioremediation of PCP contaminated sites can be realized introducing 
directly, into a contaminated system, microorganisms able to consume selectively 
the target compound (bioaugmentation) or increasing the microbial indigenous 
population by addiction of nutrients in form of organic and/or inorganic fertilizers 
and biosolids (biostimulation). In the present chapter, we present an overview of 
the effect of PCP pesticide contamination on soil microbial populations (density 
and diversity), enzymatic activity and physicochemical parameters. Additionally, 
the bioremediation process will be detailed.

Keywords: soil contamination, pentachlorophenol, bioremediation, microorganisms, 
ecological system

1. Introduction

Soil is an active, dynamic, and nonreplaceable reserve, and its situations impact 
its construction, environmental efficacy, and total stability [1, 2]. The charge of 
soil reposes on in portion on its ordinary structure and on the variations affected 
by human use and administration [3]. Soil, as the main interface with other envi-
ronmental compartments, plays an important role in the fate of organic pollutants. 
During the treatment of crops, most of the quantities of pesticides applied reach 
the soil, either because pesticides are directly applied to it, or because the rain has 
washed the foliage of treated plants (crops and/or weeds). The ground therefore 
occupies a position central in regulating the fate of pesticides in the environment, 
and it will have a dual role of storage and purification [4].

Pollutants come into contact with soil primarily through deliberate application, 
dispersion, and atmospheric deposition. The soil therefore represents a storage 
reservoir for these substances. These compounds can also be lost from the soil or 
remain at high concentrations. Consequently, the fate and behavior of organic 
contaminants in soils have been the subject of intense research, with particular 



Soil Contamination - Threats and Sustainable Solutions

38

interest in the bioavailability of these contaminants [5]. The greatest difficulties 
in studying and estimating the retention and degradation of pollutants in soil are 
the diversity of chemical structures and reactivity of these compounds on the one 
hand and the high level of diversity of soils in terms of structure and composition, 
soil, and climatic conditions, especially soil temperature and humidity on the other 
[6]. Soil pollutants are very diverse, and they are also often harmful and toxic to all 
living forms and more specifically humans (Roger and Jacq, 2000). The occurrence 
of pollution most often results from industrial accidents, deposits, or the transport 
of dangerous materials [7]. Like pesticides, chlorinated solvents, nitrogen, and 
certain trace elements such as copper, mercury, or silver, pollutants can both be 
naturally present in the soil or be the result of human activities. This generalized 
use of PCP has led to the contamination of water and soil systems, with PCP cur-
rently considered to be a product of priority for decontamination studies [8]. These 
compounds are, in fact, the source of many concerns for companies operating in the 
wood preservation sector. Chlorine compounds are harmful, and they are found in 
the effluents of many industries, such as the chemical and petrochemical industries, 
those of resins and coking plants, pesticides, textiles, paper, and even in the phar-
maceutical industry and many others [9]. This is why these chlorinated compounds 
appear as the most frequently encountered pollutants in various natural environ-
ments such as forests, rivers, marine waters, industrial discharges, urban effluents 
and even in the groundwater. The soil has a marked self-purification capacity. It 
is in fact capable of degrading the polluting compounds or immobilizing them 
inside it so that the volatilization and leaching processes are drastically reduced to 
the benefit, also, of the other environmental sectors. However, an excess of pol-
lutant exceeded the soil storage capacity or a change in environmental conditions 
[10]. Soil, as the main interface with other environmental compartments, plays 
an important role in the fate of organic pollutants. Pollutants come into contact 
with soil primarily through deliberate application, dispersion, and atmospheric 
deposition. The soil therefore represents a storage reservoir for these substances. 
These compounds can also be lost from the soil or remain at high concentrations. 
Consequently, the fate and behavior of organic contaminants in soils have been the 
subject of intense research, with particular interest in the bioavailability of these 
contaminants [5]. The greatest difficulties in studying and estimating the retention 
and degradation of pollutants in soil are the diversity of chemical structures and 
reactivity of these compounds on the one hand and the high level of diversity of 
soils in terms of structure and composition, soil, and climatic conditions, especially 
soil temperature and humidity, on the other [6].

2. Soil and pesticide pollution

Vigorous soil is a necessity for a healthy existence. Vigor, value, and sustain-
ability of soils are contingent on their physical, chemical, and biological variety. 
Hence, soil biodiversity that really tops midair biodiversity is vital for ecosystem 
permanence and service area. A detailed association occurs among soil biodiversity 
and agricultural soil organization [11]. Pesticides or biocides are chemicals, organic 
or inorganic, intended for the fight against undesirable organisms such as bacteria, 
fungi, insects, and weeds. The use of pesticides appears beneficial, or in the absence 
of treatments, the yields of agricultural production and quality (essentially the 
development of crops in the agricultural sector) or industrial (such as wood treat-
ments and railways, textiles and food), would be reduced and/or weakened. Over 
500 different pesticide formulations are authorized worldwide to control different 
types of pests in the agricultural sector [12]. Pesticides are classified into different 

39

Effect of PCP Pesticide Contamination on Soil Quality
DOI: http://dx.doi.org/10.5772/intechopen.93714

categories according to their target, their mode of action, their time of action or 
their chemical nature, and recently, in response to pressure social stressing the dan-
ger of pesticides mainly for humans and the environment [12]. In this study, we will 
focus more specifically on the study of a pesticide very well used in the wood treat-
ment industries, namely PCP. Soil pollution is often thought because of chemical 
contamination. The use of poor-quality water and application of excessive amounts 
of pesticides and fertilizers can result in soil contamination. To some degree, most of 
the soils are capable of adsorbing and detoxifying many pollutants to harmless levels 
through chemical and biochemical processes. Polluted water and soil pose a serious 
threat to plants, affecting the yield [13]. Furthermore, soil has the ability to adsorb 
pesticides in the humus and clay contents [14]. However, soil plays an important role 
in pesticide degradation [15].

The dispersion of pesticides in the various compartments of the ecosystem 
(air, soil, and water) is very rapid [4, 16]. When an organic compound is applied 
and penetrates into the soil, in substance, it may be subject to relocation or altera-
tion of its chemical structure. These mechanisms can be on the one hand abiotic, 
of a physical nature (volatilization, adsorption by the soil, leaching, etc.) or of a 
chemical nature (hydrolysis, photodegradation, etc.) and on the other hand biotic 
when it occurs. Acts of absorption and metabolism by the various microorganisms 
living in the medium (Figure 1). All of these processes are strictly influenced by 
the physicochemical properties of the soil and pesticides as well as environmental 
factors [18].

3. Pentachlorophenol and soil contamination

In 1936, the American company Dow and Monsanto Chemical introduced PCP 
[19]. Due to its high availability and very favorable price, it has been increasingly used 
in different functions in several countries around the world. Its main use was accentu-
ated in the wood industry as a preservative (80%). PCP (C6Cl5OH) is a highly substi-
tuted aromatic compound, prepared by reacting chlorine with phenol in the presence 
of a catalyst at high temperature and does not have isomers. It was last manufactured 
in Canada in 1983. Petroleum oils used as a carrier for PCP are generally sourced from 

Figure 1. 
Behavior of pesticide molecules in the natural environment [17].
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categories according to their target, their mode of action, their time of action or 
their chemical nature, and recently, in response to pressure social stressing the dan-
ger of pesticides mainly for humans and the environment [12]. In this study, we will 
focus more specifically on the study of a pesticide very well used in the wood treat-
ment industries, namely PCP. Soil pollution is often thought because of chemical 
contamination. The use of poor-quality water and application of excessive amounts 
of pesticides and fertilizers can result in soil contamination. To some degree, most of 
the soils are capable of adsorbing and detoxifying many pollutants to harmless levels 
through chemical and biochemical processes. Polluted water and soil pose a serious 
threat to plants, affecting the yield [13]. Furthermore, soil has the ability to adsorb 
pesticides in the humus and clay contents [14]. However, soil plays an important role 
in pesticide degradation [15].

The dispersion of pesticides in the various compartments of the ecosystem 
(air, soil, and water) is very rapid [4, 16]. When an organic compound is applied 
and penetrates into the soil, in substance, it may be subject to relocation or altera-
tion of its chemical structure. These mechanisms can be on the one hand abiotic, 
of a physical nature (volatilization, adsorption by the soil, leaching, etc.) or of a 
chemical nature (hydrolysis, photodegradation, etc.) and on the other hand biotic 
when it occurs. Acts of absorption and metabolism by the various microorganisms 
living in the medium (Figure 1). All of these processes are strictly influenced by 
the physicochemical properties of the soil and pesticides as well as environmental 
factors [18].

3. Pentachlorophenol and soil contamination

In 1936, the American company Dow and Monsanto Chemical introduced PCP 
[19]. Due to its high availability and very favorable price, it has been increasingly used 
in different functions in several countries around the world. Its main use was accentu-
ated in the wood industry as a preservative (80%). PCP (C6Cl5OH) is a highly substi-
tuted aromatic compound, prepared by reacting chlorine with phenol in the presence 
of a catalyst at high temperature and does not have isomers. It was last manufactured 
in Canada in 1983. Petroleum oils used as a carrier for PCP are generally sourced from 

Figure 1. 
Behavior of pesticide molecules in the natural environment [17].
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Canadian sources. PCP is solid at room temperature. It is a stable organic compound, 
slightly soluble in water and highly soluble in organic solvents. Also, PCP a proven 
carcinogen, immunotoxic, produces an oxidative stress and metabolic disorders [20]. 
PCP is a highly recalcitrant compound with toxic and carcinogenic properties. PCP is 
a respiratory poison with both noncarcinogenic and carcinogenic health effects. The 
PCP molecule can be an endocrine disruptor and inflict high toxicity on all types of 
organisms [21].

Due to its toxicity and carcinogenicity, as well as the large number of known 
sites contaminated with PCP around the world, it has been placed on the Priority 
Pollutants Worldwide List. The products treated with PCP are mainly telephone and 
power line poles and railway ties. It has therefore become the preferred impregnation 
product for a wide variety of other special purpose products, such as guardrail posts, 
signposts, retaining walls [22]. It is also used as an antimicrobial agent in industrial 
cooling systems, in food packaging, as the main active ingredient in exterior stains 
and paints. It is found in dental care products [23], in antibacterial soaps, in derma-
tological medical products [24] and as agricultural biocides and fungicides. PCP is 
toxic to humans as well as to animals. PCP toxicity is due to the fact that it decouples 
oxidative phosphorylation making the cell membranes permeable to protons and 
thus dissipating the gradient transmembrane of H + ions and electric potential [25]. 
It is therefore responsible for alterations in the functionality of the membranes [26]. 
PCP can be absorbed by mammals through the skin from the ground; it is corrosive to 
the skin and can cause burns and blisters. In mammals, acute exposure can increase 
body temperature, causes breathing difficulties, increase blood pressure, causing 
hypoglycemia and cardiovascular stress [24]. Chronic exposures to PCP can have 
serious adverse health effects. PCP is a carcinogenic, teratogenic suspect and is highly 
embryotoxic in addition, potential chronic effects can include kidney, liver, lung and 
system damage central nervous [24].

Environmental pollution from PCP can occur due to release into the environ-
ment during the production, storage, transport or use as a preservative of the wood 
in place. Also, the production of its sodium salt and the secondary use as fungicide, 
bactericide, algaecide, herbicide, etc. can cause environmental pollution.

The PCP then enters the surface and deep waters of factories, wood treatment 
plants, and sites for the accumulation of hazardous waste or for spillage, disposal 
of hazardous waste and for its use as a pesticide. In soils, due to the stability of its 
structure and high degree of chlorination, PCP is persistent in the environment 
and is one of the most common soil contaminants. The dispersion of pesticides 
in the various compartments of the ecosystem (air, soil, water) is very rapid [16]. 
When an organic compound is applied and penetrates the soil, in substance, it may 
be subject to relocation or to a change in its chemical structure. These mechanisms 
can be on the one hand abiotic, physical in nature (volatilization, adsorption by 
soil, leaching, etc.) or chemical in nature (hydrolysis, photodegradation, etc.), 
and on the other hand biotic when it acts of absorption and metabolism by the 
various microorganisms living in the environment. All these processes are strictly 
influenced by the physicochemical properties of the soil and pesticides as well as 
environmental factors [18].

4. Pesticide PCP effect in bacterial ecological system

Microbial communities in soils are among the most diverse on Earth [27]. 
In doing so, soil microorganisms mainly perform several soil functions such 
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as the nutrient cycle and the detoxification of terrestrial ecosystems [28]. By 
affecting this diversity, contamination of natural environments constitutes a 
significant risk that can reduce the ability of ecosystems to resist and recover 
from the various disturbances they must undergo. The diversity of natural 
ecosystems is therefore an asset to be preserved. Indeed, it has been shown that 
the most diverse ecosystems are the most resistant and resilient to natural and 
anthropogenic disturbances. Since the start of the industrial era, the diversity 
of natural ecosystems has been in constant decline due to, among other things, 
contamination of soil, air, and waterways. In order to predict the effect of a 
substance on a biological community and thus control or limit its use, it is 
necessary to produce toxicological information on a wide range of organisms. 
Over 1.75 million different species have been listed for the eukaryotic domain 
alone [29]. The total number of eukaryotic species has been estimated by several 
authors and is generally between 5 and 10 million [30]. With regard to prokary-
otes (archaea and bacteria), 10,000 species have been described, but this could 
constitute only around 0.1% of the total diversity of these two domains [31], 
for an approximate total of around 10 million. It is important to mention that 
the concept of species in biology and microbiology is different [32]. Each gram 
of soil can contain more than 1000 species of single-celled fungi [33] and 6000 
species of bacteria [34]. This genetic (and therefore metabolic) diversity allows 
microbial communities to be involved in a multitude of processes that allow 
ecosystems to function well. Soil microorganisms are important contributors to 
the different biogeochemical cycles of carbon, nitrogen, and phosphorus in soils 
[28]. It has been estimated that this community could withstand between 80 to 
90% of the biochemical reactions occurring in the soil [35]. Communities of  
soil microorganisms, via their diverse metabolic capacities, also show a response 
to soil pollution and thus participate in the detoxification of natural environ-
ments [35].

The communities established in polluted soils are very different from those pres-
ent in unpolluted soils, whether from the point of view of total abundance or specific 
diversity [36]. It follows from these disturbances of communities of microorganisms 
a modification of the enzymatic activities carried out by the microorganisms [37]. 
The specific diversity and the total abundance of microorganisms can be influenced 
by pollution. This reaction would depend both on the nature of the pollutants and 
their abundance [37].

In the environment, PCP is a topic to a diversity of biological and physico-
chemical procedures, counting biodegradation, photodegradation, evaporation, 
and sorption, and leaching [38]. These procedures happen in all kinds of natural 
ecosystems with variable efficacy and have a direct influence on the last rate of 
this chemical. The main way to eliminate PCP from the environment is through 
biodegradation by microorganisms [39]. Studies with experimental ecosystems 
have designated that ecological properties may occur at PCP levels as low as those 
causing chronic toxicity in sensitive species in single-species tests [40, 41]. The 
final rate that produced adverse effects in these studies was 15.8 μg/L-1, which 
caused a reduction in numbers of individuals and species in a marine benthic 
community [42]. The diversity and activity of microorganisms in the soil effect 
the working of ecosystems and thus plant development and health, including the 
quality and quantity of the crop yield [43]. However, the variety and movement of 
microbes are actually prone to various stresses counting chemical pollution [44]. 
The attendance of soil bacteria can improve the extent of pesticide degradation 
[15] as well as degradation of other organic pollutants [45].
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of natural ecosystems has been in constant decline due to, among other things, 
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necessary to produce toxicological information on a wide range of organisms. 
Over 1.75 million different species have been listed for the eukaryotic domain 
alone [29]. The total number of eukaryotic species has been estimated by several 
authors and is generally between 5 and 10 million [30]. With regard to prokary-
otes (archaea and bacteria), 10,000 species have been described, but this could 
constitute only around 0.1% of the total diversity of these two domains [31], 
for an approximate total of around 10 million. It is important to mention that 
the concept of species in biology and microbiology is different [32]. Each gram 
of soil can contain more than 1000 species of single-celled fungi [33] and 6000 
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microbial communities to be involved in a multitude of processes that allow 
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[28]. It has been estimated that this community could withstand between 80 to 
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The attendance of soil bacteria can improve the extent of pesticide degradation 
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5. PCP degradation

In the soil, pesticides are affected by diverse physical, chemical, and biological 
procedures, which will condition their degradation, their transmission to other 
compartments of the environment (water, plant, and atmosphere) and thus their 
potential influence on exposed living beings [4]. The behavior of pesticides will be 
more particularly controlled by the phenomena of retention on soil constituents 
(organic matter, clays) and degradation [46].

The remediation of a PCP contaminated site can take place through abiotic 
processes such as volatilization, photodecomposition, and immobilization in the 
soil. There biotic degradation can occur through absorption by plants or animals 
and through microbial degradation. Three processes are responsible for PCP 
biodegradation: hydroxylation, oxygenation and dechlorination. The most common 
formulation for PCP is that of sodium salt which, being not volatile, causes that the 
contribution of volatilization to the entire abiotic degradation is normally negli-
gible [24]. The biological degradation of pollutants in the soil, or biodegradation, 
is carried out by living organisms and / or by the associated enzyme kit. During 
the biodegradation process one or more organisms metabolize the contaminant 
in an inorganic compound (such as CO2, H2O, NH3), the autotrophs derive the 
necessary resources for their growth and development [47]. This catabolic activ-
ity of which microorganisms are capable, and which allows them to degrade the 
contaminants present in the soil, is fundamental for the fertility and health of soils. 
Several researchers have developed methods to treat and degrade PCP, among these 
techniques the use of Fenton reagent [48], photocatalytic degradation using TiO2 
[49], the combination of the two methods, namely the Fenton reaction and photo-
catalytic degradation [50], the ultrasonic method recommended by Francony and 
Pétrier [51] and also by ozonation. Another method, using the purifying capacities 
naturally present in certain organisms, is bioremediation. In this case, it is the 
microorganisms present in contaminated environments that are used to degrade the 
pollutants (Figure 2). Bacteria play an important part in this natural decontamina-
tion, due to their ability to evolve very quickly in the presence of selection pressure. 
Indeed, thanks to point mutations, endogenous rearrangements and horizontal 
transfers, they can adapt to the presence of pollutants by developing the enzymes 
making it possible to degrade and/or use this pollutant for their survival and their 

Figure 2. 
PCP interactions in environment.
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development. Thus, sometime after the appearance of xenobiotic molecules having 
no equivalent in nature, we can witness the appearance of new metabolic pathways 
allowing the degradation of this compound [52]. Thus, microorganisms can adapt 
to resistance to a broad spectrum of diverse pollutants [21]. They therefore con-
stitute an interesting path in the development of natural techniques for removing 
pollutants.

Bioremediation can be carried out in different forms: natural attenuation, 
biostimulation and bioaugmentation. Natural attenuation is a process that uses the 
capacities of microorganisms present in polluted ecosystems or soils. Even if this 
decontamination technique does not theoretically require human intervention, it 
is nevertheless necessary to eliminate or neutralize the source of pollution and to 
constantly monitor the site until the end of treatment [53].

This type of bioremediation is very inexpensive, since it does not require a lot 
of resources, but it does require long periods of treatment. Biostimulation is the 
stimulation of the native microflora by adding nutritive molecules, specific or 
not, to promote bio-pollution (ex-situ or in-situ). Bioaugmentation consists of the 
addition or inoculation of specific bacterial cultures to stimulate the biodegradation 
used in bioreactors and ex situ systems.

Numerous works have monitored PCP removal by bacteria and fungi and the 
usage of plants for its biological elimination [54–57]. Organic objects such as wood 
chips, sawdust, straw of wheat have been revealed to motivate microorganisms in 
the removal of PCP in soil [58, 59].

6. Some enzymes responsible for the degradation of PCP

For the bacterium Sphingomonas chlorophenolica, the first step is catalyzed by the 
enzyme PCP-4 monooxygenase encoded by the pcpB gene. According to Orser  
et al. [60], the pcpB gene would probably be present on the chromosome and not 
on a mobile element (plasmid or operon). The degradation of PCP by Sphingomonas 
chlorophenolica sp. nov is carried out via four structural genes pcpA, pcpB, pcpC, 
and pcpD as well as by the regulatory gene pcpR [61]. Transcription of the pcpB 
gene is induced by the presence of PCP in the bacteria Flavobacterium sp. ATCC 
39723 [60]. The presence of PCP is also necessary in the bacterium Rhodococcus 
chlorophenolicus, during the degradation of several chlorophenols [62]. For the 
pcpA gene, its location relative to that of pcpB is not yet known. This enzyme is 
responsible for the conversion of di-p-Hydroquinone to chloromaleylacetate. The 
pcpB enzyme is responsible for the conversion of PCP to tetrahydroquinone via 
the elimination of chloride ions and by hydroxylation at the para position [63]. 
Subsequently the enzyme tetrachloro dehalogenase reductive (pcpC) converts tet-
rachlorohydroquinone into trichloro-chlorohydroquinone and itself responsible for 
the conversion into trichlorohydroquinone (TeCHQ ) into dichloro-p-hydroquinone 
(2,6-DCHQ ) or the compound TeCHQ is sequentially dehalogenated. The latter 
compound is converted into chloromaleylacetate by the enzyme 1,2-dioxygenase 
(pcpA) which will subsequently be converted into 2-maleylacetate by the enzyme 
pcpE; this degradation of 2,6-DCHQ occurs by cleavage of the cycle, leading to the 
formation of 2-chloromaleylacetate which is more degraded via the Krebs cycle 
[63]. The presence of an electron donor and acceptor is essential. Biodegradation 
would not occur if one of the two is missing. The degradation rates of organic com-
pounds depend on their chemical structure. The more a molecule is substituted, 
the more difficult it is to degrade. The position of substituent also plays a role since 
the ortho and meta positions increase the resistance of the molecules, as well as the 
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5. PCP degradation

In the soil, pesticides are affected by diverse physical, chemical, and biological 
procedures, which will condition their degradation, their transmission to other 
compartments of the environment (water, plant, and atmosphere) and thus their 
potential influence on exposed living beings [4]. The behavior of pesticides will be 
more particularly controlled by the phenomena of retention on soil constituents 
(organic matter, clays) and degradation [46].

The remediation of a PCP contaminated site can take place through abiotic 
processes such as volatilization, photodecomposition, and immobilization in the 
soil. There biotic degradation can occur through absorption by plants or animals 
and through microbial degradation. Three processes are responsible for PCP 
biodegradation: hydroxylation, oxygenation and dechlorination. The most common 
formulation for PCP is that of sodium salt which, being not volatile, causes that the 
contribution of volatilization to the entire abiotic degradation is normally negli-
gible [24]. The biological degradation of pollutants in the soil, or biodegradation, 
is carried out by living organisms and / or by the associated enzyme kit. During 
the biodegradation process one or more organisms metabolize the contaminant 
in an inorganic compound (such as CO2, H2O, NH3), the autotrophs derive the 
necessary resources for their growth and development [47]. This catabolic activ-
ity of which microorganisms are capable, and which allows them to degrade the 
contaminants present in the soil, is fundamental for the fertility and health of soils. 
Several researchers have developed methods to treat and degrade PCP, among these 
techniques the use of Fenton reagent [48], photocatalytic degradation using TiO2 
[49], the combination of the two methods, namely the Fenton reaction and photo-
catalytic degradation [50], the ultrasonic method recommended by Francony and 
Pétrier [51] and also by ozonation. Another method, using the purifying capacities 
naturally present in certain organisms, is bioremediation. In this case, it is the 
microorganisms present in contaminated environments that are used to degrade the 
pollutants (Figure 2). Bacteria play an important part in this natural decontamina-
tion, due to their ability to evolve very quickly in the presence of selection pressure. 
Indeed, thanks to point mutations, endogenous rearrangements and horizontal 
transfers, they can adapt to the presence of pollutants by developing the enzymes 
making it possible to degrade and/or use this pollutant for their survival and their 

Figure 2. 
PCP interactions in environment.

43

Effect of PCP Pesticide Contamination on Soil Quality
DOI: http://dx.doi.org/10.5772/intechopen.93714

development. Thus, sometime after the appearance of xenobiotic molecules having 
no equivalent in nature, we can witness the appearance of new metabolic pathways 
allowing the degradation of this compound [52]. Thus, microorganisms can adapt 
to resistance to a broad spectrum of diverse pollutants [21]. They therefore con-
stitute an interesting path in the development of natural techniques for removing 
pollutants.

Bioremediation can be carried out in different forms: natural attenuation, 
biostimulation and bioaugmentation. Natural attenuation is a process that uses the 
capacities of microorganisms present in polluted ecosystems or soils. Even if this 
decontamination technique does not theoretically require human intervention, it 
is nevertheless necessary to eliminate or neutralize the source of pollution and to 
constantly monitor the site until the end of treatment [53].

This type of bioremediation is very inexpensive, since it does not require a lot 
of resources, but it does require long periods of treatment. Biostimulation is the 
stimulation of the native microflora by adding nutritive molecules, specific or 
not, to promote bio-pollution (ex-situ or in-situ). Bioaugmentation consists of the 
addition or inoculation of specific bacterial cultures to stimulate the biodegradation 
used in bioreactors and ex situ systems.

Numerous works have monitored PCP removal by bacteria and fungi and the 
usage of plants for its biological elimination [54–57]. Organic objects such as wood 
chips, sawdust, straw of wheat have been revealed to motivate microorganisms in 
the removal of PCP in soil [58, 59].

6. Some enzymes responsible for the degradation of PCP

For the bacterium Sphingomonas chlorophenolica, the first step is catalyzed by the 
enzyme PCP-4 monooxygenase encoded by the pcpB gene. According to Orser  
et al. [60], the pcpB gene would probably be present on the chromosome and not 
on a mobile element (plasmid or operon). The degradation of PCP by Sphingomonas 
chlorophenolica sp. nov is carried out via four structural genes pcpA, pcpB, pcpC, 
and pcpD as well as by the regulatory gene pcpR [61]. Transcription of the pcpB 
gene is induced by the presence of PCP in the bacteria Flavobacterium sp. ATCC 
39723 [60]. The presence of PCP is also necessary in the bacterium Rhodococcus 
chlorophenolicus, during the degradation of several chlorophenols [62]. For the 
pcpA gene, its location relative to that of pcpB is not yet known. This enzyme is 
responsible for the conversion of di-p-Hydroquinone to chloromaleylacetate. The 
pcpB enzyme is responsible for the conversion of PCP to tetrahydroquinone via 
the elimination of chloride ions and by hydroxylation at the para position [63]. 
Subsequently the enzyme tetrachloro dehalogenase reductive (pcpC) converts tet-
rachlorohydroquinone into trichloro-chlorohydroquinone and itself responsible for 
the conversion into trichlorohydroquinone (TeCHQ ) into dichloro-p-hydroquinone 
(2,6-DCHQ ) or the compound TeCHQ is sequentially dehalogenated. The latter 
compound is converted into chloromaleylacetate by the enzyme 1,2-dioxygenase 
(pcpA) which will subsequently be converted into 2-maleylacetate by the enzyme 
pcpE; this degradation of 2,6-DCHQ occurs by cleavage of the cycle, leading to the 
formation of 2-chloromaleylacetate which is more degraded via the Krebs cycle 
[63]. The presence of an electron donor and acceptor is essential. Biodegradation 
would not occur if one of the two is missing. The degradation rates of organic com-
pounds depend on their chemical structure. The more a molecule is substituted, 
the more difficult it is to degrade. The position of substituent also plays a role since 
the ortho and meta positions increase the resistance of the molecules, as well as the 



Soil Contamination - Threats and Sustainable Solutions

44

substitutions on alpha carbon, compared to that in omega. Under aerobic condi-
tions, substituted chlorine inhibits the activity of monooxygenase and dioxygenase, 
which are the main aerobic cleavage enzymes of the benzene nucleus. PCP is resis-
tant to aerobic degradation. Reductive dechlorination has been suggested to be the 
first step in the biodegradation mechanism of PCP [64]. Low-substituted chloro-
phenols are more sensitive and labile to aerobic degradation [65]. The optimal condi-
tion is that these reductive dechlorination metabolites are subsequently degraded via 
the aerobic process. This can reduce the inhibition produced by the dechlorinated 
intermediates. The progressive mineralization of the component generates a series 
of microbial communities and enzymatic activities that enables an efficient dissipa-
tion of pesticides in soil and avoids metabolite accumulation [45].

6.1 PCP effect in enzymatic soil activity

It must also take into reason that soil is a specific active micro-habitat, every-
where organic and inorganic constituents, microbes, enzymes, nutrients, and 
environmental influences collaborate with each other and alteration with period 
and place. Evidently, these communications can control spatial variety of soil bacte-
rial communities and enzyme activities and affect their appearance and association 
levels, in turn depending on diverse soil properties [66]. Consequently, difficul-
ties in the approximation of the total bacteriological community and its dynamic 
portion, characterized by enzyme actions, can raise level if progressive methods 
have been utilized in their control. Many studies recommended that soil enzyme 
activities as appropriate and reliable indicators of soil quality by Gianfreda and 
Bollag [67] and Drijber et al. [68]. The study of Siczek et al. [40, 41] improved that 
the soil biological parameters can increase the activities of the enzymes involved 
in the N and P cycle (protease and acid phosphomonoesterase) and total activity 
(dehydrogenase). Some biological analysis confirmed that the addition of PCP had 
a significant impact on the metabolic potential of soil bacteria. Several studies have 
described changes in the enzymatic activities of soil contaminated with PCP [69]. 
PCP degradation is a process that can be completed through three ways: oxy-
genolysis, hydroxylation, or reductive dehalogenation [70] (Figure 3). Since, soil 
microorganisms can produce various extracellular compounds like oxidoreductases, 
such as peroxidases, laccases, and tyrosinases. The laccase is known as the benzene-
oxygen oxidoreductase; EC 1.0.3.2. has been subjected to intensive research in the 
last decades. This enzyme oxidizes a great variety of aromatic compounds with a 
concomitant reduction of oxygen to water [71, 72]. Thus, this kind of enzyme is 
involved in the oxidative coupling processes of chlorophenols [73]. The residual 
products of enzymatic reactions, laccase, and peroxidase are usually less toxic 
than the parent components according to Gianfreda and Bollag [74]. PCP removal 
from soil can occur either by abiotic [58] or enzymatic oxidative processes [75]. 
According to Liang et al. [76], the incorporation of some organic compounds to 
soil allowed effectively stimulation of the dehydrogenase activity since the added 
organic material may contain some intra- and extracellular enzymes allowing 
stimulation of the microbial activity in the soil. Also, bioaugmentation is known as 
a bioremediation choice allowed by increasing the natural in-situ microbial popula-
tion in the polluted environment [77].

PCP also troubled the activities of intracellular enzymes, which are measured 
to be an indicator of the active microbial biomass, since they are active within the 
living cells of microorganisms [40]. Zhang et al. [78] originate that phenol contami-
nants (including PCP) significantly reduced dehydrogenase, respiration, and urease 
activity in comparison with soil, which had not been contaminated. As dehydro-
genase contributes to the biological oxidation of soil organic matter by hydrogen 
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relocation from the organic substrate to inorganic acceptors, the lower activity of 
this enzyme could designate an inferior rate of decomposition of soil organic matter 
after PCP treatment. A similar conclusion may be drawn from a respiration analy-
sis; this activity was also reduced by PCP [40, 41].

On the other hand, PCP increased the amount of phosphorus transformation, as 
showed by an acid phosphomonoesterase analysis showing an important coefficient 
correlation (r = 0.850) with PCP. Wang et al. [79] showed the opposite effect of 
PCP on acid phosphomonoesterase was create in our study (it increases activity), 
which could be the result of different soil properties and different experimental 
conditions.

In a micro-environment study, the destructive effect of PCP on manganese 
peroxidase activity was controlled during the first 14 days, though, after that period 
the movement augmented [58]. Additionally, laccase movement decrease to PCP. 
A laboratory research presented that the influence of PCP on enzymes was reliant 
on its rate [80]. A study by Urrutia et al. [57] achieved with rhizotrons showed that 
here was no impact of growing PCP rate in soil from 50 to 250 mg kg − 1 on the 
microbial biomass in the ryegrass rhizosphere. However, PCP negatively affected 
soil activity through reducing the dehydrogenase as well as β-glucosidase activities 
as the PCP rate augmented. A considerable rate of literature has been published in 
relation to the influence of organic contaminants including PCP on soil enzyme 
and microorganism activity [41, 81]. However, some studies mainly concerned 
laboratory experiments, proved that PCP significantly reduced dehydrogenase, 
respiration, protease, urease, and β-glucosidase activity. This shows that PCP was a 
substantial factor in decreasing microbe activity in soils [80].

6.2 PCP effect in physicochemical parameters

PCP absorbs to organic matter causing removal of PCP from water into sedi-
ment depending on the chemical structure and environmental conditions[82, 83]. 
Bio-elimination of chemicals arises through the actions of logically arising micro-
organisms and biomass population. Soil influences, such as moisture content, pH, 
and temperature, also show a significant character. The removal is improved in 
the soil pH range of 5.5–8.0, with an optimal value of about 7 [84], and tends to 
rise with temperature [85]. The result of soil moisture satisfied on the biodegrada-
tion of pesticides, though, is not completely assumed. It is acknowledged that the 
accessibility of soil moisture is obligatory for improved biomass movement. The 
amount of pesticide removal under saturated soil situations is also acknowledged 
to be very slow [86]. With upper soil moisture content and soil temperature in 
the summer months, the pesticide may destroy quickly, thus dropping the hazard 
of water pollution. It can, though, be renowned that the moisture content in the 
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amount of pesticide removal under saturated soil situations is also acknowledged 
to be very slow [86]. With upper soil moisture content and soil temperature in 
the summer months, the pesticide may destroy quickly, thus dropping the hazard 
of water pollution. It can, though, be renowned that the moisture content in the 

Figure 3. 
PCP degradation ways.



Soil Contamination - Threats and Sustainable Solutions

46

soil profile is not preserved at the similar level during sub-irrigation; it is close to 
saturation near the water table and reductions with distance overhead the water 
table. Yet, when the soils had a low level of organic matter (>10%) will be take a 
great affinity for organic pollutants due to the presence of humic acid, fulvic acid, 
and reactive clay such as Al and Fe hydroxide groups [58]. In the literatures, there 
are plenty of studies indicated that denitrification can be disturbed by several 
environmental pollutants, such as heavy metal and synthetic organic compounds 
[87]. For example, the Zinc oxide nanoparticles have been observed to inhibit the 
denitrifying reductase, which further led to more nitrate accumulation. Zheng 
et al. [88] found that, it is essential to explore the effect of PCP on the metabo-
lism and function of denitrifying bacteria. The contact of PCP to P. denitrificans 
bacteria induced the reduced the key enzymes activities connected to glycolysis 
process, caused the trouble of the metabolism of glucose utilization and the cell 
growth, and subsequently disturbed the generation of electron donor (NADH) 
for denitrification via NAD+ decrease. Denitrification procedure was significantly 
inhibited by the PCP at upper amount of PCP, which would further disturb the 
nitrogen cycle in soil [89].

This may indicate that less nitrogen was available for the plants, and that the 
plants contaminated with PCP may suffer from nitrogen deficiency, which con-
firmed our analysis of plant N content. It is worth noting that relatively speaking 
the most harmful effect of PCP was noted for enzymes related to the nitrogen cycle, 
e.g. protease and urease [57]. In satisfactory situations of development e.g. pH, 
temperature and moisture and adequate supply of nutrients like vitamins, magne-
sium, manganese, copper, sulfur, potassium, phosphorus and nitrogen, microbes 
can biodegrade/biotransform the complex hazardous organic chemicals into simpler 
and harmful ones. After the usage of “super bug” in elimination of oil spills, there 
has been numerous efficacious stories of microbial method in clean-up of polluted 
lands and soils [90]. The Microbiological Resource Centers (MIRCENS) at Cairo, 
Egypt is examining the use of microbes in degrading persistent pesticides pollutants 
(UNEP Reports, 1996–2006).

6.3 PCP bioremediation in soil

Soils are open, porous, multi-compound of biogeochemical systems contain-
ing solids, liquids, and gases [91]. At the same time, they are a preferred sink for 
dangerous pollutants like hydrophobic organic compounds and multiple other 
compounds that are increasingly finding their place in the environment [92, 93]. 
The main difficulties encountered in biological treatment methods are the lack of 
knowledge concerning the bacterial population degrading PCP under unfavorable 
environmental conditions [94, 95]. Biodegradation is a biological degradation 
carried out by living beings (bacteria, fungi, plants, etc.). It is due to the abundance 
and variety of organisms in the environment considered [96]. For example, the 
attack of a chemical molecule by microorganisms often results in its mineralization 
and the production of low molecular weight metabolites (Table 1). Two types of 
biodegradation are most often cited and distinguished:

Primary biodegradation: It corresponds to metabolism and co-metabolism. 
These can be done by substitution or rearrangement of the structure of the com-
pound, by redox or isomerization, or by addition and loss of substituent. This is a 
partial attack on the molecule. In some cases, it can lead to the appearance of per-
sistent metabolites, more bioavailable and/or more toxic than the initial molecule. 
Ultimate biodegradation: It is a complete degradation leading to the formation of 
carbon dioxide, methane, water, and mineral elements. This biodegradation, if it 
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occurs quickly, leads to the total elimination of the pollutant from the environment. 
A substance that undergoes ultimate biodegradation is one that poses less risk to the 
environment than a substance that undergoes primary biodegradation.

Bacteria can feed on all kinds of compounds. These are what we call electron 
donors. In addition, they can breathe with different compounds. These are the 
electron acceptors. In the case of stimulated biodegradation, the electron donor or 
electron acceptor is contamination. In this context, several researchers have focused 
their attention on studying microbial biodegradation which has been reported as 
a main mechanism of the dissipation of pesticides in the soil environment ([114]; 
Pieuchot al., 1996). As an electron acceptor or as an electron donor, the degradation 
of these molecules is an integral part of metabolism and directly serves the produc-
tion of energy for microorganisms. The substance appears to be metabolized by the 
body. A compound is said to be biodegradable if it is completely transformed by 
living organisms into CO2, H2O, and cellular biomass. Mineralization corresponds 
to the bioconversion of organic matter into mineral products (CO2, CH4, H2O, NH3, 
HCI, etc.). It is the reverse biological process of the synthesis of organic matter 
(mainly photosynthesis and methanogenesis). Some molecules are resistant to 
any degradation action over very long periods. The stability of these molecules is 
linked to their chemical structure, their concentration, and the characteristics of 
the surrounding environment. Generally, the more a molecule is substituted, the 

Bacterial strains Degraded 
chlorophenols

References

Pseudomonas sp. UG25 et UG30 PCP [97]

Pseudomonas sp. RA2 PCP [98]

Pseudomonas sp. strain SR3 PCP [99]

Pseudomonas sp. strain IST103 PCP PCP [100]

Pseudomonas mendocina NSYSU PCP [101]

Mycobacterium sp. strain CG-2 PCP [102]

Mycobacterium chlorophenolicum 
PCP-1

PCP [103]

Sphingomonas sp. strain P5 PCP [104]

Sphingomonas chlorophenolica RA2 PCP Nohynek et al., 1995; Ederer et al., 1997; 
[103]

Novosphingobium lentum MT1 PCP [105]

Sphingomonas chlorophenolica PCP [106]

Rhodococcus sp. CP-2 et CG1 PCP [102, 62, 107]

Strain KC-3 PCP [108]

Flavobacterium sp. ATCC39723 PCP [109, 60]

Flavobacterium sp. PCP Gonzalez and Hu, 1991

Flavobacterium strains PCP [110, 111]

Arthrobacter strain NC PCP [112]

Corynebactrium PCP [108]

Burkholderia PCP and CP [113]

Table 1. 
Examples of some bacterial strains competent to degrade PCP.
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soil profile is not preserved at the similar level during sub-irrigation; it is close to 
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inhibited by the PCP at upper amount of PCP, which would further disturb the 
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This may indicate that less nitrogen was available for the plants, and that the 
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ing solids, liquids, and gases [91]. At the same time, they are a preferred sink for 
dangerous pollutants like hydrophobic organic compounds and multiple other 
compounds that are increasingly finding their place in the environment [92, 93]. 
The main difficulties encountered in biological treatment methods are the lack of 
knowledge concerning the bacterial population degrading PCP under unfavorable 
environmental conditions [94, 95]. Biodegradation is a biological degradation 
carried out by living beings (bacteria, fungi, plants, etc.). It is due to the abundance 
and variety of organisms in the environment considered [96]. For example, the 
attack of a chemical molecule by microorganisms often results in its mineralization 
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occurs quickly, leads to the total elimination of the pollutant from the environment. 
A substance that undergoes ultimate biodegradation is one that poses less risk to the 
environment than a substance that undergoes primary biodegradation.

Bacteria can feed on all kinds of compounds. These are what we call electron 
donors. In addition, they can breathe with different compounds. These are the 
electron acceptors. In the case of stimulated biodegradation, the electron donor or 
electron acceptor is contamination. In this context, several researchers have focused 
their attention on studying microbial biodegradation which has been reported as 
a main mechanism of the dissipation of pesticides in the soil environment ([114]; 
Pieuchot al., 1996). As an electron acceptor or as an electron donor, the degradation 
of these molecules is an integral part of metabolism and directly serves the produc-
tion of energy for microorganisms. The substance appears to be metabolized by the 
body. A compound is said to be biodegradable if it is completely transformed by 
living organisms into CO2, H2O, and cellular biomass. Mineralization corresponds 
to the bioconversion of organic matter into mineral products (CO2, CH4, H2O, NH3, 
HCI, etc.). It is the reverse biological process of the synthesis of organic matter 
(mainly photosynthesis and methanogenesis). Some molecules are resistant to 
any degradation action over very long periods. The stability of these molecules is 
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more it is resistant to biodegradation. The position of the substituents also plays 
a role [64]. Replacing carbon with other atoms such as O, N, S, such as multiple 
branching on the same carbon atom, changes the resistance to biotransformation of 
organic products. The presence of the substrate in too high concentration may result 
in the inhibition or inactivation of one or more enzymes involved in microbial 
metabolism. Many species of soil bacteria have been isolated from samples of soil 
contaminated with PCP (Table 1).

Whereas microbial remediation (bioremediation) is a fixed technology for the 
removal of organic soil contaminants, the use of microorganisms to transform 
organic contaminants similar PCP is still being explored. Bioremediation of soils 
includes numerous technologies, counting bioaugmentation and also biostimula-
tion, to augment the elimination of PAHs. Bio-augmentation, it is the addition of 
microorganisms that biodegrade (toxic organic compounds) a specific contaminant. 
Microbial remediation depends upon the appearance of suitable microorganisms 
in the correct amounts and in mixtures and in appropriate environmental condi-
tions. Biostimulation and bio-augmentation are two indispensable factors inducing 
bioremediation by microbes. In the bio-Stimulation procedure, the adding of the 
amendments serves to rise the number or activity or both, of naturally happening 
micro-organisms available for bioremediation. The in-situ bacteriological remedia-
tion approaches might necessity to combination with phytoremediation process 
with suitable hyper-fixator plants that can successfully acceptance the pollutant 
(made bioavailable by the microorganisms) from soil and bioaccumulate them in 
their roots and shoots, thus stopping their reprocessing in soil. Bioremediation is 
the procedure by which active organisms destroy or transform hazardous organic 
contaminants to inorganic components, such as CO2, H2O, and NO3− [115], which 
are also formed during the elimination of organic matter in soil. A numeral of 
procedures upstream of the biocatalysis, e.g., dispersal in solid matrixes, bioavail-
ability, weathering, and abiotic catalysis of pollutants, and downstream, stress, 
predation, and competition, are acknowledged to oblige the procedure [116]. PCP 
degraders are ubiquitous at contaminated sites with widespread PCP contamina-
tion, but their degradation amounts are relatively low in soil due to low solubility/
bioavailability of PCP, poor nutrient level and inappropriate soil redox conditions 
[69]. The variation of some enzymatic activities and mainly of those partially 
involved in the contaminant transformation will occur. On the other side, many 
studies have shown that the addition of supplemental nutrients known as biostimu-
lation procedures, like carbon, nitrogen (C:N) [117]; phosphorous (as phosphates) 
should mainly increase the rate of xenobiotic compounds degradation such PCP 
[118]. However, the relationship between nutrient supplementation and microbial 
degradation of organic contaminants does not appear to be completely straight 
forward [117].

6.4 The mechanism of microbial remediation of toxic pesticide

Researches on microbial elimination of pesticide residues created in 1940s, and 
as people reimbursement more consideration to the environment, the research 
on the elimination procedure and degradation mechanism of organic contami-
nants has been intensely considered [119]. Bacteria in normal conditions could 
destroy the pesticide residues, with little cost and environmentally friendly and it 
would not cause secondary pollution [120]. But the efficacy was moderately slow, 
and the natural environment was complex and variable, which may disturb the 
viability and productivity of microbial degradation of pesticides. Consequently, 
researchers have showed fine studies of bacteria and had a clear considerate of 
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the degradation mechanism of organic pesticides. Numerous microorganisms 
have been known in nature, which can disturbance depressed the dangerous 
organic substances in the environment (soil and water) comprising the xenobiotic 
composites such as pesticides, polycyclic aromatic hydrocarbons (PAHs) and the 
chlorinated substances approaching polychlorinated biphenyls (PCBs) in due 
course of time. General of the organochlorines looks to be bio-change, create 
conjugates with the soil humic matter. Bacterial mineralization of toxic organics 
logically happening aerobic bacteria decompose both natural and the synthetic 
hazardous organic materials to harmless CO2 and water (Figure 4). However, 
mechanism of microbial act in removal of toxic composites is attained by biodeg-
radation and biotransformation of compound toxic chemicals into inoffensive 
simpler biochemical produces [121].

Microorganisms acclimatize to eliminate “novel artificial compounds” either by 
using catabolic enzymes they previously possess or by obtaining novel metabolic 
pathways. Microorganisms break down the complex hydrocarbons in the dangerous 
waste by via the three general mechanisms-aerobic and anaerobic respiration and 
fermentation. Aerobic procedure needs satisfactory supply of oxygen, the biodegra-
dation procedure is fast and more complete, and there are no problematic products 
similar methane and hydrogen sulfide. In anaerobic degradation, for example, there 
is a sequential, biologically destructive process in which the complex “hydrocar-
bons” of hazardous wastes are converted into simpler molecules of “carbon dioxide” 
and “methane.” PCP readily degrades in the environment by chemical, microbio-
logical and photochemical procedures. Degradation in soil is affected by numerous 
chemical, physical, and biological factors. PCP degrades more quickly in flooded or 
anaerobic soil than in aerobic moist soil. Numerous pathways of degradation have 
been studied.

Figure 4. 
Biological aspects involved in the degradation of organic pollutants [121].
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amendments serves to rise the number or activity or both, of naturally happening 
micro-organisms available for bioremediation. The in-situ bacteriological remedia-
tion approaches might necessity to combination with phytoremediation process 
with suitable hyper-fixator plants that can successfully acceptance the pollutant 
(made bioavailable by the microorganisms) from soil and bioaccumulate them in 
their roots and shoots, thus stopping their reprocessing in soil. Bioremediation is 
the procedure by which active organisms destroy or transform hazardous organic 
contaminants to inorganic components, such as CO2, H2O, and NO3− [115], which 
are also formed during the elimination of organic matter in soil. A numeral of 
procedures upstream of the biocatalysis, e.g., dispersal in solid matrixes, bioavail-
ability, weathering, and abiotic catalysis of pollutants, and downstream, stress, 
predation, and competition, are acknowledged to oblige the procedure [116]. PCP 
degraders are ubiquitous at contaminated sites with widespread PCP contamina-
tion, but their degradation amounts are relatively low in soil due to low solubility/
bioavailability of PCP, poor nutrient level and inappropriate soil redox conditions 
[69]. The variation of some enzymatic activities and mainly of those partially 
involved in the contaminant transformation will occur. On the other side, many 
studies have shown that the addition of supplemental nutrients known as biostimu-
lation procedures, like carbon, nitrogen (C:N) [117]; phosphorous (as phosphates) 
should mainly increase the rate of xenobiotic compounds degradation such PCP 
[118]. However, the relationship between nutrient supplementation and microbial 
degradation of organic contaminants does not appear to be completely straight 
forward [117].

6.4 The mechanism of microbial remediation of toxic pesticide

Researches on microbial elimination of pesticide residues created in 1940s, and 
as people reimbursement more consideration to the environment, the research 
on the elimination procedure and degradation mechanism of organic contami-
nants has been intensely considered [119]. Bacteria in normal conditions could 
destroy the pesticide residues, with little cost and environmentally friendly and it 
would not cause secondary pollution [120]. But the efficacy was moderately slow, 
and the natural environment was complex and variable, which may disturb the 
viability and productivity of microbial degradation of pesticides. Consequently, 
researchers have showed fine studies of bacteria and had a clear considerate of 
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the degradation mechanism of organic pesticides. Numerous microorganisms 
have been known in nature, which can disturbance depressed the dangerous 
organic substances in the environment (soil and water) comprising the xenobiotic 
composites such as pesticides, polycyclic aromatic hydrocarbons (PAHs) and the 
chlorinated substances approaching polychlorinated biphenyls (PCBs) in due 
course of time. General of the organochlorines looks to be bio-change, create 
conjugates with the soil humic matter. Bacterial mineralization of toxic organics 
logically happening aerobic bacteria decompose both natural and the synthetic 
hazardous organic materials to harmless CO2 and water (Figure 4). However, 
mechanism of microbial act in removal of toxic composites is attained by biodeg-
radation and biotransformation of compound toxic chemicals into inoffensive 
simpler biochemical produces [121].

Microorganisms acclimatize to eliminate “novel artificial compounds” either by 
using catabolic enzymes they previously possess or by obtaining novel metabolic 
pathways. Microorganisms break down the complex hydrocarbons in the dangerous 
waste by via the three general mechanisms-aerobic and anaerobic respiration and 
fermentation. Aerobic procedure needs satisfactory supply of oxygen, the biodegra-
dation procedure is fast and more complete, and there are no problematic products 
similar methane and hydrogen sulfide. In anaerobic degradation, for example, there 
is a sequential, biologically destructive process in which the complex “hydrocar-
bons” of hazardous wastes are converted into simpler molecules of “carbon dioxide” 
and “methane.” PCP readily degrades in the environment by chemical, microbio-
logical and photochemical procedures. Degradation in soil is affected by numerous 
chemical, physical, and biological factors. PCP degrades more quickly in flooded or 
anaerobic soil than in aerobic moist soil. Numerous pathways of degradation have 
been studied.

Figure 4. 
Biological aspects involved in the degradation of organic pollutants [121].



Soil Contamination - Threats and Sustainable Solutions

50

Author details

Rim Werheni Ammeri1,2,3*, Yassine Hidri4 and Hassen Abdenaceur1,2,3

1 Water Treatment and Recycling Laboratory, Soliman, Tunisie

2 Water Research and Technology Center (CERTE), Technopole Borj-Cédria, 
Soliman, Tunisie

3 Faculty of Sciences of Tunis (FST), University of Mathematical, Physical and 
Natural Sciences of Tunis El Manar, Tunisie

4 Laboratory of Integrated Olive Production (LR 16IO3), Tunis, Tunisie

*Address all correspondence to: rimwerheni@gmail.com

7. Conclusions

This chapter investigated the effects of PCP soil contamination on microbial 
diversity, enzymatic activities, microbial biomass, and physicochemical soil 
characters. In general, the results verified the damaging consequence of PCP on soil 
activity and variations in soil microbe and genetic variety. PCP negatively affected 
the intracellular actions of soil microbes and the amount of nitrogen alteration. This 
may result in the deterioration of soil role and procedures connected to nutrient 
availability to plants and soil organic matter decomposition and, so, unfavorably 
affect plant development and health. Moreover, the results presented that the soil 
fungal community is more sensitive to PCP pollution than the bacterial community. 
However, enzyme activity can be inhibited at PCP contaminated soil. The denitri-
fication process was significantly reduced by the PCP at a higher rate of PCP, which 
would further interrupt the nitrogen cycle in soil. Finally, it is necessary to study 
more details about the effect of PCP accumulation in long-term in soil.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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7. Conclusions

This chapter investigated the effects of PCP soil contamination on microbial 
diversity, enzymatic activities, microbial biomass, and physicochemical soil 
characters. In general, the results verified the damaging consequence of PCP on soil 
activity and variations in soil microbe and genetic variety. PCP negatively affected 
the intracellular actions of soil microbes and the amount of nitrogen alteration. This 
may result in the deterioration of soil role and procedures connected to nutrient 
availability to plants and soil organic matter decomposition and, so, unfavorably 
affect plant development and health. Moreover, the results presented that the soil 
fungal community is more sensitive to PCP pollution than the bacterial community. 
However, enzyme activity can be inhibited at PCP contaminated soil. The denitri-
fication process was significantly reduced by the PCP at a higher rate of PCP, which 
would further interrupt the nitrogen cycle in soil. Finally, it is necessary to study 
more details about the effect of PCP accumulation in long-term in soil.
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Abstract

Cadmium (Cd) toxicity is highly detrimental for the human and largely 
originated from faulty industrial and agricultural practices. Cadmium toxicity can 
be observed in minute concentration and highly mobile in the soil–plant system 
and availability in soil is mainly governed by various physio-chemical properties 
of the soil. Cereals and vegetables cultivated in peri-urban areas, former mining 
and industrial areas accumulate Cd in toxic limit as they receive Cd from multiple 
ways. In general, when the total cadmium (Cd) concentration in soil exceeds 
8 mg kg−1, or the bioavailable Cd concentration becomes >0.001 mg kg−1, or the 
Cd concentration in plant tissue reaches 3–30 mg kg−1 most plants exhibit visible 
Cd toxicity symptoms. The impacts of Cd toxicity are seed germination, growth, 
photosynthesis, stomata conductance, enzyme activities and alteration in mineral 
nutrition. The major source of Cd in human is food chain cycle and causes disor-
ders like “itai-itai” disease, cancer, and nephrotoxicity. Cadmium harms kidney, 
liver, bone and reproductive body parts and may be fatal in serious condition. 
WHO recommended the tolerable monthly Cd intake are 25 μg kg−1 body weights 
and in drinking water Cd concentration should not exceed 3 μg L−1. It is hard to 
remove these potent and hazardous metals from the environment as they have 
long mean residence time but, can be converted into less toxic form through bio-
remediation. This chapter focuses on the effect of Cd toxicity in soil–plant-human 
continuum and its bioremediation techniques to mitigate the Cd- toxicity.

Keywords: bioremediation, cadmium, carcinogen, food safety, soil contamination

1. Introduction

Cadmium (Cd) is an element which is extremely toxic to humans and can cause 
adverse effects even in small doses. Cadmium is a non-essential trace metal, which 
plays no recognized role in human, plant and animal development and growth. 
Various Environmental Protection Agency classified Cd as one of the pollutant 
element and include it in the list of 126 priority pollutants [1]. Lithosphere, hydro-
sphere and atmosphere take part in the exchange of Cd in its bio-geo-chemical 
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cycle [2]. The aggregate industrial emission of Cd is vast and significantly con-
tributed to bio-geo-chemical cycles, resulting Cd deposition in many ecosystems 
and hastening buildup of Cd both in nature and human food chain. Therefore, a 
variety of detrimental health effects of Cd have been identified in various parts of 
the world and these symptoms are increases progressively [3]. Cadmium (Cd), a 
hazardous heavy metal, falls into Group IIB of the periodic table and, its amounts 
ranging from 0.1 to 1 mg kg−1 in environment [4]. According to recent data col-
lected in 2011, 7500, 2500 and 2000 t of Cd was emitted by China, Republic of 
Korea and Japan whereas globally it was 21,500 t yr.−1. After the industrial revolu-
tion, man-made activities have greatly intensified the CD level in environment. 
The produce and use of Cd containing batteries, dyes, electroplating, combustion 
of crude oil, paints (Cd use as stabilizer), phosphate fertilizer processing and waste 
water applications have added 3–10 folds higher Cd than natural methods to the 
ecology. The release of Cd into to the soil environment is responsible for some 
natural disasters, such as volcanic eruption, sea salt spray, wild fires, weathering of 
Cd containing minerals and rock, transportation and accumulation of Cd-polluted 
soil by water and wind [5]. Cadmium, resulting from occupational and non-
occupational contact, has detrimental impact on human health through build-up 
of Cd in human body. Occupational contamination is primarily observed by the 
extraction and smelting of non-ferrous metals, the manufacturing and handling 
of composite-containing CDs, and e-waste recycling activities. Non-occupational 
Cd contamination is mainly done by smoking, feeding behavior and atmospheric 
Cd particles [5]. Cadmium is ingested into multiple organs within the human body 

Country Adults N 19 Children Adolescent 
14–18 years

References

MAL/RDAa 5.0E−02b — — [11]

RfD (oral 
reference dose)

1.0E−03 1.0E−03 — [12]

Netherland 2.01E−02 4.10E−02 1.60E−02 [13]

USA 1.08E−05 2.21E−05 8.63E−06 [14]

Bangladesh 5.17E−05 1.06E−04 4.13E−05 [15]

Italy 1.54E−05 to 
5.48E−05

3.16E−05 to 
1.12E−04

1.23E−05 4.38E−05 [16]

Ethiopia 1.16E−04 2.37E−04 9.24E−05 [17]

Zimbabwe 8.87E−04 1.81E−03 7.09E−04 [18]

China 2.05E−04 to 
2.805E−03

4.18E−04 to 
5.72E−03

1.63E−04 
2.23E−03

[19]

Sweden 6.95E−05 1.42E−04 5.55E−05 [14]

Uganda 8.22E−05 1.68E−04 6.56E−05 [11]

India 8.03E−04 to 
4.92E−03

1.64E−03 to 
1.00E−02

6.41E−04 
3.93E−03

[13]

Pakistan 3.67E−05 to 
8.10E−04

7.49E−05 to 
1.66E−03

2.93E−05to 
6.47E−04

[17]

France 5.78E−03 1.18E−02 4.62E−03 [12]
aMAL/RDA maximum allowable limit/recommended dietary allowance.
bE−02 represents 1 × 10−2.

Table 1. 
Daily dietary intake of Cd (mg kg−1 day−1) through consumption of Cd contaminated vegetables.
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i.e., kidney, liver, lungs, thymus testes, heart, epididymis, prostate, and salivary 
glands, leading to malfunctioning of multi-organ and ultimately death [6, 7]. The 
Itai-Itai epidemic with 184 patients and 388 possible victims was a well-known 
environmental hazard associated with Cd infection. Faulty farming practices and 
the use of hazardous plant agro-chemicals allow Cd to invade the food chain of 
humans. Commonly, trace elements level is typically higher in the roots, however 
in certain leafy vegetables (e.g., lettuce and spinach), Cd is accumulated in plant 
leaves owing to its fast absorption and mobility within the plant system [8]. The 
estimation of quantities of Cd content in food materials indicates that vegetables 
and grains are the key factor of Cd in the food material, even though they are often 
present in animal products with a low quality. It is estimated that the everyday Cd 
ingestion by food material is 10.0–30.0 μg for adults in various countries [9, 10] 
(Table 1). Satarug et al. [20] reported that Cd level in vegetables varied from 0.001 
to 0.124 mg kg−1 and intake of vegetables accounts >70–90% Cd susceptibility to 
humans. Remediation measures like washing the matrix, excavation and burial, 
and filed mechanization techniques have been followed in both limited and com-
mercial scale but, not economically viable. An alternative strategy to mitigate the 
harmful effects Cd on soil–plant could be the use of bioremediation using suitable 
plants and microbes. So, in this chapter in brief the importance of Cd as a toxic 
element, its dynamics in the soil and plant and environment friendly measures to 
eliminate Cd pollution is discussed.

2. Cadmium contamination in soil and water

Cadmium (Cd) is a hazardous trace element disseminated extensively in the 
environment and causes implacable impact on human health even in very minute 
content [21]. Cadmium in lithosphere, sedimentary rocks and soil content 0.2, 0.3 
and 0.53 mg kg−1 however in soil water and groundwater 5.0 and 1 μg L−1, respec-
tively [22, 23]. Cadmium contamination in soils and groundwater arises due to 
both natural and anthropogenic activities and cause harmful impact as its goes into 
human body through drinking water and foods [24]. Cadmium is mostly geogenic 
by origin whereas, majority comes from natural weathering and other sources are 
mining, casting and smelting, irrigation with sewage water, factories and vehicular 
discharges, and agrochemicals are major man-made causes of Cd pollution [25, 26]. 
Moreover, unmonitored and unsafe garbage dumping activities have intensely raised 
Cd levels in soil and water bodies. At end of 1980’s it was reported that geogenic and 
anthropogenic sources mobilizes Cd to the biosphere 24,000 and 4.5 t yr.−1, respec-
tively which depicted the supremacy of man-made activity [27].

Among the natural sources windblown soil particles are the main reason for 
atmospheric Cd contamination followed by wildfires, sea spray, volcanic emis-
sions, and meteoric dust. In California, Burke et al. [28] estimated that forest fire 
enhanced the average Cd level in water bodies by 2 folds. Pacyna and Pacyna [29] 
and Richardson et al. [30] reported that the Global average annual emission of 
natural Cd is about 1400 t however, from anthropogenic sources it was 2983 t. In 
nature, Cd is present ubiquitously in all areas and interestingly it’s presence can be 
seen in remote places like ice peak of the Himalaya and North and South poles [31]. 
In southern Germany mainly relies on agricultural activities has Cd concentration 
in soil deposition was upto 0.25 g (ha*a)−1 however, in industrial western Germany 
the Cd deposition was quite high upto 1.4 g (ha*a)−1 [32]. Thus, indicates that 
anthropogenic activities have greater potential in Cd pollution.

Cadmium content in the soil is positively correlated with the weathering of 
parent material but, unscientific practices have worsen the input, output balance 
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Among the natural sources windblown soil particles are the main reason for 
atmospheric Cd contamination followed by wildfires, sea spray, volcanic emis-
sions, and meteoric dust. In California, Burke et al. [28] estimated that forest fire 
enhanced the average Cd level in water bodies by 2 folds. Pacyna and Pacyna [29] 
and Richardson et al. [30] reported that the Global average annual emission of 
natural Cd is about 1400 t however, from anthropogenic sources it was 2983 t. In 
nature, Cd is present ubiquitously in all areas and interestingly it’s presence can be 
seen in remote places like ice peak of the Himalaya and North and South poles [31]. 
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Cadmium content in the soil is positively correlated with the weathering of 
parent material but, unscientific practices have worsen the input, output balance 
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i.e., input through atmospheric precipitation, factory or agricultural operations, 
minus its output through leaching, erosion and uptake by the crops [33]. The 
average Cd concentration in unpolluted soils in worldwide is 3.6%, while amounts 
which might be differ across continents, countries and type of soils. Cadmium in 
soil >30% is critically consider as Cd pollution limit, however, it was found that Cd 
level in soil reduces proportionately as the distance between manufacturing units 
and urban areas increases [34, 35]. In soil, the predominant source of Cd contami-
nation is through weathering of various rocks and minerals present in the soil [25]. 
Maximum quantity of Cd was found in sedimentary rocks (0.1 to 26%) as compared 
to metamorphic and igneous rocks which contains Cd in the range of 1.1–10% and 
0.7–2.5%, respectively [36, 37]. Similarly, Liu et al. [36] reported that in mudstone 
and siltstone has higher Cd content (46%) whereas, carbonate rocks has only 17% 
Cd content. He et al. [38] documented that soils generated from metamorphic rock 
like shales are highly prone to Cd toxicity. The Table 2 illustrated the various Cd 
containing rocks and minerals that may be recognize important for the incidence of 
Cd in the soil and water. Zinc (Zn) from sphalerite (ZnS) or smithsonite (ZnCO3), 
and iron (Fe) from pyrite (FeS2) and hydrous oxides of iron can be easily substi-
tuted by Cd [39]. Due to similarity in ionic radius Cd can able to replace several 
divalent cations (i.e., Ca, Fe, Zn, Pb, and Co) from their rocks [37]. Gnandi and 
Tobschall [40] stated that Ca in apatite mineral can be substituted by Cd therefore 

Rock type Average Cd 
content (%)

Mineral Composition Average Cd 
content (%)

Carbonate stone 0.1 Apatite Ca5(F,Cl)(PO4)3 1.4–1.5

Ultramafic rocks 0.2 Sphalerite (Zn,Cd)S 2

Schists 0.2 Smithonite ZnCO3 < 2.35

Sandstone 0.3 Magnetite Fe3O4 < 3.1

Red shales 0.3 Silicates — 0.3–58

Gneisses 0.4 Arsenopyrite FeAsS < 50

Mafic rocks 1.1 Scorodite FeAsO4. 2H2O < 10–58

Granitic rocks 1.2 Otavite CdCO3 65.2

Basalt 2.2 Greenockite CdS 77.8

Obsidian 2.5 Pyromorphite Pb5Cl(PO4)3 < 10–80

Organic sediment 5.0 Calcite CaCO3 < 10–230

Red clay 5.6 Marcasite FeS2 < 500

Bituminous shale 8.0 Chalcopyrite CuFeS2 < 1100

Limestone 10 Bindheimite Pb2Sb2O6(O,OH) 1000–10,000

Shale and 
claystone

10 Tetrahedrite (Cu,Fe,Zn,Ag)12SbAs4S13 800–20,000

Bentonite 14 Anglesite PbSO4 1200 to 
>10,000

Marlstone 26 Mn-oxides MnO. nH2O < 10,000

Oceanic 
manganese oxides

80 Limonite FeO(OH). nH2O < 10,000

Phosphorites 250 Galena PbS < 30,000

Table 2. 
Cadmium contents in different rocks and minerals.
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Source Type of pollution Country/Area Maximum Cd level Reference

Mining

Pb mining and 
refinery

Atmospheric 
deposition

Příbram, Czech 
Republic

Soil: 48 mg kg−1 [45]

Cu mining Waste water Canchaque, Peru Soil: 499 mg kg−1 [28]

Pb–Zn mining/
refinery

Waste water Coeur d’Alene basin, 
Idaho, USA

Groundwater: 
77 μg L−1

[46]

Fe–Ni–Co mining Waste material Several sites in 
Albania

Soil: 14 mg kg−1 [47]

Au–Ag–Pb–Zn 
mining

Waste water Chloride, Arizona 
USA

Groundwater: 
19 μg L−1

[48]

As refinery Waste material Reppel, Belgium Soil: 79 mg kg−1 [49]

Phosphorite 
mining

Mining waste, 
transport

Kpogamé, Hahotoé, 
Togo

Soil: 43 mg kg−1 [50]

Zn smelter Atmospheric 
deposition

Hezhang County, 
China

Soil: 74 mg kg−1 [51]

Zn smelter Waste material Celje, Slovenia Soil: 344 mg kg−1 [52]

Pb–Zn mining/
refinery

Atmospheric 
deposition and waste 

water

Jinding, China Soil: 531 mg kg−1 [53]

Mining activities Waste water BacKan province, 
North Vietnam

Soil: 4.26 mg kg−1

Irrigation water: 
2.51 μg L−1

[54]

Au–Cu mining Waste water Bolnisi, Georgia Soil: 121.5 mg kg−1 [55]

Coal mining Mining waste and 
deposition

Anhui province, 
eastern China

Soil: 
0.05–0.87 mg kg−1

[56]

Cu, Mo and Ni 
mining

Mining waste and 
deposition

Yangjiazhangzh and 
Dexing, China

Soil: 22.8 mg kg−1

Sediment: 
66.1 mg kg−1

[57]

Coal mines Atmospheric 
deposition and waste 

water

Singrauli, India Groundwater: 
108 ppb

[58]

Industries

Cement factory Atmospheric 
deposition

Qadissiya, Jordan Soil: 13 mg kg−1 [59]

Various 
(e.g., textile, 
electroplating)

Waste water Coimbatore, India Soil: 12.8 mg kg−1 [42]

Ceramic industry Sewage sludge Castellon, Spain Soil: 72 mg kg−1 [60]

Pigment 
manufacture

Atmospheric 
deposition

Staffordshire, UK Soil: 16 mg kg−1 [61]

Textile industry Waste water Haridwar, India Soil: 83.6 mg kg−1 
Groundwater: 

40 μg L−1

[62]

Metal industry Atmospheric 
deposition

Unnao, India Groundwater: 
74 μg L−1

[63]

Ceramic industry Atmospheric 
deposition

Yixing, China Soil: 5.9 mg kg−1 [64]

Paper mill Waste water Morigaon, India Soil: 31.01 mg kg−1 [65]
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Source Type of pollution Country/Area Maximum Cd level Reference

Power industry 
and industrial 
plants

Atmospheric 
deposition and waste 

water

Malopolska province, 
southern Poland

Soil: 16.9 mg kg−1 [66]

Zinc-smelter 
plant

Irrigation through 
industrial effluents

Rajasthan, India Soil: 96.8 mg kg−1 [67]

Atlas Cycle 
factory

Irrigation through 
industrial effluents

Haryana, India Soil: 9.81 mg kg−1 [67]

Waste management

Disposal facilities Leachate Great lakes region, 
USA

Soil: 32 mg kg−1 [40]

Household wastes Waste water Ikare, Nigeria Groundwater: 
580 μg L−1

[6]

Landfill Leachate Taoyuan, Taiwan 
Alexandria, Egypt

Soil: 378 mg kg−1 
Groundwater: 

51 μg L−1

[68]

Sewage and waste 
disposal

Waste water Sekondi-Takoradi 
Metropolis, Ghana

Groundwater: 
90 μg L−1

[69]

Sewage disposal Waste water and 
physical mixing

Sundarban, India Soil: 1.70 mg kg−1 [70]

Brownfield Waste water Xiangjiang River, 
China

Groundwater: 
474 μg L−1

[71]

Oil spill accident Waste deposition and 
physical mixing

Sundarban, 
Bangladesh

Sediment: 
0.82 mg kg−1

[38]

Electronical waste 
recycling

Waste water Krishna Vihar, India Soil: 47.7 mg kg−1 
Groundwater: 

280 μg L−1

[72]

Agriculture

Sewage sludge 
application

Irrigation Several sites in Spain Soil: 90 mg kg−1 [73]

P fertilizer 
production

Atmospheric 
deposition

Rio Grande, Brazil Soil: 9.3 mg kg−1 
Groundwater: 

3 μg L−1

[32]

P fertilizer 
application

Infiltration Cauvery River basin, 
India

Groundwater: 
60 μg L−1

[74]

Urban agriculture Atmospheric 
pollution and soil 

contamination

Belo Horizonte, Brazil Soil: 0.20 mg kg−1 [75]

Sewage sludge 
application

Soil application Jiangsu Province, 
China

Leachate: 
0.14 mg kg−1

[76]

Urban areas

Sewerage Leakage Rastatt, Germany Groundwater: 
5 μg L−1

[1]

Road traffic Infiltration Celle, Germany Groundwater: 
2.34 μg L−1

[9]

Over populated, 
E-wastes and 
industrialized

Infiltration and 
physical mixing

Western Uttar 
Pradesh, India

Groundwater: 
0.07 mg L−1

[77]

Table 3. 
Various types of cadmium contamination in soil and waterbodies.
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Cd may be a natural adulteration in phosphate (P) minerals and phosphorite rocks 
that are essential for the manufacture of phosphate fertilizers. Unlike Eastern 
Europe, there is considerably higher Cd in agricultural fields of Western European 
and one of the reasons for this is use of P fertilizer from distinct source [41]. The 
Cd bioavailability is governed by several factors such as: pH, moisture content, 
soil texture, clay content and type, cation exchange capacity, quantity and type of 
organic matter (OM), hydrous oxides, etc. [38]. Cadmium is easily mobilize in the 
soil due to its weaker bonding between soil exchange sites (i.e., OM, carbonate, and 
hydrous oxide) [42] and that is the key factor to increase bio-availability of Cd to 
plants, ground water as well as plant products.

Geogenic sources input only 10 percent Cd in the environment however, 
man-made emission input 90 percent Cd in the environment. Among the various 
man-made sources major contribution is from manufacturing and application of P 
fertilizers, petroleum oil burning, smelting and casting industries, effluents from 
cement factories, vehicular emission, sewage sludge, landfills, municipality solid 
wastes, and mining activities [43, 44]. The Table 3 explained various anthropo-
genic activities and their impact on Cd build-up in soil and groundwater. Cadmium 
is mainly used in stabilization of plastics, pigments manufacturing, solar panels, 
nickel-cadmium batteries, and rust resistant steel production, agri-chemicals, 
solders, engine oil, and rubber and fabric industries [78, 79]. Brown et al. [80] 
reported that in 2015, globally Cd manufacture was ~24,900 metric tons and it was 
increases in the coming years. Among the anthropogenic sources mining and metal 
industries are the main reason for environmental Cd pollution followed by textiles 
industries, nonmetallic mineral products, fertilizers and agro-chemicals produc-
tion, and leathers industries [81]. Landfills and municipal solid waste deposition 
are the major causes of soil pollution with Cd and in European countries municipal 
solid waste contain Cd level up to 3 to 12% [62]. Leachates from various sources are 
the main cause of Cd pollution in groundwater and Belon et al. [35] estimated that 
leachate form FYM, atmospheric deposition, inorganic fertilizers and municipal 
solid waste ranges from 10 to 25, 15–50, 30–55 and 2–5%, respectively. Another 
important source of Cd pollution in soil through the use of P fertilizers and P 
fertilizer used in various countries like Eastern Mediterranean countries, European 
countries and Germany the Cd content is as high as 770, 360 and 600%, respec-
tively [37, 82]. Cadmium discharge and emitted from multiple sources gradually 
enters into the soil and then eventually bio-accumulates in food grains which 
ultimately leads to human health hazard.

3. Mechanism of Cd accumulation in plants and consequences

Cadmium (Cd) is a potent pestilential metal which enters primarily via plant 
roots, get distributed and accumulated in plant parts in different proportions and 
concentrations, hampering crop yield and deteriorating the quality of produce. 
It ultimately makes it way to enter food chain thereby possessing serious threat to 
human and animal health. Cadmium ranks 7 among the top 20 toxins and it enter to 
arable land through various industrial processes and farming practices [83].

3.1 Accumulation of Cd in plants

Accumulation of Cd in plant is facilitated by its mobilization, uptake and trans-
port/distribution in various plant parts. Unscientific agricultural practices and 
industrial effluents are the major contributor of Cd in soil [84]. Phosphaic fertilizer 
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Cd bioavailability is governed by several factors such as: pH, moisture content, 
soil texture, clay content and type, cation exchange capacity, quantity and type of 
organic matter (OM), hydrous oxides, etc. [38]. Cadmium is easily mobilize in the 
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hydrous oxide) [42] and that is the key factor to increase bio-availability of Cd to 
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Geogenic sources input only 10 percent Cd in the environment however, 
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man-made sources major contribution is from manufacturing and application of P 
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human and animal health. Cadmium ranks 7 among the top 20 toxins and it enter to 
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port/distribution in various plant parts. Unscientific agricultural practices and 
industrial effluents are the major contributor of Cd in soil [84]. Phosphaic fertilizer 
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and sewage-sludge contribute to Cd pollution in agricultural soil. Concentration 
of Cd in plants is also an indicative of its concentration in soil; however various 
other factors including soil pH, organic matter content, interaction with other ions 
and plant species govern its availability in plants [85–87]. Meta data analysis of 162 
wheat and 215 barley grain samples by Adams and associates, [88] showed grain 
Cd concentration is positively correlated with soil total cd content and soil reaction 
(pH). They also highlighted the fact that higher microbial activity, nitrification and 
application of sewage sludge increased the chance of Cd toxicity but, reclaiming the 
soil with liming may abate the chance of toxicity. Sauvé et al. [89] found that organic 
matter had almost 30 times more sorption affinity for Cd when compared with 
mineral soil in Canada which indicates the importance of quality of organic matter 
in binding and accumulating Cd. It is assumed that lowering of pH will facilitate 
Cd availability to plants, but it might not hold true for soils with lower pH and high 
organic matter.

Before apprehending the mechanism of Cd accumulation in plants, one has to 
understand uptake and translocation of Cd inside plants. Ability of plants to take 
up Cd depends upon numerous factors like total Cd content in soil solution, soil 
reaction (pH), redox potential (Eh) and moisture content, soil organic carbon 
content, soil temperature, and last but not the least interaction among different 
elements. Primarily Cd enters plant through roots. Once in roots, Cd can get stored 
or exported to shoots through xylem. Cadmium is both xylem and phloem mobile 
[54, 74]. There are two possible mechanisms of Cd translocation into the plants and 
subsequently to the grains. These are: (i) Xylem mediated translocation to the sink 
i.e. grains (ii) Active transportation to various plant parts culm, rachis, flag leaves, 
external parts of the panicles and followed by phloem mediated mobilization to 
grains [90] and Schematic representation of Cd uptake and subsequent transloca-
tion in rice was shown in Figure 1. Root cell membrane located transporters take 
key role in Cd uptake in plants [91].

Cadmium uptake and accumulation in plants must undoubtedly be under 
control of multiple genes which contribute quantitatively in stage-specific, tissue-
specific, environment-specific to Cd transport, accumulation and sequestration 
in plants [92]. In a study conducted by Hédiji et al. [72] on long term exposure of 

Figure 1. 
Schematic model of Cd uptake process from soil to grains in rice.
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Cd on tomato (Solanumlycopersicum L.) concluded that, impact of Cd toxicity is 
highly dose specific and significantly correlated with soil nutrient status. Whereas, 
in higher dose severely affecting the plant growth and metabolism by altering the 
nutrient partitioning. Several genes are responsible to carry out these processes.

3.2 Consequences to plant health

The impact of Cd toxicity in plants is still a closed book thing but, recent 
advances in plant physiological studies helped the researchers to answer the ques-
tions. Clemens [54] reported that the major influence on Cd toxicity in plants is 
nutrient imbalance by regulating the normal work of transporters peculiarly in fruit 
plants. For instance, the concentration of K, Zn, and Fe in developing fruits falls off 
drastically at the expense of Ca and Mg. The antagonistic relationship between Cd 
and K is well documented like sub-optimal K concentration in the pericarp which 
disrupts the normal bio-chemical cycles like bio-synthesis of protein, enzymatic 
activity and membrane bound activities such as sustaining cellular turgidity [54].

4. Consequences to human health

According to International Agency for Research on Cancer, Cd is highly inimical 
and labeled as class-I carcinogenic compound to mammalian health. Cadmium may 
not be toxic to the plants that accumulate it, yet are toxic to animals and humans 
feeding upon it. Cadmium makes it entry to human body either from food, water or 
breath and a little amount enters through skin. Majority of Cd entering to human 
body is either breathed out or excreted in feces, whereas only one-quarter of it gets 
into human body through breath and one-twentieth from food. People working 
in industries that release Cd are more prone to get affected by Cd toxicity because 
they might breath, eat or drink Cd in air, food or water. Cadmium with biological 
half-life of 10–30 years, generally gets accumulated in kidneys and liver and slowly 
leaves human body through urine or feces [93, 94]. Researches around the world 
indicate that daily cadmium intake from all sources is very low in case of general 
population which range between 10 and 25 μgday−1, however the tolerable daily 
intake established by WHO is 60 and 70 10–25 μg day−1 respectively, for adult 
women and men.

5. Cadmium toxicity in humans

Human health due to Cd is an emerging issue and needs urgent attentions 
[52]. During the process, 10–50% of the cadmium dust is consumed according to 
the particle size. Digestion is higher for people that have an iron, calcium or zinc 
deficiency. The main source of human cadmium toxicity is considered to be tobacco 
smoking other than industrial exposures and food habit [95–98]. Cd toxicity is 
developing gradually in the human body and eventually causes different negative 
health effects, particularly bone loss and nephron toxicity.

5.1 Absorption and distribution

Cd is passed across the body after assimilation, usually linked with a bunch of 
sulfhydryl containing protein such as metalllothionine. Typically 30% stores in liver 
and kidney; the remaining spread across the body, with an independence half-life 
about a quarter of a century [99]. Blood, hair and urine Cd levels are indicator of 
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potential toxicity but, to get the actual toxicity level urine stimulation test with the 
subjects body weight is highly important [100].

5.2 Mechanisms of toxicity

As previously mentioned, Cd induced epigenetic changes in DNA articula-
tion by oxidative pressure, impediments or guidance for transport pathways 
particularly in the kidney [98] (Figure 2). Extreme impedance to the physiologi-
cal function of Zn or Mg is introduced by other pathological mechanisms [99]. 
Restriction of the heme and the weakening of mitochondrial work which is likely 
to cause apoptosis [47]. Glutathione explosion has been found alongside the 
auxiliary protein contortion attributable to the official Cd in sulfhydryl bunches 
[100]. Cooperation with other hazardous metals, such as lead (Pb) and arsenis 
(As) hastens these impacts [101, 102].

6. Clinical toxicity

The major site of Cd toxicity is kidney where a fragment S1 of the proximal 
tubule is a majorly targeted and disruption in mitochondrial protein synthesis due 
reabsorption of glucose, bicarbonate and phosphate clinically known as Fanconi 
disorder [76, 103]. Cadmium can also inhibit the digestion of vitamin D in the kid-
neys with progressively rises of issues like osteomalacia, osteoporosis, renal-around 
broking and calcium malabsorption [103–105]. Cadmium has multiple deleterious 
effects on the cardiovascular framework like adverse impact on vascular endothe-
lium consistency [95, 106]. Cd links to sudden coronary death marginal blood vessel 
dysfunction, increased intima media thickness and scattered myocardial necrosis 
[64, 107]. In comparison, low-recurrence listening was substantially decreased by 
people with elevated urinary Cd levels [108]. In comparison, high-urinary Cd rates 

Figure 2. 
Mechanisms of cadmium toxicity in humans.
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have decreased cognitive power. Cadmium is assumed to be the carcinogenic agent 
Class B1 by the United States Environmental Protection Agency [46]. Conflicting 
research links Cd adoption and denies bosom malignant development [88, 94, 109]. 
Cd was associated to pancreas and lymphoma cell disturbance [88]. Vegetables 
developed in Cd-defiled soils can possibly cause toxicological issues in people 
particularly in developing women [110]. A few different components like low 
admission of Ca, vitamin D, and minor components, for example, Cu and Zn can 
build this sum. Thus, daily entry of Cd by Cd is exceptional due to the fusion of Cd 
in diets and the human dietary propensities. The mean daily use of Cd (DICd) uses 
the following formula as a general basis:

 Cd Cd factor average weightfood intake)/DI (C x C x D BW=  

DICd symbolizes daily intake of Cd, CCdCofactor, intake of Dfood and Waverage 
weight are Cd fixations in vegetables, transition factor (new weight to dry weight), 
and human consumption of vegetables every day and regular body weight respec-
tively. Table 2 describes the DICd figures given in different countries by the use of 
Cd-sullied vegetables. The number of inhabitants in the Netherlands unmistakably 
ingests the most notable Cd from the available information through defiled veg-
etables, followed by France and USA. The introduced data shows that the use of Cd 
contaminated nourishments is a significant implementation course. In these lines, 
in order to avoid harmful health consequences, the intake of infected vegetables 
should be reduced to the fullest degree possible. Different remediation steps can 
also be introduced in infected soil to carry the Cd concentration to a reasonable 
amount. In contrast, DICd’s principles are based on a few experiments worldwide. 
To describe incidents and potential dangers more thoroughly, further studies are 
needed. Furthermore, day-to-day vegetable intake, eating patterns, general status 
and the overall body weight of a person should be taken into account. Cadmium 
(Cd) is a toxicity ia result of long term exposure and “itai-itai” infection in Japan 
during 1950’s is an eye opening instance. Arrangement of rules and rules has been 
created in numerous nations and worldwide associations to manage the examina-
tion on wellbeing impact of Cd contamination [111].

7. Bioremediation of cadmium

According to EPA, bioremediation can be defined as “technique which uses 
naturally occurring microorganisms to break down hazardous substances into less 
toxic or non-toxic substances [111].”

7.1 Techniques of bioremediation

a. In-situ Bioremediation: This technique follows on-site remediation of polluted 
soil using sustainable technologies [112, 113].

b. Ex-situ Bioremediation: This method based on cleaning contaminated site 
elsewhere i.e. not in the site of pollution.

7.2 Types

a. Phytoremediation: Phytoremediation is an eco-friendly option for reju-
venating contaminated site using plants and microbes. Plants suitable for 
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phytoremediation techniques must have important characters like high above 
ground biomass with vigorous growth, proliferated root system and metal 
accumulating characters [114].

b. Phytoextraction: Phytoextraction can be described as a metal extracting 
character by plant roots and subsequently plants are subjected to burial 
in some other place or incineration. Taxonomically plants species which 
are excellent metal extractor’s belongs to families like Scrophulariaceae, 
Lamiaceae, Asteraceae, Euphorbiaceae, and Brassicaceae. However, plant species 
like Celosia argentea L. [115], Salix mucronata L. [61], Cassia alata L. [116], 
Solanummelonaena L., Momordicacharantia L. [117], Kummerowiastriata L. 
[118], and Swieteniamacrophylla L. [65], may be used as potential plant choices 
to increase the process of Cd phytoextraction. Moreover, a sub-division of 
phytoextraction, known as chelate-assisted phytoextraction, is also used as a 
possible solution for metals that have no hyperaccumulator species using EDTA 
or citric acid [66, 119].

7.3 Microorganisms for bioremediation

Microbe’s works in both active and passive mode and microbial species like 
bacteria, fungi and alage can be used as a potential option for eco-friendly remedia-
tion techniques [93]. Bacteria’s are very effective for cleaning contaminated site 
due to its unique metabolic characters and tolerance to harsh conditions [120]. 
Several heavy metals have been tested using bacteria species like Flavobacterium, 
Pseudomonas, Enterobacter, Bacillus, and Micrococcus sp. Their great bio-sorption 
ability is due to high surface-to-volume ratios and the potential active chemosorp-
tion sites (teichoic acid) on the cell wall [121]. Abioye and his coworkers [122] 
reported successful use of bacterial species like Bacillus subtilis L., B. megaterium 
L., Aspergillusniger L., and Penicillium sp. for revive soils contaminated with lead 
(Pb) and cadmium (Cd). Fungal species like Coprinopsisatramentariais L. can bio 
accumulate more than 75% of Cd of the contaminated site by 1 mg L−1 [123]. Goher 
and his co-authors [68] reported cleaning of Cd- contaminated site using dead algal 
cells of Chlorellavulgaris L.

8. Conclusions

This present chapter summarizes the various sources of Cd in environment and 
its toxic effects on plant and human being as well as suggested some approaches 
of bioremediation to mitigate the Cd pollution from environment. Anthropogenic 
activities are the key pathway to contaminate the environment with Cd which 
ultimately accumulated in various leafy vegetables and food grains. Consumption 
of this high Cd containing food causes several toxic symptoms in human being and 
leads to malfunctioning of multiple human organs. To reduce the Cd accumula-
tion in food grain various amelioration strategies has been adopted among them 
use of microbes to decrease Cd uptake by plants seems to have great prospective. 
Moreover, some microbes may increase amounts of Cd due to their biochemical 
processes, and their implementation may also worsen problems with soil pollution. 
Use It is also suggested to characterize the microbes and tested them in laboratory 
and field condition prior to their use in agricultural soils, thus maintaining soil 
quality and food safety.
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Abstract

A major challenge in agricultural production systems is the maximization of 
resources used to promote the development of crops with a minimum of envi-
ronmental impact. In this sense, the use of fertilizers of animal origin has great 
potential to promote the improvement of soil properties. In southern Brazil, swine 
manure (SM) is widely used in agricultural areas, allowing nutrient cycling within 
pig units and reducing costs for chemical fertilizers. Much of this manure is applied 
in liquid form (PS), but other strategies are often used, such as PS compost and 
swine bedding (DL). The use of these SMs improves the chemical, biological, and 
physical attributes of the soil, contributing to increased fertility and productiv-
ity of crops. However, prolonged use or applications with high doses of SM can 
result in the accumulation of metals and phosphorus in soils, representing a risk of 
contamination of soils and surface water resources, mainly due to losses by runoff, 
and subsurface, by leaching. Therefore, the adoption of criteria and the rational 
use of PMs need to be adopted to avoid dangerous effects on the environment, 
such as plant toxicity and water contamination. The potentialities and risks of SM 
 applications are discussed in this chapter.

Keywords: pig slurry, pig deep litter, fertilization, copper, zinc, phosphorus

1. Introduction

The southern region of Brazil, represented by the states of Santa Catarina (SC), 
Paraná (PR) and Rio Grande do Sul (RS), stands out in swine production, hav-
ing almost 50% of the total Brazilian herd, with a total of 20,594,238 heads [1]. 
However, due to the intensive production system in the swine units, the volume of 
waste produced daily is high. In these conditions, the use of swine manure as fertil-
izer in crop and pasture areas is an established strategy, promoting a targeting use 
of this material and cycling of nutrients [2].
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Due to the large volume of swine manure (SM) produced in these swine units 
in southern Brazil, much work has been carried out to evaluate its effects on soils, 
as well as promoting strategies for its use, improving its efficiency [3, 4]. Also, 
alternatives have been proposed in the transformation of waste that is generated 
in these swine units, mainly in liquid form. These transformations ranged from 
anaerobic digestion, composting, and swine production in a deep litter production 
system. These strategies allow pig slurry (PS) transformation into a more stable 
material, with a higher concentration of nutrients and in a solid form, such as the 
PS compound and the deep litter (DL). SM transformation also has the advantage 
of allowing the waste transport and commercialization, becoming another source 
of income in the swine units [5–8].

Studies carried out in these Brazilian states have shown that SM are rich sources 
in macro and micronutrients, and their beneficial use for plant growth and develop-
ment, serving as an interesting alternative in the partial or total replacement of 
mineral fertilizers, promoting the maintenance of productivity and decrease in 
external inputs in agricultural production areas [2, 5, 9, 10]. In addition, SM applica-
tions in agricultural areas promotes benefits to different soil properties, increasing 
soil fertility, improving soil structure and microbiological activity [4, 6, 9, 11, 12].

However, SM also has factors limiting its use, such as its variable concentration of 
nutrients and unbalanced to the needs of the plants, which can compromise the qual-
ity and functionality of the environment when excessive and/or continuous fertiliza-
tion is carried out in the same areas [13–17]. The main concerns raised by researchers, 
and according to the publications of international academic society, are related to the 
phosphorus (P) and heavy metals, such as copper (Cu) and zinc (Zn), accumulation, 
availability, and losses in areas submitted a long history of applications [3, 18–23]. The 
results of the studies developed to emphasize the importance of adopting technical 
criteria for the use of SM in agricultural areas, proposing limits of doses used, appli-
cations based on soil attributes and composition of manure, the recommendation for 
crops, determination of limiting elements for the applied dose (mainly P), supple-
mentation of the application of SM with chemical fertilizers and adequate treatments 
for the storage and stabilization of waste, for example [10, 17, 24, 25].

This chapter aims to survey studies carried out in the states of Santa Catarina, 
Paraná and Rio Grande do Sul about the use of swine manure in soils, covering 
its effects on soil fertility, crop productivity, and also on its potentials effects on 
the contamination of soils and water resources, mainly related to P, Cu, and Zn. 
Approximately 92 scientific publications conducted in these states were used to 
carry out this study.

2. Use of swine manure in agricultural areas: soil fertility and crop yield

The use of swine manure (SM) for grain and pasture production is an alterna-
tive to mineral fertilizers and allows the disposal of this residue within agricultural 
units, promoting nutrient cycling and reducing production costs [9, 10, 26].

Swine manure is used as fertilizer because it is rich in nutrients in readily avail-
able forms (mineral) to crops, in addition to increasing nutrients levels in organic 
forms that tend to have less availability, but which they can become available from 
their mineralization [4, 27, 28]. While pig slurry (PS) can present amounts close 
to mineral (49.6%) and organic (50.4%), for example, deep litter (DL) presents 
much higher proportions of organic N (90.6%) compared to mineral N (9.4%) 
[27]. Changes in these proportions are also observed in soils fertilized with SM, 
where applications, mainly with higher doses, increase the P labile forms in the soil. 
However, a large part of the P present in the soil is in more recalcitrant forms, with 
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emphasis on the mineral forms (Pi), corresponding to up to 80% of the total value 
in soil superficial layers, mainly associated with Fe oxides. In deeper layers, this per-
centage is even higher. Additionally, the contribution of P organic forms (Po) can 
reach up to 20%, decreasing with the increase of soil depth and soil organic matter 
(SOM) content [29]. This presence of organic and mineral components in organic 
fertilizers favors, in addition to improving soil fertility, microbiological activity, 
and subsequent crop nutrition, with organic components mineralization over time 
(residual effect) [4, 26–28, 30–32].

SM applications promote nutrients added to the soil, increasing its contents 
and, consequently, its availability to plants [6, 33–38]. Naturally, SM applications 
allow a more complete nutrients fertilization, not limited to N, K, and P, present in 
high concentrations in the manure, but also adding other macro and micronutri-
ents, such as Ca, Mg, Cu, Zn, and Mn [7, 9, 12]. In a study conducted by Pessotto 
et al. [35] in the municipality of Três Passos, RS, in a Entisol, PS applications 
(150 m3 ha−1) for four and 16 years in pasture areas (Cynodon spp.) promoted an 
increase in Cu, Zn, P, K, Ca, Mg and Na contents compared to mineral fertilization 
in an area of annual grain cultivation under no-tillage, mainly with the longest 
application time. A similar result was observed by Lourenzi et al. [6] evaluating the 
effect of PS compost applications in a no-tillage system with maize (Zea mays L.), 
black beans (Phaseolus vulgaris L.), in the off-season, and black oats (Avena strigosa 
L.) succession in a Oxisol, located in Chapecó, SC. The authors determined that 
the dose of 4 Mg ha−1 promoted nutrients contents similar to mineral fertilization 
(NPK), but with an increase in Cu, Zn and Ca contents, besides the SOM, in the soil 
surface layer.

However, unlike mineral fertilizers, the amounts of nutrients added by SM are 
difficult to control, as their chemical composition is variable [4, 9, 26]. This was 
evident in a study conducted by Da Ros et al. [36] in PS samples used for fertil-
izing sunflower (Oct/2009), canola (May/2010), beans (Jan/2011), and maize 
(Sep/2011) in Santa Maria, RS. During this period, four applications were carried 
out, with N, P2O5, and K2O contents ranging from 0.83–2.21 g L−1, 0.37–1.75 g L−1, 
and 0.69–1.25 g L−1, respectively. The different diets offered, the animal ages, the 
volume of water used to clean slatted floor stalls, and the shape and time of stor-
age, for example, are components that promote variation in the levels of nutrients 
present in manure [34]. Additionally, the breeding systems and the SM stabilization 
processes, such as the deep litter system, composting, and anaerobic digestion, 
promote changes in the structure and composition of manure and in its soil dynam-
ics [5, 7, 8]. Admittedly, the incorporation of substrates with high lignification, such 
as rice husks, shavings, and sawdust, in the preparation of deep litter and compost 
increases its C/N ratio. Also, the stabilization process of these swine fertilizers 
promotes the degradation of more labile organic compounds, reduces the carbon 
(C) content, increases the levels of nitrate (from the transformation of ammonia-
cal N) and other nutrients, producing a more stable material [8]. Consequently, 
its mineralization in the soil can be delayed, as well as the release of nutrients, also 
possibly causing greater immobilization of nutrients [4]. This was demonstrated by 
Giacomini et al. [27] evaluating the dynamics of N in the incubation of an Ultisol 
with DL, PS, and PS + oat straw application, in Santa Maria, RS. DL and PS addi-
tions increased soil mineral N contents during incubation, with DL promoting an 
increase of 17 mg kg−1, while PS of 66 mg kg−1, compared to the control treatment. 
Due to the nature of these wastes, the amount of mineralized N was differentiated, 
where 34.9% of the total N of the PS was mineralized, whereas for DL this percent-
age was only 14.6%. Additionally, the authors observed that the addition of PS to 
the soil covered with oat straw reduced the amount of mineral N by 30%, compared 
to the soil with only PS, due to the N microbial immobilization in response to the 
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high C/N ratio of the straw (46.5/1), also to the lower mineralization of organic N 
from PS that remained on the straw, without making contact with the soil.

In addition to nutrients, SM applications also promote changes in the SOM 
contents, through the addition of organic compounds present in the manure, but 
mainly by increasing the crops biomass production [7, 9, 26, 37]. The maintenance 
of these residues in the soil, along with soil conservation systems, such as no-till 
system and integrated crop-livestock-forest (ICLF), favors the accumulation of 
MOS [35, 38]. This positive effect can be seen in Figure 1, which shows the number 
of scientific articles developed with SM in the Southern region of Brazil, starting in 
2008, which showed changes in the SOM contents. This compilation reveals that in 
most studies (n = 21) the addition of SM increases the SOM contents compared to 
soils without fertilization, corresponding to approximately 60% of the studies. In 
the other studies (40%) there was no change in the levels. This distribution changes 
when assessing the effect of manure in comparison to applications with mineral 
fertilizers, changing to close to 40 those in which the MOS content increased 
and 60% in those in which there was no effect. The positive effect of SM on SOM 
was observed by Scheid et al. [12] with an increase in the organic C content of a 
Hapludox in pasture area (Cynodon spp.) after 15 years of PS applications with the 
dose of 200 m3 ha−1 year−1, in Nova Candelária, RS. The authors attributed these 
results to the direct effect of the C added by the manures (even in low concentra-
tion) and indirectly to the C added to the soil by crop residues and roots, which 
showed an increase in their biomass due to PS fertilization. The same mechanism 
was used by Lourenzi et al. [6] to justify the increase in SOM contents after six 

Figure 1. 
Number of scientific articles using swine manure that show an increase, reduction, and without change in 
total organic carbon (TOC) content, pH values, and crop yield compared to treatments without fertilization 
(control) and with mineral fertilization (NPK).
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years of PS composting with shavings applications in a no-till system in Chapecó, 
SC. The authors observed an increase of 22, 26, and 23% in SOM contents, with 
the application of 4, 8, and 16 Mg ha−1, respectively. However, it is important to 
notice that both studies found greater effects on soil superficial layers, promoting 
changes up to 10 and 4 cm, respectively. Additionally, the addition of solid material, 
such as PS compost or DL, tends to promote the greater accumulation of organic C 
than PS applications, due to the higher C content in these solid manures [6, 7]. The 
increase in SOM contents in soils fertilized by SM is a factor of great importance in 
increasing soil fertility, contributing to its CEC, microbiological activity, and soil 
structure, also is an attribute associated with soil quality [11, 12]. However, it is 
important to notice that some studies have also shown the null effect of SM appli-
cation on SOM contents [7, 16, 34]. In samples of Entisol, Inceptisol, and Oxisol, 
obtained from rural units in Western Santa Catarina under a no-tillage system, 
Scherer et al. [38] observed that SOM contents were similar between areas with PS 
application and with mineral fertilization, submitted to both managements for 15 
and 20–25 years.

Another important component for soil fertility and crop growth influenced by 
SM fertilization is pH. However, as for SOM, the increase or decrease in pH values 
depends on the type of manure applied, dose and management used, and also to 
environmental conditions [26, 36]. However, the positive effect of SM on soil pH 
tends to be greater compared to mineral fertilization (Figure 1). Da Ros et al. [36], 
for example, observed an increase of 0.3 units in the pH values in the 0–20 cm layer, 
on average, with the application of 100 m3 ha−1 of PS, being higher than the values 
observed in treatments without fertilization and with NPK fertilization, in Santa 
Maria, RS. In the same region, a similar result was found by Lourenzi et al. [37] 
whose observed an increase in pH values up to 8 cm deep in soil fertilized with PS, 
mainly with the dose of 80 m3 ha−1, compared to the treatment without fertiliza-
tion. According to these authors, the addition of carbonates by the manure and 
the complexation of Al and H+ present in soil by organic compounds from SM and 
crop residues are the main mechanisms responsible for the positive effect of SM on 
pH, pointed out by these authors. Therefore, the use of soil improvers may not be 
necessary or reduced. However, the absence of changes in pH values may occur due 
to the use of liming, as observed by Brunetto et al. [11], when evaluating the effect 
of DL and PS applications in an Typic Hapludalf in Braço do Norte, SC. Also, NH4

+ 
nitrification from SM applications can promote pH values reduction by increas-
ing the H+ concentration, as observed by Veiga et al. [33] in a Rhodic Hapludox in 
Campo Novos, SC.

This improvement in soil fertility promoted by SM applications favors the 
increase of crop productivity, due to the greater supply of nutrients, root growth, 
and absorption [9, 32]. In comparison to unfertilized soils, SM application has 
a great effect on crop yield, due to the supply of nutrients in the soil (Figure 1). 
Freitas Alves et al. [28] observed that PS application at a dose of 40 m3 ha−1 pro-
moted an average yield of maize grains from the 2011/12 (Oxisol) and 2012/2013 
(Inceptisol) similar to the soil fertilized with NPK (130, 185 and 70 kg ha−1 of N, 
P2O5, and K2O, respectively) and higher than the soil without fertilization, in a 
study carried out in Lajes, SC. Also, Brugnara et al. [32] also observed the positive 
effect of PS compost application on the production of passion fruit seedlings, in a 
study carried out in Chapecó, SC. The authors established PS compost concentra-
tions up to 64% (v/v) (maximum tested dose) and 38.87 to 95.8% (v/v) in mixtures 
with coconut fiber and conventional substrate, respectively, to obtain the best 
responses of leaf area, height, dry mass of the aerial part and root and number 
of leaves. Additionally, Fey et al. [5] observed that doses of 60 and 150 m3 ha−1, 
PS applications promoted greater production of maize biomass, and also a higher 



Soil Contamination - Threats and Sustainable Solutions

84

high C/N ratio of the straw (46.5/1), also to the lower mineralization of organic N 
from PS that remained on the straw, without making contact with the soil.

In addition to nutrients, SM applications also promote changes in the SOM 
contents, through the addition of organic compounds present in the manure, but 
mainly by increasing the crops biomass production [7, 9, 26, 37]. The maintenance 
of these residues in the soil, along with soil conservation systems, such as no-till 
system and integrated crop-livestock-forest (ICLF), favors the accumulation of 
MOS [35, 38]. This positive effect can be seen in Figure 1, which shows the number 
of scientific articles developed with SM in the Southern region of Brazil, starting in 
2008, which showed changes in the SOM contents. This compilation reveals that in 
most studies (n = 21) the addition of SM increases the SOM contents compared to 
soils without fertilization, corresponding to approximately 60% of the studies. In 
the other studies (40%) there was no change in the levels. This distribution changes 
when assessing the effect of manure in comparison to applications with mineral 
fertilizers, changing to close to 40 those in which the MOS content increased 
and 60% in those in which there was no effect. The positive effect of SM on SOM 
was observed by Scheid et al. [12] with an increase in the organic C content of a 
Hapludox in pasture area (Cynodon spp.) after 15 years of PS applications with the 
dose of 200 m3 ha−1 year−1, in Nova Candelária, RS. The authors attributed these 
results to the direct effect of the C added by the manures (even in low concentra-
tion) and indirectly to the C added to the soil by crop residues and roots, which 
showed an increase in their biomass due to PS fertilization. The same mechanism 
was used by Lourenzi et al. [6] to justify the increase in SOM contents after six 

Figure 1. 
Number of scientific articles using swine manure that show an increase, reduction, and without change in 
total organic carbon (TOC) content, pH values, and crop yield compared to treatments without fertilization 
(control) and with mineral fertilization (NPK).
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years of PS composting with shavings applications in a no-till system in Chapecó, 
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cation on SOM contents [7, 16, 34]. In samples of Entisol, Inceptisol, and Oxisol, 
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mainly with the dose of 80 m3 ha−1, compared to the treatment without fertiliza-
tion. According to these authors, the addition of carbonates by the manure and 
the complexation of Al and H+ present in soil by organic compounds from SM and 
crop residues are the main mechanisms responsible for the positive effect of SM on 
pH, pointed out by these authors. Therefore, the use of soil improvers may not be 
necessary or reduced. However, the absence of changes in pH values may occur due 
to the use of liming, as observed by Brunetto et al. [11], when evaluating the effect 
of DL and PS applications in an Typic Hapludalf in Braço do Norte, SC. Also, NH4

+ 
nitrification from SM applications can promote pH values reduction by increas-
ing the H+ concentration, as observed by Veiga et al. [33] in a Rhodic Hapludox in 
Campo Novos, SC.

This improvement in soil fertility promoted by SM applications favors the 
increase of crop productivity, due to the greater supply of nutrients, root growth, 
and absorption [9, 32]. In comparison to unfertilized soils, SM application has 
a great effect on crop yield, due to the supply of nutrients in the soil (Figure 1). 
Freitas Alves et al. [28] observed that PS application at a dose of 40 m3 ha−1 pro-
moted an average yield of maize grains from the 2011/12 (Oxisol) and 2012/2013 
(Inceptisol) similar to the soil fertilized with NPK (130, 185 and 70 kg ha−1 of N, 
P2O5, and K2O, respectively) and higher than the soil without fertilization, in a 
study carried out in Lajes, SC. Also, Brugnara et al. [32] also observed the positive 
effect of PS compost application on the production of passion fruit seedlings, in a 
study carried out in Chapecó, SC. The authors established PS compost concentra-
tions up to 64% (v/v) (maximum tested dose) and 38.87 to 95.8% (v/v) in mixtures 
with coconut fiber and conventional substrate, respectively, to obtain the best 
responses of leaf area, height, dry mass of the aerial part and root and number 
of leaves. Additionally, Fey et al. [5] observed that doses of 60 and 150 m3 ha−1, 
PS applications promoted greater production of maize biomass, and also a higher 
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concentration of N, P, and Mn in the plant tissues, than PS obtained from manure 
and biodigester, mainly with the highest dose, both in a Oxisol and in an Ultisol, 
in Marechal Cândido Rondon, PR. The higher concentration of nutrients in the PS 
without treatment compared to the other wastes promoted this result. These results 
show that the dose used also needs to consider the nature and composition of the 
SM to be used and that the amount of nutrients added to the soil can vary consider-
ably according to the type and management adopted about this manure.

However, in studies that compare crops yield with SM fertilization and mineral 
fertilizers, the results are more controversial (Figure 1). Under these conditions, 
soil natural fertility, manure doses used and the crop type are factors that have 
great influences on the results. An example is a study by Pandolfo and Veiga [2] 
on a Hapludox soil, in Campos Novos, SC, with increasing doses of PS in differ-
ent management systems related to the maintenance of crop residues on the soil 
surface. First, the authors observed that winter pasture biomass production and 
maize grain yield in the summer were higher after the second year of evaluation, 
due to the improvement of soil fertility with PS applications. Second, the effects 
of PS applications were greater on the management that removed the winter and 
summer crop residues than on those where these residues were kept (either in 
winter or in summer). This revealed that in soils with less cycling or greater with-
drawal of nutrients, the response in crop yield to PS applications is higher, although 
higher doses are necessary to maintain soil fertility and crop yield. Additionally, 
although the use of increasing doses of SM promotes a gradual increase in crop 
yields, balancing with the results obtained with the mineral fertilizers application, 
many studies also demonstrate that very high doses of SM are necessary to promote 
higher yields than those observed in crops with mineral inputs [9, 10, 28]. In a 
study conducted in Chapecó, SC, for example, Miranda et al. [31] observed that PS 
applications promoted greater production of dry matter (DM) of giant mission-
ary grass only with the dose of 500 kg of N ha−1, which corresponded to 275 m3 
ha−1 year−1, in comparison to the application of 200 kg of N with mineral fertilizer. 
The lower PS doses promoted lower or similar yields to mineral fertilizer treatment. 
In other cases, some studies have also revealed that after reaching a certain dose, 
productivity increases are very low or zero [9]. The lower PS doses promoted lower 
or similar yields to mineral treatment. The lower effect of SM applications on crop 
yield compared to mineral fertilization is also documented (Figure 1). This was 
observed by Locatelli et al. [10] in maize grain yield in the 2014/15 and 2015/2016 
harvests, in Curitibanos, SC. Even with the addition of 140 kg of N ha−1, the yield 
was lower with PS application (12,778 and 7886 kg ha−1, respectively) compared to 
the treatment with mineral fertilization (19,348 and 11,411 kg ha−1, respectively) 
which in total added 122.7 kg of N ha−1.

However, in these conditions with high SM application the fertilizer efficiency 
index is reduced, promoting greater addition of nutrients in the soil, but with less 
use by the crops [26]. Consequently, there is a greater accumulation of nutrients in 
the soil and greater potential for soil pollution and surface and subsurface water 
resources through losses from runoff and leaching, respectively [5, 23, 39–43]. In 
terms of runoff losses, the volume of the runoff and the amount of nutrients added 
to the soil (high doses of manure) are mainly responsible for the increase in losses. 
Also, the time between the SM application and the first rainfall event has a strong 
effect on the amount of nutrient lost in the runoff. Therefore, it is recommended 
that applications are not carried out when there is a risk of rain. On the other hand, 
the increase in the production of biomass from crops, promoted by its applications 
can offer a beneficial effect by increasing soil cover, increasing water infiltration, 
and reducing the volume of runoff [19, 39]. In two parallel studies carried out by 
Ceretta et al. [3] and Basso et al. [18], the authors assessed the losses by runoff 
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and leaching, respectively, from the application of increasing doses of PS (0, 20 
40, and 80 m3 ha−1). Basso et al. [18] observed that PS applications promoted in 
the early stages of crop development result in greater N losses by leaching, due to 
the low root volume and low capacity to absorb nutrients. Also, the greatest losses 
occur from the greatest addition of nutrients to the soil promoted by high SM 
doses. These applications, especially in high doses and in the initial stages of plant 
development, deserved special attention, as they caused concentrations of N in 
percolated water above 10 mg L−1, considered as a critical level in water for human 
consumption [44], which can represent a risk to subsurface water quality. However, 
PS applications promote low changes in P concentrations in the percolated water. 
This is justified due to the greater interaction between this element and soil mineral 
components, especially clays [30]. In parallel, Ceretta et al. [3] showed that the P 
and N concentrations are much higher in runoff waters. The authors calculated 
that the P and N losses by flow with the doses of 20 40 and 80 m3 ha−1 were 49, 21, 
and 20 times (available P) and 4.0, 3.7, and 1.5 times (nitrate) greater than those 
observed by percolation. The highest concentrations of N and P in the runoff waters 
were obtained after the first dates after the applications and with the highest doses 
of manure. Furthermore, in many evaluation periods, nitrate concentrations above 
10 mg L−1 were found mainly with the highest PS doses, which was also observed by 
Ceretta et al. [19]. This strengthens the greatest concern in areas with a long history 
of SM application and with more sloping reliefs, which have a greater accumula-
tion of nutrients, especially P, and which are more susceptible to runoff losses. 
Management systems without carrying out the soil overturning may even present 
an accumulation of nutrients in the soil’s most superficial layers, increasing the risk 
of losses [40, 41]. As alternatives, the maintenance of vegetation cover, level and/or 
band cultivation, and the construction of terraces are important strategies to avoid 
and control these losses and their potential negative effect on the quality of water 
resources.

In swine units with continuous SM applications, the importance of adopting 
technical criteria and strategies for the management and application of manure 
is increasingly emphasized, including the recommendation of nutrients for crops 
for the choice of dose, application time, manure treatment, soil management, 
soil moisture, and nutrient concentration in SM. These measures prevent or delay 
nutrients accumulation in soil and its losses, whether through volatilization (NH3), 
percolation, or runoff. The absence of measures and monitoring of applications can 
compromise the quality of water resources present in the swine units, as observed 
by the studies by Cadoná et al. [23] and Loss et al. [42]. In the first study, these 
authors observed in the supply wells of four swine units located in Braço do Norte, 
SC, an increase in N and P concentrations of in the water. For N, there was the 
pollution of these water resources with NH4

+ and NO3
− in all collections, which were 

carried out between July 2015 and June 2016. The highest NH4
+ and NO3

− concen-
trations percolated occurred mainly in the month with the highest rainfall, with 
a greater volume of percolated water and greater transport capacity. These data 
were worrying, since the concentrations were above the parameters regulated by 
CONAMA Resolution n° 357/2005 [44] for Total Ammoniacal Nitrogen and NO3

−, 
with maximum limits of 3.7 mg L−1 and 10 mg L−1 for freshwater, respectively. 
The authors also evidenced that total P concentrations in the water were above 
that recommended by this Resolution (0.030 mg L−1) in all collections performed, 
presenting a variation of 0.07 mg L−1 to 1.42 mg L−1 in collections for the four 
swine units. Also, a relationship was verified between soil available P contents 
and total P concentrations in waters. Loss et al. [42] also observed that the water 
resources (supply well, weir, and spring) of a swine unit (Braço do Norte) showed 
an increase in NH4

+ and NO3
− concentration in all collections, and in certain periods 
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concentration of N, P, and Mn in the plant tissues, than PS obtained from manure 
and biodigester, mainly with the highest dose, both in a Oxisol and in an Ultisol, 
in Marechal Cândido Rondon, PR. The higher concentration of nutrients in the PS 
without treatment compared to the other wastes promoted this result. These results 
show that the dose used also needs to consider the nature and composition of the 
SM to be used and that the amount of nutrients added to the soil can vary consider-
ably according to the type and management adopted about this manure.

However, in studies that compare crops yield with SM fertilization and mineral 
fertilizers, the results are more controversial (Figure 1). Under these conditions, 
soil natural fertility, manure doses used and the crop type are factors that have 
great influences on the results. An example is a study by Pandolfo and Veiga [2] 
on a Hapludox soil, in Campos Novos, SC, with increasing doses of PS in differ-
ent management systems related to the maintenance of crop residues on the soil 
surface. First, the authors observed that winter pasture biomass production and 
maize grain yield in the summer were higher after the second year of evaluation, 
due to the improvement of soil fertility with PS applications. Second, the effects 
of PS applications were greater on the management that removed the winter and 
summer crop residues than on those where these residues were kept (either in 
winter or in summer). This revealed that in soils with less cycling or greater with-
drawal of nutrients, the response in crop yield to PS applications is higher, although 
higher doses are necessary to maintain soil fertility and crop yield. Additionally, 
although the use of increasing doses of SM promotes a gradual increase in crop 
yields, balancing with the results obtained with the mineral fertilizers application, 
many studies also demonstrate that very high doses of SM are necessary to promote 
higher yields than those observed in crops with mineral inputs [9, 10, 28]. In a 
study conducted in Chapecó, SC, for example, Miranda et al. [31] observed that PS 
applications promoted greater production of dry matter (DM) of giant mission-
ary grass only with the dose of 500 kg of N ha−1, which corresponded to 275 m3 
ha−1 year−1, in comparison to the application of 200 kg of N with mineral fertilizer. 
The lower PS doses promoted lower or similar yields to mineral fertilizer treatment. 
In other cases, some studies have also revealed that after reaching a certain dose, 
productivity increases are very low or zero [9]. The lower PS doses promoted lower 
or similar yields to mineral treatment. The lower effect of SM applications on crop 
yield compared to mineral fertilization is also documented (Figure 1). This was 
observed by Locatelli et al. [10] in maize grain yield in the 2014/15 and 2015/2016 
harvests, in Curitibanos, SC. Even with the addition of 140 kg of N ha−1, the yield 
was lower with PS application (12,778 and 7886 kg ha−1, respectively) compared to 
the treatment with mineral fertilization (19,348 and 11,411 kg ha−1, respectively) 
which in total added 122.7 kg of N ha−1.

However, in these conditions with high SM application the fertilizer efficiency 
index is reduced, promoting greater addition of nutrients in the soil, but with less 
use by the crops [26]. Consequently, there is a greater accumulation of nutrients in 
the soil and greater potential for soil pollution and surface and subsurface water 
resources through losses from runoff and leaching, respectively [5, 23, 39–43]. In 
terms of runoff losses, the volume of the runoff and the amount of nutrients added 
to the soil (high doses of manure) are mainly responsible for the increase in losses. 
Also, the time between the SM application and the first rainfall event has a strong 
effect on the amount of nutrient lost in the runoff. Therefore, it is recommended 
that applications are not carried out when there is a risk of rain. On the other hand, 
the increase in the production of biomass from crops, promoted by its applications 
can offer a beneficial effect by increasing soil cover, increasing water infiltration, 
and reducing the volume of runoff [19, 39]. In two parallel studies carried out by 
Ceretta et al. [3] and Basso et al. [18], the authors assessed the losses by runoff 
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and leaching, respectively, from the application of increasing doses of PS (0, 20 
40, and 80 m3 ha−1). Basso et al. [18] observed that PS applications promoted in 
the early stages of crop development result in greater N losses by leaching, due to 
the low root volume and low capacity to absorb nutrients. Also, the greatest losses 
occur from the greatest addition of nutrients to the soil promoted by high SM 
doses. These applications, especially in high doses and in the initial stages of plant 
development, deserved special attention, as they caused concentrations of N in 
percolated water above 10 mg L−1, considered as a critical level in water for human 
consumption [44], which can represent a risk to subsurface water quality. However, 
PS applications promote low changes in P concentrations in the percolated water. 
This is justified due to the greater interaction between this element and soil mineral 
components, especially clays [30]. In parallel, Ceretta et al. [3] showed that the P 
and N concentrations are much higher in runoff waters. The authors calculated 
that the P and N losses by flow with the doses of 20 40 and 80 m3 ha−1 were 49, 21, 
and 20 times (available P) and 4.0, 3.7, and 1.5 times (nitrate) greater than those 
observed by percolation. The highest concentrations of N and P in the runoff waters 
were obtained after the first dates after the applications and with the highest doses 
of manure. Furthermore, in many evaluation periods, nitrate concentrations above 
10 mg L−1 were found mainly with the highest PS doses, which was also observed by 
Ceretta et al. [19]. This strengthens the greatest concern in areas with a long history 
of SM application and with more sloping reliefs, which have a greater accumula-
tion of nutrients, especially P, and which are more susceptible to runoff losses. 
Management systems without carrying out the soil overturning may even present 
an accumulation of nutrients in the soil’s most superficial layers, increasing the risk 
of losses [40, 41]. As alternatives, the maintenance of vegetation cover, level and/or 
band cultivation, and the construction of terraces are important strategies to avoid 
and control these losses and their potential negative effect on the quality of water 
resources.

In swine units with continuous SM applications, the importance of adopting 
technical criteria and strategies for the management and application of manure 
is increasingly emphasized, including the recommendation of nutrients for crops 
for the choice of dose, application time, manure treatment, soil management, 
soil moisture, and nutrient concentration in SM. These measures prevent or delay 
nutrients accumulation in soil and its losses, whether through volatilization (NH3), 
percolation, or runoff. The absence of measures and monitoring of applications can 
compromise the quality of water resources present in the swine units, as observed 
by the studies by Cadoná et al. [23] and Loss et al. [42]. In the first study, these 
authors observed in the supply wells of four swine units located in Braço do Norte, 
SC, an increase in N and P concentrations of in the water. For N, there was the 
pollution of these water resources with NH4

+ and NO3
− in all collections, which were 

carried out between July 2015 and June 2016. The highest NH4
+ and NO3

− concen-
trations percolated occurred mainly in the month with the highest rainfall, with 
a greater volume of percolated water and greater transport capacity. These data 
were worrying, since the concentrations were above the parameters regulated by 
CONAMA Resolution n° 357/2005 [44] for Total Ammoniacal Nitrogen and NO3

−, 
with maximum limits of 3.7 mg L−1 and 10 mg L−1 for freshwater, respectively. 
The authors also evidenced that total P concentrations in the water were above 
that recommended by this Resolution (0.030 mg L−1) in all collections performed, 
presenting a variation of 0.07 mg L−1 to 1.42 mg L−1 in collections for the four 
swine units. Also, a relationship was verified between soil available P contents 
and total P concentrations in waters. Loss et al. [42] also observed that the water 
resources (supply well, weir, and spring) of a swine unit (Braço do Norte) showed 
an increase in NH4

+ and NO3
− concentration in all collections, and in certain periods 
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the values were above recommended by CONAMA [44], mainly for NH4
+. These 

data strengthen the attention that must be given to the volume of applied manure, 
favoring the subdivision of applications (mainly in the initial stages of crop devel-
opment) to reduce the accumulation of nutrients in the soil, especially P.

Therefore, due to the varied positive effects of SM on soil properties and crops 
yield, the addition of these residues to the soil is no longer considered as disposal, 
but a recommended direction in the swine production units, since followed by 
technical criteria [24, 25, 45]. This concern is fundamental for the protection of 
natural resources and soil functionality maintenance, maintaining attention to the 
high concentration of nutrients present in SM and its variable composition, being 
often incompatible with the nutritional requirements of the crops to be fertilized 
[7, 13, 26].

3. Soil contamination risk from swine manure applications

Although the use of SM contributes considerably to the improvement of soil 
fertility, its continuous use has been rising concern in academic and environmental 
society, especially with the use of high doses [22, 46]. Greater attention is paid to 
P and heavy metals accumulation in soils, which can cause water eutrophication 
and plant toxicity, respectively, representing risks to the quality and functionality 
of soils and nearby water resources [7, 14, 15, 17, 24, 25]. For this reason, many 
studies continue to evaluate the total contents and availability of these elements 
in different types of soil, applied SM, and management. The main objective is to 
develop strategies applicable to the management of SM fertilizers that promote soil 
fertility, without compromising its quality or with the least possible impact. The 
results obtained by these studies on P and heavy metals accumulations in soils are 
presented below.

3.1 Phosphorus

In areas subjected to constant application of swine manure, especially at high 
doses, there may be an increase in the levels of P in the soil. This is justified due to 
the variable composition of these nutrients in the manure, being predominantly out 
of balance with the recommendations for different cultures. This makes it difficult 
to control the quantities added in each application. As noted by Figure 2, in studies 
with SM applications where doses are based on the amount added, that is, by vol-
ume (m3 ha−1 for PS) or weight (t ha−1 for DL or compost), the higher doses tend to 
promote greater increases in the availability of P in soils, due to the greater addition 
of this element. Also, management systems that aim to meet N demands through 
the exclusive use of SM have resulted in more excessive P and K additions to the soil. 
In these situations, to reach the recommended N dose, the amount of manure used 
promotes an addition higher than what will be absorbed by the plants, resulting in 
accumulation in the soil. And as the number of applications increases, the availabil-
ity and total P content in the soil also tends to increase (Figures 2 and 3) [7, 40, 41]. 
However, the rate of increase in these levels will depend on the amount of P added 
in each application, the type of culture and management adopted, and the soil’s 
attributes, such as the type and content of clay, pH, and MOS (Figure 4) [15, 46].

In the soil, P has low mobility and is highly reactive to the functional groups 
of clay minerals and Fe and Al oxides. For this reason, soils with high clay content 
and mineralogical composition with a greater abundance of hematite, goethite, 
gibbsite, and some minerals of 1: 1 clay, such as kaolinite, have a greater capacity to 
adsorb P [30].
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Thus, the P that is added by the SM applications tends to be adsorbed, mainly 
by the more avid adsorption sites, with a greater binding energy of these mineral 
components [13, 24, 25]. Naturally, the weathering process, the chemical reactions 
of the soil, and the action of the roots can make available this adsorbed P, as well 
as releasing the one that is present in the composition of the minerals, but in less 
quantity and when the available levels are low [39, 47].

Also, the effect of microbiological activity and mineralization of MOS allows P 
release associated with organic soil components. In this sense, in studies perform-
ing P fractionation in the soil with SM applications, it is observed that most of the 

Figure 2. 
Available P contents in soils with different clay contents obtained from studies with application of SM 
conducted in the states of SC, PR, and RS, using the volume (m3 ha−1) or weight (t ha−1) of the applied waste 
(PS or PS compost).
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the values were above recommended by CONAMA [44], mainly for NH4
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high concentration of nutrients present in SM and its variable composition, being 
often incompatible with the nutritional requirements of the crops to be fertilized 
[7, 13, 26].
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Although the use of SM contributes considerably to the improvement of soil 
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society, especially with the use of high doses [22, 46]. Greater attention is paid to 
P and heavy metals accumulation in soils, which can cause water eutrophication 
and plant toxicity, respectively, representing risks to the quality and functionality 
of soils and nearby water resources [7, 14, 15, 17, 24, 25]. For this reason, many 
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Thus, the P that is added by the SM applications tends to be adsorbed, mainly 
by the more avid adsorption sites, with a greater binding energy of these mineral 
components [13, 24, 25]. Naturally, the weathering process, the chemical reactions 
of the soil, and the action of the roots can make available this adsorbed P, as well 
as releasing the one that is present in the composition of the minerals, but in less 
quantity and when the available levels are low [39, 47].

Also, the effect of microbiological activity and mineralization of MOS allows P 
release associated with organic soil components. In this sense, in studies perform-
ing P fractionation in the soil with SM applications, it is observed that most of the 

Figure 2. 
Available P contents in soils with different clay contents obtained from studies with application of SM 
conducted in the states of SC, PR, and RS, using the volume (m3 ha−1) or weight (t ha−1) of the applied waste 
(PS or PS compost).
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added P is in inorganic forms, associated with minerals. However, it is also possible 
to observe an increase in P organic form, mainly with an increase in SOM promoted 
by SM application or an increase in cultivated crops DM. The little effect is observed 
on the P residual contents, a highly recalcitrant form and not available, but there is an 

Figure 3. 
Available P contents in soils with different clay contents obtained from studies with application of PS and DL 
conducted in the states of SC, PR, and RS, using as a dose the recommendation for N (kg ha−1).

Figure 4. 
Increase in soil available P contents based on the number of SM applications used in the studies (a and c) and 
projected up to 44 applications (b and d) from studies conducted in the states of SC, PR, and RS, using as dose the 
volume (m3 ha−1) or weight (t ha−1) of the applied manure (a and b) and the recommendation by N (c and d).
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increase in the more labile forms, highly related to the applied SM dose [13, 15, 30, 34, 
40, 41, 46]. In a study with increasing SM doses in Santa Maria, RS, De Conti et al. 
[47] also observed that most of the chemical species of P in the soil solution were in 
the form of orthophosphates (H2PO4

− and HPO4
2−). These type of studies, together 

with the evaluation of the maximum adsorption capacity, demonstrate that the SM 
applications are saturating the functional groups of the soil colloids, reducing the 
binding energy, and contributing to the increase of P availability and mobility (migra-
tion) in the soil profile (Figure 4) [25, 40, 41]. This behavior is observed mainly in 
the no-tillage system, where applications are made superficially and there is no soil 
disturbance. This behavior is observed mainly in the no-tillage system, in which 
applications are carried out superficially and the soil tilling is restricted to the plant-
ing lines or seedling cradles. This promotes a marked accumulation of P in the most 
superficial layers, and a gradual decrease with increasing depth. In the case of systems 
with overturning, it is expected that P availability will be more evenly distributed over 
the overturned layer, which may promote a reduction in P contents [13]. Additionally, 
Gatiboni et al. [34] determined that in samples of ground soil the maximum P 
adsorption capacity of soils was 1.4 to 14 times greater than samples with preserved 
structure. The authors pointed out that in samples with the preserved structure, 
P can migrate through the soil profile through preferential flows, which does not 
happen with samples with ground soil. Therefore, in samples with the destruction of 
the soil structure, the area and the contact time between the water containing P that 
percolates in the soil and the adsorption bands with soil colloids, especially clays, can 
increase. However, soil losses in systems with tumbling tend to be greater, which can 
contribute to the losses of P (particulate P) by runoff [14, 15, 39, 46].

The major problem of P accumulation in soils is related to its potential for water 
resources eutrophication [48]. Although P has low mobility in the soil, the satura-
tion of the adsorption sites by P accumulation can favor its migration in the profile 
through water infiltration. This migration can occur through preferential flows, 
through a continuous network of pores and bio pores, and fissures present in the soil 
structure [18–20, 47]. Additionally, Tiecher et al. [43] also observed that the amount 
of P added, but mainly the volume of percolated water, highly associated with the 
intensity of the rain, have the greatest effect on the amount of percolated P. These 
authors when taking a sample of percolated water at a depth of 0.6 m, observed in 
many instances the concentration of soluble and available P above 0.15 mg L−1, the 
maximum limit allowed by Brazilian legislation [44], mainly using the dose of 80 
m3 (the highest dose assessed). However, as previously stated (item, 2), the great-
est P loss occurs through its transport through surface runoff water [3, 39, 46]. Soil 
surface P accumulation, the amount of this element added by the applications, the 
interval between application, and the occurrence of rain are factors with a high cor-
relation with the amount of P present in the runoff water. Also, the clay content has a 
great influence on how much the soil can retain P, reducing its losses by the flow. This 
was evident in the study conducted by Gatiboni et al. [25], who observed that in soils 
with higher clay content (80%) the increase in the concentration of P in the drained 
solution only occurs when P availability (determined by Mehlich-1) is very high 
(147 mg dm−3). On the other hand, soils with lower clay content (20%) already show 
an increase in P in the drained solution with lower values of available P (74 mg dm−3).

Therefore, the increase in P availability in soils can increase its losses and its 
direction to nearby watercourses, mainly rivers, springs, dams, and artificial wells, 
compromising its quality. This is even more worrying due to a large number of water-
courses present in the studies of Southern Brazil and the very diversified relief present 
in this region, with many sloping areas, which favors soils and nutrients loss, espe-
cially in the absence of more conservationist soil management [15]. In a study con-
ducted by Boitt et al. [46] in a Typic Hapludox from Campos Novos, Santa Catarina, 
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counting the amount of P added by PS (25, 50, 100 and 200 m3 ha−1 year−1) and 
by the crops residues, the amount accumulated in the soil and extracted by the crops, 
the authors evaluated that from 6 to 38% of the added P was lost, mainly by runoff. 
The amount of P that was considered lost was 45 to 1550 kg P ha−1. This study reveals, 
therefore, that a considerable amount of the added P can be taken from the area of 
application and, potentially, reach the water resources. However, in a study evaluating 
the water quality of 13 watercourse points at Taquari Antas Watershed, Rio Grande do 
Sul State, which featured 861 swine farmers, Schneider et al. [29] determined that the 
Water Quality Index (WQI) and the trophic state class of the rivers were classified as 
“good” and “mesotrophic” (P concentration, 137 < P ≤ 296 mg m−3), although they 
found an increase in the concentration of P at some points. Also, the authors warned 
about the proximity of swine units to water resources and the flow of rivers, where the 
closer the facilities are to the rivers, the greater their contaminating potential, and 
the greater the river’s flow should be to promote a dilution effect of polluting agents. 
The potential of swine units to contaminate water resources was also addressed by 
Couto et al. [14, 15]. In the first study, the authors used data from estimated soil loss, 
the distance between the P source and a water body, and soil P concentrations (using 
P chemical fractionation data) to assess the vulnerability of P contamination in the 
soils of swine units submitted for different times (years) of PS application in Braço 
do Norte, SC. In summary, areas with higher levels of P in more labile forms, higher 
accumulation of P in the soil, lower clay content, and greater erosion caused by water 
showed greater vulnerability in losing P, which can cause it to be directed to water 
streams. In parallel, in the same region, Couto et al. [15] separated areas with different 
years of PS application and different types of land use and used P fractionation data 
and the universal equation of soil loss (USLE) to create a map representing the vulner-
ability to P losses for the entire Upper Coruja/Bonito River watershed. The different 
classes of vulnerability developed by this approach showed an excellent correlation 
with the P losses assessed in runoff water. For example, areas with the cultivation of 
black oats and rotating maize showed greater losses of P due to soil tillage and poor 
surface protection. With these results, the authors recommended the adoption of soil 
conservationist practices, such as not disturbing with PS incorporation and soil cover.

Therefore, more and more work involving the use of SM as fertilizer reveals that 
its prolonged and excessive use can pose great risks to environmental quality [48]. 
From this, strategies for storage, stabilization and application began to be devised 
in order to facilitate or increase control over what is applied to the soil or to prevent 
environmental problems in swine areas. In prominence, they became a reference for 
the assessment of critical P levels in soils, which became known as Environmental 
Critical Limits (ECL), which are related to the clay content of the soil and the concen-
tration of P in the drained solution and allowed to regulate the amount of SM to be 
applied in the cultivation areas [24]. These studies were so relevant that they became 
the basis for the new environmental regulation of the State of Santa Catarina, based 
on the formulation of Normative Instruction No. 11 [45], which establishes criteria for 
the implementation of activities related to pig farming, including treatment of swine 
manure (liquid and solid) and its disposal in the soil. Until that time, Santa Catarina 
legislation only recommended PS applications in doses of up to 50 m3 ha−1 year−1 
[49]. Briefly, the new legislation determines that the maximum allowed content 
(Environmental Critical Limit) of P (ECL-P) extracted by Mehlich-1 in the 0–10 cm 
layer will be defined by the equation (Eq. (1)) prepared by Gatiboni et al. [24]:

 ( )40 %ECL P clay− = +  (1)

where clay (%) is the soil clay content present in the 0–10 cm layer.

93

Use of Swine Manure in Agriculture in Southern Brazil: Fertility or Potential Contamination?
DOI: http://dx.doi.org/10.5772/intechopen.94525

From this equation, it is possible to identify the maximum allowed P content 
according to soil clay content, being a simple assessment, aided by soil analysis. 
With the values obtained by Eq. (1), it is then possible to determine the SM dose to 
be used. In cases where P content is up to 20% above the ECL-P, it is recommended 
to reduce the recommended maintenance dose by 50% for the crop to be fertilized. 
And in cases where P content exceeds by more than 20%, the ECL-P is recom-
mended to temporarily suspend any type of fertilization that contains P. Mitigating 
measures are also recommended in both situations, such as the use of crops with 
high capacity of extraction and exportation of P and the revolving of the soil aim-
ing at the dilution of P in deeper layers (which must be associated with soil erosion 
control practices) [45].

Based on this Normative Instruction, the authors of this chapter performed 
surveyed the scientific articles published in the states of SC, PR, and RS using SM 
to assess the impact of these applications on the P contents present in the different 
soils and management. The result of this survey is shown in Figures 2–4. As can be 
seen in Figure 2, in the studies where the SM applications used their quantity, that 
is, their volume (m3 ha−1 for PS) or weight (t ha−1 for PS compost) to formulate 
the doses, there are some cases where the levels of available P are already above 
the ECL-P, especially with the highest doses. At the same time, the increase in the 
number of applications also tends to contribute to a higher P availability. However, 
it is also noticeable that in studies with soils with higher clay contents (> 61%) the 
increase in P availability is more subtle, due to the greater capacity of these soils 
to adsorb P [24, 25]. Also, in only one case were the available P content was above 
the ECL-P. On the other hand, when considering the studies that used N as the 
reference nutrient to determine the dose (Figure 3), it is clear that the PS and DL 
applications promoted an increase in the available P contents above the ECL-P in 
its vast majority (although the number of studies on soils with clay content>41% 
is very small). This reveals that the added amount of P in this management sys-
tem is much higher, increasing its contents in the soil more quickly (Figure 4), 
which tends to cause greater problems in the accumulation and losses of P in the 
swine units.

The survey of these studies also reveals that if rates of increase in P availability 
are maintained until 44 applications have been made, approximately 53% of the 
cases that used the SM volume or weight as the dose will have available P contents 
above the CEL- P (Figure 4). In cases where N is used as a reference element, this 
number rises to approximately 95%.

Therefore, although SMs are rich and advantageous sources of supplying P to 
the crops of interest, their use must be carried out with technical criteria, keep-
ing up with P availability in the soil. In swine units, where SM applications were 
and still are carried out periodically, the choice of dose should take into account 
the soil fertility, the chemical composition of the manure, and the nutritional 
requirements of the crops. With these criteria, the application must be carried out 
until it meets what was recommended for a given nutrient, which is considered 
the criterion of the critical nutrient. And the other nutrients must be supple-
mented with mineral fertilizer [45, 50]. Also, the use of N as a reference element 
in fertilizers should be avoided, as it promotes excessive P addition, especially 
in richer materials of this element, such as DL. The use of highly demanding 
plants in P (phytoaccumulators) and the use of conservation practices are also 
important measures to be taken. These precautions are important to ensure 
adequate targeting of the SM, avoiding P accumulation in the soil and potential 
losses, which can affect the quality of water resources present in the swine units 
or nearby.
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3.2 Heavy metals

Continuous SM application and in excessive doses, mainly carried out in swine 
units also presents the risk of promoting metals accumulation and contamination 
in soils, which also enhances its transfer to the adjacent water bodies from these 
areas [51, 52]. Studies carried out in the southern states of Brazil demonstrate this 
increase in Cu and Zn total and available contents in areas subjected to SM applica-
tions, with emphasis on treatments with a greater volume of application or with 
doses based on the N recommendation (Figures 5–7). In parallel, some studies have 
also shown an increase in Mn, Fe, Ni, Cd, Pb, and Cr contents. However, the great-
est focus of studies on metals in the states of SC, PR, and RS was given to Cu and 
Zn, which tended to have high levels in some studies [57].

SMs present variable but significant concentrations of Cu and Zn in their 
composition due to the addition of excessive amounts of these elements in the 
swines’ diets about the physiological requirements of these animals [58]. In general, 
6.08 to 11.68 mg of Cu kg−1, and from 39.67 to 76.15.0 mg of Zn kg−1 of feed is added 
to the pig’s diets between the pre-initial and termination phases [59]. In a study 
published by the National Research Council (NRC) [60], it was emphasized that 
Cu requirements can be from 3.0 to 6.0 mg kg−1 and Zn from 50.0 to 100.0 mg kg−1 
during the animals breeding and 5.0 and 50.0 mg kg−1 of Cu and Zn, respectively, 
in the lactation and gestation phases. However, as highlighted by the NRC [60] and 
Ribeiro et al. [61], it is common to use doses of 100 to 250 mg of Cu kg−1 and 1000 
to 3000 mg of Zn kg−1 of feed to promote pharmacological effects in pigs.

The use of these metals in feed formulations is due to the functions they pres-
ent in swine metabolism. Copper sulfate (CuSO4) is used as a growth promoter 

Figure 5. 
Available Cu and Zn contents determined by different extractors (HCl, EDTA, Mehlich-1, CaCl2, and acetic 
acid) in study soils in the states of Santa Catarina, Paraná, and Rio Grande do Sul.
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in animals, while zinc oxide (ZnO) acts as a preventive and curative product for 
diarrhea [60, 61]. As a result, much of the Cu and Zn added to the feed is eliminated 
by the animals’ feces. At the same time, the adoption of certain manure manage-
ment systems, such as swine production in a deep litter system and the composting 
of manure, can increase the proportion of these elements in the final product. The 
high temperatures during the process of stabilizing the DL or the PS compost and 
the microbial activity favor the mineralization of OM and the reduction of the C 
content at the end of this process, increasing the concentration of metals [8].

Cu and Zn when added to the soil via SM are distributed in pre-existing forms in 
the soil, such as mineral and organic, being adsorbed by the most avid adsorption 
sites. This ability of soils to adsorb Cu and Zn will depend on the nature of the soil 
source material, the content, and composition of the clay fraction, the content and 
composition of the MOS, and the geochemical conditions of the soils, such as pH and 
ionic strength [17, 57, 62]. However, the continuous addition of Cu and Zn to the soil 
by SM applications promotes bonds with less adsorption energy and precipitates with 
greater solubility [57]. In work developed by Girotto et al. [63] in Santa Maria, RS, the 
authors found that after 17 applications with different doses of DL (0, 20, 40, and 80 
m3 ha−1) Cu and Zn are accumulated in the soil mainly in bioavailable forms, in which 
the highest levels of Cu were found in organic and mineral form, and Zn, in mineral 
form. Also, successive manure additions tend to increase the presence of Cu and Zn 
in more labile forms, such as soluble and exchangeable, due to the saturation of the 
adsorption sites, reducing the bond stability. Similar results were obtained by other 
authors in soils in the municipalities of Campos Novos and Braço do Norte, perform-
ing the chemical fractionation of Cu and Zn in the soil [21, 57].

Therefore, as Cu and Zn are added to the soil, they are distributed among soil 
mineral and organic components. However, as the applications are maintained, 
the bonding groups are saturated, increasing the availability of these metals in the 

Figure 6. 
Total Cu and Zn contents in soils from studies carried out in the states of Santa Catarina, Paraná and Rio 
Grande do Sul and the values recommended by environmental agencies [53–56].
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soil. This availability is influenced by pH, redox potential, ionic strength, compet-
ing ions, and soil constituents (minerals and organics), in addition to the metal’s 
ionic potential, that is, the ratio of its charge and ionic radius (z2/r) [62]. Thus, the 
magnitude in increasing the availability of metals in areas with SM application is 
not only related to how much is added by the manure, but also by soil attributes. In 
a studie carried out on swine units in Santa Catarina, Couto et al. [21] observed an 
increase in Cu and Zn total and available contents, but that this increase was depen-
dent on the type and attributes of the soil, application time and SM composition.

Figure 7. 
Increase in available and total Cu and Zn contents in the soil based on the number of SM applications used in 
the studies and projected up to 44 applications from studies conducted in the states of SC, PR, and RS.
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When surveying studies carried out in the southern states of Brazil, we also 
observed a trend in increasing Cu and Zn availability (determined by HCl, EDTA, 
Mehlich-1, CaCl2, and Ac. Acetic extractors) and in total contents in the trials, 
mainly with the highest applied volumes (m3 of PS ha−1) and with the use of N as a 
reference element (Figures 5 and 6). However, greater attention should be paid to 
observing that in some cases the Cu total contents are already above the reference 
values of the Council of the European Communities (CEC) [57] and CONAMA 
[59]. This represents a risk to the quality of this environment, requiring monitor-
ing and possible mitigating actions in the future. In the case of Zn, no study had 
levels above the recommended. However, when projecting an increase in the total 
contents in these areas, up to a number of 44 applications, it is observed that the 
number of situations where the levels were above that recommended by CEC [57] 
and CONAMA [59] will be higher (Figure 7). Additionally, it is observed that the 
increase in availability with the 44 applications will provide very high levels, which 
can represent potential toxic effects in these areas. Therefore, it is important to 
exercise caution in doses used excessively so as not to compromise the quality of the 
environment and increase Cu and Zn available contents.

With the increase in Cu and Zn saturation and availability in the soil promoted 
by SM, consequently, there is an increase in the concentration of these metals in 
the soil solution, which potentiates their toxic effects on plants and organisms and 
their movement in the soil profile [7, 16, 17, 20, 63, 64]. The increase in the concen-
tration of these metals in the soil solution after continuous applications of PS was 
demonstrated by De Conti et al. [65] in soil samples obtained in Santa Maria, RS. In 
addition to the increased concentration, mainly with the highest dose (80 m3 ha−1), 
these authors also observed that the main species of Cu and Zn in the soil solution 
were free species (Cu2+ and Zn2+) and species complexed with dissolved organic 
compounds (CuDOC and ZnDOC). The increase in free species can pose a risk 
to crops, as these are forms absorbed by the roots, while the CuDOC and ZnDOC 
species have greater mobility. However, the authors themselves revealed that the 
crops could complex these free species with exudates release, which increased the 
concentrations of CuDOC and ZnDOC in the soil solution. This mobility of Cu and 
Zn, referring to the soil solution, is dependent on its concentration in the solution, 
the nature of the association with other soluble ionic species, and the ability of the 
soil to provide them for the solution [64].

The increase in soil Cu and Zn availability in areas subjected to SM application 
has raised concerns about the possibility of toxic effects on crop cultivation. This 
concern is justified because, even though these metals play an important role in 
many physiological processes in crops, it is expected that in the swine units there 
may be a steady growth in the contents of these metals in soils, which can reach 
critical levels, affecting the productive capacity of these areas [22]. In Santa Maria, 
RS, Girotto et al. [20], when evaluating maize grown in soil samples (deformed 
and non-deformed) submitted to 19 applications of increasing doses of DL (20, 
40, and 80 m3 ha−1), observed an increase in soil Cu and Zn available contents 
and physiological changes in the maize, with increased lipid peroxidation, several 
senescent leaves, and ascorbate peroxidase activity and decreased plant weight and 
superoxide dismutase activity, especially at higher doses and with the deformed 
soil sample. In a parallel study, evaluating the maize cultivation in a soil (obtained 
from Braço do Norte, SC) submitted to nine years of PS and DL applications with 
doses based on the recommendation of N (90 and 180 kg N ha−1), Benedet et al. 
[7] observed an increase in Zn concentration in the aerial part and small changes in 
stomatal density, chlorophyll content and APX and CAT activity in maize grown in 
the soil with PS 180 kg N ha−1, but this did not affect the crop development. With 
soil samples obtained in the same area (but with 10 years of application), Benedet 
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to crops, as these are forms absorbed by the roots, while the CuDOC and ZnDOC 
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crops could complex these free species with exudates release, which increased the 
concentrations of CuDOC and ZnDOC in the soil solution. This mobility of Cu and 
Zn, referring to the soil solution, is dependent on its concentration in the solution, 
the nature of the association with other soluble ionic species, and the ability of the 
soil to provide them for the solution [64].

The increase in soil Cu and Zn availability in areas subjected to SM application 
has raised concerns about the possibility of toxic effects on crop cultivation. This 
concern is justified because, even though these metals play an important role in 
many physiological processes in crops, it is expected that in the swine units there 
may be a steady growth in the contents of these metals in soils, which can reach 
critical levels, affecting the productive capacity of these areas [22]. In Santa Maria, 
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and non-deformed) submitted to 19 applications of increasing doses of DL (20, 
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and physiological changes in the maize, with increased lipid peroxidation, several 
senescent leaves, and ascorbate peroxidase activity and decreased plant weight and 
superoxide dismutase activity, especially at higher doses and with the deformed 
soil sample. In a parallel study, evaluating the maize cultivation in a soil (obtained 
from Braço do Norte, SC) submitted to nine years of PS and DL applications with 
doses based on the recommendation of N (90 and 180 kg N ha−1), Benedet et al. 
[7] observed an increase in Zn concentration in the aerial part and small changes in 
stomatal density, chlorophyll content and APX and CAT activity in maize grown in 
the soil with PS 180 kg N ha−1, but this did not affect the crop development. With 
soil samples obtained in the same area (but with 10 years of application), Benedet 
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et al. [16] observed that black oat plants showed an accumulation of Cu and Zn in 
the aerial part and Cu in the roots, especially when grown in the treatment with DL 
180 kg N ha−1. Additionally, at the beginning of crop development, leaves with chlo-
rosis in DL 180 kg N ha−1 were observed. However, no negative effect was observed 
in the production of DM on plant growth. Although these studies have used high 
doses of SM, higher than that used in swine units, they indicate a potential negative 
effect of soil Cu and Zn accumulation of Cu and Zn, their translocation to crop 
tissues, the need to maintain control on the doses used of SM and monitoring of 
these areas [21]. Additionally, as presented by Benedet et al. [17], the maintenance 
of conservationist practices, especially those that favor the maintenance or increase 
of SOM contents, mainly in the most stable forms, is important to control the 
availability of metals, mainly Cu, due to their high affinity with the organic groups, 
increasing the adsorption of these metals and reducing their soluble forms.

In parallel, the accentuated additions of Cu and Zn in the soil by the successive 
SM applications present a high potential for environmental contamination [21, 61], 
as they can be submitted losses through runoff and leaching [51, 52, 64]. In an 
experiment conducted in Santa Maria, Girotto et al. [64] evaluated the Cu losses in 
the drained and percolated soil solutions submitted to PS applications and found 
that the greatest Cu losses occurred due to surface runoff. Additionally, the Cu losses 
in the drained solution, with a dose of 80 m3 ha−1, were 2.3 times greater than in soil 
without fertilization, the majority being transferred in particulate form. Smanhotto 
et al. [53], on the other hand, did not observe changes in the Cu and Zn concentra-
tions in the percolated water collected at a depth of 60 cm in a soil fertilized with 
PS (100; 200, and 300 m3 ha−1) in Cascavel, PR. The authors justify the changes in 
the Cu and Zn concentrations in the percolated solution as dependent on the soil 
clay content present and the presence of pores and bio pores that favor percolation 
and alter the interaction between the percolated water and the surface of the clay 
minerals and Fe oxides and Al. Additionally, Dal Bosco et al. [66] also observed 
an increase in Cu and Zn concentration in water lost by runoff after application of 
increasing doses of PS (50, 100, 150, and 200 m3 ha−1) in Toledo, PR. The authors 
observed that with the increase of the dose and the first collection of drained water 
(48 days after sowing) there was a greater loss of Cu. Also, the Zn concentrations 
in the drained material were close to the maximum concentration of 5.0 mg L−1 
provided by CONAMA Resolution 357/2005 [44] for the discharge of effluents. 
These losses due to runoff, although they do not seem significant, can cause con-
tamination of water resources. In parallel studies, Capoane et al. [52] found low Cu 
and Zn concentrations in the water resources of the hydrographic basin of Arroio 
Caldeirão, Palmitinho, RS, formed by 124 swine units with the intensive swine 
production system, dairy cattle, and tobacco production, mainly. However, Capoane 
[51], when evaluating the Cu and Zn contents in the sediments present in the 
bottom of the water resources of this basin, observed that Zn concentrations were 
between the range Threshold Effect Level (TEL) and Probable Effect Level (PEL) 
(123.1–315.0 mg kg−1), a range that represents the occasional occurrence of adverse 
effects for organisms. And the Cu concentrations were on average 2.3 times higher 
than the Canadian Council of Ministers of Environment (CCME) [67] toxicity 
values (> 197.0 mg kg−1), indicating that adverse effects may already be occurring in 
the aquatic organisms. The data collected by these studies reinforce the need to use 
conservationist practices to prevent erosion caused by rains, as described in item 3.1.

Thus, although the use of SM promotes productive gains to agricultural crops 
and improves soil fertility, its excessive application can promote the accumulation 
of Cu and Zn above the soil’s support capacity, contributing to its mobility in the soil 
profile and toxicity to plants, in addition to favoring surface and subsurface waters 
contamination, compromising the functionality of the environment [21, 57, 63, 64].
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4. Conclusion

The use of SM as fertilizer in swine units in the states of Santa Catarina, Paraná 
and Rio Grande do Sul is an advantageous practice for producers, as it allows the use 
and recycling of a source rich in nutrients, reducing the need for external inputs. 
The application of SM in soils favors the increase of available contents of macro and 
micronutrients, but it also tends to promote improvements in various soil attributes. 
The addition of C by the manure, even in a lower concentration in the PS, and the 
increase in crops DM production favors the increase of SOM, which consequently 
contributes to the improvement of soil biological and physical attributes. In addi-
tion, many studies carried out in these states demonstrate that SM applications can 
also favor soil pH values. Reducing the use of limestone or agricultural plaster in 
these areas. The increase in soil fertility results in enhance crop productivity, and in 
many cases the gains obtained are equivalent to those promoted by mineral fertil-
izers. However, it was also common to observe through the studies raised that very 
high doses of SM are necessary to achieve yields proportional to mineral fertilizers. 
Therefore, it is important to carefully use the SM in agricultural areas, avoiding 
excessive applications, higher than what will be absorbed by the crops. In these 
swine units the formulation of the doses of application of SM must take into account 
soil fertility, crops recommendations to be cultivated and the chemical composition 
of the SM. From these criteria, the most limiting element can be determined, that 
is, the one that first contemplates what was recommended, and the other nutrients 
will be supplemented with mineral fertilizer. The transformation of PS into solid 
materials, such as the PS compound and DL, can be an interesting strategy to be 
used in these swine units, reducing the volume of SM and allowing the transport 
and commercialization of a product rich in nutrients. However, as these solid 
manures have a higher concentration of nutrients, their use must present greater 
care and criteria. Additionally, it was observed by the studies survey that the use of 
N as a reference element for the recommendations of doses is a practice that should 
be avoided, as it causes the addition of very high amounts of other elements, such as 
P, Cu and Zn. Potentializing the accumulation of these nutrients in the soil. In this 
sense, P is an element of greatest concern in these swine units, as studies already 
show high levels in the soil and potential losses due to runoff, especially in areas 
subject to water erosion. Due to the provisions of the new normative instruction in 
Santa Catarina, the increase in the P content in these areas will make it impossible 
to continue with SM applications in these areas. And knowing that the extension of 
the areas of the pig units is limited, this can cause a shortage of options for farmers 
to target the MPs. Finally, the adoption of conservationist practices is important to 
maintain the soil structure and avoid losses by erosion and mineralization of the 
SOM. These practices contribute to increasing the adsorption capacity of these soils, 
contributing to the retention of P, Cu, and Zn in mineral and organic components.
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micronutrients, but it also tends to promote improvements in various soil attributes. 
The addition of C by the manure, even in a lower concentration in the PS, and the 
increase in crops DM production favors the increase of SOM, which consequently 
contributes to the improvement of soil biological and physical attributes. In addi-
tion, many studies carried out in these states demonstrate that SM applications can 
also favor soil pH values. Reducing the use of limestone or agricultural plaster in 
these areas. The increase in soil fertility results in enhance crop productivity, and in 
many cases the gains obtained are equivalent to those promoted by mineral fertil-
izers. However, it was also common to observe through the studies raised that very 
high doses of SM are necessary to achieve yields proportional to mineral fertilizers. 
Therefore, it is important to carefully use the SM in agricultural areas, avoiding 
excessive applications, higher than what will be absorbed by the crops. In these 
swine units the formulation of the doses of application of SM must take into account 
soil fertility, crops recommendations to be cultivated and the chemical composition 
of the SM. From these criteria, the most limiting element can be determined, that 
is, the one that first contemplates what was recommended, and the other nutrients 
will be supplemented with mineral fertilizer. The transformation of PS into solid 
materials, such as the PS compound and DL, can be an interesting strategy to be 
used in these swine units, reducing the volume of SM and allowing the transport 
and commercialization of a product rich in nutrients. However, as these solid 
manures have a higher concentration of nutrients, their use must present greater 
care and criteria. Additionally, it was observed by the studies survey that the use of 
N as a reference element for the recommendations of doses is a practice that should 
be avoided, as it causes the addition of very high amounts of other elements, such as 
P, Cu and Zn. Potentializing the accumulation of these nutrients in the soil. In this 
sense, P is an element of greatest concern in these swine units, as studies already 
show high levels in the soil and potential losses due to runoff, especially in areas 
subject to water erosion. Due to the provisions of the new normative instruction in 
Santa Catarina, the increase in the P content in these areas will make it impossible 
to continue with SM applications in these areas. And knowing that the extension of 
the areas of the pig units is limited, this can cause a shortage of options for farmers 
to target the MPs. Finally, the adoption of conservationist practices is important to 
maintain the soil structure and avoid losses by erosion and mineralization of the 
SOM. These practices contribute to increasing the adsorption capacity of these soils, 
contributing to the retention of P, Cu, and Zn in mineral and organic components.
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Chapter 6

Excessive and Disproportionate 
Use of Chemicals Cause Soil 
Contamination and Nutritional 
Stress
Nikita Bisht and Puneet Singh Chauhan

Abstract

Incredible achievements have been made in agricultural production worldwide, 
but many daunting challenges remain unresolved to ensure food security and 
environmental sustainability. Chemical fertilisers are used in excessive and dispro-
portionate quantities to raise crop yields in order to combat certain circumstances. 
However, apart from being processed in crop plants, chemical fertilisers above the 
threshold level pollute the atmosphere. As the availability of nutrients becomes a 
constraint of plant growth and production, sustained crop productivity relies on 
constant renewal. To increase agriculture production and maintain soil fertility, 
the application of chemical fertilisers is indispensable. However, insufficient or 
unnecessary application of fertiliser does not guarantee consistently growing yields, 
which can result in low efficiency of nutrient usage. Today, the key goals are the 
study of the effective use of chemicals, the reduction of production costs and the 
efficient use of fertilisation.
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1. Introduction

Soil is a very important and sensitive resource of a nation. In order to meet 
increasing public needs and to promote crop products, the use of high inputs of 
chemicals in the soil in the form of fertilisers, pesticides, fungicides, insecticides, 
nematicides and weedicides, along with intensive irrigation practises, helped to 
achieve the target to a certain stage. However, the decrease in crop yield took place 
despite the application of fertiliser. The toxic chemicals influence the life of benefi-
cial soil microorganisms, which are indeed responsible for maintaining soil fertility. 
Moreover, groundwater, air, and human and animal health have also been adversely 
affected by these chemicals directly and indirectly. Therefore, preserving the health 
of the soil is very essential. The avoidance of chemical fertilisers and the use of 
natural fertilisers such as biofertilizers, vermicompost, green manure and biopesti-
cides, as well as the nourishing of the soil and the environment, can be a sustainable 
approach to crop productivity.

In order to boost crop quality and satisfy the global demand for food, chemical 
formulations being introduced as fertilisers and pesticides in appropriate amount are 
important for food management resources in agriculture. On the other hand, if used 
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Abstract

Incredible achievements have been made in agricultural production worldwide, 
but many daunting challenges remain unresolved to ensure food security and 
environmental sustainability. Chemical fertilisers are used in excessive and dispro-
portionate quantities to raise crop yields in order to combat certain circumstances. 
However, apart from being processed in crop plants, chemical fertilisers above the 
threshold level pollute the atmosphere. As the availability of nutrients becomes a 
constraint of plant growth and production, sustained crop productivity relies on 
constant renewal. To increase agriculture production and maintain soil fertility, 
the application of chemical fertilisers is indispensable. However, insufficient or 
unnecessary application of fertiliser does not guarantee consistently growing yields, 
which can result in low efficiency of nutrient usage. Today, the key goals are the 
study of the effective use of chemicals, the reduction of production costs and the 
efficient use of fertilisation.
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increasing public needs and to promote crop products, the use of high inputs of 
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nematicides and weedicides, along with intensive irrigation practises, helped to 
achieve the target to a certain stage. However, the decrease in crop yield took place 
despite the application of fertiliser. The toxic chemicals influence the life of benefi-
cial soil microorganisms, which are indeed responsible for maintaining soil fertility. 
Moreover, groundwater, air, and human and animal health have also been adversely 
affected by these chemicals directly and indirectly. Therefore, preserving the health 
of the soil is very essential. The avoidance of chemical fertilisers and the use of 
natural fertilisers such as biofertilizers, vermicompost, green manure and biopesti-
cides, as well as the nourishing of the soil and the environment, can be a sustainable 
approach to crop productivity.

In order to boost crop quality and satisfy the global demand for food, chemical 
formulations being introduced as fertilisers and pesticides in appropriate amount are 
important for food management resources in agriculture. On the other hand, if used 
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in excessive and disproportionate amount, there are harmful aspects of inorganic 
fertilisers and pesticides that can not be ignored. They persist for a long time in the 
soil and atmosphere and influence various biotic and abiotic factors. They negatively 
influence soil, microflora, other organisms, human health and the environment. The 
excessive quantities of agrochemicals, industrial chemicals, trace metals and urban 
waste enter the soil through atmospheric deposition, disposal of waste, industrial 
effluents and direct application¸ and pollute it [1–3]. Soil contamination is responsi-
ble for decreasing the soil biodiversity and fertility and hence, decrease soil health by 
obstructing the breakdown of soil organic matter and altering nutrient cycling. The 
contamination of soil, therefore reduces crop yield and affects food safety, especially 
when bioconcentrated pollutants enter organisms within food chains [4].

Through their roots, plants can also take up soil pollutants or absorb them 
through their leaves. The prolonged intake of infected foods, including human 
beings, can cause disease and lead to animal deaths [5]. In particular, urbanisation 
causes soil contamination in peri-urban areas, which have to deal with urban air 
pollution deposition and municipal solid waste disposal [1, 6]. Acid rain decreases 
soil aggregate stability, affects soil microorganisms and enzyme activities, 
increases soil erosion and mobility of nutrients, and in turn contribute to loss of 
nutrients [1, 7–9]. Soil pollution is also linked to the water quality used for irriga-
tion purposes and to flooding events. Industrial and urban sewage is rapidly being 
adopted for irrigation to meet the rising demand for drinking water. This is partic-
ularly common in countries facing rapid urbanisation rates, such as China, where 
contaminated water and sewage have irrigated 3.62 million ha of agricultural land 
[1]. Due to atmospheric accumulation, industrial waste and the use of waste water 
for irrigation, soil contamination from trace metals is prevalent in peri-urban areas 
[1, 10, 11]. Trace metal supply is directly influenced by plant root exudates and by 
the activities of soil microorganisms. Owing to the high sensitivity of soil microor-
ganisms to excessive trace metal concentrations, they are responsible for reducing 
soil biodiversity and fertility [12, 13]. Moreover, due to their close affinity with 
organic matter, trace metals accumulate in surface organic deposits, and passively 
taken up by plants by water flow [14]. Studies have documented the accumulation 
of trace metals in agricultural foods with high concentrations in stems and leaves 
rather than in fruits and seeds [15].

Intensive cultivation and mono-cropping have contributed to a large increase 
in the usage and reliance on agrochemicals. Fertiliser and pesticide soil contamina-
tion is due to inadequate management of nutrients in combination with pest and 
weed mismanagement, respectively [4]. In addition, because their behaviour in the 
environment and especially in the food chain is not comprehensively understood, 
the fate of pesticide metabolites is of concern [16]. The growth of the population 
raises the risk of pollution of the soil. Food protection is thus threatened by the 
presence of toxins and by the associated risks of bioaccumulation. Soil contamina-
tion is responsible for reducing crop yields and for turning productive agricultural 
land into unproductive areas by decreasing soil fertility and biodiversity. As a result, 
the food availability and stability dimensions of food security are affected by this. 
Food accessibility is challenged by the extent and spatial distribution of soil pollu-
tion, which, in particular in urban and peri-urban areas, restricts food access. Soil 
pollution is, therefore, a hazard to all dimensions of food safety.

2. Healthy soils: a prerequisite for sustainable food security

Soil health is defined as a living soil’s ability to function within natural or 
regulated ecosystem boundaries, to preserve productivity of plants and animals, to 
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conserve and enhance the quality of water and air, and to promote plant and animal 
health [17, 18]. Therefore, soil health is a multi-dimensional and holistically vital 
soil characteristic, and forms the basis for healthy food production, thereby con-
tributing to local and global food security. By 2050, a 60 percent rise in global food 
production and related ecosystem services need to be accomplished. But, through 
soil erosion, nutrient loss, salinity, sealing and pollution, one-third of global soils 
are currently facing moderate to extreme degradation.To achieve sustainable soil 
management, evidence-based decisions and soil information are essential [19]. 
Soils impoverished by nutrients lead to systemic food and nutritional problems. 
Micronutrient deficiencies are significant cause of morbidity and mortality, and 
affect over two billion people [20–23]. Protein-energy malnutrition is due to food 
scarcity and ingestion of trace elements (i.e. iron, lithium, magnesium, zinc, cop-
per, iodine) from crops with low tissue concentrations, which are directly attribut-
able to nutrient-poor soils [24].

3. Impact of chemicals used in agriculture on environment

Since the chemical fertiliser increases the growth and vigour of the plant, it thus 
meets the world’s food security, but the plants grown in this way do not develop 
good plant characteristics such as good root system, shoot system, nutritional char-
acteristics and will not have time to grow and mature properly [25]. The deleterious 
effect of chemical fertilisers itself begins with the processing of chemicals whose 
products and by-products are certain harmful chemicals or gases that cause air pol-
lution, such as NH4, CO2, CH4, etc. And it will cause water pollution when the waste 
from industries is disposed of untreated in nearby water bodies. It also involves 
the most damaging impact of the accumulation of chemical waste in the bodies 
of water, i.e. water eutrophication. And its constant use, when applied to the soil, 
degrades the health and quality of the soil, thereby causing soil contamination. It is 
therefore high time to realise that our climate and biodiversity are depleted by this 
crop production input. Therefore, its continuous use without taking any remedial 
action to reduce or judicious use will one day deplete all natural resources and 
threaten the entire life of the earth. The adverse effects of these synthetic chemicals 
on human health and the environment can be reduced or eliminated by adopting 
new agricultural technological practises, including the use of organic inputs such 
as manure, biofertilizers, biopesticides, slow-release fertilisers and nanofertilizers, 
etc., and moving away from chemical intensive cultivation.

4. Influence on soil compaction and degradation

Soil compaction is an important component of the syndrome of land degradation 
and is a major problem for advanced agriculture, affecting soil resources adversely 
[26]. As the soil is compacted, its composition changes by crushing aggregate units, 
decreasing the size of pore spaces between the soil particles, decreasing compaction 
due to the use of heavy equipment, reducing the use of organic fertiliser, repeated 
use of chemical fertilisers, and ploughing for several years at the same depth [27]. 
One of the principal causes of compaction is the usage of fertilisers more than 
the recommended amount for long periods and intensive cropping. Soil compac-
tion causes problems such as excessive soil strength, root growth restriction, poor 
aeration, poor drainage, runoff, erosion and deterioration of the soil, etc. [28]. 
Such modifications lead to permeability, hydraulic conductivity and groundwater 
recharge reductions [29]. Excessive soil compaction impedes root growth and this 
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decreases the capacity of plants to absorb nutrients and total porosity, leading to an 
increase in the density of soil bulk and resistance to penetration. It is reported that 
compaction decreases both root growth and yield by more than 80 percent [30]. 
Nitrification decreases by 50 percent as the density of soil bulk increases and plants 
consume less N, P and Zn from soil [31]. A great concern is the reduction of biologi-
cal activities in soil due to compaction [32]. The most significant element in soil 
structure stability is organic matter. Soil that has high organic matter content and 
thrives with soil species is more compaction-resistant and can recover much better 
from mild damage to compaction [33, 34]. Over-use of fertilisers has led the develop-
ment of continuous monoculture cropping, accumulation of fertiliser mineral salts 
in soil that forms compaction layers in soil, and cause long-term soil degradation.

5. Disproportionate usage of chemicals and soil nutrients

The soil is a home for soil organisms which are a mechanism for nutrient 
recovery, and offers many other environmental services. Chemical fertiliser overuse 
can contribute to soil acidification and soil crust, thereby reducing the content of 
organic matter, humus content, beneficial species, stunting plant growth, altering 
the pH of the soil, growing pests, and even leading to the release of greenhouse 
gases. The acidity of the soil reduces crop phosphate intake, raises the concentration 
of harmful ions in the soil and inhibits crop growth [35]. The soil’s loss of humus 
decreases its capacity to store nutrients. The atmosphere is polluted by green-
house emissions resulting from the excess use of nitrogen fertiliser. Over the time 
nitrogen fertilisers added in large quantities to fields kills the balance between the 
three macronutrients, N, P and K, resulting in decreased crop yields. Sandy soils 
are much more vulnerable to soil acidification than clay soils. Clay soils have the 
potential to buffer excess chemical fertilisation effects. Repeated chemical fertiliser 
applications may lead to a toxic build-up in the soil of heavy metals such as arsenic, 
cadmium, and uranium. Not only do these toxic heavy metals pollute the ground, 
but they also accumulate in food grains, fruits and vegetables. Fertilisers such as 
triple superphosphate, have trace elements such as cadmium and arsenic that accu-
mulate in plants and enter humans via food chains that can cause health problems 
[36]. Application of fertilisers without the recommendation of soil testing can lead 
to implications such as soil degradation, nutrient imbalance, soil structure destruc-
tion, bulk density increase [37].

When crop plants are harvested, soil nutrient levels are reduced over time, and 
these nutrients are replenished either by natural decomposition or by adding fertil-
isers. Therefore, the basic component of modern agriculture thesedays is fertiliser. 
However, while chemical fertilisers are the main cause of adequate crop production 
for the world’s population, their overuse presents serious challenges for present and 
future generations, such as contaminated air, water and soil, degraded land, soils 
and increased greenhouse gas emissions. Not only are these synthetic fertilisers 
being harmful to our climate, but also to humans, livestock, and microbial forms 
of life. It is high time that everyone realises the detrimental effects of using excess 
chemical fertilisers and take steps to minimise the usage of chemical fertilisers and 
pesticides by substituting other organic modifications such as organic manures that 
not only provide plants with essential nutrients, but also preserve soil quality for 
subsequent crops. There are so many other technologies that are being developed, 
such as slow or controlled released fertilisers, prilled or granulated fertilisers, 
inhibitors of nitrification, nano-fertilisers, etc., all of which are the promising 
alternatives that can be used to solve these serious challenges and save both our 
environment and the ecosystem [35].
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6. Microbial community structure

Soil microorganisms play an important role in the conservation of soil fertility 
and ecosystem work [38, 39]. The plant roots secrete carbon-containing organic 
material in the rhizosphere which is the source of carbon, nitrogen and energy 
needed for the growth and reproduction of soil microorganisms. A large number of 
microbes gather around plant roots, which results in a distinction between the state 
of soil nutrients and the composition of the soil microbial population [40]. The 
region with the greatest contact between plant roots, soil and microorganisms is 
the rhizosphere. Microbes of the rhizosphere play an important role in the cycling 
of soil material and the transfer of energy. Fertiliser application is an important 
management measure in agricultural production that not only promote crop 
growth and yield but negatively influence the soil microorganisms as well [41]. The 
widespread use of chemical fertilisers currently leads to a decline in soil fertility 
and a number of environmental problems, while bioorganic fertiliser not only 
improves soil fertility through the contribution of beneficial microorganisms and 
organic materials, but also eliminates many of the environmental problems caused 
by chemical fertilisers. Studies have shown that various fertilisation treatments have 
a significant effect on the structure of soil microbial biomass and the community. 
Different applications of fertilisers change the physical and chemical properties 
of the soil, which in turn affects the structure of the soil bacterial community. 
Previous studies have found that pH, nitrate, and available phosphate and potas-
sium are significant soil factors that influence the structure of the microbial com-
munity [9, 42]. By direct effects on the quality of soil nutrients, fertilisation affects 
soil microbial diversity. In conjunction with other mineral fertilisers, the long-term 
application of nitrogen fertiliser influences the nitrogen cycle and associated bacte-
rial populations. Repeated overuse of chemical fertiliser may have a detrimental 
impact on the quality of soil and the composition of the soil microbial population. 
Long-term use of chemical fertilisers can dramatically decrease soil pH, which is 
closely related to reduced bacterial diversity and major changes in the composition 
of the bacterial population [43].

7. Potential of biofertilizers to replace chemical fertilisers

As the land for agriculture is restricted and even diminished over time, the 
worldwide increase in the human population poses a major threat to the food 
security [44]. It is therefore important that agricultural productivity should 
be dramatically improved over the next few decades in order to meet the high 
demand for food from the emerging population. Furthermore, too much reliance 
for crop production on chemical fertilisers ultimately affects both environmental 
ecology and human health with great severity. A biofertilizer is a material that 
contains living microorganisms that colonise the rhizosphere or the interior 
of plants when applied to seeds, plants or soil and encourage plant growth by 
increasing the host plant’s supply of nutrients [45]. The use of microbes as biofer-
tilizers in the agricultural sector is considered an alternative to chemical fertilisers 
because of their wide potential to increase crop production and food safety [38]. 
Extensive work on biofertilizers has revealed their ability to supply the crop with 
the requisite nutrients in sufficient quantities to increase crop yield. Biofertilizers 
are widely used to accelerate certain microbial processes that increase the avail-
ability of nutrients that can be easily assimilated by plants. By fixing the atmo-
spheric nitrogen and solubilising insoluble phosphates, biofertilizers increase 
soil fertility and produce plant growth-promoting substances in the soil [45]. 
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alternatives that can be used to solve these serious challenges and save both our 
environment and the ecosystem [35].
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6. Microbial community structure
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of soil material and the transfer of energy. Fertiliser application is an important 
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growth and yield but negatively influence the soil microorganisms as well [41]. The 
widespread use of chemical fertilisers currently leads to a decline in soil fertility 
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improves soil fertility through the contribution of beneficial microorganisms and 
organic materials, but also eliminates many of the environmental problems caused 
by chemical fertilisers. Studies have shown that various fertilisation treatments have 
a significant effect on the structure of soil microbial biomass and the community. 
Different applications of fertilisers change the physical and chemical properties 
of the soil, which in turn affects the structure of the soil bacterial community. 
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sium are significant soil factors that influence the structure of the microbial com-
munity [9, 42]. By direct effects on the quality of soil nutrients, fertilisation affects 
soil microbial diversity. In conjunction with other mineral fertilisers, the long-term 
application of nitrogen fertiliser influences the nitrogen cycle and associated bacte-
rial populations. Repeated overuse of chemical fertiliser may have a detrimental 
impact on the quality of soil and the composition of the soil microbial population. 
Long-term use of chemical fertilisers can dramatically decrease soil pH, which is 
closely related to reduced bacterial diversity and major changes in the composition 
of the bacterial population [43].
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worldwide increase in the human population poses a major threat to the food 
security [44]. It is therefore important that agricultural productivity should 
be dramatically improved over the next few decades in order to meet the high 
demand for food from the emerging population. Furthermore, too much reliance 
for crop production on chemical fertilisers ultimately affects both environmental 
ecology and human health with great severity. A biofertilizer is a material that 
contains living microorganisms that colonise the rhizosphere or the interior 
of plants when applied to seeds, plants or soil and encourage plant growth by 
increasing the host plant’s supply of nutrients [45]. The use of microbes as biofer-
tilizers in the agricultural sector is considered an alternative to chemical fertilisers 
because of their wide potential to increase crop production and food safety [38]. 
Extensive work on biofertilizers has revealed their ability to supply the crop with 
the requisite nutrients in sufficient quantities to increase crop yield. Biofertilizers 
are widely used to accelerate certain microbial processes that increase the avail-
ability of nutrients that can be easily assimilated by plants. By fixing the atmo-
spheric nitrogen and solubilising insoluble phosphates, biofertilizers increase 
soil fertility and produce plant growth-promoting substances in the soil [45]. 
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The naturally accessible biological system of nutrient mobilisation, which 
greatly increases soil fertility and ultimately crop yield, has been encouraged by 
biofertilizers. Biofertilizers are expected to be a healthy alternative to chemical 
inputs and to a great extent mitigate ecological disruption. Biofertilizers are 
cost-effective in nature, eco-friendly, and their extended usage greatly increases 
soil fertility. It has been stated that the use of biofertilizers increase the protein 
content, essential amino acids, vitamins, and nitrogen fixation, thereby increases 
crop yield by about 10–40 percent [46]. The advantages of using biofertilizers 
include low-cost nutrient sources, excellent microchemical and micronutrient 
suppliers, organic matter suppliers, growth hormone secretion, and the counter-
action of chemical fertiliser adverse effects. Microbes are important soil compo-
nents and play a crucial role in the different biotic activities of the soil ecosystem 
that make the soil dynamic for the mobilisation of nutrients and sustainable for 
the production of crops [47].

8. Improving soil fertility

Physical fertility refers to the soil’s physical properties, its composition, 
texture, water holding properties, the way water flows to the roots of plants, and 
how the soil is penetrated by those roots. Biological fertility refers to the species 
and their capacity to play important roles that live in the soil. A soil’s composi-
tion, its acidity or alkalinity, and its ambient temperature are only a sample of the 
several variables that decide the degree to which plants have access to nutrients 
[9]. The relative value of these variables depends on the nutrients, the soil and the 
plant. Most notably, soil structure determines how well the soil holds nutrients 
and water. Organic matter-containing clays and soils retain nutrients and water 
much better than sandy soils. The microbial community of the soil would also be 
highly influenced by the soil structure. If the soil does not allow these species to 
survive, plants that rely on bacteria or fungal species for nutrient uptake will not 
grow. Until recently, the application of fertiliser was the most commonly used 
treatment for nutrient deficiency. As plant nutrient requirements vary over the 
plant life cycle, timing is also important. The effect of Liebig ‘s Law may obscure 
the identification of genuinely deficient nutrients, as the correct scarce nutrient 
may not be directly recognised by deficiency symptoms. Additional fertiliser 
would be of little to no assistance if the requisite structural and biological condi-
tions are not present. The improved vitality of plants would rely on improving 
the structural and biological fertility of the soil. Inappropriate application of 
fertiliser is a waste of time and money, but it can also have dire environmental 
implications as well [19].

9. Conclusion

All living beings in some way are vulnerable to the widespread long-term use of 
chemicals in agriculture in any form such as fertilisers, pesticides, etc. Agricultural 
soil has been disrupted by the extensive and disproportionate use of chemicals 
and putting it back into order will take time and transition. While we cannot fully 
prevent the adverse effects of chemical fertilisers at an instant of time, we can 
definitely reduce the impact by minimising their use and promoting the use of 
biofertilizers. Biofertilizers will not reduce the use chemical fertilisers but they will 
improve the soil quality in various ways such as maintaining soil nutrient cycles, soil 
microbial communities, etc.
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Increasing Yields and Soil
Chemical Properties through the
Application of Rock Fines in
Tropical Soils in the Western Part
of Cameroon, Africa
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Abstract

Local tropical soils were amended with pulverized rock fines such as trachyte,
basalt, pyroclastic materials, limestone and gneiss with � manure in different
proportions in Cameroon. And soil textures and chemicals were assessed after
harvesting. Cabbage and potatoes as test crops treated with fines of pyroclastic
materials and basalts, portrayed highest and lowest productivities, respectively.
The early loamy sand texture of controls changes to clay; and clay textures
remained unchanged after treatments. This indicates the decrease of sand propor-
tion and gain in clay particles after treatments. The pH of local soils was strongly to
slightly acidic (4.8 ≤ pH ≤ 6.5) and rose up to slightly acidic and slightly alkaline
affinity (6.6 ≤ pH ≤ 7.2). A significant pH increase from 5.9 to 6.9 was observed on
a treated sample with pulverized pyroclastic materials. Organic carbon and Organic
matter show parallel oscillated tendencies from controls to treated soils. There is a
general increase of Mg and Ca after treatments while Na and K remain constant.
Rock fines from trachyte, limestone and basalt as treatments significantly increase
phosphorus in soils with contents of 96.0, 51.5 and 50.9 ppm, respectively.

Keywords: tropical soils, rock fines, yield, soil texture, chemicals,
pH and phosphorus

1. Introduction

1.1 Soil erosion and infertility in sub-Sahara Africa

Soil erosion is a process acting over millions of years. It is known as “geologic” or
natural when caused by factors such as climate, soil type and topography [1].
Human also induced soil erosion through activities such as overgrazing, deforesta-
tion and agriculture which are the major factors of the soil erosion accounting for
92% of all activities destroying the soil structure [2]. Then, soil erosion is a leading
cause of soil infertility with a detrimental impact on the agricultural productivity.
There are a number of soil physical, chemical and biological parameters on which
depends the soil productivity. Then, available amount of nutrients in a soil on which
depends the soil fertility is directed by the soil pH, organic matter content and other
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Increasing Yields and Soil
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Application of Rock Fines in
Tropical Soils in the Western Part
of Cameroon, Africa
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Abstract

Local tropical soils were amended with pulverized rock fines such as trachyte,
basalt, pyroclastic materials, limestone and gneiss with � manure in different
proportions in Cameroon. And soil textures and chemicals were assessed after
harvesting. Cabbage and potatoes as test crops treated with fines of pyroclastic
materials and basalts, portrayed highest and lowest productivities, respectively.
The early loamy sand texture of controls changes to clay; and clay textures
remained unchanged after treatments. This indicates the decrease of sand propor-
tion and gain in clay particles after treatments. The pH of local soils was strongly to
slightly acidic (4.8 ≤ pH ≤ 6.5) and rose up to slightly acidic and slightly alkaline
affinity (6.6 ≤ pH ≤ 7.2). A significant pH increase from 5.9 to 6.9 was observed on
a treated sample with pulverized pyroclastic materials. Organic carbon and Organic
matter show parallel oscillated tendencies from controls to treated soils. There is a
general increase of Mg and Ca after treatments while Na and K remain constant.
Rock fines from trachyte, limestone and basalt as treatments significantly increase
phosphorus in soils with contents of 96.0, 51.5 and 50.9 ppm, respectively.
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1. Introduction

1.1 Soil erosion and infertility in sub-Sahara Africa

Soil erosion is a process acting over millions of years. It is known as “geologic” or
natural when caused by factors such as climate, soil type and topography [1].
Human also induced soil erosion through activities such as overgrazing, deforesta-
tion and agriculture which are the major factors of the soil erosion accounting for
92% of all activities destroying the soil structure [2]. Then, soil erosion is a leading
cause of soil infertility with a detrimental impact on the agricultural productivity.
There are a number of soil physical, chemical and biological parameters on which
depends the soil productivity. Then, available amount of nutrients in a soil on which
depends the soil fertility is directed by the soil pH, organic matter content and other
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physico-chemical soil parameters. And, the loss of chemical fertility causes soil
erosion favored by the leaching of some nutrients with a major consequence being
the decrease of the crop productivity.

In fact, the consequence of the decreasing of the agricultural productivity can be felt
at the level of common farmers in sub-Sahara Africa, where the major part of the
population still depends on this sector to earn an income. Then, the serious conse-
quence is the economic damage with alarming damage at the level of a nation. For
example, nitrogen and phosphorus are three times lost by erosion that their application
as fertilizers in soils in Zimbabwe alone. Then, the agricultural productivity is nega-
tively impacted by the soil erosion which has depleted soils with essential nutrients
needed for crop growth in Africa [3]. In 1983, [3] demonstrated the negative values of
�22,�2.5 and�15 kgha�1 yr.�1 were the N, P and K balances in Africa, respectively. In
fact, these detrimental balances are originated through the depletion due to water
runoff and wide spread eroding sediments by the harvested products and wide spread
erosive processes. Then, the commonmethod to solve the problem of soil depletion
used by farmers is adding NPK chemical fertilizers in soils in sub-Sahara Africa.

This work focuses on the application of pulverized rock fines from different rock
types to replenish soil chemicals’ contents as an alternative to the common use of
chemical fertilizers for soil amendment in Africa.

2. Site locations, geology, and experiments

Different sites namely Befang (06°20018″N, 10°02047″E), Foumbot (05°32025″N,
10°35030″E), Batibo (05°45010″N, 09°45035″E), Santa (05°47058″N, 10°09046″E)
Kalong (04°47030″N, 11°03053″E) and Bonandale (04°09″36″N, 09°34034″E) are the
locations where the experiments were carried out and soil samples collected for
different analyses. They are located in the northwest, west, center and littoral
regions of Cameroon (Table 1) comprising between the latitudes 04°300 00″ N and
06°200 00″ N and the longitudes 09°30000″E and 11°04000″E. This region is char-
acterized with average temperatures of 22°C in Santa and 28°C in Bonandale. The
climate is hot and humid tropical type comprising one to two rainy seasons alter-
nating with dry seasons on the savannah to partly equatorial forest vegetation. The
highest rainfall of about 4000 mm/year is encountered in the area of Befang. Soil
horizons are thick and can reach more than 20 m in some the equatorial forest. They
are brown to reddish lateritic soils and may be also black in color depending on the
content of organic matter. They are developed on the metamorphic or granitic
substratum as observed in the area of Kalong. However, undifferentiated sedimen-
tary rocks make the substratum in Bonandale. In other regions such as Befang,
Foumbot, Santa and Batibo soils were mostly developed on volcanic rocks.

Each site is represented by an experimental plot made up of a control and treated
soils replicated three times when growing a test crop. The test crops were chosen
based on its growth capacity on a specific site. They were mostly made up of maize
(Zea mays). However cabbage (Brassica oleracea), carrots (Daucas carota) and Irish
potatoes (Solanum tuberosum) were also used as test crops in some sites.

Then, the 1 � 1 mm mesh sieve was used several times on crushed and pulver-
ized rock samples devoid of any sign of weathering to collect fines used as fertil-
izers. Fines used as fertilizers for these experiments are common rocks encountered
in abundance in each respective site. They are made up of volcanic pyroclastic
materials, basalt, trachyte, gneiss and limestone. Fines of dried Tithonia diversifolia
were also used as green manure. Poultry manure or cow dump were also added to
some treatments. After harvesting and yields determined for each crop, soil samples
were collected from all the controls and treated soils in the studied sites. On each
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plot unit, soil samples were collected at depth ≤25 cm, mixed, dried and stored in
clean plastic bags and taken for additional description and analysis to the Labora-
tory of Soil Sciences, Faculty of Agronomy, University of Dschang, Cameroon. For
the analysis, at room temperature and for a week, soil samples were air dried and
passed through a 2 mm polyethylene sieve to eliminate any contamination with
plant debris or/and pebbles. Then, later on, an agate mortar was used to lightly
crush these soil samples into fine powders before passing them through a 0.149 mm
nylon sieve and stored them under ambient conditions into glass containers pending
analysis. The standard laboratory procedure for soil analyses (AFNOR) were
undertaken for the physiological analysis of these soil samples. Soil reaction was
determined in soil water suspension 1:2.5 using a glass electrode. The analysis
method by wet digestion according to reference [4] was utilized to determine the
content of organic matter in these soils. The modified analysis method of reference
[5] was used to determine the total nitrogen content. The percolation with 1 M
ammonium acetate was used to determine exchangeable cations and exchange
capacity (CEC). The determination of Ca, K and Na was possible using a flame
photometer and Mg with an atomic absorption spectrophotometer. In addition,
pHwater as is in [6] was measured with a pH meter at 1:2.5 soil/water.

3. Results

The results are made up of the yields of each test crops (Table 1) in addition to
the textures and chemical compositions obtained from the analyses of controls and
treated soils as presented in Table 2. The percentage composition in sand, silt and
clay was used for the textural determination of each sample. Chemical compositions
in this study are made up of parameters such as pH, OM and OC (%), N (g/kg), Ca,
Mg, Na and K (meq/100 g) and P (ppm). The variations in chemical contents
between controls and treated soils were determined to appraise chemicals' contents
in soils after treatments.

3.1 Crop yields on controls and treated soils

Maize was used as the test crop in the localities of Foumbot, Bonandale and
Kalong. However cabbage, carrots and potatoes were also used in Befang, Santa and
Batibo, respectively.

Maize as the test crops yielded (after 03 months of growth) 833, 3200 and 4000
kg/ha for the controls T01, T02 and T03 in the localities of Foumbot, Bonandale and
Kalong, which are made up of basalt, sediments and gneiss as country rocks,
respectively. Out of the different treated soils where maize was used as the test
crop, the best yield was obtained from T23 (=T03 + 3 kg gneiss fines) in the locality
of Kalong. This is followed by higher yields of 8300 and 8000 kg/ha obtained on
T22 (=T02 + 2 kg limestone fines) and T13 (=T03 + 3 kg basalt fines) in Bonandale
and Kalong, respectively. Yields as low as 5400 and 3200 kg/ha were obtained on
treatments T12 (=T02 + 2 kg basalt fines) and T62 (=T02 + 1 kg limestone fines) in
the same locality (Bonandale). The lowest yield comes from T41 (=T01 + 600 g
basalt fines +600 g poultry manure) cultivated in Foumbot.

Cabbage yielded productivities as high as 15,000 and 11,666 kg/ha for treat-
ments T24 (=T04 + 200 g fines from pyroclastic bombs) and T44 (=T04 + 200 g
fines from less vesicular pyroclastic materials), respectively. However, the lowest
yield of 2444 kg/ha was obtained from the control soil (T04). Intermediate yields of
3578 and 6444 kg/ha were obtained with T14 (=T04 + 200 g lapilli fines) and T34
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plot unit, soil samples were collected at depth ≤25 cm, mixed, dried and stored in
clean plastic bags and taken for additional description and analysis to the Labora-
tory of Soil Sciences, Faculty of Agronomy, University of Dschang, Cameroon. For
the analysis, at room temperature and for a week, soil samples were air dried and
passed through a 2 mm polyethylene sieve to eliminate any contamination with
plant debris or/and pebbles. Then, later on, an agate mortar was used to lightly
crush these soil samples into fine powders before passing them through a 0.149 mm
nylon sieve and stored them under ambient conditions into glass containers pending
analysis. The standard laboratory procedure for soil analyses (AFNOR) were
undertaken for the physiological analysis of these soil samples. Soil reaction was
determined in soil water suspension 1:2.5 using a glass electrode. The analysis
method by wet digestion according to reference [4] was utilized to determine the
content of organic matter in these soils. The modified analysis method of reference
[5] was used to determine the total nitrogen content. The percolation with 1 M
ammonium acetate was used to determine exchangeable cations and exchange
capacity (CEC). The determination of Ca, K and Na was possible using a flame
photometer and Mg with an atomic absorption spectrophotometer. In addition,
pHwater as is in [6] was measured with a pH meter at 1:2.5 soil/water.

3. Results

The results are made up of the yields of each test crops (Table 1) in addition to
the textures and chemical compositions obtained from the analyses of controls and
treated soils as presented in Table 2. The percentage composition in sand, silt and
clay was used for the textural determination of each sample. Chemical compositions
in this study are made up of parameters such as pH, OM and OC (%), N (g/kg), Ca,
Mg, Na and K (meq/100 g) and P (ppm). The variations in chemical contents
between controls and treated soils were determined to appraise chemicals' contents
in soils after treatments.

3.1 Crop yields on controls and treated soils

Maize was used as the test crop in the localities of Foumbot, Bonandale and
Kalong. However cabbage, carrots and potatoes were also used in Befang, Santa and
Batibo, respectively.

Maize as the test crops yielded (after 03 months of growth) 833, 3200 and 4000
kg/ha for the controls T01, T02 and T03 in the localities of Foumbot, Bonandale and
Kalong, which are made up of basalt, sediments and gneiss as country rocks,
respectively. Out of the different treated soils where maize was used as the test
crop, the best yield was obtained from T23 (=T03 + 3 kg gneiss fines) in the locality
of Kalong. This is followed by higher yields of 8300 and 8000 kg/ha obtained on
T22 (=T02 + 2 kg limestone fines) and T13 (=T03 + 3 kg basalt fines) in Bonandale
and Kalong, respectively. Yields as low as 5400 and 3200 kg/ha were obtained on
treatments T12 (=T02 + 2 kg basalt fines) and T62 (=T02 + 1 kg limestone fines) in
the same locality (Bonandale). The lowest yield comes from T41 (=T01 + 600 g
basalt fines +600 g poultry manure) cultivated in Foumbot.

Cabbage yielded productivities as high as 15,000 and 11,666 kg/ha for treat-
ments T24 (=T04 + 200 g fines from pyroclastic bombs) and T44 (=T04 + 200 g
fines from less vesicular pyroclastic materials), respectively. However, the lowest
yield of 2444 kg/ha was obtained from the control soil (T04). Intermediate yields of
3578 and 6444 kg/ha were obtained with T14 (=T04 + 200 g lapilli fines) and T34
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(=T04 + 200 g fines from highly vesicular pyroclastic materials), respectively. More
details on this work can be found in [7].

The highest yield of carrots with the value of 925 kg/ha was obtained from
treatment T35 (=T05 + 1 kg basalt fines +10 ml LMO + 0.5 kg Tithonia). Lower
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basalt fines +0.5 kg Tithonia), T25 (=T05 + 1 kg basalt fines +10 ml LMO) and T15
(=T05 + 1 kg basalt fines), respectively. The control (T05) yielded intermediate
productivity with 500 kg/ha. The highest yield of potatoes was from T26
(=T06 + 2 kg basalt fines +2 kg coal fines) with 20741 kg/ha, followed by the control
(T06) with 14816 kg/ha. The lowest yield is found on treatment T46 (=T06 + 2 kg
trachyte fines +2 kg coal fines) with 13,333 kg/ha.

The performance index (Yi = Yield per treatment/Yield per control) indicates the
number of folds increase of each treatment in relation to its control. The highest
performances (Yi = 6.13 and 4.77) are found in the locality of Befang with treatments
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treatment T34. Other performances as high as 3, 2.75, 2.59 and 2 are found in
treatments T41, T23 and T22 in the localities of Foumbot, Kalong and Bonendale.
Other performances are 1 ≤ Yi ≤ 2 and found sparse in all localities subject to this
study. However, the localities of Santa and Batibo showed that treatments T15 and
T46 yielded less than their controls with Yi (=0.30 and 0.89), respectively.

3.2 Textures and chemicals of controls and treated soils

The control soils show textures of loamy sand (T01 and T02) to clay (T03)
passing through clay loam (T06) and silty clay (T05). The highest pH values (=7.10
and 6.40) were observed on loamy sandy samples (T01 and T02, respectively). The
lowest pH (=4.60) is portrayed by the silty clayish sample (T05). Intermediate pH
values (=5.92, 5.80 and 5.60) were observed on samples T04, T06 and T03 with
clayish affinity. For the organic matters (CO, MO and N), the highest values of CO
and MO (=6.39 and 11.29%, respectively) were observed on the control T06 col-
lected on a clayish soil in Batibo (Table 2). Samples T03 and T02 show lowest
values (=0.95 and 1.30%) of CO and MO. Intermediate values of CO and MO
(=2.30; 3.81 and 4.00; 6.57%) came from samples T04 and T05, respectively. N also
exhibits higher values (=4.62 and 3.06) on T01 and T05, respectively. Lower values
(=0.06, 0.56 and 0.16) were found on T03, T02 and T06. For the exchangeable
cations (Ca, Mg, K and Na), Ca exhibits highest values (=3.84 meq/100 g) while
lowest values belong to Na and K (=0.01 meq/100 g). K and Mg exhibit values
between 3.2 and 0.01 meq/100 g. The strongest capacity of cationic exchange
belongs to T04 and T06 with values of 22.00 and 20.40. Available phosphorus (P)
values are between 26.5 and 6.8 ppm for these controls.

The textures of most treated soils fall in the field of sandy loam (T12, T22, T12B,
T22B) and clay (T62, T62B, T13, T23 and T45). However, some treated samples
presented properties of clay loam (T26 and T46) and loamy sand (T41). This
sample exhibits the highest pH (=7.2) while the lowest pH (=4.8) belong to T15 and
T45. For CO, the highest values (=7.03, 6.80 and 6.74%) were encountered on
samples T26, T24 and T46, respectively (Table 2). Values of CO as low as 0.21 and
0.34% were observed on samples T12 and T22, respectively. In fact, most samples
show intermediate CO values with values within 1.13 and 6.39%. Treated soils with
lowest values of CO also show lowest MO which are 0.35 and 0.59% for samples T12
and T22, respectively. Samples (T26, T46 and T41) with highest CO also portrayed
highest values of MO (=12.12, 11.62, 11.29%), respectively. N portrays the highest
concentration (=5.46 g/kg) on T41 followed by lower values (=3.06, 2.92 and 2.91)
encountered on T25, T35 and T15, respectively. For the exchangeable cations (Ca,
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Mg, K and Na), Mg exhibits the highest values (=45.76 and 24.00 meq/100 g)
belonging to T26 and T46. These samples also present higher values of Ca (=10.24
and 3.20 meq/100 g), However samples T13 and T23 also present higher values
(=6.64 and 9.12 meq/100 g, respectively) for Ca and Mg (=3.67 and 4.26 meq/100 g,
respectively). Then the sum of exchangeable cations are higher on samples T26
(=56.00 meq/100 g), T46 (=27.20 meq/100 g), T23 (=14.13 meq/100 g) and T13
(=11.08 meq/100 g). The lowest values of exchangeable cations (=0.1–0.0 meq/
100 g) are those of Na. K also exhibits low values (=1.08–0.0). The strongest and
the weakest capacity of cationic exchangeable (=48.89 and 8.8 meq/100 g, respec-
tively) were found on T23 and T25, T35, T45 and T41, respectively. For the avail-
able phosphorus (P), the highest value (=95.96 ppm) was found on sample T46.
Samples T22B and T12B also present higher values of 71.37 and 75.80 ppm, respec-
tively. Values as high as 51.50, 50.91 ppm were observed with samples T22 and T62.
Other higher values of P are encountered on T23, T24, T44, T13, T12, T34, T26, T15
and T14 with 32.70, 30.11, 28.25, 27.95, 26.65, 26.38, 24.30, 23.56 and 21.49 ppm,
respectively. Intermediate values are between 7.24 and 18.45 ppm and 2.07 ppm is
the lowest values of P found on T62B (Table 2).

The variation of pH and the concentrations of various chemicals between values
of different controls and those of corresponding treated soils are presented in
Table 3. The highest positive pH variation (ΔpH = +0.98) was encountered on
sample T24 (=T04 + 200 g fines from volcanic pyroclastic materials). This sample
also exhibits the highest OC and OM variations (ΔOC = 4.50 and ΔOM = 5.11),
respectively. A positive ΔpH as high as +0.80 was observed on a couple of samples,
T44 (=T04 + 200 g fines from less vesicular pyroclastic materials) and T23
(=T03 + 3 kg gneiss fines). This couple of samples, T44 and T23 also show higher
ΔOC (=+3.30 and =+1.11) and ΔOM (=+3.10 and =+2.48), respectively. Samples T26
(=T06 + 2 kg basalt fines +0.75 kg green manure) and T12 (=T02 + 2 kg basalt fines)
both exhibit negative pH variations (=�0.60 and =�0.40), corresponding to nega-
tive ΔOC (=�0.19 and �1.09) and ΔOM (=�0.33 and �1.89), respectively. The
highest ΔN (+0.84) belongs to sample T41 with manure in his composition.

Most exchangeable cations exhibit low variations with �0.73 ≤ ΔK ≤ 0.38,
�0.02 ≤ ΔNa ≤ 0.75, �1.48 ≤ ΔCa ≤ 2.80 and �0.76 ≤ ΔMg ≤ 1.99. However some
higher variations of ΔCa and ΔMg are encountered for a couple of samples T23
(=5.28 and 1.99) and T26 (=7.04 and 52.56), respectively. ΔMg is also higher for T46
(=20.80). The most remarkable variation of chemical concentrations was found on
phosphorus contents. Although negative variations are observed on T45 (=�2.07),
T25 (=�2.62), T62B (=�5.71) and T25 (=�6.70), other samples such as T12, T22,
T62, T22B, T12B and T46 exhibit positive phosphorus variations with values as high
as 18.87, 43.72, 43.13, 63.59, 68.02 and 76.83, respectively. Positive and low phos-
phorus contents between 0.42 and 8.65 are observed on samples T41, T13, T23, T14,
T34, T15, T26 and T44 (Table 3).

4. Performance index (Yi) and physico-chemicals fluctuations of
controls and treated soils

Treatments on different local soils in several localities indicated that the best
yields as measured by the performance index (Yi) came from the locality of Befang
where soils are underlain on volcanic pyroclastic materials. These geologic resources
were also used for treatments. These performance indexes on volcanic pyroclastic
materials (Yi = 6.13 and 4.77) are higher than those treated with volcanic lava
(Yi ≤ 3). This suggests that the textures of volcanic rocks influence the yields on
different treatments. For instance [8], have indicated that volcanic ash can be one
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of the best rock powder additives for soil amelioration since it contains a wide range
of chemicals and weathers relatively fast to provide a natural fertilizer [9, 10].
Other treatments on metamorphosed terrain exhibit the best yields below those on
volcanic rocks with the highest Yi < 3. It is the similar situation for treatments on
sedimentary rocks related fines. According to [11], rocks found in crystalline ter-
rains contain significant amounts of quartz which dilute the effectiveness of rocks
as source of K, Ca and Mg from minerals such as feldspars and mica. The different
experiments also indicate a general variation of textures and physico-chemical
parameters of treated soils in relation to the controls: the initial loamy sand texture
of the controls moves to sandy loam and clay loam textures; sandy clay texture
moves to clay texture and initial clay textures remained unchanged. This suggests
that a soil treated with rock fines � manure losses sand proportion while increasing
mostly in clay and somehow in silt particles. These clayish soils also exhibit the best
yields. In respect to the pH, the slightly, moderately to strongly acidic properties of
the local soils were shifted upwards in between the slightly acidic and the slightly
alkaline soils (Figure 1). This suggests a general increase of pHs after treatments.
For example, in the locality of Santa, a pH (=4.60) of a control T05 increases to pH
(=4.80 and =4.90) corresponding to treated soils T15, T45 and T25, T35, respec-
tively. In fact, there is a general positive increase of pHs between +0.10 and +0.98
(Table 3). However, a couple of samples exhibit negative pH variations (ΔpH =
�0.40 and ΔpH = �0.60) on samples T12 (=T02 + 2 kg basalt fines) and T26
(=T06 + 2 kg basalt fines +2 kg coal fines) in the locality of Bonandale and Batibo,
respectively. This implies the potential of these treatments to increase or decrease
soil pHs. According to [12], the advantages for the application of rocks’ fines in soils
are in correcting the pHs with nutrient supply and its long residual effect.

The organic carbon (OC) and organic matter (OM) also showed variations after
the application of different treatments. The trends of fluctuation of OM and OC are
parallel throughout all control and treated soils (Figure 2). Some samples exhibit
positive ΔOM and ΔOC while other show negative ΔOM and ΔOC (Table 3). This
implies that these soils showed increasing or decreasing OC and OM after treated
with rock fines � manure. The highest values of ΔOM (=+5.11) and ΔOC (=+4.50)
were found on sample T24 (=T04 + 200 g fines from pyroclastic bombs) which also
showed the highest ΔpH (=+0.98) and yield index (Yi = 6.13). The second highest Yi
(=4.77) from the sample T44 (=T04 + 200 g fines from less vesicular pyroclastic

Figure 1.
pH of control and treated soils collected in some selected sites in Cameroon. Different acidic fields modified after
[13–15]. The broken arrow indicates an increase of pHs from the controls to the treated soils.
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bombs) also exhibit higher ΔpH (=+0.80), ΔOM (=+3.10) and ΔOC (=+3.30). This
suggests that fines from pyroclastic materials increase pH, OM and OC contents in
different treatments. This is also observed on treatments with fines from basalt.
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values between 2.77 and 3.06 g/kg encountered for sample T15, T25, T35 and T45.
These samples were treated with basalt fines + green manure. Then, added N may
come from the manure. There is a slight increase of K contents towards 0.8 and
1.1 meq/100 g while the values of Na remain monotone (Figure 3). However, some
samples under the treatments of basalt and trachyte fines exhibit outstanding high
contents of Mg and Ca. This indicates pulverized products of these rocks as poten-
tial sources of Ca and Mg in soils. Phosphorus contents after treatment (Figure 4)
exhibits a broad increase in relation to the controls. Mostly, soils treated under fines
from trachyte and limestone exhibit the highest values of phosphorus (=(96.0, 51.5)
and 50.9 ppm), respectively. The fines from volcanic pyroclastic materials and
gneiss indicated higher contents of phosphorus of 32.7 and 30.1 ppm, respectively.

Figure 2.
OC (%), OM (%) and N (g/kg) of control and treated soils collected in some selected sites in Cameroon.

Figure 3.
Ca, Mg, K and Na (meq/100 g) of control and treated soils collected in some selected sites in Cameroon.
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5. Conclusion

This work demonstrated that fines from different rock types such as basalt,
trachyte, volcanic pyroclastic materials in addition to limestone and gneiss applied
as fertilizers, indicate a slight increase of pH in all samples in several localities in
Cameroon. However, the treatment under basalt fines showed a significant pH
increase. Then, the required soil acidity may be accomplished using pulverized
products from rocks of basaltic compositions, while this also simultaneously
increasing soil contents in MO, CO, Mg and Ca. There is a good and parallel
correlation of MO and CO contents in all treated soils. The higher values of phos-
phorus suggest that the application of the concerned rock fines as a good potential
sources of this nutrients in these tropical soils.

Acknowledgements

This work was entirely carried with the assistance of some small scale local
farmers in the areas of Befang, Santa, Batibo, Foumbot, Bonandale and Kalong in
the northwest, west, littoral and center regions of Cameroon. They accepted to host
these field trials on their land. The local agricultural technicians and some bypassing
villagers assisted also during field works. Many thanks to all of them.

Figure 4.
Available phosphorus (ppm) of control and treated soils collected in some selected sites in Cameroon.
Phosphorus limit modified after [13–15].

129

Increasing Yields and Soil Chemical Properties through the Application of Rock Fines…
DOI: http://dx.doi.org/10.5772/intechopen.93969



5. Conclusion

This work demonstrated that fines from different rock types such as basalt,
trachyte, volcanic pyroclastic materials in addition to limestone and gneiss applied
as fertilizers, indicate a slight increase of pH in all samples in several localities in
Cameroon. However, the treatment under basalt fines showed a significant pH
increase. Then, the required soil acidity may be accomplished using pulverized
products from rocks of basaltic compositions, while this also simultaneously
increasing soil contents in MO, CO, Mg and Ca. There is a good and parallel
correlation of MO and CO contents in all treated soils. The higher values of phos-
phorus suggest that the application of the concerned rock fines as a good potential
sources of this nutrients in these tropical soils.

Acknowledgements

This work was entirely carried with the assistance of some small scale local
farmers in the areas of Befang, Santa, Batibo, Foumbot, Bonandale and Kalong in
the northwest, west, littoral and center regions of Cameroon. They accepted to host
these field trials on their land. The local agricultural technicians and some bypassing
villagers assisted also during field works. Many thanks to all of them.

Figure 4.
Available phosphorus (ppm) of control and treated soils collected in some selected sites in Cameroon.
Phosphorus limit modified after [13–15].

129

Increasing Yields and Soil Chemical Properties through the Application of Rock Fines…
DOI: http://dx.doi.org/10.5772/intechopen.93969



Author details

Samuel Tetsopgang
Department of Geology, Higher Teacher Training College, The University of
Bamenda, Bamenda, Cameroon

*Address all correspondence to: tetsopgang@yahoo.com

©2020TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

130

Soil Contamination - Threats and Sustainable Solutions

References

[1] Bennett, H. H. & Chapline, W. R.
(1928). Soil erosion a national menace.
US Dep. Agric., Circ. 33.

[2] Mostafa, K. T. & Osama, A. E. K.
(1992) (eds.). The world environment
1972–1992. Two decades of challenge.
Chapman and Hall, London, England.

[3] Smaling, E. M. A., Nandwa, S. M. &
Janssen, B. H. (1997) Soil Fertility Is at
Stake, in Replenishing Soil Fertility in
Sub-Saharan Africa. In: Buresh, R.,
Sanchez, P.A. and Calhoun, F., Eds.,
American Society of Agronomy and Soil
Science Society of America, Madison
Wisconsin, 47–61.

[4] Walkley, A. J. & Black, I. A. (1934).
Estimation of soil organic carbon by the
chromic acid titration method. Soil Sci.
37, 29–38

[5] Kjeldahl, J. (1883). "Neue Methode
zur Bestimmung des Stickstoffs in
organischen Körpern" (New method for
the determination of nitrogen in organic
substances), Zeitschrift für analytische
Chemie, 22 (1) 366–383.

[6] Peech, M. (1965). Hydrogen-ion
activity In C.A. Black et al., Eds.,
Methods of Soil Analysis. Part 2.
American Society of Agronomy,
Madison, WI; pp. 914–926.

[7] Tetsopgang, S. & Fonyuy, F. (2019)
Enhancing growth quality and yield of
cabbage (Brassica oleracea) while
increasing soil pH, chemicals and
organic carbon with the application of
fines from volcanic pyroclastic materials
on a tropical soil in Wum, Northwest
Cameroon, Africa. Scientific African 6
(2019) e00199. https://doi.org/10.1016/
j.sciaf.2019.e00199

[8] Blum WEH, Herbinger B, Mentler F,
Ottner M, pollak E, Unger E andWenzel
WW (1989) Zur verwendung von
gesternsmelen in der landwirtschaft. II.

Wikung von gsteinsmehlen als
bodenverbesserungsmittel. Z
Pflanzenernahr Bodenk 152: 427–430.

[9] Kronberg B I (1977) The
geochemistry of some Brazillain soils
and geochemical consideration for
agriculture on highly leached soils. PhD
Thesis. The University of western
Ontarion, London, Canada. 137 p

[10] Salinas JG, Saif SR, Kronberg BI,
Fyfe WS and Walden DB (1986) Rock
and glassy materials as nutrient
conservative additives. In: memorias de
IX congress Latin Americana de la
Cienca del Suelo.

[11] T.J. Weerasuriya, S. Pushpakumara
and P.I. Cooray (1993) Acidulated
pegmatitic mica: a promising new multi-
nutrient mineral fertilizer. Fertilizer
Research 34: 67–77

[12] C.G. Ramos, A.G. de Mello and R.
M. Kautzmann (2014) A preliminary
study of acid volcanic rocks for
stonemeal application, Environmental
Nanotechnology, Monitoring and
Management 1–2, 30–35.

[13] Cass, A. (1998). Measuring and
managing chemical impediments to
growth. Aust. GrapegrowerWinemaker.
415:13–16

[14] Hazelton, P. and Murphy, B.
(2007). Interpreting soil test results.
What do all the numbers mean?
Published by CSIRO Publishing.
Collingwood Victoria – Australia. http://
www.publish.CSIRO.

[15] Euroconsult (1989) Agricultural
compendium for rural development in
the tropics and the subtropics, Elsevier
Amsterdam, pp. 778.

131

Increasing Yields and Soil Chemical Properties through the Application of Rock Fines…
DOI: http://dx.doi.org/10.5772/intechopen.93969



References

[1] Bennett, H. H. & Chapline, W. R.
(1928). Soil erosion a national menace.
US Dep. Agric., Circ. 33.

[2] Mostafa, K. T. & Osama, A. E. K.
(1992) (eds.). The world environment
1972–1992. Two decades of challenge.
Chapman and Hall, London, England.

[3] Smaling, E. M. A., Nandwa, S. M. &
Janssen, B. H. (1997) Soil Fertility Is at
Stake, in Replenishing Soil Fertility in
Sub-Saharan Africa. In: Buresh, R.,
Sanchez, P.A. and Calhoun, F., Eds.,
American Society of Agronomy and Soil
Science Society of America, Madison
Wisconsin, 47–61.

[4] Walkley, A. J. & Black, I. A. (1934).
Estimation of soil organic carbon by the
chromic acid titration method. Soil Sci.
37, 29–38

[5] Kjeldahl, J. (1883). "Neue Methode
zur Bestimmung des Stickstoffs in
organischen Körpern" (New method for
the determination of nitrogen in organic
substances), Zeitschrift für analytische
Chemie, 22 (1) 366–383.

[6] Peech, M. (1965). Hydrogen-ion
activity In C.A. Black et al., Eds.,
Methods of Soil Analysis. Part 2.
American Society of Agronomy,
Madison, WI; pp. 914–926.

[7] Tetsopgang, S. & Fonyuy, F. (2019)
Enhancing growth quality and yield of
cabbage (Brassica oleracea) while
increasing soil pH, chemicals and
organic carbon with the application of
fines from volcanic pyroclastic materials
on a tropical soil in Wum, Northwest
Cameroon, Africa. Scientific African 6
(2019) e00199. https://doi.org/10.1016/
j.sciaf.2019.e00199

[8] Blum WEH, Herbinger B, Mentler F,
Ottner M, pollak E, Unger E andWenzel
WW (1989) Zur verwendung von
gesternsmelen in der landwirtschaft. II.

Wikung von gsteinsmehlen als
bodenverbesserungsmittel. Z
Pflanzenernahr Bodenk 152: 427–430.

[9] Kronberg B I (1977) The
geochemistry of some Brazillain soils
and geochemical consideration for
agriculture on highly leached soils. PhD
Thesis. The University of western
Ontarion, London, Canada. 137 p

[10] Salinas JG, Saif SR, Kronberg BI,
Fyfe WS and Walden DB (1986) Rock
and glassy materials as nutrient
conservative additives. In: memorias de
IX congress Latin Americana de la
Cienca del Suelo.

[11] T.J. Weerasuriya, S. Pushpakumara
and P.I. Cooray (1993) Acidulated
pegmatitic mica: a promising new multi-
nutrient mineral fertilizer. Fertilizer
Research 34: 67–77

[12] C.G. Ramos, A.G. de Mello and R.
M. Kautzmann (2014) A preliminary
study of acid volcanic rocks for
stonemeal application, Environmental
Nanotechnology, Monitoring and
Management 1–2, 30–35.

[13] Cass, A. (1998). Measuring and
managing chemical impediments to
growth. Aust. GrapegrowerWinemaker.
415:13–16

[14] Hazelton, P. and Murphy, B.
(2007). Interpreting soil test results.
What do all the numbers mean?
Published by CSIRO Publishing.
Collingwood Victoria – Australia. http://
www.publish.CSIRO.

[15] Euroconsult (1989) Agricultural
compendium for rural development in
the tropics and the subtropics, Elsevier
Amsterdam, pp. 778.

131

Increasing Yields and Soil Chemical Properties through the Application of Rock Fines…
DOI: http://dx.doi.org/10.5772/intechopen.93969



133

Section 2

Remediation Technologies



133

Section 2

Remediation Technologies



135

Chapter 8

Evaluation of Ornamental 
Plants for Phytoremediation of 
Contaminated Soil
Adeyela Ibironke Okunlola, Dotun Nathaniel Arije  
and Katherine Olayinka Olajugbagbe

Abstract

A completely randomized design with three replicates was conducted at the 
Screen house of the Department of Crop Soil and Pest Management, Federal 
University of Technology Akure, Ondo State, to examine the phytoremediation 
potential of Codiaeum variegatum and Basella alba on contaminated soils from four 
locations. Soils were collected from the Mechanic workshop, Dumpsite, Forest 
Topsoils, and Effluent site, and filled into the buckets. Initial soil analysis was 
conducted on all the soils to determine heavy metal concentration (Cu, Cd, Ni, Pb, 
and Zn). At 12 weeks after planting, soil and plant (root and shoot) samples were 
analyzed to determine the heavy metals accumulated. WHO permissible limit value 
for heavy metal concentration in soil and plant were used as a standard to evaluate 
plant phytoremediation potential. Results from the study confirm the phytoreme-
diation potential of C. variegatum and its high tolerance for the accumulation of 
heavy metals. B. alba plant also shows its potential in removing heavy metals from 
the soil, but it was not as tolerant as C. variegatum as B. alba planted in soils from 
mechanic workshop and effluent site had stunted growth.

Keywords: ornamental plants, metals, toxics, phytoremediation

1. Introduction

Environmental pollution has been on the rise over the past decades because of 
the increasing human activities on energy reservoirs, unsafe agricultural practices, 
and rapid industrialization. The result of these technogenic and anthropogenic 
activities are the major sources of heavy metals in the environment [1]. In Nigeria, 
soil contaminations is caused by industrial and agricultural practices such as chemi-
cal fertilizer and pesticide application, wastewater irrigation, mining activities, and 
metal smelting. All these human activities have contributed to problems hindering 
the nation’s agriculture from attaining food security.

However, agriculture in Nigeria has been facing two challenges for a long time, 
these challenges are; promoting environmental sustainability and enhancing food 
production. To ameliorate these challenges, there is a need to adopt management 
techniques that promote environmental sustainability. Phytoremediation has been 
identified as a cost-effective and easy way to sustain our environment by removing 
toxic elements from contaminated soils. Phytoremediation is a technique that relies 
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on the use of plant interactions (physical, biochemical, biological, chemical, and 
microbiological) in polluted sites to mitigate the toxic effects of pollutants [2]. In 
Nigeria, heavy metals, pesticides, greenhouse gases, and hydrocarbons are pollut-
ants that are of environmental and public health concerns.

The toxicity of heavy metals in the biota is because of their bioaccumulative 
nature and persistence in the environment thereby contaminating the food chains. 
The soil-to-plant transfer of heavy metals made it easy for metal transfer into the 
food chains. Metals are absorbed by plant roots and transferred to herbivorous 
animals along the food chain [3]. When plants like vegetables or cereals are planted 
in contaminated soils, the consumption of such food becomes a serious health issue 
to man [4].

However, because of the threat posed by the heavy metals on the growth and 
development of arable crops, scientists have warned against the use of crops as a 
phytoremediator because of their risk on human health after consumption. This is 
the reason for the shift to ornamental plants. The use of ornamentals continues to 
attract attention in recent years. In Nigeria, most ornamentals plants are not edible, 
therefore, the risk of contaminants entering the food chain is reduced.

The use of ornamental plants as a test plant in a phytoremediation experiment is 
because of their high biomass which means they can accumulate more heavy-metal 
concentration through their roots, into their tissues. Many studies have been con-
ducted to evaluate the potentials of ornamental plants as in phytoremediation [5–8]. 
However, most of the selected ornamental plants used in all the studies were not indig-
enous and not commonly cultivated in Nigeria. Therefore, this study aims to evaluate 
the phytoremediation potential of two ornamental plants in common, although not 
indigenous in Nigeria. In addition, Codiaeum variegatum and Basella alba were used in 
this study because they grow well in heavy metal contaminated soils, but their mecha-
nism to resist the heavy metals has not been reported. B. alba belongs to the family 
of Basellaceae and commonly refers to as Indian spinach, Malabar spinach, Ceylon 
spinach, and vine spinach. The plant is an underutilized vegetable in Nigeria compare 
to Amaranthus spp. and Telfairia occidentalis. In addition to being edible, B alba is also 
grown as an ornamental foliage vine. Codiaeum variegatum is an ornamental plant 
species that belongs to the genus Codiaeum, and the family Euphorbiaceae.

2. Objective

To examine the phytoremediation potential of C. variegatum and B. alba in 
heavy metal contaminated soils collected from four sites. The study also analyzed 
part of the plant with higher heavy metal concentration (shoots or roots) and the 
heavy metal concentration left in the soil after the experiment.

3. Materials and methods

A Completely Randomized Design with three replicates was conducted at 
the Screen house of the Department of Crop Soil and Pest Management, Federal 
University of Technology Akure, Ondo State located in the rain forest vegetation 
zone of Nigeria (7°16′N, 5°12′E). Soils were collected from four sites (Mechanic 
workshop, Dumpsite, Forest topsoil, and Effluent site) and filled into the buckets 
and transported to the screen house. The soils from the four locations served as 
the treatments. A total of 12 plastic buckets were used for each ornamental plant 
(4 locations replicated three times), to make it 24 plastic buckets for both ornamen-
tal plants (C. variegatum and B. alba). The planting material was obtained from 
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LUCADO horticultural garden located in Akure (less than 5 km to the experimental 
site). The seeds of B. alba were planted while the seedlings of C. variegatum were 
purchased from the horticultural garden and it was repotted. Watering was done 
daily and weeds were hand-pulled.

Initial soil analysis was conducted on all the soils to determine heavy metal 
concentration. The heavy metal tested on soil and plant samples were, Cu, Cd, Ni, 
Pb, and Zn using Atomic Absorption Spectrometer [9]. The plant growth traits were 
recording, including; plant height (cm), stem girth (cm), leaf length (cm) and leaf 
numbers. At 12 weeks after planting (WAP), soil analysis was done to determine the 
remaining heavy metal concentration in the soil in order to determine the percent-
age of contamination reduction. In the final week of the experiment (12 weeks after 
planting), soil and plant (root and shoot) samples were again analyzed to deter-
mine the heavy metal concentration. WHO [10] permissible limit for heavy metal 
concentration in the soil and plant were used as standard and as a rating for each 
plant phytoremediation potential. The data were subjected to analysis of variance 
(ANOVA) using Statistical Package for Social Sciences (Version 17). Significant 
means were from each other using Tukey Test at 5% level of probability.

4. Results and discussion

4.1 Effect of heavy metal on plant growth parameters

Significant differences were recorded across the treatments (soils from differ-
ent locations) for the growth parameters of C. variegatum (Table 1). There was no 
consistency in the growth performance as severe impact was felt on the number of 
leaves, stem girth, and leaf length of C. variegatum planted in soils from the effluent 
site as they had the least mean value. C. variegatum planted in soils collected from 
dumpsite had the highest mean value for number of leaves, stem girth, and leaf 
length. The severe impact felt on C. variegatum planted on the effluent site could be 
attributed to excess levels of metals which may have inhibits physiologically active 
enzymes as earlier speculated by Gadd [11]. Significant differences were recorded 
across the treatments for the growth parameters of B. alba (Table 1). The results 

Treatments Plant height Number of leaves Stem girth Leaf length

C. variegatum

MS 11.88a 10.00ab 0.79a 23.72c

ES 15.10c 8.00a 0.75a 19.27a

DS 14.36b 17.00c 0.96b 24.02d

FS 13.83b 10.00ab 0.89ab 21.68b

B. alba

MS 21.96a 10.45a 0.51a 10.14a

ES 30.78b 15.17c 0.62a 10.08a

DS 60.19c 15.00c 0.72a 12.89b

FS 65.55d 14.00bc 0.66a 11.23ab

Means with the same letter in the same column are not significantly different from one another at p < 0.05 based 
Duncan test.
MS—soils from mechanic workshop; ES—effluent site; DS—dumpsite; FS—forest topsoil.

Table 1. 
Effect of soil from different sites on growth parameters of the ornamental plants.
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revealed that B. alba planted in soils from dumpsite and forest topsoil gave the 
 highest mean value for plant height, number of leaves, and leaf length. Plants on 
the two soils appeared healthy because the forest topsoils served as the control. The 
good performance of B. alba planted on the dumpsite soils could be a result of a 
high level of organic matter content.

4.2 Initial and final metal concentrations in plant tissues and in soils

The result presented in Table 2 shows the initial concentration of heavy metals 
in the root and shoot of C. variegatum and B. alba. The concentration of the heavy 
metals present in the plant was within the permissible value recommended by the 
WHO (Table 3) for except for the Zn concentration (in both plants), and Cd (B. 
alba only). The initial Zn concentration present in root part of B. alba was above the 
minimum plant permissible limit (3.056 mg/kg) while the concentration present at 
the shoot part was below the permissible limit (0.421 mg/kg).

The result presented in Table 4 and Figure 1 shows the initial and final heavy 
metal concentration of soils from the four sources. The results revealed that the ini-
tial and final heavy metal concentrations in all the soils were below the target value 
recommended by WHO for soils. However, soils from the mechanic workshop site 
show a considerable decrease in the heavy metal concentration present at the end of 
the experiment. The initial Pb concentration for the soil was 0.215 but was reduced 
to 0.093 in the pot where B. alba was planted while it was absorbed below the detec-
tive limit by C. variegatum. A similar trend was also observed for soils collected 
from an effluent and dumpsite site for all the heavy metals measured. However, 
there was a slight change in this trend for soils collected from forest topsoil, as there 
was a slight increase in the final heavy metal concentration recorded for metals such 
as Cu (initial 0.751; final 0.892 B. alba, 1.073 C. variegatum), Cd (initial 0.072; 
final 0.097, B. alba), and Zn (initial 27.525; final 27.095 B. alba 28.1 C. variegatum).

Result presented in Table 5 shows the final heavy metal concentration present 
in the plant parts for all the soils. For soils collected from the mechanic workshop, 
the Cd (0.06 for B. alba and C. variegatum) and Zn concentration present in both 
plants were above the WHO permissible limit, while the remaining metals were 
within the permissible limit. Similar trends or results were also recorded for soils 
collected from the effluent site, dumpsite, and forest topsoil. The growth of both 
plants were affected variably by the stress of heavy metals such as Zn and Cd. High 
concentrations of Zn and Cd resulted in stunted growth, reduced biomass produc-
tion and produced characteristic visible effects similar to those described by other 
workers in different plant species [12, 13]. These observations are substantiated by a 
significant concentration in the level of Zn and Cd present in the plant tissue of both 

Heavy metals B. alba C. variegatum

Root Shoot Root Shoot

Cu 0.455 0.193 0.572 0.49

Cd 0.054 0.01 0.01 BDL

Ni 0.082 0.027 0.09 0.01

Pb 0.034 BDL 0.032 BDL

Zn 3.056 0.421 3.25 2.081

BDL = Below Instrument Detection Limit (<0.001 ppm) *1 mg/kg = 1 ppm.
MS—soils from mechanic workshop; ES—effluent site; DS—dumpsite; FS—forest topsoil.

Table 2. 
Initial analysis to determine heavy metal conc. in plant root and shoot (ppm).
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Heavy metals Target value of soil (mg/kg) Permissible value of Plant (mg/kg)

Cu 36 10

Cd 0.8 0.02

Ni 35 10

Pb 85 2

Zn 50 0.60

Target values are specified to indicate desirable maximum levels of elements in unpolluted soils.
Source: WHO [10].

Table 3. 
WHO permissible limit of Cu, Cd, Ni, Pb and Zn in soil and plant by WHO [10].

Soil source Initial Final Conc.

B. alba C. variegatum

Mechanic

Cu 1.567 0.836 1.484

Cd 0.11 0.088 0.085

Ni 0.89 0.26 0.314

Pb 0.215 0.093 BDL

Zn 37.17 24.9 31.274

Effluent

Cu 2.122 1.75 1.823

Cd 0.153 0.11 0.142

Ni 1.27 0.494 0.829

Pb 0.262 0.21 0.069

Zn 42.57 26.35 32.923

Dumpsite

Cu 2.014 0.962 1.216

Cd 0.289 0.068 0.092

Ni 1.276 0.398 0.483

Pb 0.312 BDL 0.077

Zn 32.036 28.719 30.136

Forest topsoil

Cu 0.751 0.892 1.073

Cd 0.072 0.097 0.047

Ni 0.558 0.085 0.048

Pb 0.134 0.145 0.066

Zn 27.525 27.095 28.1

BDL = Below Instrument Detection Limit (< 0.001 ppm) *1 mg/kg = 1 ppm.
MS—soils from mechanic workshop; ES—effluent site; DS—dumpsite; FS—forest topsoil.

Table 4. 
Soil heavy metal concentration (mg/kg).
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ornamental plants. The decrease in the mean value of growth parameters of B. alba 
and C. variegatum planted on soils from effluents and mechanic site may be attrib-
uted to the significantly high concentration of Cd and Zn value which is higher than 
the permissible limit. These findings agree with Pandey and Pathak [14]. Metal stress 
in plants leads to a decrease in growth parameters and dry matter of plants [14, 15].

Figure 1. 
Initial and final heavy metal concentration (mg/kg) for C. variegatum and B. alba.
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5. Conclusion

This study was conducted to determine the phytoremediation potential of two 
ornamental plants (B. alba and C. variegatum). The study reveals the ability of both 
plants in removing heavy metals (hyperaccumulators), but most heavy concentra-
tion was accumulated in the roots more than shoots. However, the accumulation of 
Cd and Zn at the end of the study was higher than the permissible limit. However, 
the use of B. alba to remediate the soil may not be advisable because of its less 
phytoremediation potential compare to C. variegatum. Also the former is edible and 
could pose a serious threat to health when consumed. Finally, additional studies 
are needed to investigate the phytoremediation performance of more indigenous 
ornamental plants in Nigeria.

B. alba C. variegatum

Root Shoot Root Shoot

Mechanic

Cu 0.627 0.038 0.915 0.085

Cd 0.049 0.012 0.049 0.011

Ni 0.078 0.031 0.079 0.011

Pb 0.011 BDL BDL BDL

Zn 3.038 0.32 3.063 0.475

Effluent

Cu 0.484 0.041 0.915 0.059

Cd 0.037 0.01 0.051 BDL

Ni 0.087 0.03 0.065 0.02

Pb BDL BDL 0.017 BDL

Zn 2.737 0.299 2.873 0.628

Dumpsite

Cu 1.096 0.12 0.838 0.514

Cd 0.052 0.013 0.024 0.01

Ni 0.07 0.025 0.085 0.026

Pb 0.015 0.01 0.02 0.01

Zn 3.173 0.125 2.955 0.315

Forest topsoil

Cu 0.537 0.3 0.563 0.05

Cd 0.057 0.021 0.023 BDL

Ni 0.092 0.04 0.06 BDL

Pb 0.009 0.003 BDL BDL

Zn 2.859 0.538 3.425 0.211

BDL = Below Instrument Detection Limit (<0.001 ppm)*1 mg/kg = 1 ppm.
MS—soils from mechanic workshop; ES—effluent site; DS—dumpsite; FS—forest topsoil.

Table 5. 
Concentration of heavy metals in plants part soil source.
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Chapter 9

HCH-Contaminated Soils and 
Remediation Technologies
Aurora Santos López, Carmen M. Dominguez Torre  
and David Lorenzo Fernández

Abstract

The production of lindane (gamma isomer of hexachlorocyclohexane, γ-HCH) 
in the second half of the twentieth century was an inefficient process that gener-
ated vast amounts of residues of other HCH isomers, without any pesticide activity. 
These residues were often dumped in an uncontrolled way or unsecured landfills in 
points near the production sites, causing hot spots of soil and groundwater contam-
ination on all continents. Given the persistence and hydrophobicity of these pol-
lutants, the problem generated decades ago is still a challenge to be solved. Several 
technologies, based on physical, chemical, and biological treatments, have been 
proposed for the remediation of HCH-contaminated soils. This chapter reviews the 
particularities of this kind of contamination and critically examines the bases and 
results of the technologies applied, paying special attention to the physicochemical 
remediation processes.

Keywords: lindane, HCHs, polluted soils, remediation technologies

1. Introduction

The intensive use of organochlorine pesticides (OCPs) during the last decades 
around the world and the inadequate management of the wastes generated during 
the production of these compounds represents a huge environmental problem. That 
is the case of lindane production, the gamma isomer of hexachlorocyclohexane 
(γ-HCH), whose production during the last century has generated large amounts 
of solid wastes, consisting of a mixture of other HCH isomers, that has caused hot 
points of soil and groundwater contamination [1].

Lindane was synthesized for the first time in 1825 by Michael Faraday [2] and 
deeply used as a broad-spectrum organochlorine insecticide since the 1940s [3, 4]. 
Among the eight isomers of HCH, lindane is the only one with insecticidal proper-
ties. Unfortunately, the lindane production, schematically summarized in Figure 1, 
is an inefficient process, generating large volumes of the other HCH isomers (mainly 
α-, β- and δ-HCH). The mixture of HCH isomers obtained in the chlorination of 
benzene is called technical-HCH, and it was usually subjected to a purification 
process to separate the γ-HCH isomer. After this step, about 10 kg of HCH wastes 
were obtained per kg of purified lindane. The solid HCH wastes (consisting of a 
white powder of HCH isomers) were inappropriately dumped during decades in 
the production sites nearby, resulting in environmental contamination with global 
dimension [5–14].
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It is estimated that approximately 450,000 tons of lindane were used worldwide 
between 1950 and 2000. Approximately 63% of the lindane produced was con-
sumed in Europe, 17% in Asia, and about 4.2% in the United States, resulting in the 
ubiquitous presence of HCH wastes, as is shown in Figure 2.

Due to the high refractoriness and adverse effects of HCHs on the ecosystem and 
human beings [3, 15, 16], several HCH isomers are considered persistent organic 
pollutants (POPs) by the Stockholm Convention [10] and classified as neurotoxic, 
carcinogen, and teratogen by the Environmental Protection Agency (EPA) and 
the World Health Organization (WHO) [17, 18]. The structure and main chemical 
properties of HCH isomers are given in Table 1.

Due to its toxicity, the production and use of lindane have been banned in most 
countries, including Europe and the United States [24, 25], but many landfills and 
the surroundings of the lindane production sites remain polluted nowadays, with soil 
and groundwater contaminated by these compounds [5–14]. The low tolerance limits 
allowed for HCHs in water and soils have prompted a growing interest of the scientific 
community to develop simple, cost-effective, and fast methods for the degradation 
of these pollutants. Conventional methods commonly used include the excavation of 
polluted soil and its further containment in secure landfills. The traditional ground-
water treatment consists of pump-and-treat, with adsorption in activated carbon as a 
common treatment. However, these options are very expensive and are not a defini-
tive solution since the destruction of the pollutants is not achieved. Therefore, they 
are considered neither sustainable nor definitive remediation methods [1].

Some studies have focused on the remediation of HCHs in the aqueous phase, 
dealing with groundwater treatments applied in situ [26] or on-site [16, 27, 28]. 

Figure 1. 
Scheme of lindane production and purification processes.

Figure 2. 
Location of sites polluted with HCH wastes around the world, modified from [10].
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However, only a few works are found in the literature concerning the remediation of 
soils contaminated by HCH wastes. The objective of these treatments is the chemi-
cal or biological degradation of HCHs. They were carried out to the remediation of 
soils artificially spiked with HCH isomers and soils with real HCH contamination. 
The chemical technologies used for the remediation of soils polluted with high HCH 
concentration are analyzed and discussed in the following sections. Biological treat-
ment of these highly contaminated soils requires long times [29, 30] and are not 
treated here. Moreover, to better understand the particularities and characteristics 
of the problem of HCH polluted soils, a description of the main sites contaminated 
by HCH wastes is also included.

2. Soils with historical HCH contamination

Soils contaminated by HCH isomers show a wide range of concentration values. 
In general, these soils come from areas where residues of the lindane manufacture 
or other chlorinated pesticides have been dumped and uncontrollably accumulated. 
The contamination is present in the form of particulate matter (white particles of 
HCH wastes in soil distinguishable with the naked eye) and/or adsorbed into the 
soil. When a particulate matter of HCH wastes is not reported, the concentration of 
𝛃𝛃-HCH in the soil is usually higher than that of 𝛂𝛂-HCH [31], indicating that HCH 
isomers are adsorbed into the soil. Real soils polluted with adsorbed HCH isomers 
have been reported in the following works:

Isomer CAS Solubility (mg/L) MW (g/mol) Structure

𝛂𝛂-HCH* 319-84-6 1.2-2 [19–22] 290.83

𝛃𝛃-HCH* 319-85-7 0.15-0.7 [20–22] 290.83

𝛄𝛄-HCH 319–86-8 8.6–31 [19, 21–23] 290.83

𝛅𝛅-HCH* 58-89-9 2.1-15.3 [19–21] 290.83

𝛆𝛆-HCH 6108-10-7 7.8** 290.83

*HCH isomers included in the Stockholm Convention.
**https://comptox.epa.gov/dashboard/dsstoxdb/results?search=DTXSID0024135.

Table 1. 
Name, CAS, water-solubility, molecular weight (MW), and chemical structure of the main HCH isomers.
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However, only a few works are found in the literature concerning the remediation of 
soils contaminated by HCH wastes. The objective of these treatments is the chemi-
cal or biological degradation of HCHs. They were carried out to the remediation of 
soils artificially spiked with HCH isomers and soils with real HCH contamination. 
The chemical technologies used for the remediation of soils polluted with high HCH 
concentration are analyzed and discussed in the following sections. Biological treat-
ment of these highly contaminated soils requires long times [29, 30] and are not 
treated here. Moreover, to better understand the particularities and characteristics 
of the problem of HCH polluted soils, a description of the main sites contaminated 
by HCH wastes is also included.

2. Soils with historical HCH contamination

Soils contaminated by HCH isomers show a wide range of concentration values. 
In general, these soils come from areas where residues of the lindane manufacture 
or other chlorinated pesticides have been dumped and uncontrollably accumulated. 
The contamination is present in the form of particulate matter (white particles of 
HCH wastes in soil distinguishable with the naked eye) and/or adsorbed into the 
soil. When a particulate matter of HCH wastes is not reported, the concentration of 
𝛃𝛃-HCH in the soil is usually higher than that of 𝛂𝛂-HCH [31], indicating that HCH 
isomers are adsorbed into the soil. Real soils polluted with adsorbed HCH isomers 
have been reported in the following works:

Isomer CAS Solubility (mg/L) MW (g/mol) Structure

𝛂𝛂-HCH* 319-84-6 1.2-2 [19–22] 290.83

𝛃𝛃-HCH* 319-85-7 0.15-0.7 [20–22] 290.83

𝛄𝛄-HCH 319–86-8 8.6–31 [19, 21–23] 290.83

𝛅𝛅-HCH* 58-89-9 2.1-15.3 [19–21] 290.83

𝛆𝛆-HCH 6108-10-7 7.8** 290.83

*HCH isomers included in the Stockholm Convention.
**https://comptox.epa.gov/dashboard/dsstoxdb/results?search=DTXSID0024135.

Table 1. 
Name, CAS, water-solubility, molecular weight (MW), and chemical structure of the main HCH isomers.
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• Riparian area of the Mulde river (Germany). In this case, two highly con-
taminated sites were characterized by Keller (Kel) and Spittel (Spi) [32]. The 
concentration of 𝛃𝛃-HCH with the depth of the soil is shown in Figure 3. It can 
be seen that the HCH concentration decreases with this variable.

• Teltow Canal (Berlin) [33], where the concentrations of HCH isomers in the 
soils were analyzed. In general, the isomer with the highest concentration in 
the different sediments studied was 𝛃𝛃-HCH, as shown in Table 2. The lack of 
particulate matter of HCH wastes in these sediments could explain the higher 
concentration of β-HCH detected in the soil.

• A contaminated area in Bitterfield (Germany) was described by Wycisk et al. 
[13], including an old landfill used for the discharge of HCHs and other chlori-
nated pesticides. The concentration of β-HCH in the soil of the old landfill was 
higher than the concentration α-HCH, as shown in Table 3.

• A gravel pit located in the northeast of France [34], contaminated by HCH 
wastes dumped by the PCUK company. This company stopped the manufac-
ture of lindane in 1974. In this place, the lindane wastes were encapsulated, but 

Depth, cm α-HCH β-HCH γ-HCH δ-HCH ε-HCH ∑HCH

00–10 17 120 41 64 b.d.l. 242

10–15 48 110 29 44 b.d.l. 231

15–20 61 140 42 68 b.d.l. 311

25–30 79 170 50 97 b.d.l. 396

55–60 120 65 47 130 b.d.l. 362

60–65 28 20 12 40 b.d.l. 100

65–70 18 13 7.6 25 b.d.l. 64

95–100 0.3 0.3 0.2 2.1 b.d.l. 3
b.d.l = below detection limit

Table 2. 
Concentration (μg/kg) of HCH isomers in Teltow Canal sediments, Berlin [33].

Figure 3. 
Soil contamination by β-HCH as a function of depth [32].
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β-HCH (45 mg/kg) and γ-HCH (25 mg/kg) isomers remained in the soil. The 
presence of α-HCH was not described in this case.

• Agricultural soils in India [29], where chlorinated pesticides were probably stored in 
the past. The concentration of HCH isomers in these agricultural soils varied from 
4.9 to 7.4 mg/kg soil, with a concentration of α-HCH lower than that one of β-HCH.

• A contaminated industrial site in Beijing, China. In this case, Liang et al. [35] 
collected and analyzed soil samples from an old organochlorine pesticide plant 
located in Beijing. The soil, which was sieved (2 mm) and homogenized, was 
characterized, obtaining the following parameters: pH 7.8, total organic carbon 
6.2 g/kg, total nitrogen 0.82 g/kg, and moisture 2.8%. The soil contained 
α-HCH, β-HCH, p,p′-DDT, or p′-DDT, p,p′-DDE, and p,p′-DDD with concen-
trations of 2.7, 10.8, 12.9, 3.1, 2.0, and 2.6 mg/kg, respectively.

• Farm soils in Kazakhstan, where obsolete pesticides were stored during 
decades [36]. As can be seen in Table 4, the concentration of β-HCH was 
higher than the concentration of α-HCH.

On the other hand, other works dealing with soils contaminated by HCH wastes 
reported the presence of white granules of particulate HCHs noticed with the naked 
eye. In these studies, the average concentration of α-HCH measured in the soil was 
higher than that of β-HCH, which agrees with the composition of technical-HCH. 
These studies are listed below:

• Contaminated soils in Galicia (Spain) affected by the industrial activity of 
lindane production [37]. The soils were analyzed at different points and depths, 
and the concentration values of HCH isomers found ranged from 5 to around 
80,000 mg/kg, with very different concentrations depending on the depth 
analyzed. The highest values of HCHs (81,035 mg/kg) probably corresponds to 
the presence of HCH isomers in the form of particulate matter. Fragments and 

Hot points 𝛂𝛂-HCH 𝛃𝛃-HCH 𝛄𝛄-HCH

MAC 0 100 100

Point 1 67.1 ± 9.1 176.0 ± 23.3 22.2 ± 3.2

Point 2 15.3 ± 7.3 83.2 ± 5.5 13.0 ± 4.2

Point 3 b.d.l. b.d.l. b.d.l.
b.d.l = below detection limit

Table 4. 
Concentration values of HCH isomers (μg/kg) in various soils analyzed [36].

Depth, cm α-HCH β-HCH γ-HCH δ-HCH

00–10 440.0 702.5 23.3 10.3

10–20 535.6 574.3 9.5 b.d.l.

20–30 109.0 60.1 0.4 b.d.l.

30–60 0.5 6.4 0.3 b.d.l.

60–80 0.4 2.4 0.1 b.d.l.

80–100 0.2 7.0 b.d.l. b.d.l.
b.d.l = below detection limit

Table 3. 
HCH content (mg/kg) in vertical floor profiles on Spitelwasser [13].
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On the other hand, other works dealing with soils contaminated by HCH wastes 
reported the presence of white granules of particulate HCHs noticed with the naked 
eye. In these studies, the average concentration of α-HCH measured in the soil was 
higher than that of β-HCH, which agrees with the composition of technical-HCH. 
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• Contaminated soils in Galicia (Spain) affected by the industrial activity of 
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and the concentration values of HCH isomers found ranged from 5 to around 
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dust of this white substance were present in the studied area. This material was 
also analyzed to determine the presence of technical-HCH wastes. The techni-
cal HCH produced in that fabric presented the following composition: 77% of 
α-HCH, 16% of β-HCH, 5% of γ-HCH, and 2% of δ-HCH. The composition of 
some soil samples analyzed in this work is shown in Figure 4. It was noticed 
that samples with the highest proportion of β-HCH correspond to those with 
the lowest total concentration of HCHs, whereas samples with the highest 
percentage of α-HCH correspond to soils with higher total HCH concentration 
(probably as grains of technical-HCH wastes). The presence of HCH in the form 
of particulate matter could add difficulties in the remediation of these sites.

• Sabiñánigo (Huesca, Spain), with two landfills contaminated with HCH wastes 
dumped by INQUINOSA, a lindane factory which operated from 1975 to 1988 [11]. 
High concentrations of HCHs in the soil were measured (Table 5), and a higher 
concentration of α-HCH isomer than that of β-HCH was reported, which is in 
agreement with the presence of HCHs as particulate matter detected in that soil.

• City of Meninos, Brazil, where contaminated soils were found near to a former 
lindane factory, which operated between 1950 and 1962 [12]. Although the dis-
tribution of HCH isomers in the soil was not reported, the high concentration 
of these pollutants measured (several thousand mg/kg), indicates the presence 
of HCH-wastes as particulate matter.

• Santo André’, Sao Paulo (Brazil) with HCH-contaminated land [38]. In this study, 
there is no explicit indication of the presence of HCH particulate matter, but the 
high proportion of α-HCH, shown in Figure 5, seems to confirm this hypothesis.

• Soil contaminated by HCH wastes in the Midwest (USA). Phillips et al. [30] 
studied three areas (A, B, and C) with a high concentration of HCHs, mainly 
due to the presence of HCHs granules. The total concentration of HCHs along 

Figure 4. 
Percentages of HCH isomers found in soil samples [37].

α-HCH β-HCH γ-HCH δ-HCH ε-HCH ∑HCH

Maximum 57,000 5600 9700 2200 2700 74,730

Mean 2303.2 245.5 406.8 105.7 138.9 3200.2

Table 5. 
HCH concentration (mg/kg) in soils located at Sabiñánigo landfills [11].
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a west to east gradient ranged from 22,430 to 1069 mg/kg in the A zone and 
from 21,100 to 730 mg/kg in the B zone, whereas in zone C, the concentration 
ranged from 52 to 1427 mg/kg. The composition of HCH wastes was rich in the 
isomer α (α-HCH 20,000 mg/kg and β-HCH 2000 mg/kg).

3. Physicochemical remediation of HCH-contaminated soils

Physicochemical treatments have been studied in the literature applied to real 
or spiked contaminated soils. The last ones obtained by contacting the soil with 
concentrated solutions of HCHs solved in different organic solvents and the subse-
quent evaporation of the solvents. In the first case (real soils), the contaminants can 
be absorbed into the soil (a higher concentration of the isomer β-HCH is noticed) or 
present as HCH granules (with a higher concentration of the isomer α-HCH). The 
proportion of HCH isomers found also depends on the composition of the dumped 
HCH wastes or the spiking procedure (in the case of spiked soils).

In general, β-HCH is always the most recalcitrant isomer regardless of the 
treatment tested (biological or chemical oxidation and biological or chemical 
reduction). The following sections summarize the works found in the bibliography 
related to physicochemical remediation treatments.

3.1 Thermal treatments

Thermal treatments have been traditionally applied to the remediation of soils 
contaminated with persistent organic pollutants, as HCH wastes. However, the 
use of high temperatures has major drawbacks, such as the low-cost effectivity of 
the process and the generation of compounds even more toxic than the starting 
ones when chlorine is in the structure of the organic pollutant, such as dioxins and 
furans. The main thermal treatments found in the literature for the remediation of 
HCH-polluted soils are described below:

3.1.1 Thermal desorption

This thermal process was applied to the remediation of real soils located in Sao 
Paulo (the distribution of HCH isomers suggests the presence of HCHs in the form 

Figure 5. 
Distribution of HCH isomers in soils located at Santo André’ and Sao Paulo (Brazil) [38] and in technical 
HCH.
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of particulate matter) [38]. The excavated soils were subjected to high temperatures 
(up to 450°C), as is indicated in the scheme of the heat treatment plant shown in 
Figure 6. The results obtained for the abatement of the different HCH isomers are 
shown in Figure 7, as a function of the reaction time and the temperature of the 
treatment. An important degradation of HCHs is achieved in only a few hours of 
reaction, although temperatures above 250°C are required. It should be noted that 
β-HCH is also the most recalcitrant isomer.

3.1.2 Deep oxidation by using basic catalysts

Rozdyalovskaya and Chekryshkin [39] studied the destruction of pure lindane 
at high temperature by using basic catalysts. The deep oxidation of lindane on a 
catalyst can be represented by the following reaction (Eq. (1)):

 ( ) ( )+ + + +6 6 6 2 2 26 6 6 6 6C H Cl O Na K OH CO Na K Cl H O   (1)

Figure 6. 
Heat treatment plant for HCH-contaminated soils [38].

Figure 7. 
Removal of HCHs from the soil under different heat treatment conditions [38].
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The oxidation was performed in the temperature range of 400–750°C in the pres-
ence of some fused catalysts. The catalyst samples were prepared by dehydration, 
weighing, and mixing of the components and liquid phase synthesis (melting).

The highest activity in the reaction of deep oxidation of lindane was obtained 
using a molten catalyst based on a eutectic mixture of carbonates of alkali metals 
with 10 wt % of V2O5 and CuO. Moreover, simultaneously with the reaction of deep 
oxidation of lindane, its dehydrochlorination in a melt of sodium and potassium 
hydroxides was also noticed. The temperature required for lindane destruction in 
this process was higher than 450°C. Although there is no mention about dioxins 
and furans in the work, when working at these temperatures, these compounds are 
usually generated.

3.1.3 Dehalogenation

This treatment consists of the addition of specific reagents to the soil contami-
nated with halogenated organic compounds under strong temperature conditions. 
The process of dehalogenation is achieved by replacing halogen atoms or by the 
decomposition and partial volatilization of the contaminants [40]. Among deha-
logenation processes, base-catalyzed decomposition (BCD) and alkali glycol/
polyethylene glycol (APEG) processes [41–43] can be considered. These treatments 
have been successfully applied to remediate soils and sediments contaminated with 
chlorinated organic compounds, especially PCBs, dioxins, and furans, but high 
temperatures are required (150–330°C).

3.2 Chemical oxidation

Different oxidants and activators have been tested in the treatment of soils with 
real or simulated HCH contamination. However, no studies have been found to date 
on soils contaminated with HCHs in the form of particulate matter. The presence of 
this kind of pollution (particulate matter) could pose an additional limitation since 
the prior solubilization of these granules would be necessary. This phenomenon 
would be controlled by the interfacial surface between water and the solid phase. 
The contact between the two phases will increase (i) as the particle size of the HCH 
granules decreases and (ii) the agitation of the slurry soil-aqueous phase increases.

The main results obtained in the remediation of HCH-contaminated soils with 
oxidation technologies are described below:

3.2.1 Oxidation with activated persulfate, Fenton reagent, and permanganate

Peng et al. [44] tested the thermal activation of persulfate (PS), at 20 and 
40°C, in the treatment of soils artificially contaminated with 800 mg/kg of lindane 
(γ-HCH was the only HCH isomer studied in this work). The water/soil mass ratio 
selected was 4:1, and the concentration of PS in the aqueous phase was 0, 5 and 
50 g/L. At 20°C, there was no reaction noticed, whereas at 40°C, lindane was elimi-
nated with 50 g/L of PS in 15 days reaction time. When a lower concentration of PS 
was used (5 g/L) at the same temperature (40°C), the reaction extent was small, as 
shown in Figure 8.

These authors also used the alkaline activation of PS. When this treatment 
was applied, it was observed that lindane was converted into trichlorobenzenes 
[44]. Regrettably, there is no information about how these compounds (trichlo-
robenzenes, TCBs), or other reaction by-products, disappear once formed. The 
authors did not study the abatement of other HCH isomers than γ-HCH. Recently, 
Dominguez et al. [45] studied the oxidation of real soils polluted with α-HCH 
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nated with 50 g/L of PS in 15 days reaction time. When a lower concentration of PS 
was used (5 g/L) at the same temperature (40°C), the reaction extent was small, as 
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These authors also used the alkaline activation of PS. When this treatment 
was applied, it was observed that lindane was converted into trichlorobenzenes 
[44]. Regrettably, there is no information about how these compounds (trichlo-
robenzenes, TCBs), or other reaction by-products, disappear once formed. The 
authors did not study the abatement of other HCH isomers than γ-HCH. Recently, 
Dominguez et al. [45] studied the oxidation of real soils polluted with α-HCH 
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(120 mg/kg) and β-HCH (35 mg/kg) isomers by persulfate activated by alkali find-
ing that the hydrolysis of the β-HCH was the limiting step and that the oxidation 
rate of TCBs increases notably when the reaction temperature rises from 20 to 40°C.

Usman et al. [34] used artificially contaminated soils (100 mg/kg of each 
HCH isomer: α, β, γ, δ in sand) and real contaminated soils (concentration of 
β-HCH = 45 mg/kg and γ-HCH = 25 mg/kg). The high concentration values of 
β-HCH in the real soil indicate that no particulate matter was present in that soil. The 
oxidation treatments tested by the authors were persulfate activated by temperature, 
Fenton reagent (H2O2 + Fe), and permanganate. The carbonate content in the real 
soil was relatively high (195 g CO3Ca/kg soil), which is relevant for the potential 
application of H2O2 as an oxidant, since it would lead to high unproductive consump-
tion of the oxidant. Moreover, the pH of the soil was slightly alkaline (8.05), which 
also hinders the application of iron as an activator due to its precipitation at this pH.

A water/soil mass ratio = 20:1 and a large excess of oxidant (17 g/L H2O2 and 
71 g/L PS) were used, with molar ratios of Fe/H2O2 = 1/10 and Fe/PS = 1:2. The 
higher proportion of Fe used in the activation of PS than in the Fenton process is due 
to the fact that in the first case, iron is a reagent that is consumed with the progress 
of the reaction (Eq. (2)), whereas in the case of Fenton reagent, iron is a catalyst, 
which is continuously regenerated during the radical species production. Fe(II) 
reacts with hydrogen peroxide to give hydroxyl radicals and Fe(III) (Eq. (3)), which 
is after regenerated to Fe(II) reacting with another molecule of hydrogen peroxide 
(Eq. (4)). The reaction of HCHs with the radical species generated by both pro-
cesses, ⋅OH  or − ⋅4SO , yields oxidized by-products or the complete mineralization of 
the pollutant (oxidation to carbon dioxide, water and salts) (Eq. (6) and Eq. (7)).
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Figure 8. 
Removal of lindane from soil after 10 and 20 days with temperature-activated PS at 40°C and using different 
concentrations of PS [44].
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In the aforementioned work, the authors compare the results obtained with 
the following treatments: H2O2 only, Fenton reagent (H2O2 + Fe (II)), PS only, PS 
activated with Fe(II) and potassium permanganate after 24 hours [34]. When iron 
is used, it is necessary to carry out the reaction at acid pH to avoid iron precipita-
tion, which results unaffordable in the case of soils with high carbonate content. 
The results and specific conditions obtained in each treatment for both spiked (a) 
and real contaminated (b) soils are shown in Figure 9. The most recalcitrant HCH 
isomer was β-HCH regardless of the treatment tested, and the best results were 
obtained with Fe-activated PS (it should be noted that it was necessary to bring the 
pH to the acidic zone 2–3). Data about the consumption of the different oxidants are 
not supplied in the article, but it is expected that H2O2 reacted unproductively when 
this oxidant is applied to the remediation of the real polluted soils (Eq. (7)), being 
the reason for the cause of the lower HCH conversion obtained with this treatment.

 2 2 2 2
1
2

H O soil H O O+ → +   (7)

García-Cervilla et al. have recently studied the remediation of a soil located 
at 14 m below the ground level in an alluvial of an old landfill contaminated with 
liquid wastes of lindane production [46] at Sabiñanigo (Spain). A high carbonate 
concentration was also found in this soil (>45%), and the alkaline activation of PS 
was selected as a remediation technology. The organic and inorganic composition of 
the soil sieved at two particle sizes: F (dp < 0.25 mm) and G (0.25–2 mm) is sum-
marized in Table 6. This soil presented high HCH concentration in some points (up 
to 9000 mg/kg) due to the adsorption of DNAPL (dense non aqueous phase liquid) 
that percolated through the soil and reached the alluvial. The absence of the isomer 
β-HCH in the DNAPL is the reason of the lack of this HCH isomer in the soil studied.

As previously commented, persulfate activated by alkali was applied for the 
remediation of this soil. This method follows a free radical mechanism [47–49], 
summarized in Eqs. (8) and (9).

 
−
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Figure 9. 
Degradation of HCH isomers in (a) spiked sand with HCHs and (b) real contaminated soil [34].
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 ⋅− − − ⋅+ → +2
4 4SO OH SO OH   (9)

The addition of an alkali provoked that HCH and heptachlorocyclohexane iso-
mers adsorbed into the soil as a residual phase were converted to trichlorobenzenes 
and tetrachlorobenzenes, respectively, in less than 48 h. The dehydrochlorination 
reactions at alkaline conditions, shown in Figure 10, were previously described 
elsewhere [50–52].

At pH above 12, it has been noted that hydroxyl radicals (OH∙, E0 = 2.7 V) are 
predominant against sulfate radicals (SO4∙−, E0 = 2.6 V) [53]. In addition to hydroxyl 
radical, superoxide radical is also produced in the alkaline activation of persulfate, 
as can be seen in Eq. (8). These species are capable of producing a nucleophilic 
substitution when reacting with halides, as described in Figures 11 and 12, where 
trichlorobenzene is mineralized by the attack of both superoxide [54] and hydroxyl 
[44] radicals.

The main results obtained in this work are shown in Figure 13 [46]. The molar 
ratio NaOH/PS ratio was 2:1, the mass ratio water/soil was 10:1, and the concentra-
tion of PS varied between 25 and 100 g/L. As can be seen, more than 1 month was 
required for the remediation of the soil with a particle size <0.25 mm, due to the 
high pollutant concentration and the strong adsorption of the pollutants to the soil 
(higher presence of clays than the other fraction) found in the fraction “F” .

3.2.2 Electrochemical oxidation of HCHs in washing solutions

Muñoz Morales et al. [55] studied the remediation of a soil artificially contami-
nated with lindane (100 mg/kg). An anionic surfactant, SDS, was used to extract 
the pollutant from the soil (0.1 g SDS per g soil) using a liquid to solid phase mass 
ratio of 10. Subsequently, lindane extracted from the soil and solved in the aque-
ous phase was removed by electrooxidation. Therefore, this was a treatment train 
consisting, firstly, in the solubilization of the pollutant and secondly, in the selective 
oxidation of the pollutant, in aqueous emulsion. A diamond electrode was used to 
in-situ generate hydrogen peroxide by injecting air. Remediation times of 400 min 
were needed, and the surfactant was recycled for further washing cycles.

3.3 Chemical reduction

Zero-valent iron (ZVI) has attracted the interest of the scientific community 
over the past decade for its potential to remediate a wide variety of environ-
mental contaminants both in superficial and groundwater [56]. The use of ZVI 

F, dp < 0.25 mm G 0.25 < dp < 2 mm

TOC, mg/kg 2820 840

TC, mg/kg 54,660 54,840

Carbonates (as CaCO3) (%w) 43.2 45.0

Fe, mg/kg 33,078 31,662

∑HCH, mg/kg 6597.3 1735.5

∑Heptachlorocyclohexanes, mg/kg 1997.0 690.7

Total mg/kg 10,109 3346

Table 6. 
Inorganic and organic composition of polluted soil (14 mg g l) [46].

157

HCH-Contaminated Soils and Remediation Technologies
DOI: http://dx.doi.org/10.5772/intechopen.93405

Figure 10. 
Dehydrochlorination reactions at alkaline pH [52].

Figure 11. 
Nucleophilic substitution of the superoxide radical in the reaction with trichlorobenzene as an example of 
oxidation reaction. Tetrachlorobenzene isomers follow the same reaction mechanism [54].

Figure 12. 
Attack of hydroxyl radicals on trichlorobenzene as an example of oxidation reaction. Tetrachlorobenzene 
isomers follow the same reaction mechanism [44].

Figure 13. 
Conversion of isomers: (a) 1,2,3 TCB, (b) 1,2,4 TCB, (c) TetraCBs-a in soil F, and (d) TetraCBs-b in soil F 
and G after 509 h. 1PS NaOHC / C = . Soil F: Diameter lower than 0.25 mm, soil G: Diameter between 0.25 and 
2 mm [46].
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over other metals is a preferred choice due to its high abundance, low cost, and 
benign environmental impact [25, 56, 57]. Among other pollutants, ZVI showed 
high efficiency in the treatment of chlorinated organic compounds such as HCH 
isomers [2, 4, 17, 25, 26, 57–65].

Most of the reported works are focused on the degradation of lindane and 
the use of ZVI nanoparticles [2–4, 17, 25, 58, 60–63] or the combination of ZVI 
with other metals, Pd being the most studied [17, 25, 60]. In the presence of ZVI 
nanoparticles, lindane can be eliminated in 24 hours reaction time when this 
pollutant is dissolved in water [2] or present in spiked soils [4]. In the case of using 
bimetallic Pd-Fe nanoparticles [17, 25, 60] or more complex systems, like carbon-
supported Cu-ZVI nanoparticles [3] or carboxymethylcellulose Fe/Ni nanoparticles 
[63], the reaction times for lindane dichlorination can be even decreased. It has 
been reported that anaerobic conditions favor lindane degradation in the presence 
of stabilized iron nanoparticles [17], and the temperature has a beneficial effect on 
the pollutant degradation rate [60], whereas lindane degradation decreases with 
pH increasing, initial lindane concentration, and in the presence of cations [60]. 
Several degradation pathways for lindane degradation have been proposed based 
on the detection of certain reaction intermediates during lindane dichlorination 
reactions in the presence of ZVI nanoparticles [3, 25, 62, 63].

Although encouraging results in HCH treatment in the presence of these materi-
als have been achieved, the low stability of iron nanoparticles due to aggregation [3, 
17, 25, 62] and the unaffordable cost of noble metals like Pd [57] has encouraged the 
use of ZVI in the form of microparticles during the last years, with lower cost and 
higher stability [26, 64, 65].

The predominant mechanism for the degradation of lindane using ZVI is 
the reductive dehalogenation of the pollutant, owing to the electron exchange 
between the HCH molecule and zero-valent iron [3, 58, 60, 62, 65]. Benzene is 
obtained as the final product of lindane reduction (along with chlorides), as is 
shown in Figure 14.

As occurred with chemical oxidation, 𝛃𝛃-HCH presents high recalcitrance 
towards chemical reduction, in both aqueous and soil phases [2, 65, 66] due to the 
chlorine’s position and the low water solubility of this HCH isomer.

Even though promising results have been obtained with ZVI in the degradation 
of HCHs in the aqueous phase, the use of this material for soil remediation entails 
additional problems. The application of ZVI in the form of microparticles on 
contaminated soils would yield low HCH conversion due to the hindered contact 
between the solid phases (soil and ZVI microparticles). Using ZVI nanoparticles for 
soil remediation is limited by problems of agglomeration and the high cost associ-
ated. Furthermore, if HCH granules are present in the soil, a remarkable decrease in 
the efficiency of the dechlorination treatment is expected, due to the expected poor 
contact between the two solid phases.

Figure 14. 
Dechlorination pathway of lindane over zero-valent iron microparticles [65].
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3.4 Soil washing

In this technology, surfactants are used to solubilize the contaminants absorbed 
into the soil in the aqueous phase. The resulting solution requires a second stage in 
which the objective is the selective oxidation of the contaminant from the emulsion 
and the surfactant recover for a next use [67, 68]. However, the solubilization of 
pollutants from solid phases is hindered by the pollutant transport from the soil to 
the aqueous phase.

There are few papers in the literature using this technology for the treatment of 
HCH-contaminated soils, none dealing with the presence of particulate matter, and 
only spiked soils with HCHs or DNAPL were used.

Muñoz-Morales et al. [55] used soil washing as a first stage to remediate a soil 
spiked with lindane. For that purpose, the authors used an anionic surfactant, SDS. 
This surfactant was selected because the next step of the remediation treatment was 
the electrochemical oxidation of the pollutant in the emulsion, and high conduc-
tivity of the solution is required in this oxidation treatment. Using a surfactant 
concentration of 10 g/L in the aqueous phase, the concentration of lindane found 
in the aqueous emulsion was 10 mg/L, which was further oxidized by the electro-
chemical treatment.

Dominguez et al. combined soil flushing (with a nonionic surfactant) and 
Fenton oxidation [67]. A nonionic commercial surfactant (E-Mulse 3®) was used to 
extract most of the residual DNAPL in the soil at column conditions. The resulting 
surfactant flushing solution showed a high concentration of chlorinated organic 
compounds (COCs = 3693 mg/L, 40% of this amount corresponded to HCH 
isomers, although β-HCH was not in the mixture). This emulsion was treated by the 
Fenton process using different concentrations of hydrogen peroxide (200%, 100%, 
and 50% of the theoretical stoichiometric amount for the complete mineralization 
of the COCs) and a molar ratio of H2O2:Fe = 32. A degradation of COCs >80% was 
obtained using a concentration of H2O2 ≥ 100% of the stoichiometric amount. 
HCHs (and other nonaromatic COCs) were less prone to oxidation by hydroxyl 
radicals than chlorobenzenes. The surfactant was recovered at the end of the treat-
ment for further flushing steps.

Regrettably, there are no studies in the literature dealing with soil washing of 
soils polluted with β-HCH, the least soluble and the most stable HCH isomer against 
oxidation and reduction. Moreover, if the contamination of the soil by HCHs 
involves also the presence of particulate matter, transport resistances will be more 
limiting, and the step of soil washing will slow down. In this case, a good agita-
tion or ultrasound application will be required to improve the contact between the 
phases and, therefore, to improve the efficiency of the process.

4. Conclusions

Soil contamination by the solid residues generated from the manufacture 
of lindane, a chlorinated organic pesticide whose use and production has been 
prohibited, is a great environmental problem, ubiquitous and persistent, given 
the high toxicity and low biodegradability of these residues in the environment. 
These soils contain a mixture of HCH isomers, mainly α and β, isomer β being the 
most recalcitrant to both chemical and biological treatments, due to its lower water 
solubility and higher chemical stability. This kind of contamination appears as solid 
HCH particles mixed with soil (usually with a higher concentration of the isomer 



Soil Contamination - Threats and Sustainable Solutions

158

over other metals is a preferred choice due to its high abundance, low cost, and 
benign environmental impact [25, 56, 57]. Among other pollutants, ZVI showed 
high efficiency in the treatment of chlorinated organic compounds such as HCH 
isomers [2, 4, 17, 25, 26, 57–65].

Most of the reported works are focused on the degradation of lindane and 
the use of ZVI nanoparticles [2–4, 17, 25, 58, 60–63] or the combination of ZVI 
with other metals, Pd being the most studied [17, 25, 60]. In the presence of ZVI 
nanoparticles, lindane can be eliminated in 24 hours reaction time when this 
pollutant is dissolved in water [2] or present in spiked soils [4]. In the case of using 
bimetallic Pd-Fe nanoparticles [17, 25, 60] or more complex systems, like carbon-
supported Cu-ZVI nanoparticles [3] or carboxymethylcellulose Fe/Ni nanoparticles 
[63], the reaction times for lindane dichlorination can be even decreased. It has 
been reported that anaerobic conditions favor lindane degradation in the presence 
of stabilized iron nanoparticles [17], and the temperature has a beneficial effect on 
the pollutant degradation rate [60], whereas lindane degradation decreases with 
pH increasing, initial lindane concentration, and in the presence of cations [60]. 
Several degradation pathways for lindane degradation have been proposed based 
on the detection of certain reaction intermediates during lindane dichlorination 
reactions in the presence of ZVI nanoparticles [3, 25, 62, 63].

Although encouraging results in HCH treatment in the presence of these materi-
als have been achieved, the low stability of iron nanoparticles due to aggregation [3, 
17, 25, 62] and the unaffordable cost of noble metals like Pd [57] has encouraged the 
use of ZVI in the form of microparticles during the last years, with lower cost and 
higher stability [26, 64, 65].

The predominant mechanism for the degradation of lindane using ZVI is 
the reductive dehalogenation of the pollutant, owing to the electron exchange 
between the HCH molecule and zero-valent iron [3, 58, 60, 62, 65]. Benzene is 
obtained as the final product of lindane reduction (along with chlorides), as is 
shown in Figure 14.

As occurred with chemical oxidation, 𝛃𝛃-HCH presents high recalcitrance 
towards chemical reduction, in both aqueous and soil phases [2, 65, 66] due to the 
chlorine’s position and the low water solubility of this HCH isomer.

Even though promising results have been obtained with ZVI in the degradation 
of HCHs in the aqueous phase, the use of this material for soil remediation entails 
additional problems. The application of ZVI in the form of microparticles on 
contaminated soils would yield low HCH conversion due to the hindered contact 
between the solid phases (soil and ZVI microparticles). Using ZVI nanoparticles for 
soil remediation is limited by problems of agglomeration and the high cost associ-
ated. Furthermore, if HCH granules are present in the soil, a remarkable decrease in 
the efficiency of the dechlorination treatment is expected, due to the expected poor 
contact between the two solid phases.

Figure 14. 
Dechlorination pathway of lindane over zero-valent iron microparticles [65].
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3.4 Soil washing

In this technology, surfactants are used to solubilize the contaminants absorbed 
into the soil in the aqueous phase. The resulting solution requires a second stage in 
which the objective is the selective oxidation of the contaminant from the emulsion 
and the surfactant recover for a next use [67, 68]. However, the solubilization of 
pollutants from solid phases is hindered by the pollutant transport from the soil to 
the aqueous phase.

There are few papers in the literature using this technology for the treatment of 
HCH-contaminated soils, none dealing with the presence of particulate matter, and 
only spiked soils with HCHs or DNAPL were used.

Muñoz-Morales et al. [55] used soil washing as a first stage to remediate a soil 
spiked with lindane. For that purpose, the authors used an anionic surfactant, SDS. 
This surfactant was selected because the next step of the remediation treatment was 
the electrochemical oxidation of the pollutant in the emulsion, and high conduc-
tivity of the solution is required in this oxidation treatment. Using a surfactant 
concentration of 10 g/L in the aqueous phase, the concentration of lindane found 
in the aqueous emulsion was 10 mg/L, which was further oxidized by the electro-
chemical treatment.

Dominguez et al. combined soil flushing (with a nonionic surfactant) and 
Fenton oxidation [67]. A nonionic commercial surfactant (E-Mulse 3®) was used to 
extract most of the residual DNAPL in the soil at column conditions. The resulting 
surfactant flushing solution showed a high concentration of chlorinated organic 
compounds (COCs = 3693 mg/L, 40% of this amount corresponded to HCH 
isomers, although β-HCH was not in the mixture). This emulsion was treated by the 
Fenton process using different concentrations of hydrogen peroxide (200%, 100%, 
and 50% of the theoretical stoichiometric amount for the complete mineralization 
of the COCs) and a molar ratio of H2O2:Fe = 32. A degradation of COCs >80% was 
obtained using a concentration of H2O2 ≥ 100% of the stoichiometric amount. 
HCHs (and other nonaromatic COCs) were less prone to oxidation by hydroxyl 
radicals than chlorobenzenes. The surfactant was recovered at the end of the treat-
ment for further flushing steps.

Regrettably, there are no studies in the literature dealing with soil washing of 
soils polluted with β-HCH, the least soluble and the most stable HCH isomer against 
oxidation and reduction. Moreover, if the contamination of the soil by HCHs 
involves also the presence of particulate matter, transport resistances will be more 
limiting, and the step of soil washing will slow down. In this case, a good agita-
tion or ultrasound application will be required to improve the contact between the 
phases and, therefore, to improve the efficiency of the process.

4. Conclusions

Soil contamination by the solid residues generated from the manufacture 
of lindane, a chlorinated organic pesticide whose use and production has been 
prohibited, is a great environmental problem, ubiquitous and persistent, given 
the high toxicity and low biodegradability of these residues in the environment. 
These soils contain a mixture of HCH isomers, mainly α and β, isomer β being the 
most recalcitrant to both chemical and biological treatments, due to its lower water 
solubility and higher chemical stability. This kind of contamination appears as solid 
HCH particles mixed with soil (usually with a higher concentration of the isomer 
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α-HCH) or adsorbed onto the soil (with a higher concentration of the isomerβ 
HCH) reaching values up to several hundreds of mg HCH/kg soil. It represents a 
serious problem due to the large volume of wastes to be treated. Among the physi-
cochemical treatments used, thermal processes are the traditional ones but the less 
sustainable because the requirement of high temperatures and, therefore, the asso-
ciated costs are prohibitive for treating large amounts of wastes. In the last decade, 
chemical treatments have shown promising results. Amon them, oxidation with 
Fenton reagent or activated persulfate seems to be more suitable than reduction 
using zero-valent iron particles, because of the greater limitations for the contact 
between phases in the last one treatment. The selection of the most suitable oxida-
tion method will depend on the type of soil (presence of carbonates and pH). On 
the other side, the time and method of contact will also be strongly influenced by 
how the contamination is present (in the form of particulate or adsorbed matter).
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Chapter 10

Hazardous Components of 
Landfill Leachates and Its 
Bioremediation
Menaka Salam and Namdol Nilza

Abstract

Landfill leachates contain both dissolved and suspended material and may 
pose a threat to the environment because of the toxic substances that it carries 
and contaminates surface water and groundwater. They are composed of several 
different categories of components out of which many of them are recalcitrant 
and highly toxic. Major components of landfill leachates are dissolved organic 
compounds, inorganic macro compounds, heavy metals such as copper, lead, 
cadmium, chromium, nickel etc. and xenobiotic compounds such as polychlori-
nated biphenyls. Complex organic compounds which are released from industrial 
effluents like perfluorooctanoic acid and benzothiazole are also common in many 
of the landfill leachates. Biological treatment is a low cost effective method for the 
treatment of landfill leachates which can act as an accelerator for further treatment 
by either chemical or physical method. Improved strategies have been developed in 
the biological treatment of leachates which shows the efficiency of the system. But, 
as leachate characteristics vary depending on the rainfall and other environmental 
factors, it is important to first thoroughly analyze the physical and chemical proper-
ties of the landfill under study. A combined effort involving proper analysis of the 
leachate components, monitoring leachate flow, risk assessment, and treatment 
of the leachate before its release is required to efficiently control its impact to the 
environment.

Keywords: landfill leachates, xenobiotic, bioremediation, microorganisms, 
bioreactor

1. Introduction

Landfill leachate is a liquid composed of absorbed components which may be 
soluble solids or any other undesirable components present in the landfill. It is 
formed when water passes through the landfill waste in the form of rain and seeps 
through the stockpile consisting of waste materials from different sources such as 
municipal and industrial wastes. Since the waste material can comprise of vari-
ous chemicals, organic and inorganic compounds in large volume which also gets 
decomposed, the leachate that is formed is generally high in toxicity.

Due to generation of huge amount of solid wastes, many of which contain toxic 
and recalcitrant substances, its control and management has become the utmost 
need in recent years. Segregation of waste materials and recycling are two major 
ways of reducing the pollution in a solid waste dumpsite or a landfill. Among the 



167

Chapter 10

Hazardous Components of 
Landfill Leachates and Its 
Bioremediation
Menaka Salam and Namdol Nilza

Abstract

Landfill leachates contain both dissolved and suspended material and may 
pose a threat to the environment because of the toxic substances that it carries 
and contaminates surface water and groundwater. They are composed of several 
different categories of components out of which many of them are recalcitrant 
and highly toxic. Major components of landfill leachates are dissolved organic 
compounds, inorganic macro compounds, heavy metals such as copper, lead, 
cadmium, chromium, nickel etc. and xenobiotic compounds such as polychlori-
nated biphenyls. Complex organic compounds which are released from industrial 
effluents like perfluorooctanoic acid and benzothiazole are also common in many 
of the landfill leachates. Biological treatment is a low cost effective method for the 
treatment of landfill leachates which can act as an accelerator for further treatment 
by either chemical or physical method. Improved strategies have been developed in 
the biological treatment of leachates which shows the efficiency of the system. But, 
as leachate characteristics vary depending on the rainfall and other environmental 
factors, it is important to first thoroughly analyze the physical and chemical proper-
ties of the landfill under study. A combined effort involving proper analysis of the 
leachate components, monitoring leachate flow, risk assessment, and treatment 
of the leachate before its release is required to efficiently control its impact to the 
environment.

Keywords: landfill leachates, xenobiotic, bioremediation, microorganisms, 
bioreactor

1. Introduction

Landfill leachate is a liquid composed of absorbed components which may be 
soluble solids or any other undesirable components present in the landfill. It is 
formed when water passes through the landfill waste in the form of rain and seeps 
through the stockpile consisting of waste materials from different sources such as 
municipal and industrial wastes. Since the waste material can comprise of vari-
ous chemicals, organic and inorganic compounds in large volume which also gets 
decomposed, the leachate that is formed is generally high in toxicity.

Due to generation of huge amount of solid wastes, many of which contain toxic 
and recalcitrant substances, its control and management has become the utmost 
need in recent years. Segregation of waste materials and recycling are two major 
ways of reducing the pollution in a solid waste dumpsite or a landfill. Among the 



Soil Contamination - Threats and Sustainable Solutions

168

hazardous components of landfill leachates, microplastics in the size range of 100 
to 1000 μm is also found in many of the municipal solid waste landfill leachates. 
This has been developed after a long time period of time, and the major types are 
polyethylene and polypropylene which are increasingly used throughout the years 
because of its convenience to use. Other hazardous components which have been of 
major concern since long time are toxic heavy metals like lead, arsenic, cadmium, 
mercury etc. and xenobiotic compounds like halogenated organic compounds. 
Proper and timely monitoring of the landfill and its leachate is required to control 
the pollution that can occur to the groundwater, soil and air. Gases that get released 
due to decomposition and microbial activity have caused severe accidental bursts 
in many landfill areas due to improper management and lack of monitoring. 
Therefore, risk assessment is an important criterion for the management of land-
fill areas. A number of treatment methods comprising of physical, chemical and 
biological methods have been developed, but none of these methods alone can be 
declared as having the highest efficiency as the landfill leachates also vary in their 
composition, volume and migration. However, bioremediation or treatment using 
biological processes is of major interest because of its low-cost, high efficiency and 
environment friendly. Physical and chemical methods, although very efficient, have 
high cost and some of the chemical methods pose environmental concerns in the 
long run. Regarding biological processes, a number of microorganisms are yet to 
be explored which can be used as a bioremediating agent. Many bacteria and fungi 
are already proved to have high removal capacity of leachate parameters like BOD, 
COD, nitrate and sulphate. In recent years, microorganisms able to remediate heavy 
metals, xenobiotic compounds and even plastics have been discovered. This shows 
that there is huge potential of microorganisms to help in the treatment of landfill 
leachates.

2. Components of landfill leachates

Leachates contain both organic and inorganic pollutants, out of which some 
constituents are highly toxic and pose a threat to the environment. The actual 
composition of landfill leachate varies according to the type of waste which has 
been dumped and accumulated. In developing countries waste segregation is not 
practiced, waste management and treatment system are not well established and 
landfill systems are also not properly designed to prevent leachate flow. Because 
of lack of waste segregation, landfill dumpsites may have mixed waste materials. 
For example, in a municipal solid waste (MSW), food waste, household discards, 
plastics, paints, mercury containing waste, batteries and other products made up 
of toxic compounds and heavy metals may be present. However, in general, the 
dissolved organic matter comprises of acids, alcohols, aldehydes and sugars, and the 
inorganic components such as calcium, magnesium, sulphate, chloride and ammo-
nia. These constituents are present in much higher concentrations than normal 
aquifers. Inorganic pollutants found in leachates are ammonium, phosphorous, 
sulphate and heavy metals. Volatile fatty acids are majorly present in young leach-
ates and tend to decrease gradually in aged landfills. Humic acids and fulvic acids 
are also commonly present in old landfills and leachate plumes. Among the heavy 
metals, the common ones are Fe, Pb, Ni, Cd, As, Cr, Cu and Hg. Other toxic pollut-
ants which are present in landfill leachates are the aromatic hydrocarbons (Benzene, 
Toluene, Ethylbenzene, and Xylene), phenols, pesticides, polyethylene, plasticizers, 
and halogenated organic compounds like PCBs and dioxins. Landfills are also a 
shelter for pathogenic microorganisms, mostly coliform bacteria and a few viruses. 
The pH and temperature changes may, however, inactivate these microorganisms.
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hazardous components of landfill leachates, microplastics in the size range of 100 
to 1000 μm is also found in many of the municipal solid waste landfill leachates. 
This has been developed after a long time period of time, and the major types are 
polyethylene and polypropylene which are increasingly used throughout the years 
because of its convenience to use. Other hazardous components which have been of 
major concern since long time are toxic heavy metals like lead, arsenic, cadmium, 
mercury etc. and xenobiotic compounds like halogenated organic compounds. 
Proper and timely monitoring of the landfill and its leachate is required to control 
the pollution that can occur to the groundwater, soil and air. Gases that get released 
due to decomposition and microbial activity have caused severe accidental bursts 
in many landfill areas due to improper management and lack of monitoring. 
Therefore, risk assessment is an important criterion for the management of land-
fill areas. A number of treatment methods comprising of physical, chemical and 
biological methods have been developed, but none of these methods alone can be 
declared as having the highest efficiency as the landfill leachates also vary in their 
composition, volume and migration. However, bioremediation or treatment using 
biological processes is of major interest because of its low-cost, high efficiency and 
environment friendly. Physical and chemical methods, although very efficient, have 
high cost and some of the chemical methods pose environmental concerns in the 
long run. Regarding biological processes, a number of microorganisms are yet to 
be explored which can be used as a bioremediating agent. Many bacteria and fungi 
are already proved to have high removal capacity of leachate parameters like BOD, 
COD, nitrate and sulphate. In recent years, microorganisms able to remediate heavy 
metals, xenobiotic compounds and even plastics have been discovered. This shows 
that there is huge potential of microorganisms to help in the treatment of landfill 
leachates.

2. Components of landfill leachates

Leachates contain both organic and inorganic pollutants, out of which some 
constituents are highly toxic and pose a threat to the environment. The actual 
composition of landfill leachate varies according to the type of waste which has 
been dumped and accumulated. In developing countries waste segregation is not 
practiced, waste management and treatment system are not well established and 
landfill systems are also not properly designed to prevent leachate flow. Because 
of lack of waste segregation, landfill dumpsites may have mixed waste materials. 
For example, in a municipal solid waste (MSW), food waste, household discards, 
plastics, paints, mercury containing waste, batteries and other products made up 
of toxic compounds and heavy metals may be present. However, in general, the 
dissolved organic matter comprises of acids, alcohols, aldehydes and sugars, and the 
inorganic components such as calcium, magnesium, sulphate, chloride and ammo-
nia. These constituents are present in much higher concentrations than normal 
aquifers. Inorganic pollutants found in leachates are ammonium, phosphorous, 
sulphate and heavy metals. Volatile fatty acids are majorly present in young leach-
ates and tend to decrease gradually in aged landfills. Humic acids and fulvic acids 
are also commonly present in old landfills and leachate plumes. Among the heavy 
metals, the common ones are Fe, Pb, Ni, Cd, As, Cr, Cu and Hg. Other toxic pollut-
ants which are present in landfill leachates are the aromatic hydrocarbons (Benzene, 
Toluene, Ethylbenzene, and Xylene), phenols, pesticides, polyethylene, plasticizers, 
and halogenated organic compounds like PCBs and dioxins. Landfills are also a 
shelter for pathogenic microorganisms, mostly coliform bacteria and a few viruses. 
The pH and temperature changes may, however, inactivate these microorganisms.
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A variety of microorganisms degrades the various components present in the 
landfill waste and produces their metabolic products and other decaying organic 
matters. Through decomposition of organic constituents by microorganisms dwell-
ing in the landfill site and also through chemical reactions between the components 
of waste, landfill gases are released in the form of methane and carbon dioxide 
which are greenhouse gases. The gases release increases gradually over time and 
poses environmental threat and security issues to the people residing near the 
landfill sites. Table 1 shows a comparision of some important pollution parameters 
of landfill sites at various places. It is observed that the pHs of these landfill sites 
are mostly in the alkaline range, there is increased level of electrical conductivity, 
COD, chloride and nitrate concentrations, and the common heavy metals which are 
present are Fe, Ni, Cu and Cr.

3. Effect of leachates on the soil environment

Landfill leachates cause serious environmental issues mostly in developing 
countries polluting the groundwater, soil and air. Even in an engineered landfill 
site with landfill liners, the barriers tend to get damaged or deteriorate with time, 
therefore, leachate may get leaked and pass through the soil. The consequence is 
harmful effects to human health and also causes hindrance to economic health 
and development. Heavy metals such as Pb, As, Cd, Cr and Hg leach out from 
uncontrolled landfill sites and cause a major threat to human health. Due to rapid 
urbanization, areas near the landfill sites in many cases are gradually transformed 
into residential areas and also covered by agricultural fields. Inorganic cations and 
anions like sodium, calcium, chloride, sulphate etc. seep through the leachate and 
contaminate groundwater and soil. These inorganic substances are not altered by 
the soil type and remain a pollutant of the water and soil [7]. This ultimately gives 
rise to changes in soil composition and fertility. Studies have shown that iron and 
zinc are the major pollutants of the soil samples in the vicinity of landfill sites. Zinc 
is present mostly in the upper soil layer and iron has highest dispersion rate [2]. 
Leachate percolation in soil reduces the hydraulic conductivity resulting in clogging 
of the soil and these changes the properties of the soil such as water retention, field 
capacity etc. The soil microbial community gets changed and formation of biofilms 
with metal precipitation may arise.

4. Role of microorganisms in remediation of landfill leachates

Remediation of landfill leachate using microorganisms is a cost effective 
approach as compared to conventional treatment processes. However, a lot need to 
be explored and studied regarding this area. The conventional methods of treat-
ment are chemical and physical methods such as coagulation/flocculation, chemical 
oxidation, air stripping and membrane filtration [8]. These methods can remove 
COD and other toxicity levels ranging from 40–90%. However, in many cases, 
cost of the whole process and also production of non-degradable sludge remains 
a disadvantage. Use of microorganisms does not have these disadvantages and are 
also effective in the treatment process as there are a number of microorganisms 
which produce various extracellular enzymes through which they can degrade toxic 
compounds to less toxic or non-toxic products. Landfill leachate samples have been 
studied to investigate the microorganisms dwelling in them and which have the 
capability of degrading the main pollutants of leachate such as nitrate, phosphate 
and ammonia. It has been found that certain fungi, actinomycetes, and bacteria 
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belonging to Firmicutes and Proteobacteria have efficient degrading  potential. 
Many of these microorganisms are also tolerant to heavy metals like Arsenic, 
iron, nickel, cadmium and copper. Table 2 shows the removal efficiency of some 
 microorganisms as well as microalgae isolated from landfill leachates.

5. Effectiveness of bioremediation

Bioremediation using microorganisms is a method of choice due to its low cost 
and simplicity in operation mechanism. The various types of biological treatment 
processes are upflow anaerobic sludge blanket (UASB), activated sludge reactor, 
membrane bioreactor, rotating biological contactor, batch reactor and moving 
bed biofilm reactor. All of them are efficient in treatment of young leachates. The 
UASB and batch reactor processes are also efficient in treatment of middle aged and 
mature leachates. Anaerobic reactor using seed sludge as inoculants has been found 
to tolerate high levels of COD and also precipitate heavy metals such as Fe, Zn, Ni, 
Cd, Pb, Cu and Cr [15]. Phytoremediation is one efficient and inexpensive process 
for remediation of mature leachates. However, phytoremediation has many limita-
tions like remediation only limited to the surface and depth where the roots can 
reach, slow growth, and inadequacy in preventing the contaminant from leaching 
into the groundwater.

Various bioremediation processes have been experimented and their efficiency 
studied so far, but it has been observed that bioremediation when combined with 
physical and chemical processes in a monitored manner shows much promise and 
efficacy in removal of pollutants of leachate plumes.

Organism Source of 
isolation

Substance 
degraded

Percent 
removal

Heavy 
metal 

resistance

Reference

Lysinibacillus sp., 
Bruvundimonas sp., 
Brevibacterium sp., 
Thermococcus sp.

Powerstown 
Landfill, Co. 

Carlow, Ireland

Nitrate, 
Phosphate, 
ammonia

35%, 
55%, 
88%

As, Cd, 
Fe, Ni, Cu

[9]

Not characterized, 
wastewater effluent as 
microbial source

Weltevreden 
Sanitary landfill 

site, Brakpan, 
South Africa

Ammonia
COD

99%
36%

— [10]

Chlorella vulgaris 
and Chlamydomonas 
reinhardii

Municipal 
landfill 

management, 
Istanbul

Nitrogen
Phosphorous

69.03%
100%

— [11]

Actinomycetes, 
Bacillus, Pseudomonas 
and Burkholderia

Jebel Chekir 
landfill 

leachate, 
Tunisia

TOC 70–80% As, Fe, Pb [12]

Trametes versicolor Nonthaburi 
landfill site, 

Thailand

Color, BOD, 
COD

78%, 
68%, 
57%

— [13]

Immobilized 
microorganisms

— COD and 
Ammoniacal 

Nitrogen

98.3%, 
99.9%,

— [14]

Table 2. 
Removal efficiency of leachate pollutants by some organisms.
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iron, nickel, cadmium and copper. Table 2 shows the removal efficiency of some 
 microorganisms as well as microalgae isolated from landfill leachates.
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into the groundwater.
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6. Management of soil contamination caused by leachates

Landfill is the preferred method for solid waste disposal all over the world due 
to its ease and low-cost operations. However, landfilling requires proper design-
ing of its structure and planning of disposal in order to avoid its pollution effects 
to the environment. Landfill leachates if not properly controlled can give rise to 
serious consequences like soil contamination and ultimately damage to crops and 
vegetation. In some cases, there may be accumulation of heavy metals in vegeta-
tion and consequently in fishes dwelling in contaminated water bodies like lakes 
and streams. The ultimate effect is biomagnification and serious health issues 
to people inhabiting the nearby areas of the landfill. Most of the components 
are carcinogenic and genotoxic in the long run. Therefore, the landfill leachates 
need to be properly monitored and controlled. Due to lack of engineered systems 
in most of the landfills all over the world, and also due to the practice of merely 
dumping wastes in the landfill sites of developing countries, underlying soil and 
groundwater pollution by the toxic leachates have become a major concern in the 
recent years [16].

Management of leachate has posed a challenging task as it requires various stages 
such as (i) monitoring of its formation and flow or migration, (ii) assessment of the 
various parameters of leachates, (iii) investigation of its hazardous components, 
and (iv) its treatment before finally releasing to the environment.

6.1 Monitoring of leachate formation and flow or migration

Leachate formation and its duration may depend on the components of a 
particular landfill site and its microbial community composition. The flow rate and 
the leachate volume may also vary depending on the season and rainfall. Therefore, 
proper investigation of the leachate formation is required in order to control the 
flow rate and migration of leachate plume. Various techniques used for monitor-
ing leachate plume migration are hydro-geological techniques, electromagnetic 
methods, fluorescence methods, stable isotopes labelling, microbial analysis etc. 
[16]. Microbes play important role in characterizing the important parameters of 
leachates. Present day advancement in molecular biology techniques shows great 
promise to delineate the microbial community composition in a short time period. 
Metagenomics and next generation sequencing technology would greatly help in 
finding out novel microorganisms with novel pathways of complex compounds 
degradation. This information would further help in managing the landfill sites 
through natural attenuation.

6.2 Assessment of various parameters of leachates

The important parameters like pH, alkalinity, BOD, COD, TDS, nitrate, 
sulphate, chloride, electrical conductivity etc. should be assessed regularly and 
check whether their values are according to the permissible limits set by various 
regulators. Multi parameter analyzer can be used to measure different parameters 
such as pH, electrical conductivity, oxidation reduction potential, salinity, tem-
perature etc. Spectrophotometers are used to check many of the parameters which 
involve color development [17]. Procedure for measurement of parameters should 
be according to the standard procedures adopted by United States Environment 
Protection Agency (USEPA) or similar professional organizations which have 
set the standard protocols. The values obtained can be compared with the stan-
dards of various regulatory limits so as to assess the risk of the leachate to the 
environment.
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6.3 Investigation of hazardous components

Hazardous components of landfill leachates such as toxic heavy metals, haloge-
nated compounds, aromatic compounds, pesticides and other recalcitrant organic 
compounds, if present even in minute quantities can eventually give rise to contam-
ination of soil and the groundwater. Therefore, the hazardous components need to 
be analyzed and proper treatment methods such as physico-chemical and biological 
treatments can be recommended. Assessment of heavy metals in landfill leachate 
is often an arduous task as we have to understand the metal speciation and its flow 
[18]. Heavy metals tend to get oxidized and this fact has to be considered in the 
assessment studies. Most of the heavy metals are present in the form of complexes 
and the metal speciation is also influenced by biological activities. Risk assessment 
i.e. the effect of hazardous components to the environment needs a systematic 
approach because of the uncertainty of the soil environment and groundwater 
flow. Various predication models and softwares are available for risk assessment 
of landfill leachates [19]. The implication of biological toxicity tests of leachate 
samples is also commonly applied by many investigators. Phytotoxicity tests of 
leachate samples have been reported using Sinapis alba, Lemna minor, Vicia faba, 
Zea mays, Hordeum vulgare, Lepidium sativum, Lycopersicon esculentum, Helianthus 
annus, Medicago sativa etc. and seed germination and root elongation have been 
mostly studied [20, 21].

6.4 Treatment of landfill leachate before its disposal

The various reliable treatment methods of landfill leachates are (i) Biological 
reactors, (ii) Physico-chemical treatment, and (iii) natural attenuation. Biological 
treatment methods have been found to be more efficient in case of young leachates 
which are easily biodegradable whereas in case of old leachates, physic-chemical 
treatment methods are more suitable. Combined treatment methods where bio-
logical, physical and chemical treatment methods are applied have been shown to 
have highest efficiency [16]. Natural attenuation, which involves the merging of 
physical chemical and biological processes occurring in nature, has been found to 
be very useful for remediation of leachate plume. Natural processes in constructed 
wetlands and aerated lagoons have shown high efficiency (60–99%) in removing 
BOD, COD, ammoniacal nitrogen, Chloride, phosphate, iron and phenols [22–24]. 
Biological reactors with aerobic and anaerobic digestion processes have shown high 
removal capacity of BOD and COD as well as heavy metals in some cases. Among 
the advanced oxidation processes, ozonation has potential in removing color and 
organic acids i.e. humic acid and fulvic acid [25]. Coagulation using Ferric chloride 
followed by filteration and reverse osmosis has been shown to completely remove 
organic pollutants like Di-(2-ethylhexyl) phthalate (DEHP) and Bisphenol A 
[26]. Among the latest treatment technologies, leachate treatment using magnetic 
adsorbents and nanomaterials are of special interests as they have high efficiency in 
removal of organic acids and heavy metals [27, 28]. But the use of these techniques 
has environmental impacts and further research need to be done with green and 
environmental friendly processes.

7. Conclusions

Landfill leachates pose serious threats to the environment. In many cases, 
groundwater contamination has occurred due to lack of monitoring and efficient 
treatment system. The general parameters which are measured in a landfill site 
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involve color development [17]. Procedure for measurement of parameters should 
be according to the standard procedures adopted by United States Environment 
Protection Agency (USEPA) or similar professional organizations which have 
set the standard protocols. The values obtained can be compared with the stan-
dards of various regulatory limits so as to assess the risk of the leachate to the 
environment.
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6.3 Investigation of hazardous components

Hazardous components of landfill leachates such as toxic heavy metals, haloge-
nated compounds, aromatic compounds, pesticides and other recalcitrant organic 
compounds, if present even in minute quantities can eventually give rise to contam-
ination of soil and the groundwater. Therefore, the hazardous components need to 
be analyzed and proper treatment methods such as physico-chemical and biological 
treatments can be recommended. Assessment of heavy metals in landfill leachate 
is often an arduous task as we have to understand the metal speciation and its flow 
[18]. Heavy metals tend to get oxidized and this fact has to be considered in the 
assessment studies. Most of the heavy metals are present in the form of complexes 
and the metal speciation is also influenced by biological activities. Risk assessment 
i.e. the effect of hazardous components to the environment needs a systematic 
approach because of the uncertainty of the soil environment and groundwater 
flow. Various predication models and softwares are available for risk assessment 
of landfill leachates [19]. The implication of biological toxicity tests of leachate 
samples is also commonly applied by many investigators. Phytotoxicity tests of 
leachate samples have been reported using Sinapis alba, Lemna minor, Vicia faba, 
Zea mays, Hordeum vulgare, Lepidium sativum, Lycopersicon esculentum, Helianthus 
annus, Medicago sativa etc. and seed germination and root elongation have been 
mostly studied [20, 21].

6.4 Treatment of landfill leachate before its disposal

The various reliable treatment methods of landfill leachates are (i) Biological 
reactors, (ii) Physico-chemical treatment, and (iii) natural attenuation. Biological 
treatment methods have been found to be more efficient in case of young leachates 
which are easily biodegradable whereas in case of old leachates, physic-chemical 
treatment methods are more suitable. Combined treatment methods where bio-
logical, physical and chemical treatment methods are applied have been shown to 
have highest efficiency [16]. Natural attenuation, which involves the merging of 
physical chemical and biological processes occurring in nature, has been found to 
be very useful for remediation of leachate plume. Natural processes in constructed 
wetlands and aerated lagoons have shown high efficiency (60–99%) in removing 
BOD, COD, ammoniacal nitrogen, Chloride, phosphate, iron and phenols [22–24]. 
Biological reactors with aerobic and anaerobic digestion processes have shown high 
removal capacity of BOD and COD as well as heavy metals in some cases. Among 
the advanced oxidation processes, ozonation has potential in removing color and 
organic acids i.e. humic acid and fulvic acid [25]. Coagulation using Ferric chloride 
followed by filteration and reverse osmosis has been shown to completely remove 
organic pollutants like Di-(2-ethylhexyl) phthalate (DEHP) and Bisphenol A 
[26]. Among the latest treatment technologies, leachate treatment using magnetic 
adsorbents and nanomaterials are of special interests as they have high efficiency in 
removal of organic acids and heavy metals [27, 28]. But the use of these techniques 
has environmental impacts and further research need to be done with green and 
environmental friendly processes.

7. Conclusions

Landfill leachates pose serious threats to the environment. In many cases, 
groundwater contamination has occurred due to lack of monitoring and efficient 
treatment system. The general parameters which are measured in a landfill site 
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are pH, alkalinity, electrical conductivity, TDS, BOD, COD, chloride,  ammoniacal 
nitrogen, nitrate, sulphate etc. Analysis of hazardous components like toxic heavy 
metals, halogenated compounds, polymers etc. are also necessary. Treatment 
methods using microorganisms is an attractive way for removing or remediating the 
pollutants in the leachates as it is cost effective and environment friendly. There is a 
great potential in studying the efficiency of microorganisms in leachate treatment, 
but a lot need to be explored in this field. Novel microorganisms having potential 
use in leachate treatment can be explored using modern techniques like metage-
nomics. Biological treatment of leachates from young landfill sites has already been 
proved efficient. The treatment efficiency for leachates from old landfill sites can 
be improved by integrating biological method with physical and chemical methods. 
Natural attenuation through aerated lagoons and phytoremediation is also a means 
for eliminating pollutants in the vicinity of landfill sites. In the present scenario, 
reducing solid waste and hazardous waste components by reuse and recycling 
should be strictly considered. The landfill sites should be properly designed to avoid 
leachate contaminants to soil and groundwater. Proper monitoring, risk assessment, 
and leachate treatment with advanced technologies are very much necessary to 
avoid any kind of serious environmental impact.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Urbanization and industrialization are the main causes of increasing  
contaminated soils in cities all around the world. This leads to numerous aban-
doned lands, reduction in biodiversity, and thereby posing a serious health risk 
for urban inhabitants. The development of effective and ecological remediation 
approaches is necessary. Phytoremediation is well known as an ecological solution 
with good acceptation for remediation of contaminated soils. Since, urban soils 
are particularly characterized by their highly disturbed, heterogeneous and low 
fertility, the application of phytoremediation to rehabilitate contaminated soils 
in urban areas is until now very limited at the laboratory scale and even less at 
the field scale. In this context, we have to take into account all these parameters 
and precautions when it’s application. The main objective of this chapter is to 
discuss how to take phytoremediation approaches from a proven technology to an 
accepted practice in an urban context. An overview of urban soil types is provided 
following phytoremediation’s application for urban soils with the focus on inor-
ganic and organic pollutants, to provide a frame of reference for the subsequent 
discussion on better utilization of phytoremediation. At last, we offer suggestion 
on how to gain greater acceptance for phytoremediation by urban inhabitants.

Keywords: phytoremediation, ecological solution, urban soils, social sciences, 
ecological garden

1. Introduction

Although occupied only a small (<3%) proportion of the Earth’s terrestrial sur-
face, urban soils provide a wide range of ecosystem services to inhabitants of cities 
[1]. In the current context of population growth and urbanization as well as rapid 
industrialization, urban soils have largely disappeared and polluted by different 
types of organic and inorganic pollutants. According to urban scholars, although 
there is an increase of the cultural levels and diverse with more various cities, 
urbanization however generally leads to a reduction in biodiversity and ecosystem 
quality. Over the last decade or more, urban gardening is privileged and growing 
trend in many cities all around the world. For this development, the inhabitants 
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there is an increase of the cultural levels and diverse with more various cities, 
urbanization however generally leads to a reduction in biodiversity and ecosystem 
quality. Over the last decade or more, urban gardening is privileged and growing 
trend in many cities all around the world. For this development, the inhabitants 



Soil Contamination - Threats and Sustainable Solutions

178

should be assured of that the land is clean and safe. It is urgent that urban soil 
remediation projects must be to encourage investments.

Conventional methods of soil decontamination possess disadvantages in forms 
of environmental cost and financial burden. This truth leads to the search of 
ecological technologies for restoration of urban soils. One such approach includes 
phytoremediation. Phytoremediation is a process that uses plant for biological 
treatment of both organic and inorganic from polluted soils in non-urban and 
urban areas. Operating costs are very low, ranging from $ 0.02 to 1.00 per m3 of soil 
[2]. Phytoremediation is based on the use of plant species to extract, retain, immo-
bilize or degrade pollutants in soils. This technique provides good recovery of soils 
contaminated with heavy metals, and petroleum hydrocarbons.

In the urban context, there are two challenges in attracting the application of 
phytoremediation for contaminated soils. First, how do make the application of 
this approach operate and effective? Second, how do inform and train professionals 
and also non-professionals of the remediation of the contaminated soils potential 
offered by phytoremediation approaches. This will encourage the use of an ecologi-
cally, viable and socially accepted depollution technique.

In this chapter, we will discuss how to take phytoremediation approaches from 
a proven technology to an accepted practice in the urban context. An overview of 
urban soil types is provided following phytoremediation’s application for urban 
soils with the focus on inorganic and organic pollutants, to provide a frame of 
reference for the subsequent discussion on better utilization of phytoremediation. 
At last, we offer suggestion on how to gain greater acceptance for phytoremediation 
by urban inhabitant.

2. An overview of urban soil contaminations

2.1 Urban soil type

“Urban soils” could have several definitions according to scientific or technic 
domain considered. For World Reference Base for Soil Resources (WRB), urban 
soils are composed of “any material within two meters of the Earth’s surface that is 
in contact with the atmosphere, excluding living organisms, areas with continuous 
ice not covered by other material, and water bodies deeper than two meters” [3]. 
The Morel and Schwartz team’s works made it possible to complete the definition by 
adding that these soils are under strong human influence in the urban and suburban 
landscape [4–6]. These soils are called Technosols [3]. Their studies begin to be 
more and more important at the beginning of the 21st century with an exponential 
increase in the number of publications concerning urban soils (Figure 1). Indeed, 
before the 2000s, the urban soils were considered too disturbed, polluted and 
poor fertility. Nevertheless, with the ever-increasing population in the city and the 
growing public concern about environment and human health, the restoration or 
rehabilitation and remediation of these soils have become a priority. In the urban 
area, soil is a key issue, subject to very rapid changes in allocation and use (green 
space, gardens, peri-urban agriculture, urban and industrial activities). Soils pro-
vide many essential ecosystems services in urban area, such as carbon and mineral 
nutrients storage, biota’s habitat, role in hydrologic cycle by reducing runoff and 
promoting infiltration, water supply and reduction of pollutant bioavailability.

The main characteristics of urban soils are strong vertical and horizontal 
spatial heterogeneity in terms of physical, chemical and biological properties [7]. 
This strong variability can be explained by differences in occupation and use, 
such as the soils supporting buildings and infrastructures, landscaping areas. 
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Various anthropogenic factors lead to a modification of the initial state of the soil 
in urban zones. Moreover, most of urban land are the new soils created through 
mixing, incorporation, and export of earthy materials, compaction or sealing. 
Unfortunately, the incorporation of these materials leads to frequent pollution 
of these soils. In general, urban soils display raised pH values due to addition of 
calcareous and other waste building materials.

2.2 Pollutant types in urban soil

Due to the human activities, urban soils are contaminated with various organic 
and inorganic pollutants. Among which, polycyclic aromatic hydrocarbons (PAH), 
pesticides, biphenyl-polychlorinated (PCB), metals, metalloids and radionuclides 
are the most abundant. Their presence in soil is undesirable due to their highly toxic 
and the environmental disturbances they create. Soils contain natural quantity of 
potentially toxic metals due to constitution of parent rock materials. Trace metals 
including lead (Pb), cadmium (Cd), mercury (Hg), chromium (Cr), zinc (Zn), 
copper (Cu), nickel (Ni) and some metalloids such as arsenic (As), Selenium (Se), 
manganese (Mn) are toxic for living organisms even at low concentration in soils. 
Whereas some trace metals such as zinc (Zn), copper (Cu), nickel (Ni) are vital ele-
ments for living organisms and their physiological properties (enzyme activators, 
electron transfer system in photosynthesis and respiration). Moreover, the presence 
of hydrocarbons and metals in soils affects negatively seed germination and plant 
growth [8], soil microbial community and activities [9], metabolic capacities of 
plants and microorganisms [10].

Nevertheless, since several decades, the anthropogenic origins of all the urbans 
pollutants are various and mainly attributed to (i) transport sources (traffic, vehicle 

Figure 1. 
Evolution of the number of annual scientific publications on soils (dark gray histogram) and urban soils 
(histogram light gray) in the international scientific literature over the period 2000–2019. Evolution of the 
relative share of publications on soil remediation urban is represented by the black curve, which is estimated as 
% of the total number of publications on urban soils. Bibliometrics on the state of scientific and technological 
knowledge on urban soils has been evaluated with two search engines: Web of Science and Medline, using these 
keywords “urban soil”, “remediation”, “restoration”, “rehabilitation” with different combinations.
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should be assured of that the land is clean and safe. It is urgent that urban soil 
remediation projects must be to encourage investments.
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urban areas. Operating costs are very low, ranging from $ 0.02 to 1.00 per m3 of soil 
[2]. Phytoremediation is based on the use of plant species to extract, retain, immo-
bilize or degrade pollutants in soils. This technique provides good recovery of soils 
contaminated with heavy metals, and petroleum hydrocarbons.

In the urban context, there are two challenges in attracting the application of 
phytoremediation for contaminated soils. First, how do make the application of 
this approach operate and effective? Second, how do inform and train professionals 
and also non-professionals of the remediation of the contaminated soils potential 
offered by phytoremediation approaches. This will encourage the use of an ecologi-
cally, viable and socially accepted depollution technique.

In this chapter, we will discuss how to take phytoremediation approaches from 
a proven technology to an accepted practice in the urban context. An overview of 
urban soil types is provided following phytoremediation’s application for urban 
soils with the focus on inorganic and organic pollutants, to provide a frame of 
reference for the subsequent discussion on better utilization of phytoremediation. 
At last, we offer suggestion on how to gain greater acceptance for phytoremediation 
by urban inhabitant.

2. An overview of urban soil contaminations

2.1 Urban soil type

“Urban soils” could have several definitions according to scientific or technic 
domain considered. For World Reference Base for Soil Resources (WRB), urban 
soils are composed of “any material within two meters of the Earth’s surface that is 
in contact with the atmosphere, excluding living organisms, areas with continuous 
ice not covered by other material, and water bodies deeper than two meters” [3]. 
The Morel and Schwartz team’s works made it possible to complete the definition by 
adding that these soils are under strong human influence in the urban and suburban 
landscape [4–6]. These soils are called Technosols [3]. Their studies begin to be 
more and more important at the beginning of the 21st century with an exponential 
increase in the number of publications concerning urban soils (Figure 1). Indeed, 
before the 2000s, the urban soils were considered too disturbed, polluted and 
poor fertility. Nevertheless, with the ever-increasing population in the city and the 
growing public concern about environment and human health, the restoration or 
rehabilitation and remediation of these soils have become a priority. In the urban 
area, soil is a key issue, subject to very rapid changes in allocation and use (green 
space, gardens, peri-urban agriculture, urban and industrial activities). Soils pro-
vide many essential ecosystems services in urban area, such as carbon and mineral 
nutrients storage, biota’s habitat, role in hydrologic cycle by reducing runoff and 
promoting infiltration, water supply and reduction of pollutant bioavailability.

The main characteristics of urban soils are strong vertical and horizontal 
spatial heterogeneity in terms of physical, chemical and biological properties [7]. 
This strong variability can be explained by differences in occupation and use, 
such as the soils supporting buildings and infrastructures, landscaping areas. 
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in urban zones. Moreover, most of urban land are the new soils created through 
mixing, incorporation, and export of earthy materials, compaction or sealing. 
Unfortunately, the incorporation of these materials leads to frequent pollution 
of these soils. In general, urban soils display raised pH values due to addition of 
calcareous and other waste building materials.

2.2 Pollutant types in urban soil

Due to the human activities, urban soils are contaminated with various organic 
and inorganic pollutants. Among which, polycyclic aromatic hydrocarbons (PAH), 
pesticides, biphenyl-polychlorinated (PCB), metals, metalloids and radionuclides 
are the most abundant. Their presence in soil is undesirable due to their highly toxic 
and the environmental disturbances they create. Soils contain natural quantity of 
potentially toxic metals due to constitution of parent rock materials. Trace metals 
including lead (Pb), cadmium (Cd), mercury (Hg), chromium (Cr), zinc (Zn), 
copper (Cu), nickel (Ni) and some metalloids such as arsenic (As), Selenium (Se), 
manganese (Mn) are toxic for living organisms even at low concentration in soils. 
Whereas some trace metals such as zinc (Zn), copper (Cu), nickel (Ni) are vital ele-
ments for living organisms and their physiological properties (enzyme activators, 
electron transfer system in photosynthesis and respiration). Moreover, the presence 
of hydrocarbons and metals in soils affects negatively seed germination and plant 
growth [8], soil microbial community and activities [9], metabolic capacities of 
plants and microorganisms [10].

Nevertheless, since several decades, the anthropogenic origins of all the urbans 
pollutants are various and mainly attributed to (i) transport sources (traffic, vehicle 

Figure 1. 
Evolution of the number of annual scientific publications on soils (dark gray histogram) and urban soils 
(histogram light gray) in the international scientific literature over the period 2000–2019. Evolution of the 
relative share of publications on soil remediation urban is represented by the black curve, which is estimated as 
% of the total number of publications on urban soils. Bibliometrics on the state of scientific and technological 
knowledge on urban soils has been evaluated with two search engines: Web of Science and Medline, using these 
keywords “urban soil”, “remediation”, “restoration”, “rehabilitation” with different combinations.
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emission, brake and tyre wear), (ii) commercial and industrial emissions (energy 
production, electronics, metallurgical and chemical industries, fuel combustion, 
incineration), (iii) domestic activities (construction and demolition, waste dis-
posal, wastewater), and (iv) agricultural activities (application of fertilizers and 
pesticides, wastewater irrigation) [11].

Soil erosion and storm water runoff in urban areas are the main contributor to 
diffuse pollution according to the United States Environmental Protection Agency 
[12]. Moreover, the incorporation of calcareous and other waste building materials 
into urban soils are no negligible and several inorganic pollutants, especially trace 
metals, are being introduced into these soils leading their use dangerous for human 
health. Degradation of trace metals is not possible; therefore, they are accumulated 
and persist in the soil for many years. The concentration of various pollutants in 
rural and urban areas in France are presented in Table 1. We can see that the con-
centrations of the most of pollutants are superior in urban area than in rural area. 
These data confirm also the heterogeneity of these urban soils and are coherent with 
the concentrations of urban soils of other metropolises (USA, Spain, China, Ireland, 
Finland, Algeria, Nigeria and Iran) [7].

The review of the literature indicates that most scientific articles (>80%) focus 
on metals and little data are available on traditional or emerging organic pollutants 
that are now being detected. Many studies still need to be carried out to assess the 
impact of these pollutants on urban soils and consequently on ecosystem services 
provided by these soils, and more broadly on human health.

2.3 Ecological methods for restoration of contaminated urban soils

As seen earlier in Section 2.1, urban soils are much polluted. It is therefore 
necessary to treat them before any other use, be it for parks or gardens. Obviously, 
depending on the nature of the pollutants (organic or inorganic), their concentra-
tions, and the soil physic-chemical properties, the appropriate technique will 
differ. Moreover, the reason for which monitoring will also be a criterion for the 
choice of operational staff. The remediation technics used for the depollution of 
contaminated site can be in situ or ex situ, on site or off site and biological, physical 
and chemical. They are often employed in combination with each other in order to 
optimize the system more efficiently and cost-effectively.

Ecological methods for soil remediation have received considerable interest in 
the last decade (Figure 1) and exhibit almost 10% of the publications on urban 
soils. This growing interest has several reasons such as potential cost savings com-
pared to conventional non biological techniques and the benefit effects of this tech-
niques on urban soil that are often polluted with a poor fertility. Ecological methods 
the most used in urban soils are phytoremediation, microbes-assisted-remediation, 
and amendment incorporation. Phytoremediation can be used in combination with 
this other technique.

Phytoremediation [10, 11] consists to use of plants to remediate and revegetate 
contaminated sites. Phytoremediation technique was first developed to clean 
up heavy metal(loid)s contaminated soils, thus, the first publications on the 
subject appears at the end of 1980s and beginning of the 2000s for urban soils. 
Phytoremediation is considered environmentally friendly, esthetically pleasing, 
non-invasive and cost-effective technology to clean up the sites with low-to-moder-
ate levels of heavy metal(loid)s (see Section 2).

Amendment incorporation in urban soils corresponds mainly to organic amend-
ment such as compost or biochar [12, 13]. In urban soils, this technique is used since 
2000s for disturbed soils with poor structure and low levels of OM and fertility 
in order to improve the physical properties (such as bulk density, infiltration rate, 
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emission, brake and tyre wear), (ii) commercial and industrial emissions (energy 
production, electronics, metallurgical and chemical industries, fuel combustion, 
incineration), (iii) domestic activities (construction and demolition, waste dis-
posal, wastewater), and (iv) agricultural activities (application of fertilizers and 
pesticides, wastewater irrigation) [11].

Soil erosion and storm water runoff in urban areas are the main contributor to 
diffuse pollution according to the United States Environmental Protection Agency 
[12]. Moreover, the incorporation of calcareous and other waste building materials 
into urban soils are no negligible and several inorganic pollutants, especially trace 
metals, are being introduced into these soils leading their use dangerous for human 
health. Degradation of trace metals is not possible; therefore, they are accumulated 
and persist in the soil for many years. The concentration of various pollutants in 
rural and urban areas in France are presented in Table 1. We can see that the con-
centrations of the most of pollutants are superior in urban area than in rural area. 
These data confirm also the heterogeneity of these urban soils and are coherent with 
the concentrations of urban soils of other metropolises (USA, Spain, China, Ireland, 
Finland, Algeria, Nigeria and Iran) [7].

The review of the literature indicates that most scientific articles (>80%) focus 
on metals and little data are available on traditional or emerging organic pollutants 
that are now being detected. Many studies still need to be carried out to assess the 
impact of these pollutants on urban soils and consequently on ecosystem services 
provided by these soils, and more broadly on human health.

2.3 Ecological methods for restoration of contaminated urban soils

As seen earlier in Section 2.1, urban soils are much polluted. It is therefore 
necessary to treat them before any other use, be it for parks or gardens. Obviously, 
depending on the nature of the pollutants (organic or inorganic), their concentra-
tions, and the soil physic-chemical properties, the appropriate technique will 
differ. Moreover, the reason for which monitoring will also be a criterion for the 
choice of operational staff. The remediation technics used for the depollution of 
contaminated site can be in situ or ex situ, on site or off site and biological, physical 
and chemical. They are often employed in combination with each other in order to 
optimize the system more efficiently and cost-effectively.

Ecological methods for soil remediation have received considerable interest in 
the last decade (Figure 1) and exhibit almost 10% of the publications on urban 
soils. This growing interest has several reasons such as potential cost savings com-
pared to conventional non biological techniques and the benefit effects of this tech-
niques on urban soil that are often polluted with a poor fertility. Ecological methods 
the most used in urban soils are phytoremediation, microbes-assisted-remediation, 
and amendment incorporation. Phytoremediation can be used in combination with 
this other technique.

Phytoremediation [10, 11] consists to use of plants to remediate and revegetate 
contaminated sites. Phytoremediation technique was first developed to clean 
up heavy metal(loid)s contaminated soils, thus, the first publications on the 
subject appears at the end of 1980s and beginning of the 2000s for urban soils. 
Phytoremediation is considered environmentally friendly, esthetically pleasing, 
non-invasive and cost-effective technology to clean up the sites with low-to-moder-
ate levels of heavy metal(loid)s (see Section 2).

Amendment incorporation in urban soils corresponds mainly to organic amend-
ment such as compost or biochar [12, 13]. In urban soils, this technique is used since 
2000s for disturbed soils with poor structure and low levels of OM and fertility 
in order to improve the physical properties (such as bulk density, infiltration rate, 
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hydraulic conductivity, water content, aggregate stability, and porosity) and func-
tion (such as water and nutrients available for plants, support for living organisms, 
etc.). Concerning contaminated urban soils, the studies on biochar has shown its 
ability to bind metals, decrease their mobility and bioavailability, stimulate micro-
bial activity and promote soil revegetation and recovery (see Section 3.3).

Microbes-assisted-remediation [14] or bioremediation is a method involving 
the use of microorganisms to breakdown hazardous contaminants/pollutants to 
nontoxic or harmless forms. This technique was mainly used for organic pollutants. 
It can be also used for inorganic pollutant to stabilize metals or metalloids into 
soil or extract them when associated to phytotechnologies. Bioremediation tech-
niques are mainly of two types: in situ (at the site of contamination) and ex-situ. 
Bioremediation presents several benefits such as economic viability, social accept-
ability, and eco-friendly (see Section 3.1).

3. Phytoremediation in urban context

3.1 Phytoremediation of inorganic pollutants

Inorganic pollutants which include heavy metals and metalloids are release 
into the environment due to human activities of industry, transportation and also 
urban activities. In order to remediate the soils polluted by inorganic pollutants, 
several conventional chemical and physical techniques have been used for decades; 
however, they are expensive and often hard to set-up. Recently, phytoremediation 
is admitted as an appropriate method using plants for the depollution of inorganic 
pollutants. The number of publications related to phytoremediation has only 
increased since the early 2000s with an average of 700 articles per over the last 
5 years (source: Web of science) with 3–5% focused on urban soil. Moreover, 90% 
of these publications are related to phytoremediation of soils contaminated by trace 
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(only for mercury and selenium) and rhizofiltration are still techniques with an 
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tion and phytostabilization which have been applied in the field, and most used to 
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hydraulic conductivity, water content, aggregate stability, and porosity) and func-
tion (such as water and nutrients available for plants, support for living organisms, 
etc.). Concerning contaminated urban soils, the studies on biochar has shown its 
ability to bind metals, decrease their mobility and bioavailability, stimulate micro-
bial activity and promote soil revegetation and recovery (see Section 3.3).

Microbes-assisted-remediation [14] or bioremediation is a method involving 
the use of microorganisms to breakdown hazardous contaminants/pollutants to 
nontoxic or harmless forms. This technique was mainly used for organic pollutants. 
It can be also used for inorganic pollutant to stabilize metals or metalloids into 
soil or extract them when associated to phytotechnologies. Bioremediation tech-
niques are mainly of two types: in situ (at the site of contamination) and ex-situ. 
Bioremediation presents several benefits such as economic viability, social accept-
ability, and eco-friendly (see Section 3.1).

3. Phytoremediation in urban context

3.1 Phytoremediation of inorganic pollutants

Inorganic pollutants which include heavy metals and metalloids are release 
into the environment due to human activities of industry, transportation and also 
urban activities. In order to remediate the soils polluted by inorganic pollutants, 
several conventional chemical and physical techniques have been used for decades; 
however, they are expensive and often hard to set-up. Recently, phytoremediation 
is admitted as an appropriate method using plants for the depollution of inorganic 
pollutants. The number of publications related to phytoremediation has only 
increased since the early 2000s with an average of 700 articles per over the last 
5 years (source: Web of science) with 3–5% focused on urban soil. Moreover, 90% 
of these publications are related to phytoremediation of soils contaminated by trace 
metals and metalloids.

Phytoremediation of inorganic pollutants refers to phytoextraction, phyto-
stabilization, phytovolatilization and rhizofiltration [14, 15]. Phytovolatilization 
(only for mercury and selenium) and rhizofiltration are still techniques with an 
experimental approach and mostly under controlled conditions unlike phytoextrac-
tion and phytostabilization which have been applied in the field, and most used to 
rehabilitate urban soils.

Phytostabilization consist to cover contaminated soil by plants either by seed-
ing or planting. As a consequence, the biological, physical and chemical properties 
of the soils will be improved. The presence of vegetal cover, especially dense root 
system will permit to decrease the dispersion/mobilization of inorganic pollutants 
by promoting (i) water infiltration rather than runoff, (ii) evapotranspiration 
which will limit the percolation of water and thus the leaching of contaminants, 
and (iii) by retaining fine particles. Thus, plants will stabilize inorganic pollut-
ants by accumulating them in the rhizosphere or into roots and will decrease their 
bioavailability. Phytostabilization, despite these many advantages (improvement 
of biological, physical and chemical qualities and consequently the increase in soil 
ecosystem services), is above all more a management strategy for polluted urban 
soils than a depollution technique since trace metals and metalloids remain in the 
soil. The application of amendments promotes the heavy metal stabilization in soils. 
Recently, aided phytostabilization have been used for remediation of urban soils 
[16–18]. This technique consists in the chemical stabilization of inorganic pollutants 
with the combined use of a wide range of soil amendments with a selected plant. 
This soil amendment can be natural mineral (phyllosilicates, zeolites, and oxides), 
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organic substances, industrial or urban wastes and agriculture (manure, straw, and 
composts). This amendment will increase the soil pH and sorption capacity of soil 
rhizosphere (see Section 2.3).

Phytoextraction is based on the ability of plants to grow on contaminated soils, 
absorb inorganic pollutants by their roots and then transfer and accumulate them in 
significant quantities in their aerial organs (stem, leaves, and reproductive organs). 
The pollutant presented in soils must therefore be bioavailable for plants. Thus, 
the phytoremediation process will increase the fraction of metals bioavailable for 
plants depending on a combination between plant physiology, soil microorganisms 
(see Section 3.1), soil chemistry and the interaction between plant and microbes. 
There are many reviews that inventory these hyperaccumulators or high biomass 
accumulating plants used as a function of the major trace metals or metalloids they 
accumulate [14, 19, 20].

Moreover, in order to improve the efficiency of plants involved in phytoextrac-
tion process, many authors proposed the transfer of the hyperaccumulator pheno-
type from small and slow growing hyperaccumulator species to fast growing, high 
biomass-producing non-accumulator plants. Many genes involved in the acquisi-
tion, allocation and detoxification of metals come from bacteria and yeasts [21]. 
For example, some works on bioengineering have used plants capable of removing 
methyl-mercury from contaminated mining and urban soils [22], a strong neu-
rotoxic agents, is biosynthesized in Hg-contaminated soils. To detoxify this com-
pound, transgenic plants have been engineered to express modified bacterial genes 
merB and merA.

In the case of lead (Pb) which is one of the most trace metals presented in urban 
soils (see Section 2.2), the content of bioavailability lead in the soils is very low and 
it is difficult for plant to uptake them. Therefore the rehabilitation of soils pol-
luted be lead is often difficulty. To overcome the problem, it is necessary to realize 
assisted phytoremediation [23]. This technique consists of adding to the soil various 
chemical compounds that can increase the availability of trace metals or metalloids 
in the soil solution. The chemical compounds used are generally aminopolycar-
boxylic acids (APCA), molecules chelating metal cations such as ethylenediamine 
tetraacetic acid (EDTA), nitrilotriacetic acid (NTA), hydroxyethylenediamine-
tetraacetic acid (HEDTA) or diethylenepentaacetic acid (DTPA). Nevertheless, it 
has been shown that the aminopolycarboxylic acids can be toxic for some plants, 
microorganisms or nematodes. Meanwhile organic acids such as citric or oxalic acids 
which are less toxic can be used, but they are less effective in increasing the fraction 
of trace elements easily assimilated by plants. Moreover, transgenic plants have 
been engineered too to overproduce recombinant proteins and chelating molecules 
such as citrate, phytochelatins, metallothioneins, phytosiderophores playing roles 
in chelation and assimilation of metal.

3.2 Phytoremediation of organic pollutants

Due to increased human activities including urbanization and industrialization, 
the pollution of organic pollutants in urban areas has been increased over the last 
decade. Urban and peri-urban soils are often polluted as consequence of human 
activities. The main sources of the urban organic pollutants are (1) the utilization 
of the pesticides in the urban environment, (2) the atmospheric deposition of 
organic pollutants in form gaseous and particulate by transport, (3) the using of 
urban waste composts as amendments in urban agriculture and (4) the develop-
ment of urban industry. According to the results of bibliographic research over the 
last 20 years on website Web of Sciences, phytoremediation of organic pollutants in 
non-urban and urban soils generally involved several classes of compounds which 
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are mostly polycyclic aromatic hydrocarbons (PAHs) [24, 25], polychlorinated 
biphenyls (PCBs) [26] and petroleum hydrocarbons (PHCs) [27] and others low 
molecular weight compounds such as benzene, toluene and xylene [2] (Table 1).

Phytoremediation for organic contaminants takes place at two levels: inside and 
outside of plant cells. Like the mechanisms of phytoextraction (absorption) which 
is the primary of phytoremediation for inorganic pollutants as described above (see 
Section 2.1), some low molecular weight organic contaminants can be taken up by 
root and then to be accumulated and/or degraded in planta [28]. However, most 
of organic contaminants are generally too large and/or hydrophobic therefore they 
cannot to be absorbed by plants. Two primary ex planta mechanisms of phytoreme-
diation for organic contaminants are (1) rhizodegradation via the active microbial 
communities in the rhizosphere, and (2) phytodegradation via the plant enzymes. 
For rhizodegradation, rhizosphere microbial community through by their meta-
bolic process transform the organic pollutants (hydrocarbon) to microbial bio-
mass, bioenergy, carbon dioxide and also water for their development [2, 29]. For 
phytodegradation, plants used for phytoremediation excrete various extracellular 
enzymes including laccases, dehalogenases, nitrilase, nitroreductases and peroxi-
dases degrading the organic contaminants [30]. Recently, numerous works have 
reported that different plant species and varieties are able to be used for phytoreme-
diation of organic contaminants. Most of plant used belong to ornamental woody 
and herbaceous species [31]. Particularly, the utilization of different plant species 
of Asteraceae family, potential and suitable candidates, for phytoremediation of 
organic in urban areas was well quoted in the review presented by [32].

Over recent years, the number of works in phytoremediation for organic con-
taminants has intensely increased with many encouraging results that have emerged 
regarding the capacities of several plants to degrade specific organic contaminants. 
To make phytoremediation for organic compounds successful, it is fundamental to 
understand (1) the type of soil to be treated, (2) the concentration and the fate of 
each organic pollutants and (3) the relations between the physical, chemical and 
biological parameters. Urban soils are known to have particular characteristics that 
have mentioned above, therefore the application of this technology in urban pol-
luted soils remains a daunting challenge for scientists. An exploratory bibliographic 
research on the Web of Science from 2000 to 2020 show that a few works use 
greenery to eliminate the organic pollutants in urban context since its application 
can be limited by many factors including climate and anthropogenic modifications 
of the soil (e.g. impacts on soils by urban-rural temperature contrast also known as 
urban heat islands) [33].

3.3 Challenges and perspectives of phytoremediation’s application in urban soils

The urban context is very particular with regard to its location, spatial hetero-
geneity, pollution and usage. Even if urban soils are not intended to be reclaimed, 
there is still a risk to the health of the local population. It is for this reason that it is 
necessary to rehabilitate these soils. Many studies present the evidence results in 
utilization of different ornamental plant species for phytoremediation (e.g. family 
Asteraceae) can survive under such adverse urban conditions. In situations where 
the city budgets are limited and no alternative treatment can be carried out, the 
use of phytoremediated-plants could be affordable, sufficient, economically and 
community acceptable. Thus, plants play also a significant role in preservation 
of green spaces through enforcement of environmentally sustainable city plan-
ning. This application presents wealth of opportunities for city designers of urban 
landscapes and a good compromise to enhance urban diversity using phytoremedia-
tion in association with water infrastructures and open space on multiple scales. 
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organic substances, industrial or urban wastes and agriculture (manure, straw, and 
composts). This amendment will increase the soil pH and sorption capacity of soil 
rhizosphere (see Section 2.3).
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absorb inorganic pollutants by their roots and then transfer and accumulate them in 
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the phytoremediation process will increase the fraction of metals bioavailable for 
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(see Section 3.1), soil chemistry and the interaction between plant and microbes. 
There are many reviews that inventory these hyperaccumulators or high biomass 
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tion process, many authors proposed the transfer of the hyperaccumulator pheno-
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biomass-producing non-accumulator plants. Many genes involved in the acquisi-
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For example, some works on bioengineering have used plants capable of removing 
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pound, transgenic plants have been engineered to express modified bacterial genes 
merB and merA.
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soils (see Section 2.2), the content of bioavailability lead in the soils is very low and 
it is difficult for plant to uptake them. Therefore the rehabilitation of soils pol-
luted be lead is often difficulty. To overcome the problem, it is necessary to realize 
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which are less toxic can be used, but they are less effective in increasing the fraction 
of trace elements easily assimilated by plants. Moreover, transgenic plants have 
been engineered too to overproduce recombinant proteins and chelating molecules 
such as citrate, phytochelatins, metallothioneins, phytosiderophores playing roles 
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activities. The main sources of the urban organic pollutants are (1) the utilization 
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are mostly polycyclic aromatic hydrocarbons (PAHs) [24, 25], polychlorinated 
biphenyls (PCBs) [26] and petroleum hydrocarbons (PHCs) [27] and others low 
molecular weight compounds such as benzene, toluene and xylene [2] (Table 1).

Phytoremediation for organic contaminants takes place at two levels: inside and 
outside of plant cells. Like the mechanisms of phytoextraction (absorption) which 
is the primary of phytoremediation for inorganic pollutants as described above (see 
Section 2.1), some low molecular weight organic contaminants can be taken up by 
root and then to be accumulated and/or degraded in planta [28]. However, most 
of organic contaminants are generally too large and/or hydrophobic therefore they 
cannot to be absorbed by plants. Two primary ex planta mechanisms of phytoreme-
diation for organic contaminants are (1) rhizodegradation via the active microbial 
communities in the rhizosphere, and (2) phytodegradation via the plant enzymes. 
For rhizodegradation, rhizosphere microbial community through by their meta-
bolic process transform the organic pollutants (hydrocarbon) to microbial bio-
mass, bioenergy, carbon dioxide and also water for their development [2, 29]. For 
phytodegradation, plants used for phytoremediation excrete various extracellular 
enzymes including laccases, dehalogenases, nitrilase, nitroreductases and peroxi-
dases degrading the organic contaminants [30]. Recently, numerous works have 
reported that different plant species and varieties are able to be used for phytoreme-
diation of organic contaminants. Most of plant used belong to ornamental woody 
and herbaceous species [31]. Particularly, the utilization of different plant species 
of Asteraceae family, potential and suitable candidates, for phytoremediation of 
organic in urban areas was well quoted in the review presented by [32].

Over recent years, the number of works in phytoremediation for organic con-
taminants has intensely increased with many encouraging results that have emerged 
regarding the capacities of several plants to degrade specific organic contaminants. 
To make phytoremediation for organic compounds successful, it is fundamental to 
understand (1) the type of soil to be treated, (2) the concentration and the fate of 
each organic pollutants and (3) the relations between the physical, chemical and 
biological parameters. Urban soils are known to have particular characteristics that 
have mentioned above, therefore the application of this technology in urban pol-
luted soils remains a daunting challenge for scientists. An exploratory bibliographic 
research on the Web of Science from 2000 to 2020 show that a few works use 
greenery to eliminate the organic pollutants in urban context since its application 
can be limited by many factors including climate and anthropogenic modifications 
of the soil (e.g. impacts on soils by urban-rural temperature contrast also known as 
urban heat islands) [33].

3.3 Challenges and perspectives of phytoremediation’s application in urban soils

The urban context is very particular with regard to its location, spatial hetero-
geneity, pollution and usage. Even if urban soils are not intended to be reclaimed, 
there is still a risk to the health of the local population. It is for this reason that it is 
necessary to rehabilitate these soils. Many studies present the evidence results in 
utilization of different ornamental plant species for phytoremediation (e.g. family 
Asteraceae) can survive under such adverse urban conditions. In situations where 
the city budgets are limited and no alternative treatment can be carried out, the 
use of phytoremediated-plants could be affordable, sufficient, economically and 
community acceptable. Thus, plants play also a significant role in preservation 
of green spaces through enforcement of environmentally sustainable city plan-
ning. This application presents wealth of opportunities for city designers of urban 
landscapes and a good compromise to enhance urban diversity using phytoremedia-
tion in association with water infrastructures and open space on multiple scales. 
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Phytoremediation seems to be a promising technique but there are still many 
challenges, especially in an urban context. Indeed, the use of this technique is long 
(several decades) and restricted. Phytoremediation is thus limited by the area 
explored by plant roots and the low growth and low biomass produced. Moreover, 
this biomass cannot be used as compost because it is considered as contaminated 
waste. It is therefore necessary to select the right plant, adapted to urban soils, 
non-invasive in order not to alter the floristic diversity and capable of mobilizing 
metals even if they are not bioavailable. Thus, for each urban soil, a risk assessment 
should be carried out to protect local biodiversity before introducing alien species, 
but also a study should be carried out to better understand the interaction between 
the factors in the rhizosphere (metals/soil/microorganisms/plant roots).

Urban soils are increasingly being used for urban agriculture, either for private 
use or for small-scale local production. Thus, one of the big challenges is to cultivate 
while respecting food security and human health but there is a lack of data. To 
remediate to its problem, more and more works were focused on the combination 
of phytoremediation and food production [34]. At present, there are no large-scale 
studies, and most of this work reports on experiments with crop/phytoremediating 
plants combinations. There is always the problem of the biomass produced, can it be 
consumed? Can it be used as compost? Legislation in all countries is very vague or 
non-existent and needs to be strengthened. Research needs to be further continued 
to overcome these challenges of establishing food production on urban soils by car-
rying out studies on the translocation of pollutants in plants and their bioaccumula-
tions, eco-toxicological risk assessment and soil legislation.

4. Improving the efficiency of phytoremediation in urban context

In spite of the fact that phytoremediation has a great of advantages in compari-
son to other technologies, it has also some limitations. The process of the phytore-
mediation is very slow from a few months to several years. The most of the plant 
used for phytoremediation have often small aboveground biomass and slow growth 
rate, and shallow root system, therefore very limits for their application in large-
scale operations. Also, the low concentration of contaminants in form bioavailabil-
ity in soils cause a low ability of contaminant absorption by plants.

To improve these limitations, one alternative that we will mention in this chapter 
is the use of (1) specific microorganisms such as fungi and bacteria, (2) earthworms, 
considered as ‘ecosystem engineers’ of soil, and (3) amendment such as biochar. All 
these complementary methods will permit to increase the growth of plants, biotic 
and abiotic stress tolerance and all the processes associated, such as mineral nutrient 
absorption, roots exudation and rhizosphere microbial activities, will be improve the 
process of the phytoremediation.

4.1 Using microorganisms (symbiont: fungi and bacteria)

4.1.1 Using fungi-assisted phytoremediation

A fungus (plural: fungi) belongs to the group of eukaryotic organisms. These 
organisms forms a kingdom that is separate from the other eukaryotic life king-
doms of plants and animals. Fungi are heterotroph, since they obtain carbon and 
energy from organic matter. Two major functional categories of fungi are sapro-
phytic and mycorrhizal fungi. Saprophytic fungi decompose nonliving organic 
matter and they are important agents in soil mineralization processes and carbon 
cycle. Mycorrhiza are symbiotic species associated with vascular plants. There are 
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eight main types of mycorrhizal symbioses based on their morphology and not on 
a biological reality [35].

According to pollutant type (organic and inorganic), the mycorrhizal fungi will 
be different. Whatever the pollutants, the selection of an appropriate host plant with 
mycorrhizae is of primary importance to improve phytoremediation. For organic 
pollutants such as polycyclic aromatic hydrocarbons (PAH), endophytic fungi is pref-
erentially used to increase the efficiency of phytoremediation [36, 37]. For example, 
arbuscular myccorhizal fungi (AMF), belonging to the phylum Glomeromycota, form 
ubiquitous mutualistic interactions with roots of 80–90% of vascular plants species. 
AMF is widely used to degrade PAH. The hydrocarbons remediating potential of 
other endophytic fungi have been reported since the last decades. Thus, Pestaliotopsis 
microspora associated to the Dendrobium plant species have shown an efficient deg-
radation potential of plastic polyester polyurethane. Phomopsis liquidambari degrade 
efficiently PAH in Bischofia polycarpa [36]. These symbiosis between endophytic 
fungi and vascular plants permit an increase of plant growth and hydrocarbons 
biodegradation by roots and its microflora associated, an improvement of adsorption 
and bioaccumulation of hydrocarbons by roots [38, 39].

For inorganic pollutants such as trace metals or metalloïds, some endophytic 
fungi, especially AMF that can increase the uptake of arsenic or other metals such 
as zinc, copper or lead [39]. Nevertheless, it has been shown that the most effective 
fungi in terms of host plant adaptation are ectomycorrhizae and ericoid mycorrhi-
zae [35, 40, 41]. Indeed, the great development of the extraracinar mycelium allows 
it to explore a large volume of soil but also to store more metals and transform them 
into a less toxic form thanks to a wide range of enzymatic activities.

The interaction mycorrhizae-plant symbiosis and inorganic pollutants has three 
advantages. First, fungi can tolerate a high level of metal toxicity. Second, they are 
able to remove inorganic pollutants from soil and water. Finally, they promote plant 
growth even in polluted soils.

4.1.2 Using bacteria-assisted phytoremediation

In healthy soil, bacteria represents billons of unicellular organism and thousands 
of different species. Bacteria play a crucial role in ecosystem service of soil such 
as decomposers. As a consequent, bacteria release nutrients that other organisms 
could not access. Nevertheless, environmental and structural characteristics of 
urban soil greatly influence soil microbes. Indeed, anthropogenic impacts such 
as organic and inorganic pollutants in technosols and in urban runoff can shift 
the abundance and diversity of bacterial communities [42]. For example, it has 
been shown that in urban soils the main phyla identified are Acidobacteria, 
Actinobacteria and Proteobacteria.

In the rhizosphere zones, bacteria interact with plant root in form of commen-
salism or mutualism. These root associated beneficial bacteria that plays an impor-
tant role in acquisition for nutrient, tolerance to abiotic stress and also defense 
against pests are referred to as the plant-growth-promoting rhizobacteria (PGPR) 
[43]. Therefore, PGPR have been mainly considered to use in phytoremediation in 
order to increase the efficiency of the phytoremediation. Recently, another bacterial 
type called plant growth-promoting endophytic bacteria (PGPE) which have been 
shown to act as PGPR are widely used in phytoremediation [44].

In the phytoremediation context, the microbial mechanisms direct and indirect 
that can improve the efficiency of phytoremediation are differ depending the 
pollutant types including organic or inorganic. Generally, root assisted-bacteria are 
used in order to improve the adaptation of hyperaccumulator plants to suboptimal 
urban soil conditions (see Section 2.1, 2.2 and 2.3) and ameliorate the efficiency 
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Phytoremediation seems to be a promising technique but there are still many 
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scale operations. Also, the low concentration of contaminants in form bioavailabil-
ity in soils cause a low ability of contaminant absorption by plants.

To improve these limitations, one alternative that we will mention in this chapter 
is the use of (1) specific microorganisms such as fungi and bacteria, (2) earthworms, 
considered as ‘ecosystem engineers’ of soil, and (3) amendment such as biochar. All 
these complementary methods will permit to increase the growth of plants, biotic 
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doms of plants and animals. Fungi are heterotroph, since they obtain carbon and 
energy from organic matter. Two major functional categories of fungi are sapro-
phytic and mycorrhizal fungi. Saprophytic fungi decompose nonliving organic 
matter and they are important agents in soil mineralization processes and carbon 
cycle. Mycorrhiza are symbiotic species associated with vascular plants. There are 
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as organic and inorganic pollutants in technosols and in urban runoff can shift 
the abundance and diversity of bacterial communities [42]. For example, it has 
been shown that in urban soils the main phyla identified are Acidobacteria, 
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In the phytoremediation context, the microbial mechanisms direct and indirect 
that can improve the efficiency of phytoremediation are differ depending the 
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used in order to improve the adaptation of hyperaccumulator plants to suboptimal 
urban soil conditions (see Section 2.1, 2.2 and 2.3) and ameliorate the efficiency 
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of phytoremediation. For inorganic pollutants including trace metals, the mecha-
nisms employed for enhance the phytoremediation involve improvement of plant 
growth by increasing mineral contents, plant metal tolerance by phytohormones 
products, and capacity of absorption and accumulation by producing organic 
acid and metal-specific ligands (e.g. siderophores) [45]. We can here cite some 
research works on the phytoremediation of metals facilitated by soil bacteria. The 
bacterial species Bacillus sp. MN3-4 which is a lead-resistant bacterium enhanced 
phytoremediation potential of plant Alnus firma by reducing the phytotoxic effects 
of metals [46]. A nickel-resistant PGPB Pseudomonas sp. A3R3 increased the 
capacity of Ni-accumulation of Alyssum serpyllifolium plant by production of ACC 
deaminase and IAA, siderophore synthesis and polymer hydrolyzing enzyme [47]. 
Besides, many works show that the use of plant growth-promoting rhizobacteria 
(PGPRs) as complementary process for metal phytoremediation leads to (i) higher 
plant growth by improving soil properties and biological activities under toxic 
metal stress, (ii) decrease phytotoxicity, and (iii) decrease oxidative damage to 
plant tissues that are exposed to high metal trace content by increasing antioxidant 
enzymatic systems [48, 49].

Unlike inorganic pollutants, for organic pollutants whose molecules contain 
principally carbon, the principal bacterial mechanisms when phytoremediation’s 
applied is related to pollutant co-metabolism and/or degradation pathways [50]. In 
fact, exogenous as well as endogenous bacteria have a system of co-metabolism of 
the organic pollutants as the sole carbon source with amino acid, lipid, fatty acids 
and organic acids. Alternatively, these bacteria come to colonize in the rhizosphere 
and benefit the production of root exudates, consisting of sugar, fatty-acid, organic 
acids, amino acids and other carbon-containing compounds for growth and degrade 
these organic pollutants [51].

Although a lot of research points out many advantages this alternative technol-
ogy, to our knowledge, no work on phytoremediation of pollutants facilitated by 
soil bacteria in urban areas has been carried out. To apply this technique in urban 
context, we must take into account all the parameters, consisting of bacterium, 
plant species, soil composition and nutrient (see Section 2), pollutant type and 
concentration as well as the competition with other organisms that can limit the use 
of phytoremediation in the field.

4.2 Using soil fauna: in case of earthworms

Earthworms act as soil ecosystem engineers because of their crucial role in 
building galleries and in the decomposition of organic matter; therefore they play 
an important role in agriculture production [52, 53]. In polluted soils, various spe-
cies of earthworms including Eisenia fetida, Lumbricus terrestris, Lumbricus rubellus 
and Aporrectodea caliginosa can survive in soils polluted with metals and even 
accumulate heavy metals including Cd, Pb, Cu and Zn [54]. This leads to the ideas 
of earthworm’s application for phytoremediation. On the one hand, earthworms 
can improve the soil physical and chemical properties and increase the soil fertility 
through an amelioration of the microbial activities. On the other hand, through 
their activity, earthworms increase the bioavailability of heavy metals in soils 
which is a primordial factor controlling the success of heavy metal phytoextraction 
[54–56]. In the case of mercury, for example, mercury changed from the stable 
crystalline iron oxide state to the mobile amorphous oxide state by earthworm’s 
activities [57]. In spite of their important role in the bioavailability of heavy met-
als allowing the improvement of phytoremediation, the majority of studies using 
earthworms for phytoremediation has been developed to improve the capacity of 
microorganisms inoculated in soils (call bioaugmentation) to establish, survive 
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and colonize the rhizosphere. Earthworms are known to help (1) settlement of 
inoculated microorganism, (2) enhancement of microbial survival (e.g. by supply-
ing nutrients) and (3) distribution of microorganisms in soil, earthworms insuring 
transport.

A summary of the mechanisms direct and indirect of earthworm’s effect on soil 
microorganisms and plants was presented in Figure 2.

Despite a large body of literature on the benefit for soil and plants by earthworm 
actions, the research on earthworms-assisted phytoremediation has just started 
on a laboratory scale with some encouraging results [55, 56]. The attention of this 
research topic is expanding by the time with an increasing the sum of times cited 
per year according to the citation report from Web of Science Core Collection 
between 2010 and 2020 (Figure 3). Outdoor experiments up to fields scale need to 
be investigated and documented.

4.3 Using soil amendment (biochar)

Urban soils are often nutrient poor and polluted. They are degrading more and 
more quickly with the loss of organic matter and soil permeability that cause the 
negative impacts on soil structure with increasing in soil density due to soil com-
paction and other factors. To overcome these deficiencies, the addition of natural 
organic matter including compost has been recognized to increase the bio-physico-
chemical qualities of these urban soils [58–60]. Among the different composts, the 
application of biochar, which is a carbonaceous solid material, is used preferentially 
for urban soils. Biochar is derived from the pyrolysis of biomass. All cellulose, lignin 
and other non-carbonic materials gasify and are burned. Only pure carbon remains 
with approximately 40% of the carbon originally contained in biomass.

Figure 2. 
Mechanisms direct and indirect of earthworm’s effect on plant and microorganisms in the phytoremediation 
context.
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4.3 Using soil amendment (biochar)
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Rather than an amendment (because it is very poor in nutrients), biochar would 
behave as a soil structure and perhaps as a catalyst, via mechanisms of action that 
are still poorly understood. The incorporation of biochar decreases the mobility 
and bioavailability of metals, thus decreasing their translocation in plants while 
improving the soil characteristics such as infiltration rate, hydraulic conductivity, 
porosity and therefore the water content. The growing of plants and water cycle is 
also improved.

Biochar, as a carbon-rich, stable and sustainable product, also acts as a carbon 
sink, which explains why it is attracting growing interest in the context of concerns 
about human-induced global warming. It could be one of the immediate solutions 
to the overall negative impact of urban and agricultural activities with the use of 
fossil carbon in the form of fuels, greenhouse gas emissions and tillage that degrades 
the carbon sink that humus constitutes.

Nevertheless, the application of biochar presents possible negative effects. 
Biochar may contain toxic elements naturally present in its composition and which 
may lead to an increase in pollution when incorporated. This can affect living 
organisms and the functioning of the soil. Moreover, because of the dust formed 
during their application, it present a risk for human health. There is still little data 
on its negative impacts.

To date, most of the studies has focused on the impact of compost on soil char-
acteristics in agricultural area and relatively little data has been carried out in urban 
area. Future research should focus on the optimization of compost rates (quantity, 
depth…) in order to standardize the use of biochar on soil to minimize the bioac-
cessibility of pollutants and maximize soil/water relations and plants reestablish-
ment [59].

5. Social aspects linked to phytoremediation in urban context

5.1  Perceptions and social acceptability of phytoremediation method: some 
elements for thought

The use of the words acceptability, social acceptance or social reception gives 
rise to terminological debates [61]. Acceptability is indeed a term vague enough to 
be used frequently [61]. We can nevertheless consider the social acceptability of a 
project as a process of social construction born from the confrontation of the argu-
ments of the different actors and which results in an identification of the population 
concerned with the values carried by the said project. Some stress the fact that 
this dialog often comes down to the implementation of a communication strategy 

Figure 3. 
Citation report of the sum of times cited per year on the topic “earthworms” and “phytoremediation” from web 
of sciences. This report reflects citations to source items indexes within web of science Core collection. Perform a 
cited reference search to include citations to items not indexed within web of science core collection.
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intended to convince the target audience as part of a top-down conception of a 
project [62]. The acceptance term is sometimes preferred but can imply a form of 
resignation of the inhabitants compared to a project conceived in a non-concerted 
way ([61], according to [63]). Some therefore prefer to use the term “acceptance” 
[61] after [64], others prefer the term “social reception”. In fact, we can speak of 
acceptance of a project when it is appropriate by a population that identifies with 
the objectives pursued and the methods mobilized by it. This appropriation is 
conditioned by the perception of the project.

For psychology, perception is the function that allows the body to receive, 
process and interpret information received which comes from the surroundings 
through the senses. This construction is obviously specific to the type of informa-
tion, to the individual or group who receives it and to the context in which it is 
disseminated. Thus a project will be perceived and therefore appropriate differently 
according to the economic, social, historical context, according to the modalities of 
diffusion of the information and the nature of this one, and obviously according to 
the type of actors diffusing and receiving the information and their expectations.

If we particularly consider phytoremediation projects, the perception by the 
population concerned is influenced by multiple factors: first of all, the identifica-
tion of the risk associated with soil pollution and the potential benefits expected 
from phytoremediation [65]. This identification is closely linked to knowledge of 
the health risks involved. It was highlighted in a Quebec mining site, that the knowl-
edge by all of a strong soil pollution whose effects on the health of populations are 
clearly highlighted, facilitates the acceptance of phytoremediation projects. In this 
case, the benefit is clearly identifiable and the populations are extremely favorable 
to a method of depollution considered as ecological.

However, if the populations of mining sites are alerted to the health risks 
linked to these forms of pollution [66] which is not necessarily the case in urban 
areas where pollution is old and associated with activities considered to be less 
polluting. Thus, the spreading of Parisian mud on the fields of farmers located in 
the immediate suburbs of Paris in the 19th century was not initially considered 
as a polluting activity [67]. In addition, the renewal of the population in a good 
number of urban regions leads to a lack of knowledge of the history of soils and 
associated pollution.

In most cases, the esthetic and landscaping criteria has an essential role in the 
reception that can be given to this type of project [68]. The revegetation of soils in 
neighborhoods that the image is devalued by an industrial or mining past and the 
presence of brownfields, constitutes a benefit clearly identifiable by the population 
who have been living there for a long time or more recently. Revegetation is often 
equated with an embellishment and an improvement of the living environment 
from an ecological point of view.

The different phytoremediation methods used, can, however, raise questions 
about the choice of species (sometimes non-native and poorly accepted by local 
residents), the fate of pollutants and the time required to obtain results [65]. 
Phytoextraction raises the question, for example, of the fate of plants that  
have absorbed a certain amount of pollutants, including trace metals, and their 
treatment [69].

Good reception of the project can be facilitated by working upstream with the 
inhabitants in order to make them aware of the characteristics of the different phy-
toremediation methods and their effects. Consultation on the landscapes desired 
by local residents would make it possible to consider the choice of species that can 
be used appreciated [61]. This work obviously requires a time of information and 
consultation that is added to the time necessary to obtain the first effects of the 
different phytoremediation methods.
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intended to convince the target audience as part of a top-down conception of a 
project [62]. The acceptance term is sometimes preferred but can imply a form of 
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equated with an embellishment and an improvement of the living environment 
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It is also difficult to envisage social acceptability without considering the poten-
tial economic benefits. In terms of costs, phytoremediation is a much less expensive 
technique than conventional techniques, however it still seems to be little applied 
[70]. In this regard, it should be emphasized that local communities such as com-
panies specializing in soil remediation are often ill-informed and poorly trained or 
little trained in this type of alternative techniques and prefer to apply better known 
and better controlled methods such as excavation and backfilling of polluted areas. 
It seems that phytoremediation is struggling to get out of the purely scientific and 
experimental sphere. The time required to obtain significant results is a constraint 
both for development companies, local authorities and for the population. In the 
process of acceptability of phytotechnologies, an articulation between these differ-
ent temporalities constitutes an issue to be taken up.

In addition, the techniques of economic valuation of the biomass resulting from 
phytoremediation by the production of energy are still often experimental and little 
diffused and/or applied. Its transformation into energy, whether by thermodynamic 
processes (combustion, pyrolyse, roasting) or by biological processes (methaniza-
tion), poses the problem of becoming pollutants and in particular of the trace 
metals contained in the biomass, in particular in the case phyto-extraction (ash 
after combustion, digestate after production of biogas). The acceptability of soil 
remediation projects through phytoremediation depends on the benefits known to 
society (population and decision-makers) and the value attributed to them.

5.2 Potential social benefits of phytoremediation

The social benefits attributed to phytoremediation can therefore be considered 
through the prism of ecosystem services. This concept, first imagined by ecolo-
gists, has been mobilized and widely publicized since the Millennium Ecosystem 
Assessment (2015); the objective sought was to promote the protection of ecosys-
tems by assigning economic and social value to the services provided by them [71]. 
Ecosystem services can therefore be defined as the benefits provided by ecosystems 
to human societies. A general distinction is made between production (or supply) 
services, regulation services and cultural services. Despite the reservations which 
are made by ecologists and sociologists among others with regard to this concept 
and the reflections as to a “commodification of nature”, this can be useful here to 
consider the potential economic and social benefits of phytoremediation opera-
tions [71, 72]. These are a few lines of inquiry and not an exhaustive analysis. The 
purpose of phytoremediation is to reconstitute an ecosystem allowing depollution 
of the soil or stabilization of pollutants in the soil.

The most directly perceptible benefit for the population is undoubtedly land-
scaped and esthetic. The revegetation of polluted sites, often fallow land can on 
the one hand radically modify the urban landscape and the image of districts or 
cities sometimes stigmatized by their industrial or mining past, and thus procure 
an embellishment to which the local populations are sensitive [61]. On the other 
hand, this revegetation can in certain conditions and ultimately provide spaces for 
relaxation and leisure. In this sense, these are the benefits associated with cultural 
services that can be highlighted.

The benefit most directly sought by this type of project is obviously soil reme-
diation. It can be clearly identified by the population, particularly in regions where 
health risks are known. Beyond the management of this pollution, it is also the 
structure and fertility of the soils that will be improved if not restored: the greater 
permeability of these soils is an asset to limit runoff and potential flooding in 
certain cases and a restoration of the water cycle more generally, including filtering 
and purification functions provided by vegetation [13].
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We should add that in the context of sustainable city projects, revegetation via 
phytoremediation can contribute to the objectives of reducing greenhouse gases 
and improving air quality, plants storing carbon in their tissues via photosynthesis. 
The plants introduced into phytoremediation operations, whether local or not, 
participate in the maintenance or dissemination of a certain diversity of flora and 
therefore fauna and can be integrated into larger projects for the maintenance or 
development of urban biodiversity. The areas benefiting from these projects can 
thus be associated with the construction of ecological corridors within the frame-
work of the green and blue frames promoted in recent years at different territorial 
scales. Phytoremediation can therefore help to provide regulatory services for the 
restoration of these ecosystems in urban areas.

The valorization of the biomass produced within the framework of these 
revegetation operations, can in certain cases and in the long term, be envisaged 
of different forms. Burning and pyrolizing wood products produces gas. Oil from 
pyrolysis can also be used in the composition of certain fuels, while ash and biochar 
(vegetable charcoal) can be reincorporated into the soil as fertilizers. The roasting 
of this woody biomass provides fuel. Non-woody plant waste subjected to anaerobic 
digestion allows for the production not only of gas but also of digestates; these can 
also be reintroduced into the soil [13]. These are therefore production or supply 
services which can be highlighted and fairly easily economically quantifiable.

The assessment of these social and environmental amenities provided by phy-
toremediation projects are, however, for the most part complex to assess and account 
for economically, in particular regulation and cultural services. The monetary 
calculation of the direct or indirect services rendered could however minimize the 
real costs of soil rehabilitation projects and facilitate their wider implementation.

5.3 Potential eco-garden with plant used in phytoremediation

Phytoremediation is a plant-based technology that make us think about the 
potential eco-garden whom urban residents can profit the green and beautiful land-
scapes and easily accept it. Ecological gardens can be viewed in two ways depending 
on the target audience. For city managers, these gardens are installed in a sustain-
able way to cover polluted soils and thus limit the risks to the population. The plants 
that will be used are, in general, ornamental plants that will require little mainte-
nance and will be durable over time. A list of ornamental plant species provided 
(see more in [31]) belonging to different plant groups: trees, shrub, and herbaceous 
which have a good potential phytoremediation for heavy metal are already used for 
remediate the polluted soils. For this purpose, the exploitation of ornamental plants 
could be an additional option. At the top, we raise the points that we need to take 
care when application of phytoremediation. We propose also that phytoremediation 
could be successfully exploited in urban territories; in these contexts, many herba-
ceous and others are suitable for planting because of their ornamental features and 
adaptability to inhabited areas.

For the surrounding population, these ecological gardens have several roles, 
first of all a food production role, an educational role by promoting social cohesion. 
Thus, one of the big challenges is to cultivate while respecting food security and 
human health. Research needs to be further continued to overcome these challenges 
of establishing food production in combination with phytoremediation in urban 
areas by carrying out studies on eco-toxicological risk assessment.

Phytoremediation consist of different process and mechanisms such as absorp-
tion and accumulation of pollutant in plant as well as degradation. In the case of the 
contaminants are absorbed and accumulated in plant, risks in allotments are higher 
because of transfer of pollutants to the food chain [73]. Phytoremediation with 
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degradation process maybe more suitable. In all cases, it is recommended to take 
precautions when you want to install eco-gardens on the polluted soils with hyper 
accumulator plants. High precautions has to be paid to parks, playgrounds, kinder-
gartens and urban zones where residents come into close contact with soils. There 
are various species of ornamental plants in the literature, the choice of plant species 
depends on the climate, the tastes and traditions of each country.

6. Conclusions

From what we can see, phytoremediation is indeed an ecological and economical 
technology, acceptable and efficient to remediate the polluted soils. However, this tech-
nology is not actually widely applied in the urban context but it has many advantages 
regardless of the technique chosen or the pollutants present. Thus, the redevelopment 
of urban land in cities has become a priority. Since the implementation in 2006 of the 
draft European Directive on soil protection, which gives priority to soil diagnosis and 
remediation, the general objective of the European strategy has been to protect soil 
and guarantee its sustainable use by preventing its degradation, preserving its func-
tions and restoring degraded soils. Despite these many improvements, legislation on 
these soils is either non-existent or very vague. Moreover, we have very little experi-
ence with trials of remediation of urban soils by the technique of phytoremediation. 
Nevertheless, the first results are promising with a stabilization of pollution, a decrease 
in erosion, a decrease in heat islands, and an increase in biodiversity with the imple-
mentation of ecological corridors in urban soil management. Research needs to be 
further continued to overcome these gaps on urban soils.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Phytoremediation: A Synergistic 
Interaction between Plants 
and Microbes for Removal of 
Petroleum Hydrocarbons
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Abstract

Rapid industrialization leads to the deterioration of quality of life and the  
environment. Petroleum hydrocarbon pollution is one of the contributing factors to 
that. Petroleum hydrocarbons (PHCs) are natural products, and under high tem-
perature and pressure, they are produced by the anaerobic conversion of biomass. 
Excessive use of PHCs leads to pollution in the agriculturally important soils and 
the ultimate source of potability of water, that is, groundwater which is gaining 
significant attention throughout the world. The fortuitous release of PHCs such as 
gasoline, diesel, and heating oil are common sources of groundwater contamination. 
The PHC concentrations in groundwater are often above drinking water standards 
and bioremediation actions have to be taken. Due to their organic nature, PHCs are 
difficult to degrade as unavailable for microbial action. Due to this, PHCs are the 
most widespread environmental contaminants. Plant-microbe synergistic association 
for remediation of PHCs is comprehensive and it is an effective tool for reclamation 
of soil and environment from these kinds of undesirable materials. In addition to 
providing plant growth promotion, microbes can degrade PHCs effectively.

Keywords: petroleum hydrocarbon, biosurfactants, PGPR, biodegradation

1. Introduction

Different types of petroleum hydrocarbons exist, which include saturates, 
aromatics, asphaltenes, and resins (i.e., pyridines, quinolines, carbazoles, sulfoxides, 
and amides). Microbes degrade these PHCs to different extents due to their different 
bioavailability to microbial action. Soils are complex, highly dynamic systems that 
are the product results from interactions between abiotic and biotic processes that 
have taken place over billions of years. The result is a spatially complex environment 
that leads to the spatial and temporal heterogeneity of microbial activity and their 
diversity. The role of plants and the soil-living microbes remains, to a large extent, 
unexplored. However, the action of microbes to degrade organic contaminants 
into harmless compounds has been explored to treat contaminated environments. 
This approach is referred to as phytoremediation. Phytoremediation is a term that 
describes the application of plants to reduce the contaminant and its mobility or 
toxicity in soil, groundwater, or other media [1]. Phytoremediation has been increas-
ingly considered as an appropriate strategy to restore hydrocarbon-polluted soils in 
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ecologically protected areas and agricultural fields. In addition to this, the bioaug-
mented bacterial species in ecologically protected areas, even if for bioremediation 
purposes, remains technically questionable because soils usually contain indigenous 
microbime capable of metabolizing hydrocarbons [2, 3]. In addition to phytore-
mediation, the use of hydrocarbon-utilizing microorganisms reduces contaminant 
toxicity by excretion of variety of biosurfactants which are biodegradable and 
consequently environmentally safe for the reclamation of polluted environments. 
Different kinds of microorganisms have been found to produce this surfactant, 
including plant growth-promoting rhizobacteria (PGPR). These PGPRs which are 
established bio-enhancers and biocontrol agents, due to the possession of properties 
to solubilize phosphate, produce IAA (indole acetic acid), and sequester iron under 
stress conditions through production of siderophores, will be best if used for reme-
diation of oil-contaminated sites as this will serve two purposes. On the one hand, 
they will promote plant growth, and second, by producing biosurfactants that will 
enhance the process of remediation of oil-contaminated sites.

2. Petroleum hydrocarbon phytotoxicity

Soil physicochemical and biological properties are majorly deteriorated by 
petroleum hydrocarbon pollution resulting in deleterious effects to plant health and 
the environment.

The availability of different nutrients like exchangeable iron, phosphorous, 
sulfate, soil water, and soil air and such changes affect plants adversely.

Hydrostatic anaerobic conditions interfere with the soil plant water relations and 
seriously harm to plants [4, 5].

The effects of different contaminants on soil plant and microbes depend on the 
extent and the type of contamination [6].

Contamination of soil results in deterioration of soil properties leads to the 
damage of crop and the soil may remain not suitable for plant health for several 
months or years. The soil microflora and its fertility are drastically reduced by 
undesirable contamination [7].

Extensive damages of soil due to contamination may be for long term. Diesel 
fuel kills plants cells on contact but it is not a systemic killer. During taking up water 
and other nutrients diesel fuels reached to the plant roots and damage the roots, and 
this restrict the plant from uptake of essential nutrients. It can also create imbalance 
in soil, plant and water relationship [8].

3. Remediation approach

According to Langbehn and Steinhart [9], various approaches significantly treat 
the problem soil including thermal treatment (physico-chemical techniques), the 
extraction of gases or liquid matter, soil washing, solidification, stabilization etc. 
However, these techniques require very heavy equipment, require huge amount of 
energy and are very expensive. According to Rahman et al. [10], efficient removal 
of petroleum HCs contamination in the soil remains a challenge.

3.1 Phytoremediation

Bio-phytoremediation or the synergistic association between plants and their 
rhizosphere microbiome for removal of contaminants from the environment has 
recently become an area of huge possibilities and the intense experimentation [11].
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The environmental contaminants mainly caused threat to the plant development 
germination and root elongation, and these are the two critical stages that are sensi-
tive for contaminant [12].

Some plants which are tolerant to the contaminants show successful germination 
and root elongation.

For the removal of oil from contaminated soil plants, including grasses and 
legumes, proved with higher potential as compared to other plants [13, 14] due to 
the higher root surface area, root elongation, and better soil compaction [13].

According to Wiltse et al. [15], crude oil contamination reduces in the rhizo-
sphere by 33–56% compared to control by using various strains of alfalfa (Medico 
sativa L.), whereas after 8 weeks, 80% of diesel fuel degraded with an alfalfa treat-
ment (Komisar and Park [16]), and 46% of crude oil was removed in 12 weeks of 
interval with broad bean (Vicia faba) as compared to 33% without plants.

Reilley et al. [17] evaluated switchgrass as an independent species for PHCs 
remediation.

According to Jordahl et al. [18], for bengene, toluene, xylenes (BTX) phytoreme-
diation, the hybrid poplar trees (Populus deltoides x nigra) rhizosphere showed the 
potential results.

Wild and Jones [19] investigated that carrot peels were accumulated with PAHs 
to a maximum value of 200 μg total PAHs kg−1 dry weight in laboratory condition.

4. Mechanism of action by plants

4.1 Phytodegradation/transformation

The degradation of contaminants by using plant-produced enzymes release 
of into the soil or through metabolic processes can be divided into components 
including absorption, translocation, and contaminants metabolism by the plant 
and the root exudates-mediated degradation of contaminant.

4.1.1 Fate of contaminants by the action of plants

The ability of a plant metabolize organic pollutant is generally dependent on the 
bioavailability of the pollutant, and it is reflected by the octanol-water partition 
coefficient, Kow, of the pollutant [20, 21].

For the plant action for the contaminant, the type of plants and contaminant 
also affect the bioavailability of contaminant [22].

Cunningham and Berti [20] explained depending factors of plant to absorb, 
translocate, and metabolize the contaminant (Kow values in log scale) as 
described below.

i. With log Kow ≤ 1, plants are able to absorb, translocate, and metabolize 
hydrophilic contaminants.

 As these contaminants are with high bioavailability, their absorption is 
controlled by water influx into the plant and they may cause groundwater 
contamination.

ii. With log Kow values between 1 and 4, plants are able to absorb, translocate, 
and metabolize the contaminants. According to Briggs et al. [23], the highest 
contaminant concentration translocated at shoots part with log Kow of 1.8, 
with declining concentrations at higher and lower values of log Kow.
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iii. With log Kow values larger than 4 plants are generally unable to absorb, 
translocate, and metobilize contaminants due to high hydrophobicity  
and the contaminant adsorbs to lipids on the root surface of the  
plant [20–22].

The contaminant absorbed by the plant may be translocated to different plant 
parts where it is metabolize partially or completely or incorporated into cellular 
constituents and volatilized [22, 24]. This whole process that includes absorption, 
translocation, and volatilization called as phytovolatilization.

4.1.2 Significance of root exudates

Role of root exudates may aid remediation direct degradation of contaminants. 
Root exudates increase the access of the pollutant, soil lubrication, and acting as 
co-metabolites with PHCs.

According to Schnoor et al. [22], few plant-based enzymes are able to remediate 
2,4,6-trinitrotoluene (TNT) and trichloroethylene (TCE).

The bioavailability of the contaminant is the extent to which a pollutant is 
accessible for to microbial activity [25].

Root exudates (organic acids in nature) may enhance the pollutant bioavailability 
by competing with the original pollutant for absorption/adsorption sites in the soil 
due to structural similarity.

Roots are also release lipids and sterols that have been found to increase the 
bioavailability of contaminants and making them available for microbial degrada-
tion. The root passages of plants are also facilitating by lipids and sterols.

Root exudates may act as co-metabolites with the pollutant as root exudates are 
structurally similar with PHCs [26]. Root exudates and pollutant that are structurally 
similar showed in Figure 1.

4.2 Phytovolatilization

According to Farrell and Germida [25], there is pollutant movement from the 
soil or groundwater and into the plants and then to the atmosphere, which is called 
phytovolatilization. This happened when the pollutant is absorbed by the roots, 
translocated to the plant, and volatilized into the atmosphere.

4.3 Phytostabilization

According to Farrell and Germida [25], plants use to restrict the pollutant in the 
soil or groundwater called “phytostabilization” and it can be explained by three 
mechanisms: (1) absorption, (2) root accumulation, and (3) surfaces adsorption by 
root and entering into humic matter in the plant rhizosphere. All three mechanisms 
are dependent on the value of Kow as explained above.

4.3.1 Absorption by root and accumulation

In absorption and accumulation, contaminant remains restricted in the roots 
of the plant. The translocation of the contaminants is not possible into the rest of 
the plant and are therefore not degraded, incorporated into the cell structure, or 
volatilized. This may happen for contaminants with a log Kow value between  
1 and 4 [20].
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4.3.2 Root adsorption

In these mechanisms, contaminants are immobilized by adsorption to lipids on 
the surface of the roots. This may happen for contaminants with a log Kow value 
above 4 [20–22].

5. Degradation of organic contaminants by microorganisms

The halogenated products of petrochemicals and mineral oil constituents are 
the most important classes of organic contaminants in the environment. Microbial 
degradation of organic contaminants normally occurs as a result of microorganisms 
act on the contaminant for their own metabolisms and production cellular constit-
uents or reproduction. Organic contaminants used by microorganisms as a source 
of carbon and electrons that the organisms use to obtain energy [26].

According to Committee on In Situ Bioremediation in the year 1993, the 
microbial metabolism of contaminants involves aerobic respiration. Anaerobic 
respiration, co-metabolism, fermentation, reductive dehalogenation, and the use of 
inorganic compounds as electron donors: these are the variations in metabolism by 
microorganisms.

Interestingly, bacteria are capable of rapidly distributing genetic information 
to each other, thus allowing them to adapt rapidly to adverse environment, such as 
exposure to new pollutants [27].

The dioxygenase enzyme plays a significant role in aerobic biodegradation of 
PAHs by involving the incorporation of two atoms of molecular oxygen into the 
contaminant and production of less toxic compounds such as acids, alcohols, 
carbon dioxide, and water [28–30].

Figure 1. 
Similar structures of root exudates and chemical pollutants.
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Similar structures of root exudates and chemical pollutants.



Soil Contamination - Threats and Sustainable Solutions

206

In contrast, biodegradation by eukaryotic fungi which is similar to the biodegra-
dation mechanism found in mammals initially it involves the incorporation of only 
one atom of oxygen into the PAHs (polycyclic aromatic hydrocarbons) [29, 31–33].

Although most of the time fungal transformations result in compounds that are 
less toxic than the parent PAHs, while some of the minor metabolites are produced, 
they are more toxic compounds than the PAHs [33].

The microbial breakdown and removal of contaminants are interrelated processes 
that occur in the soil.

According to Lyman et al. [34], biodegradation is the microbial-mediated 
chemical transformation of organic compounds, while microbial uptake is the 
direct removal of the contaminant by adsorbing compounds to the membrane 
surface or by absorbing compounds through the membrane.

These two processes are interrelated in that the contaminant taken up may be the 
original contaminant or a biotransformation product.

That microbes are able to degrade and take up pollutants has been well studied, 
and it is the conceptual basis for other remediation techniques like air sparging, 
land farming, composting, bioreactors, intrinsic remediation, and others [35].

Depending upon the microorganisms, a number of different microorganisms are 
able to degrade a number of different PHCs, and the specific catabolic pathway used 
is dependent on the microbe and pollutants.

In general, microbes degrade PHCs by adsorbing the contaminant to the membrane 
surface or absorbing the contaminant through the membrane and by using oxygenase 
enzymes, incorporating oxygen into, and cleaving the structure of the hydrocarbon.

Finally, oxidation of subsequent end products and incorporation into the Krebs 
cycle may result in the final degradation step and the release of CO2, H2O, and 
energy [35, 36] but the complete degradation does not always happen. Sometimes 
end products may be directly degraded by microbes and not degraded further or 
may be degraded to smaller, simpler, more stable intermediaries and then incorpo-
rated into the soil as humus or soluble acids, ketones, and alcohols [34].

The biodegradation of the contaminants are depends on the size of the contami-
nant and the types and geometry of its bonds. PHCs have bonds that microbes have 
difficulty breaking or are not able to break due to their ring structure and hydro-
phobic nature. For example, linear alkanes were found to be more readily degrad-
able than branched alkanes or ring structure [35].

Diverse group of microbes able to degrade different contaminant depending on 
the sites/ locations of contamination. Not all microbes are able to directly take up all 
contaminants. This results in variations of PHCs and microbial population com-
position over time and space with the most rapidly degradable HCs and associated 
microbes being replaced by less degradable hydrocarbons and associated microbes. 
According to Riser-Roberts [35], one kind of microorganism is very rarely able to 
fully degrade any other specific contaminant. The diverse microbial populations are 
able to do effective remediation of the contaminants.

6. Plants and microbes synergy for PHCs biodegradation

Plants have been shown to facilitate organic contaminant degradation principally 
by providing optimal conditions for microbial proliferation in the root zone. The 
degradation processes are influenced not only by rhizospheric microorganisms 
but also by specific properties of the host plant [37]. If plants can be successfully 
acclimatized on polluted soils, then the plant-microbial interaction in the root zone 
(rhizosphere) may provide an economical method for enhancing microbial degrada-
tion of complex PHCs (Figure 2).
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7. Enhanced rhizosphere degradation

The enhanced rhizosphere degradation is the breakdown of pollutant in the 
soil as a result of microbial activity that is enhanced in the presence of the rhizo-
sphere [25] and should include another process in plant-mediated remediation, 
that is, phytoremediation, the removal of contaminants from the soil. Enhanced 
microbial activity in the rhizosphere provides the health benefits to the plant 
and the entire phytoremediation system. Komisar and Park [38] showed that 
vegetated (alfalfa) soils with diesel contamination observed more microbial count 
and rapid removal of contaminant. Banks et al. [39] observed that viable counts 
in soil spiked with polyaromatic and aliphatic hydrocarbons were higher in the 
presence of alfalfa than in soil without plants. Root elongation and growth opens 
deeper soil to better water infiltration and oxygen diffusion [40]. Root surfaces 
provide adhesive zone for soil microorganisms, and roots can disrupt soil aggre-
gates and increase biodegradation of entrapped hydrophobic contaminants [41]. 
These studies showed how root growth increases microbial activity. Gunther et al. 
[14] showed that rhizosphere microbial community was mainly responsible for 
enhanced hydrocarbon disappearance as compared to root free soil. Hou et al. [42] 
found that due to higher rye grass root intensity, an increase in the degradation 
of contaminant. Banks et al. [41] observed that the huge reduction in total petro-
leum hydrocarbon (TPH) concentrations occurred in period with the greatest 
root growth, but did not evaluate concurrent microbial activity. Gunther et al. 
[14] found that soil planted with ryegrass reduced a greater amount of a mixture 
of hydrocarbons than soil without plant. The mixture of hydrocarbon includes 
n-alkanes (C10, C14 to C18, C22, and C24), also pristane, hexadecane, phenanthrene, 
anthracene, fluoranthene, and pyrene. After 22 weeks, the initial hydrocarbon 
concentration of 4330 mg total hydrocarbon per kg soil decreased to nearly 
120 mg per kg soil (97% reduction) in planted soils as compared to 790 mg per kg 
soil (82% reduction) in soil without plant.

Figure 2. 
Mechanism of plant microbe interaction for petroleum HCs pollutants remediation.
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In contrast, biodegradation by eukaryotic fungi which is similar to the biodegra-
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(rhizosphere) may provide an economical method for enhancing microbial degrada-
tion of complex PHCs (Figure 2).
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8. Role of microorganisms in reducing phytotoxicity to plants

Other significant role played by microbes involves their ability to reduce the 
phytotoxicity of contaminants to the plants system and can facilitate plant to grow 
in adverse soil environment, thereby stimulating the degradation of phytotoxic and 
non-phytotoxic contaminants [26].

According to Walton et al. [37], the defenses of plants to contaminants may be 
supplemented rhizopheric microbial activity for degradation of contaminants. The 
plants and microbes have synergistically work together for dealing with phytotoxicity, 
where microorganisms benefit from the root exudates while the plants benefit from 
the ability of microorganisms to break down toxic chemicals and PGPR properties. 
Rasolomanana and Balandreau [43] observed that rice growth was improved in soil oil 
residues had been applied.

The authors hypothesized that the increased growth resulted from the co-
metabolic action of bacterial species (genus Bacillus) by using root exudates in the 
rhizosphere polluted with the oil residues.

8.1 PGPR

Plant growth-promoting rhizobacteria (PGPR) were first described by Kloepper 
and Schroth [44] as the soil bacteria that colonize the roots zone of plants by inocu-
lation onto seed and that enhance plant growth. The bacteria inhabiting plant roots 
and facilitate the plant growth by the mechanisms are referred to as plant growth-
promoting rhizobacteria (PGPR).

The plant growth-promoting rhizobacteria (PGPR) facilitate plant growth either 
directly or indirectly. The direct benefits to the plants are provided by the produc-
tion of plant growth regulators such as auxine and cytokinines and by increasing 
the plant uptake of some micro and macro elements in the rhizosphere [45] and 
indirectly, through the action of biological control of plant pathogens or induction 
of host defense mechanisms [46–48].

The synergistic action that exists between plants and microbes in the rhizosphere 
plays significant roles in enhancing the efficacy of phytoremediation [49–54]. Root 
exudates can stimulate the growth of PGPR, which in turn can alleviate plant stress 
by lowering stress ethylene, facilitating the nutrient uptake and/or by degrading/
sequestering soil contaminants [55].

These microorganisms are nourished and carried through the soil by plant roots 
[50]. The soil with large volumes of roots results the microbial population can reach 
to the concentrations upto ~1012 microbes per gram of soil [56].

This leads to increase the microbial population to ~500 kg ha−1 [57] in the 
rhizosphere zone. With the PGPR association, plant root growth enhanced and 
potentially used volume of soil and accelerating salt remediation.

According to Glick [58, 59], among many PGPR properties, the ACC (1-ami-
nocyclopropane-1-carboxylic acid) deaminase activity is the key characteristic 
because PGPR use the ACC as an N source. Ethylene synthesis significantly reduced 
by using ACC, the precursor in plants to ethylene. [58, 60, 61] showed that by 
inhibiting ethylene synthesis, tolerance to stress has been observed. Some PGPR 
also observed to produce auxin to facilitate root growth.

Many strains of genus Pseudomonas observed as potential PGPR due to poses 
PGPR properties like 1-aminocyclopropane-1-carboxylate (ACC) deaminase 
activity, indole acetic acid (IAA) and siderophore, P, Zn, K solubilization, etc. 
Due to ACC deaminase activity, ethylene level could not harm root growth and 
development. Pseudomonas spp. provides better root elongation, seedling survival, 
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biocontrol properties, etc. The detrimental effects of PHCs are significantly 
reduced by the synergistic action of plant microbes’ association.

8.2 Evaluating phytoremediation as a potential remediation technology

According to DOE [62], previous remediation processes posed with risk in 
human health or ecological imbalance, while remedial process like phytoremediation 
must offer advantages of reduction of health risk or cost-effectiveness over excava-
tion and landfilling of polluted material as compared to the traditional approach.

8.3 Benefits of phytoremediation

Various benefits of phytoremediation have been explained or established:

• Phytoremediation can be more eco-friendly than other technologies.

• Phytoremediation may be suitable for cost savings more than 50% over  
traditional technologies [63].

• Phytoremediation offers the restoration of ecosystems, habitat to animals, 
biodiversity conservation, and reduces anthropogenic activities [62–64].

• Phytoremediation provides better environment for sustainable life [64].

• Erosion caused by wind or water may be significantly reduced by vegetation [64].

• Trees plantation decreases energy consumption and provides shade to  
buildings [65].

• Sequesters carbon and facilitates as carbon sink.

9. Conclusion and recommendations

Due to their hydrophobic nature, PHCs are pollutants with higher priority as 
they are difficult for degradation. Retention of these pollutants poses threat to 
biodiversity and environmental health. The reclamation of environment from 
PHCs’ contamination is a global problem. Bio-phytoremediation proved to be an 
economic and alternative approach as compared to the physico-chemical process. 
Many factors that influence the remediation process, which include nutrition, 
physical conditions, microbial diversity, contaminant bioavailability, etc., can play 
an important role in the bio-phytoremediation of PHCs. Due to plant and microbe 
synergy, both possess enzymes, root exudates, etc. for better interaction of plant 
microbes with the contaminant. Therefore, phytoremediation with the involvement 
of microorganisms can be considered a key process of PHCs’ remediation. The 
increase in our understanding of the bio-phytoremediation and the mechanisms 
by which petroleum hydrocarbons biodegradation occur will prove helpful for 
predicting the environmental fate of these compounds and for developing practical 
PHCs’ bioremediation strategies in the future. It is crucial to continue in developing 
a technology which is cost-effective, feasible, and can remediate PHCs and other 
environment contaminants. Further study could be conducted for scaling up this 
technology or approach.
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because PGPR use the ACC as an N source. Ethylene synthesis significantly reduced 
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inhibiting ethylene synthesis, tolerance to stress has been observed. Some PGPR 
also observed to produce auxin to facilitate root growth.

Many strains of genus Pseudomonas observed as potential PGPR due to poses 
PGPR properties like 1-aminocyclopropane-1-carboxylate (ACC) deaminase 
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Due to ACC deaminase activity, ethylene level could not harm root growth and 
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biocontrol properties, etc. The detrimental effects of PHCs are significantly 
reduced by the synergistic action of plant microbes’ association.

8.2 Evaluating phytoremediation as a potential remediation technology

According to DOE [62], previous remediation processes posed with risk in 
human health or ecological imbalance, while remedial process like phytoremediation 
must offer advantages of reduction of health risk or cost-effectiveness over excava-
tion and landfilling of polluted material as compared to the traditional approach.

8.3 Benefits of phytoremediation

Various benefits of phytoremediation have been explained or established:

• Phytoremediation can be more eco-friendly than other technologies.

• Phytoremediation may be suitable for cost savings more than 50% over  
traditional technologies [63].

• Phytoremediation offers the restoration of ecosystems, habitat to animals, 
biodiversity conservation, and reduces anthropogenic activities [62–64].

• Phytoremediation provides better environment for sustainable life [64].

• Erosion caused by wind or water may be significantly reduced by vegetation [64].

• Trees plantation decreases energy consumption and provides shade to  
buildings [65].

• Sequesters carbon and facilitates as carbon sink.

9. Conclusion and recommendations

Due to their hydrophobic nature, PHCs are pollutants with higher priority as 
they are difficult for degradation. Retention of these pollutants poses threat to 
biodiversity and environmental health. The reclamation of environment from 
PHCs’ contamination is a global problem. Bio-phytoremediation proved to be an 
economic and alternative approach as compared to the physico-chemical process. 
Many factors that influence the remediation process, which include nutrition, 
physical conditions, microbial diversity, contaminant bioavailability, etc., can play 
an important role in the bio-phytoremediation of PHCs. Due to plant and microbe 
synergy, both possess enzymes, root exudates, etc. for better interaction of plant 
microbes with the contaminant. Therefore, phytoremediation with the involvement 
of microorganisms can be considered a key process of PHCs’ remediation. The 
increase in our understanding of the bio-phytoremediation and the mechanisms 
by which petroleum hydrocarbons biodegradation occur will prove helpful for 
predicting the environmental fate of these compounds and for developing practical 
PHCs’ bioremediation strategies in the future. It is crucial to continue in developing 
a technology which is cost-effective, feasible, and can remediate PHCs and other 
environment contaminants. Further study could be conducted for scaling up this 
technology or approach.
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Abstract

Increased threat of metals simultaneous to the biota well-being and the environs 
is continually causing a major apprehension worldwide. The phytoremediation tech-
nique is highly advantageous involving the natural processes of plants viz., transloca-
tion, evapotranspiration, and bioaccumulation, thus degrading contaminants slowly. 
In particular, nanophytoremediation is a rapid green alternative as it reduces the 
ancillary impacts of the environment such as green gas emissions, waste generation, 
and natural resource consumption to the present scenario as there is a great potential 
of nanoparticles from plants which can be synthesized. Nanophytoremediation is a 
current methodology for remediation of pollutants, contaminants by using synthe-
sized nanoparticles from plants. In this, the use of different strategies enhances the 
selective uptake capabilities of plants. The metal elements in excess are affecting the 
physiological processes in plants; thus, it is necessary to apply nanophytoremedia-
tion technology through transgenic plants. In this review paper, we focused on plant 
species, which can be used as metal tolerant, hyperaccumulators. Due to the insur-
mountable pressure of a sustainable cleaner environment, bioremediation can be 
concurrent with nanoparticles for efficient and effective sustainable measures.

Keywords: nanoparticles, phytoremediation technologies, hyperaccumulators, 
bioelements, contaminants, transgenic plants

1. Introduction

Plants are autotrophic in nature, thus are self-sufficient in the utilization of 
sunshine and CO2 as energy and carbon sources. The vegetation mostly depends on 
its roots for water, nutrients, and minerals from groundwater and soil. The main-
tenance of the greener environment is mostly integrated with plants. Further, the 
sustainability of these plants depends on the environment, which is contaminated 
mostly from anthropogenic activities and pollution. In contrast, plants also absorb 
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sustainability of these plants depends on the environment, which is contaminated 
mostly from anthropogenic activities and pollution. In contrast, plants also absorb 
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diverse compounds that are toxic in nature, thus can be considered as an efficient 
detoxification mechanism for the removal of contaminants. Thus, from this 
viewpoint, plants are employed effectively in the treatment of contaminants viz., 

Treatment Mechanism Medium

Phytodegradation Degradation of plant uptake organics Surface and 
groundwater

Rhizofiltration Roots can uptake metals Surface waters and 
water pumped through 
troughs

Bioremediation supported 
by plants

Enhanced microbial degradation in the 
rhizosphere

Soils and groundwaters 
within the rhizosphere

Phytoextraction Metal uptake and the presence of metal 
concentration directly via plant tissue with 
the subsequent exclusion of plants for biomass 
degradation.

Soils

Phytostabilization Root exudes which causes metal precipitation, 
thus decreases the bioavailability

Soils, groundwaters, 
and tailings in a mine

Phytovolatilization Evapo transpires Se, Hg, and volatile organics Soils and groundwaters

Phytomining Inorganic substance extraction from mine ore Soil

Removal of organics Volatile organics are left out through the plant Air

Rhizosecretion Molecular farming methodology, which 
secretes natural products and recombinant 
proteins from roots.

Soil

Vegetative caps Rainwater is evapotranspiration, preventing 
contaminant leaching from a waste disposal site

Soil

Table 1. 
Technologies related to phytoremediation.

Figure 1. 
Illustration of physiological processes occurring in plants during phytoremediation.
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organic contaminants, polyaromatic hydrocarbons, which are potentially viable 
in contaminant detoxification. Previously, the traditional remediation of metal-
contaminated soil includes on-site management and subsequent disposal of wastes 
to another landfill site. However, this makes the site hazardous with additional 
risks of migration of contamination. There are various clean-up techniques for 
soils that can be categorized as physical, chemical, and biological. There are reports 
of the chemical and physical processes, which have limitations viz., great price, 
labor intensive, variations in properties of soil, and disturbance of the native soil 
microflora, whereas chemical techniques increase secondary pollution problems 
with large volumetric sludge which increases the cost. The biological remediation 
processes consist of bioventing, bioleaching, bioremediation, bioreactors, bioaug-
mentation, biostimulation, and land forming. In this context, the phytoremediation 
technology has been in existence in par with other remediation technologies as a 
novel natural ecological, biological remediation process.

Phytoremediation created from Greek prefix “phyto” means plant and Latin suf-
fix “remedium” means remedy or restore. Phytoremediation is a versatile technology 
to treat polluted soils, pollutants, deposits, and groundwater, in a profitable as well 
as environmental welcoming the usage of plants [1], thus can be referred to as natu-
ral green biotechnology Figure 1 denotes the different phytoremediation technolo-
gies. Phytoremediation technology is suitable against several types of contaminants 
[2] in the atmosphere in a variety of media, as mentioned in Table 1.

Nanoparticles Plant

Silicon-Germanium 
(Si-Ge) 
nanoparticles

Freshwater diatom Stauroneis sp.

Au and Ag 
nanoparticles

Pelargonium graveolens, Hibiscus rosasinensis, Citrus sinensis, Diospyros kaki 
(Persimmon), Emblica officinalis, Phyllanthium, Mushroom extract, Coriandrum 
sativum

Ag nanoparticles Elettaria cardamom, Parthenium hysterophorus, Euphorbia hirta,
Ocimum sp., Nerium indicum, Brassica juncea, Azadirachta indica, Pongamia pinnata, 
Clerodendrum inerme, Opuntia ficus-indica, Gliricidia sepium, Desmodium triflorum, 
Carica papaya, Coriandrum sativum, Peargoneum graveolens, Avicennia marnia, 
Aloe vera extract, Capsicum annum, Rhizophora mucronata, Ceriops tagal, Rumex 
hymenosepalus, Pterocarpus santalinus, Sonchus asper

Au nanoparticles Terminalia catappa, Banana peel, Mucuna pruriens, Medicago sativa, Allium cepa L.,  
Camellia sinensis L., Chenopodium album L., Justicia gendarussa L., Macrotyloma 
uniflorum (Lam) Verde, Azadirachta indica A. Juss, Magnolia kobus and Diospyros 
kaki, Cinnamomum zeylanicum, Mentha piperita L., Mirabilis jalapa L., Syzygiuma 
romaticum, Terminalia catappa L., and Amaranthus spinosus

Ag, Ni, Co, Zn and 
Cu nanoparticles

Brassica juncea, Medicago sativa, and Helianthus annuus

Platinum 
nanoparticles

Diospyros kaki and Ocimum sanctum L.,

Palladium 
nanoparticles

Cinnamomum zeylanicum Blume, Cinnamomum camphora L., Gardenia jasminoides 
Ellis., Soybean (Glycine max) L.,

Lead nanoparticles
Indium oxide 
nanoparticles
Gold/Silver 
bimetallic 
nanoparticles

Vitis vinifera L. and Jatropha curcas L.
Aloe vera (Aloe barbadensis Miller),
Azadirachta indica (Neem)

Table 2. 
Numerous nanoparticles synthesized from the plants.
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Table 1. 
Technologies related to phytoremediation.

Figure 1. 
Illustration of physiological processes occurring in plants during phytoremediation.
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organic contaminants, polyaromatic hydrocarbons, which are potentially viable 
in contaminant detoxification. Previously, the traditional remediation of metal-
contaminated soil includes on-site management and subsequent disposal of wastes 
to another landfill site. However, this makes the site hazardous with additional 
risks of migration of contamination. There are various clean-up techniques for 
soils that can be categorized as physical, chemical, and biological. There are reports 
of the chemical and physical processes, which have limitations viz., great price, 
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microflora, whereas chemical techniques increase secondary pollution problems 
with large volumetric sludge which increases the cost. The biological remediation 
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as environmental welcoming the usage of plants [1], thus can be referred to as natu-
ral green biotechnology Figure 1 denotes the different phytoremediation technolo-
gies. Phytoremediation technology is suitable against several types of contaminants 
[2] in the atmosphere in a variety of media, as mentioned in Table 1.

Nanoparticles Plant

Silicon-Germanium 
(Si-Ge) 
nanoparticles

Freshwater diatom Stauroneis sp.

Au and Ag 
nanoparticles

Pelargonium graveolens, Hibiscus rosasinensis, Citrus sinensis, Diospyros kaki 
(Persimmon), Emblica officinalis, Phyllanthium, Mushroom extract, Coriandrum 
sativum

Ag nanoparticles Elettaria cardamom, Parthenium hysterophorus, Euphorbia hirta,
Ocimum sp., Nerium indicum, Brassica juncea, Azadirachta indica, Pongamia pinnata, 
Clerodendrum inerme, Opuntia ficus-indica, Gliricidia sepium, Desmodium triflorum, 
Carica papaya, Coriandrum sativum, Peargoneum graveolens, Avicennia marnia, 
Aloe vera extract, Capsicum annum, Rhizophora mucronata, Ceriops tagal, Rumex 
hymenosepalus, Pterocarpus santalinus, Sonchus asper

Au nanoparticles Terminalia catappa, Banana peel, Mucuna pruriens, Medicago sativa, Allium cepa L.,  
Camellia sinensis L., Chenopodium album L., Justicia gendarussa L., Macrotyloma 
uniflorum (Lam) Verde, Azadirachta indica A. Juss, Magnolia kobus and Diospyros 
kaki, Cinnamomum zeylanicum, Mentha piperita L., Mirabilis jalapa L., Syzygiuma 
romaticum, Terminalia catappa L., and Amaranthus spinosus

Ag, Ni, Co, Zn and 
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Brassica juncea, Medicago sativa, and Helianthus annuus

Platinum 
nanoparticles

Diospyros kaki and Ocimum sanctum L.,

Palladium 
nanoparticles

Cinnamomum zeylanicum Blume, Cinnamomum camphora L., Gardenia jasminoides 
Ellis., Soybean (Glycine max) L.,

Lead nanoparticles
Indium oxide 
nanoparticles
Gold/Silver 
bimetallic 
nanoparticles

Vitis vinifera L. and Jatropha curcas L.
Aloe vera (Aloe barbadensis Miller),
Azadirachta indica (Neem)

Table 2. 
Numerous nanoparticles synthesized from the plants.



Soil Contamination - Threats and Sustainable Solutions

218

Figure 2. 
Publication trends for phytoremediation as per the ScienceDirect database—year-wise publications,  
(a) category wise and (b) journal wise.

Phytoremediation technique has its own limitations:

a. Slow remediation time

b. Plant waste after phytoremediation

It is seen previously that plants [3] have a tendency to produce nanoparticles 
under appropriate conditions, as mentioned in Table 2. The deployment of con-
tained contaminants remains equally in situ and ex situ. One of the newer tech-
niques of in situ remediation, nanotechnology has been in focus with the usage of 
nanomaterials in various laboratory investigations and field applications, mostly in 
North America and Europe. But in India, nanophytoremediation is not practiced. 
Although nanophytoremediation can be an economically viable process, proper 
utilization can be ecologically useful.

Several studies report the usage of nanoparticles to have an affirmative effect on 
plants. Mixed TiO2 (nano) and SiO2 (nano) were presented into soybean (Glycine 
max) increasing activity of nitrate reductases, which sped the plant propagation 
by increasing the water absorption and fertilizer utilization (Lu et al., 2001). 

219

Nanophytoremediation: An Overview of Novel and Sustainable Biological Advancement
DOI: http://dx.doi.org/10.5772/intechopen.93300

Similarly, it was found by studies that carbon dots (CDs) promote growth in 
mung bean at 0–1.0 mg/mL concentration (Li et al., 2016). This result supports 
that nanoderivatives like carbon dots can absorb and utilize nutrients that induce 
a physiological response. Although there are studies on nanoparticles that can 
cause toxicity, it has not been yet elucidated for most nanoparticles. It is vividly 
important to study nanoparticles and their effect on plant growth mechanisms to 
prevent the ecological risk of nanoparticles and to promote sustainable develop-
ment of nanotechnology in the near future, particularly in the Indian context. 
Thus, the different integrated approaches to producing nanoparticles and apply 
nanoderivatives eliminating the metal impurities from soil and water; thus, 
a flawless, in-depth study of nanoparticles is required, which can be applied. 
Nanophytoremediation study is based as an alternative remediation advanced 
technology in addition to the phytoremediation, the current scenario of reducing 
the contaminants in a safer way.

1.1 Publications

Publications wise not many were found in the literature databases; for example, 
probing ScienceDirect database, it has found none on nanophytoremediation. 
Since the year 1995 to date, 2018, the number of publications found to be 764. Of 
which highest published were found to be research articles (567) followed by review 
articles (78), short communications (34), and rest others.

Among journal trends, the highest number was found to be in journal: 
Chemosphere (99) followed by Ecotoxicology and Environmental Safety 
(61), Ecological Engineering (52), the lowest number published was in 
Journal of Biotechnology (18) over the years 1995–2018. Publication trends for 
phytoremediation, as observed from the ScienceDirect Database year-wise 
publications: (a) category wise and (b) journal wise were shown in Figure 2. 
Nanophytotechnological remediation was published in the J. of Environ. Protec. 
(JEP) (2016, http://dx.doi.org/10.4236/jep.2016.75066).

2. Phytoremediation classification

Phytoremediation technologies are classified in general into:

a. Phytoextraction: Metal concentration reduction in the soil through plants that 
can accumulate metals in the shoots.

b. Phytostabilization: Immobilize the utilization of soil metals via adsorption 
onto roots; rhizosphere precipitation.

c. Phytostimulation: The process where root releases certain compounds 
enhancing the microbial activity in the rhizosphere of the plant. It is a type of 
rhizosphere phytoremediation which is used as an inexpensive approach to 
remove soil organic pollutants.

d. Phytovolatilization: A technique, where the soil contaminants are 
cleaned up by plants and discharge them as atmospheric volatiles through 
transpiration.

e. Phytotransformation/phytodegradation: Breaking down of organic  
contaminants seized through plants via
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prevent the ecological risk of nanoparticles and to promote sustainable develop-
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nanoderivatives eliminating the metal impurities from soil and water; thus, 
a flawless, in-depth study of nanoparticles is required, which can be applied. 
Nanophytoremediation study is based as an alternative remediation advanced 
technology in addition to the phytoremediation, the current scenario of reducing 
the contaminants in a safer way.

1.1 Publications

Publications wise not many were found in the literature databases; for example, 
probing ScienceDirect database, it has found none on nanophytoremediation. 
Since the year 1995 to date, 2018, the number of publications found to be 764. Of 
which highest published were found to be research articles (567) followed by review 
articles (78), short communications (34), and rest others.

Among journal trends, the highest number was found to be in journal: 
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2. Phytoremediation classification

Phytoremediation technologies are classified in general into:

a. Phytoextraction: Metal concentration reduction in the soil through plants that 
can accumulate metals in the shoots.

b. Phytostabilization: Immobilize the utilization of soil metals via adsorption 
onto roots; rhizosphere precipitation.

c. Phytostimulation: The process where root releases certain compounds 
enhancing the microbial activity in the rhizosphere of the plant. It is a type of 
rhizosphere phytoremediation which is used as an inexpensive approach to 
remove soil organic pollutants.

d. Phytovolatilization: A technique, where the soil contaminants are 
cleaned up by plants and discharge them as atmospheric volatiles through 
transpiration.

e. Phytotransformation/phytodegradation: Breaking down of organic  
contaminants seized through plants via
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i. Plant metabolic processes or

ii. The outcome of metabolites, such as enzymes, produced by the plant

f. Phytoresaturation: Re-vegetation of the drylands by plants can prevent the 
spread of pollutants into the environment [4].

Type of nanoparticles Biochemical 
agents

Size/morphology Environmental 
applications

Stabilized bimetallic Fe/Pd 
nanoparticles

Starch 14.1 nm distinct, well 
dispersed

Degradation of chlorinated 
hydrocarbons in water

Fe3O4 Na-Alginate 27.20 nm spherical Urea decomposition

Fe3O4-Polymer Composite Agar (reducing 
and stabilizing 
agent)

50–200 nm spherical, 
24 nm diameter and 
hexagonal

Magnetic storage media

Nano-shell (Fe, Cu) Ascorbic acid 
(antioxidant)

<100 nm cubic Functions in catalysis, 
biosensors, energy storage 
problems, nanodevices

nZVI Ascorbic acid 
(Vit-C)

20–75 nm, spherical Cd removal

Superparamagnetic 
Iron oxide (coatings and 
functionalization)

Ascorbic acid 
(Vit-C)

5–30 nm 
(hydrodynamic size)

Contrast enhancement 
agent for MRI applications

Fe3O4 (MNPs) L-Lysine  
(A. Acid)

17.50 nm and 
spherical crystalline

Biosensors, drug delivery

nZVI L-Lysine  
(A. Acid)
L-Glutamic Acid
L-Glutamine
L-Arginine and 
L-Cysteine

— Low molecular, 
biocompatible

FeNPs Hemoglobin and 
myoglobin

2–5 nm aggregates, 
crystalline

Bioconjugated 
nanoparticles for biological 
applications

Fe3O4 D-glucose 
gluconic Acid

12.5 nm roughly 
spherical, crystalline

Drug delivery, cell 
transplantation

Fe3O4 Glucose & 
Glyconic acid

4–16 nm crystalline Removal of waste in the 
biomedical field

Carbon capsulated Iron 
NPs

Wood-derived 
sugar

100–150 nm 
nanospheres, 
10–25 nm diameter of 
iron core

Acts as catalysts in the 
conversion of wood-
derived syngas to liquid 
hydrocarbons

Iron oxide Tannic acid <10 nm Utilization of biomass 
causes the reduction of 
metal ions

Fe core-shell structure Chitosan-gallic 
acid

11 nm cubic Increased thermal stability 
of drug gallic acid, 
anticancer activity was 
higher for HT29 and MCF7 
cell lines

Table 3. 
Synthesis of iron nanoparticles/derivatives.

221

Nanophytoremediation: An Overview of Novel and Sustainable Biological Advancement
DOI: http://dx.doi.org/10.5772/intechopen.93300

An overview of metal contaminants in several phytoremediation processes is 
provided in Table 3. In the case of contaminated water, the following processes in 
phytoremediation technologies are utilized as:

a. Rhizofiltration: Roots were used to remove aqueous toxic metals, mainly 
the heavy metals like, lead (Pb) and radioactive elements [5]. The plants are 
employed as filters in wetlands or as a hydroponic setup [6]. Wetlands are often 
widely considered as sinks for pollutants, and there are countless instances 
where the wetlands plants are considered to remove contaminants [7] used 
which include metals viz., Se, perchlorate, cyanide, nitrate, and phosphate [8].

b. Hydraulic control: It is a process in which bulk amount of water is absorbed 
by the wildly growing plants preventing the increase of pollutants into the 
unpolluted surrounding zones [4].

The phytoremediation methods chosen depend upon:

i. Specifically high growth rates in the polluted sites

ii. Huge surface area proportionately in contact with the water body

iii. High translocation potential [9]

These factors say both the bioconcentration factor (BCF) and translocation 
potential (TP) are related to plants’ sensitivity for phytoremediation.

In Brake fern (Pteris vittata), the best phytoremediation process is established 
as it consists of a high root to shoot metal transduction; thus, it is observed that the 
BCF value is greater than one. Out of the several phytoremediation technologies, 
phytoextraction is the most effective, which depends upon hyperaccumulation of 
metals into the whole plants. For phytoextraction, a heavy metal tolerant plant that 
grows rapidly with high biomass yield per hectare also should possess a prolific root 
system. When the cultivation is over by the season’s end plants are harvested, dehy-
drated and the enriched mass with contaminants is dumped or sent into the smelter. 
To be active phytoextraction, the dehydrated biomass, ash extracted from the above-
ground parts of a phytoremediator crop, consists of a greater concentration of the 
pollutants than the contaminated soil [10]. The biomass rich product exudes as the 
secondary metabolic waste, which requires further treatment. The phytoextraction 
process can be natural and induced. The energy can be recovered from biomass burn 
or pyrolysis; thus, phytoextraction can be used as a cost-effective technology by 
giving biomass yields. Salix and Populus species are also used for phytoremediation 
technology.

3. Bioelements and their effects on pollution

Pollution is an undesirable change observed, which is deteriorating our raw 
materials, especially land and water. An overall representation of the contamination 
process, which can cause microorganisms to pollute soil and surface water, is shown 
in (Figure 3). At normal concentration, soil comprises bioelements, particularly 
metals. These bioelements serve as micronutrients and macronutrients for the soil. 
They can be classified as light metals (Mg and Al) metalloids (As and Se)m and 
heavy metals viz., Cd, Hg, Pb, Cr, Ag, and Sn. Light metals have a greater signifi-
cance to health and environment [11], whereas substantial metals are the bioelements 
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An overview of metal contaminants in several phytoremediation processes is 
provided in Table 3. In the case of contaminated water, the following processes in 
phytoremediation technologies are utilized as:

a. Rhizofiltration: Roots were used to remove aqueous toxic metals, mainly 
the heavy metals like, lead (Pb) and radioactive elements [5]. The plants are 
employed as filters in wetlands or as a hydroponic setup [6]. Wetlands are often 
widely considered as sinks for pollutants, and there are countless instances 
where the wetlands plants are considered to remove contaminants [7] used 
which include metals viz., Se, perchlorate, cyanide, nitrate, and phosphate [8].

b. Hydraulic control: It is a process in which bulk amount of water is absorbed 
by the wildly growing plants preventing the increase of pollutants into the 
unpolluted surrounding zones [4].

The phytoremediation methods chosen depend upon:

i. Specifically high growth rates in the polluted sites

ii. Huge surface area proportionately in contact with the water body

iii. High translocation potential [9]

These factors say both the bioconcentration factor (BCF) and translocation 
potential (TP) are related to plants’ sensitivity for phytoremediation.

In Brake fern (Pteris vittata), the best phytoremediation process is established 
as it consists of a high root to shoot metal transduction; thus, it is observed that the 
BCF value is greater than one. Out of the several phytoremediation technologies, 
phytoextraction is the most effective, which depends upon hyperaccumulation of 
metals into the whole plants. For phytoextraction, a heavy metal tolerant plant that 
grows rapidly with high biomass yield per hectare also should possess a prolific root 
system. When the cultivation is over by the season’s end plants are harvested, dehy-
drated and the enriched mass with contaminants is dumped or sent into the smelter. 
To be active phytoextraction, the dehydrated biomass, ash extracted from the above-
ground parts of a phytoremediator crop, consists of a greater concentration of the 
pollutants than the contaminated soil [10]. The biomass rich product exudes as the 
secondary metabolic waste, which requires further treatment. The phytoextraction 
process can be natural and induced. The energy can be recovered from biomass burn 
or pyrolysis; thus, phytoextraction can be used as a cost-effective technology by 
giving biomass yields. Salix and Populus species are also used for phytoremediation 
technology.

3. Bioelements and their effects on pollution

Pollution is an undesirable change observed, which is deteriorating our raw 
materials, especially land and water. An overall representation of the contamination 
process, which can cause microorganisms to pollute soil and surface water, is shown 
in (Figure 3). At normal concentration, soil comprises bioelements, particularly 
metals. These bioelements serve as micronutrients and macronutrients for the soil. 
They can be classified as light metals (Mg and Al) metalloids (As and Se)m and 
heavy metals viz., Cd, Hg, Pb, Cr, Ag, and Sn. Light metals have a greater signifi-
cance to health and environment [11], whereas substantial metals are the bioelements 
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(At. No., Z > 20) with a density > 5.0 g/cc and have definite metal properties such as 
conductivity, ductility, ligand specificity, cationic stability. Beneficial heavy met-
als include elements such as Cu, Cr, Zn, Mn, Fe, Co, and Ni, which are essential in 
smaller amounts in metabolism but may be lethal in higher concentrations. Geogenic 
and anthropogenic contaminations by heavy metal is shown and can cause microor-
ganisms [12] to affect the normal molecular process as shown in (Figure 4). Heavy 
metals sieve through the soil and are terminated into the soil by geogenic and anthro-
pogenic processes [13].

Geogenic contamination can be exemplified by extensive arsenic contamination, 
as seen in the ground waters of Indian state of West Bengal and Bangladesh [14]. 
The other contamination source includes anthropogenic activities like generating 
huge amounts of effluents, which is a constant threat to environmental pollution. 
Fertilizers incorporate phosphate compounds containing Cd, which are being 
used in horticulture, agriculture as well as in animal industries as a trace element 
nutrient. Cd, Hg, and Pb metals attack the activity of the enzyme, which contains 
the ▬SH group which initiates chronic diseases. These heavy metals/metalloids 
and organics form a grave danger to animals (including humans) and plants. 
Heavy metal pollution on land and water shows a severe impact on the ecosystem. 
In Western Europe, a large mass of approximately 14,00,000 sites affected as 
the reports of [15], out of which 3,00,000 are contaminated, but the projected 
number in Europe could be greater, as the problem was progressively occurring in 
the Central and East European countries. In the United States, around 600,000 
contaminated brownfields with heavy metals requiring reclamation [16]. Land pol-
lution has been a great challenge in the Asian continent as seen in China, where one-
sixth of arable land is with heavy metal pollution, and over 45% has been ruined 
either due to erosion or desertification. This becomes the consequence because of 
human-dominated ecological problems viz., urban ecology and agricultural ecology 
[17]. Thus, it is vital to eliminate these pollutants from the contaminated sites in 
which phytoremediation is one of the processes that include complexation, accumu-
lation, volatilization, and degradation of pollutants both of organic and inorganic 
origins.

Figure 3. 
An overall representation of the contamination process—that can cause microorganisms to pollute soil and 
surface water.
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4. Biosynthesis of nanoparticles from plants

Nanoparticles are aggregates between 1 and 100 nm; this particular size that 
alters the physicochemical properties equated to other material. A variety of 
nanoparticles are produced by bacteria, fungi, and plants [18], which have wider 
applications in several sectors. Plants are more appropriate than bacteria or fungi 
toward the synthesis of NPs, as less incubation time is required for metal ion 
reduction. The procedures such as plant tissue culture (PTC) and downstream 
processing techniques make more promising in synthesizing metal and oxide NPs 
at a larger scale. The documentation of hyperaccumulator exclusive genes and their 
succeeding transfer to the other species of transgenic plants can improve phytore-
mediation capacity. The plant’s remediation volume shall be greatly enhanced by 
genetic manipulation and other viable plant-based transforming techniques. In 
plants, it is seen to have an inherent ability to lessen metals through their specific 
metabolic pathways [19]. Stampoulis et al. [20] have examined the impact of 
ZnO, Cu, Si, and Ag NPs on the root elongation, seed germination, and biomass 
production of Cucurbita pepo grown as hydroponics. Accordingly, experimental 
findings suggested that root length is reduced by 77% when seeds are exposed to 
Cu nanoparticles and 64% when exposed to bulk Cu powder when equated to the 
untreated controls.

Plant biomass was reduced by 75% when exposed to Ag NPs. Shekhawat 
and Arya [21] used Brassica juncea seedlings to produce Ag NPs in vitro. There 
are reports from of synthesized gold nanoparticles by Terminalia catappa leaf 
extract in an aqueous medium [22]. The authors [4, 23] examined metal ions 
Ag+ and Au3+ to Ag0 and Au0 NPs in Brassica juncea for the reduction sites. 
Nevertheless, Ag NPs in plants are mostly modeled as Ag not only forms NPs in 
plants but it also exhibits higher catalytic properties as it consists of high electro-
chemical reduction potential and several additional useful properties. Although 
the research on the production of nanoparticles is in a nascent stage in plants, 

Figure 4. 
Geogenic and anthropogenic contaminations by heavy metal is shown and can cause microorganisms to affect 
the normal molecular process.
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Figure 3. 
An overall representation of the contamination process—that can cause microorganisms to pollute soil and 
surface water.

223

Nanophytoremediation: An Overview of Novel and Sustainable Biological Advancement
DOI: http://dx.doi.org/10.5772/intechopen.93300

4. Biosynthesis of nanoparticles from plants

Nanoparticles are aggregates between 1 and 100 nm; this particular size that 
alters the physicochemical properties equated to other material. A variety of 
nanoparticles are produced by bacteria, fungi, and plants [18], which have wider 
applications in several sectors. Plants are more appropriate than bacteria or fungi 
toward the synthesis of NPs, as less incubation time is required for metal ion 
reduction. The procedures such as plant tissue culture (PTC) and downstream 
processing techniques make more promising in synthesizing metal and oxide NPs 
at a larger scale. The documentation of hyperaccumulator exclusive genes and their 
succeeding transfer to the other species of transgenic plants can improve phytore-
mediation capacity. The plant’s remediation volume shall be greatly enhanced by 
genetic manipulation and other viable plant-based transforming techniques. In 
plants, it is seen to have an inherent ability to lessen metals through their specific 
metabolic pathways [19]. Stampoulis et al. [20] have examined the impact of 
ZnO, Cu, Si, and Ag NPs on the root elongation, seed germination, and biomass 
production of Cucurbita pepo grown as hydroponics. Accordingly, experimental 
findings suggested that root length is reduced by 77% when seeds are exposed to 
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untreated controls.

Plant biomass was reduced by 75% when exposed to Ag NPs. Shekhawat 
and Arya [21] used Brassica juncea seedlings to produce Ag NPs in vitro. There 
are reports from of synthesized gold nanoparticles by Terminalia catappa leaf 
extract in an aqueous medium [22]. The authors [4, 23] examined metal ions 
Ag+ and Au3+ to Ag0 and Au0 NPs in Brassica juncea for the reduction sites. 
Nevertheless, Ag NPs in plants are mostly modeled as Ag not only forms NPs in 
plants but it also exhibits higher catalytic properties as it consists of high electro-
chemical reduction potential and several additional useful properties. Although 
the research on the production of nanoparticles is in a nascent stage in plants, 

Figure 4. 
Geogenic and anthropogenic contaminations by heavy metal is shown and can cause microorganisms to affect 
the normal molecular process.
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more qualitative work is required to realize the physiological, biochemical, and 
molecular mechanistic process relative to nanoparticles.

4.1 Nano-iron and its derivatives

Reactive nanoscale iron product (RNIP) and nanoscale zero-valent iron 
(NZVI) are mostly the elementary forms of iron (nano) technology [24]. Nano 
zero-valent iron because of its nano-size (1–100 nm) enables high-level remedial 
adaptability. NZVI, a product of nanotechnology, is used to treat a range of impu-
rities in perilous wastewater (see Table 3) and represents the synthesis of iron 
nanoparticles [25]. As for example, NZVI was tested in the removal of As(III) seen 
in groundwater. NZVI can be used in permeable reactive barriers (PRBs) form to 
intercept plumes on the subsurface and remediate them. The sustained zero-valent 
iron nanoparticle “ferragels” swiftly dispersed and immobilize Cr(VI) and Pb(II) 
from aqueous solutions, reducing the Cr(VI) to Cr(III) and Pb(II) to Pb(0) while 
oxidizing Fe to goethite (𝛼𝛼-FeOOH) [26]. Anionic hydrophilic carbon (Fe/C) and 
poly (acrylic acid)-supported (Fe/PAA); Fe(0) NPs were further considered as a 
sensitive material for the dehalogenation of chlorinated HCs in soils and ground 
waters [27]. Nickel-iron NPs in the ratio 1:3 were employed in the dehalogenation of 
trichloroethylene (TCE) [28].

4.2 Single-enzymed nanoparticles

Enzymes serve as effective biocatalysts in bioremediation. Nevertheless, less sta-
bility as a result of diminutive catalytic lifetimes of enzymes limits their effectiveness 
being inexpensive due to oxidation. The usage of nanotechnology provides a novel 
method where the enzymes are stabilized in the form of single enzyme nanoparticles 
(SENs). Enzymes can be devoted to the magnetic iron NPs increasing stability, lon-
gevity, and reusability. The enzyme separation from the magnetic iron NPs is usually 
done by the use of a magnetic field. The two different catabolic enzymes—trypsin 
and peroxide subjected to unvarying core-shell magnetic nanoparticles (MNPs). 
SEN requires the involvement of modification of enzyme surface, vinyl polymer 
growth from the enzyme surface. There are immobilized enzymes in biopolymers 
and carbon nanotubes, which can add as environmental biosensors.

4.3 Exopolysaccharides

Exopolysaccharides (EPSs) are polymers of the polysaccharide of high molecular 
weight, secreted by microorganisms. EPSs are sustainable as it has good adsorption 
capacity and environmental friendly. Therefore, the usage of EPS for bioremedia-
tion in the metallic and dye-based environmental pollution attracted researchers 
in the past years. Polysaccharides are very rich in ▬OH groups using them as a 
stabilizer for the production of metal NPs, an environment friendly alternate for the 
chemical-reducing method [29].

EPSs are used as a reducing agent and stabilizer. They are further used for 
the synthesis of metal NPs viz., lentinan, carboxymethylated chitosan, glucan, 
carboxymethyl cellulose, and carboxylic curdlan [30]. Apart from exopolysaccha-
rides, the Au and Ag nanoparticles also consist of good dispersible capability and 
uniformity. EPS produced from A. fumigatus, [31] Lyngbya putealis, Lactobacillus 
plantarum [32], and Bacillus firmus [33] removed heavy metals viz., Cu2+, Pb2+, 
Cr4+

, Cd2+, and Zn2+ within the adsorption capability of 50–1120 mg/g. EPS-605 
obtained from newly identified L. plantarum-605 was obtained from a Chinese 
fermented food, Fuyuan pickles. When EPS-605 was self-assembled in H2O, 
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monodispersed nanoparticles were detected that are useful for bioremediation 
and record heavy metal and dye adsorption.

4.4 Dendrimers

Dendrimers are multivalent, globular, highly branched, and monodispersed 
molecules with synthetic elasticity. Dendrimers have proper architecture and 
controlled composition, which consist of three components and have an extensive 
assortment of applications ranging from catalysis, electronics to drug release. With 
unique structural characteristics viz., nanoscopic size, spheroidal surface, vast inte-
rior with exhilarating properties which consists of low viscosity, extraordinary solu-
bility, and reactivity. Dendrimers’ first dendrimers were synthesized by Fritz Vogtle 
in 1978 [34] consists of three constituents—a vital core, internal branch cells or 
radiated symmetry, and terminal branch cell or marginal group. The void spaces in 
dendrimers interact with nanoparticles, which enhances the catalytic activity. The 
dendrimer nanocomposites were also set for treatment of water and dye removal 
from industrial waters to enhance the reactivity by creating more surface area 
with a reduced amount of toxicity. PAMAM dendrimers using group of hydroxyl-
terminated (G4-OH) poly (amidoamine) also acts as templates in the production 
of Cu NPs formed by coordination of Cu ions with dendrimer interior amines and 
subsequent reduction forming dendrimer-encapsulated Cu NPs (Cu-DEN).

Cowpea mosaic virus (CPMV), a plant virus, is adequate to endorse the tem-
plated mineralization of metal and metal oxide. CMV particles used for templated 
fabrication of metallic NPs by an electron less deposition metallization process. In 
the virus capsid, Pd ions are electrostatically bound to the virus capsid and upon 
reduction acts as a nucleation site to deposit metal ions from solution. Further, 
dendrimer-modified and plain magnetite nanoparticles (MNPs) have been widely 
studied in environmental decontamination. Dendrimers can enhance drug targeting 
efficacy mainly to be used in drug delivery systems [34].

4.5 Nanocrystals and carbon nanotubes

Nanomaterial-based applications in the field of environment are in multiples that 
provide both large and portable scale and also clean up impurities that are present in 
our environment. Carbon-based nanomaterials viz., nanocrystals and carbon nano-
tubes (CNT) have wider applications as antimicrobial agents, environmental sensors, 
biosensors, sorbents, depth filters, renewable energy technologies, high flux mem-
branes, and in pollution prevention [35]. CNTs are both single walled (SWCNT) or 
multiwalled (MWCNT); functionalized hybrids were evaluated for the elimination of 
Et-C6H6 from aqueous solution and remediating pollution to avert diseases from ethyl-
benzene (Et-C6H6) viz., cyclodextrins (CD). Nickel ions from water were remediated 
using MWCNT-based materials [36]. CNT-based polymeric materials incorporating 
nanomaterials, Calixarenes, and Thiacalixarenes were synthesized to remove both 
organic (p-NO2-C6H5OH) and inorganic contaminants (Cd2+, Pb2+) from water bodies 
[37]. CNTs immobilized by calcium alginate (CNTs/CA) materials investigated the Cu 
removal efficiency (69.9% at pH 2.1) via equilibrium studies [37]. Magnetic-MWCNT 
nanocomposites reported eradicating cationic dyes in aqueous solutions [38].

4.6  Engineered polymeric nanoparticles application in bioremediation for 
removal of hydrophobic contaminants

Hydrophobic contaminants, say, polycyclic aromatic hydrocarbons (PAHs), are 
globally persistent in the atmosphere. PAHs are hydrophobic, strongly sorbed to 
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method where the enzymes are stabilized in the form of single enzyme nanoparticles 
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gevity, and reusability. The enzyme separation from the magnetic iron NPs is usually 
done by the use of a magnetic field. The two different catabolic enzymes—trypsin 
and peroxide subjected to unvarying core-shell magnetic nanoparticles (MNPs). 
SEN requires the involvement of modification of enzyme surface, vinyl polymer 
growth from the enzyme surface. There are immobilized enzymes in biopolymers 
and carbon nanotubes, which can add as environmental biosensors.

4.3 Exopolysaccharides

Exopolysaccharides (EPSs) are polymers of the polysaccharide of high molecular 
weight, secreted by microorganisms. EPSs are sustainable as it has good adsorption 
capacity and environmental friendly. Therefore, the usage of EPS for bioremedia-
tion in the metallic and dye-based environmental pollution attracted researchers 
in the past years. Polysaccharides are very rich in ▬OH groups using them as a 
stabilizer for the production of metal NPs, an environment friendly alternate for the 
chemical-reducing method [29].

EPSs are used as a reducing agent and stabilizer. They are further used for 
the synthesis of metal NPs viz., lentinan, carboxymethylated chitosan, glucan, 
carboxymethyl cellulose, and carboxylic curdlan [30]. Apart from exopolysaccha-
rides, the Au and Ag nanoparticles also consist of good dispersible capability and 
uniformity. EPS produced from A. fumigatus, [31] Lyngbya putealis, Lactobacillus 
plantarum [32], and Bacillus firmus [33] removed heavy metals viz., Cu2+, Pb2+, 
Cr4+

, Cd2+, and Zn2+ within the adsorption capability of 50–1120 mg/g. EPS-605 
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monodispersed nanoparticles were detected that are useful for bioremediation 
and record heavy metal and dye adsorption.

4.4 Dendrimers

Dendrimers are multivalent, globular, highly branched, and monodispersed 
molecules with synthetic elasticity. Dendrimers have proper architecture and 
controlled composition, which consist of three components and have an extensive 
assortment of applications ranging from catalysis, electronics to drug release. With 
unique structural characteristics viz., nanoscopic size, spheroidal surface, vast inte-
rior with exhilarating properties which consists of low viscosity, extraordinary solu-
bility, and reactivity. Dendrimers’ first dendrimers were synthesized by Fritz Vogtle 
in 1978 [34] consists of three constituents—a vital core, internal branch cells or 
radiated symmetry, and terminal branch cell or marginal group. The void spaces in 
dendrimers interact with nanoparticles, which enhances the catalytic activity. The 
dendrimer nanocomposites were also set for treatment of water and dye removal 
from industrial waters to enhance the reactivity by creating more surface area 
with a reduced amount of toxicity. PAMAM dendrimers using group of hydroxyl-
terminated (G4-OH) poly (amidoamine) also acts as templates in the production 
of Cu NPs formed by coordination of Cu ions with dendrimer interior amines and 
subsequent reduction forming dendrimer-encapsulated Cu NPs (Cu-DEN).

Cowpea mosaic virus (CPMV), a plant virus, is adequate to endorse the tem-
plated mineralization of metal and metal oxide. CMV particles used for templated 
fabrication of metallic NPs by an electron less deposition metallization process. In 
the virus capsid, Pd ions are electrostatically bound to the virus capsid and upon 
reduction acts as a nucleation site to deposit metal ions from solution. Further, 
dendrimer-modified and plain magnetite nanoparticles (MNPs) have been widely 
studied in environmental decontamination. Dendrimers can enhance drug targeting 
efficacy mainly to be used in drug delivery systems [34].

4.5 Nanocrystals and carbon nanotubes

Nanomaterial-based applications in the field of environment are in multiples that 
provide both large and portable scale and also clean up impurities that are present in 
our environment. Carbon-based nanomaterials viz., nanocrystals and carbon nano-
tubes (CNT) have wider applications as antimicrobial agents, environmental sensors, 
biosensors, sorbents, depth filters, renewable energy technologies, high flux mem-
branes, and in pollution prevention [35]. CNTs are both single walled (SWCNT) or 
multiwalled (MWCNT); functionalized hybrids were evaluated for the elimination of 
Et-C6H6 from aqueous solution and remediating pollution to avert diseases from ethyl-
benzene (Et-C6H6) viz., cyclodextrins (CD). Nickel ions from water were remediated 
using MWCNT-based materials [36]. CNT-based polymeric materials incorporating 
nanomaterials, Calixarenes, and Thiacalixarenes were synthesized to remove both 
organic (p-NO2-C6H5OH) and inorganic contaminants (Cd2+, Pb2+) from water bodies 
[37]. CNTs immobilized by calcium alginate (CNTs/CA) materials investigated the Cu 
removal efficiency (69.9% at pH 2.1) via equilibrium studies [37]. Magnetic-MWCNT 
nanocomposites reported eradicating cationic dyes in aqueous solutions [38].

4.6  Engineered polymeric nanoparticles application in bioremediation for 
removal of hydrophobic contaminants

Hydrophobic contaminants, say, polycyclic aromatic hydrocarbons (PAHs), are 
globally persistent in the atmosphere. PAHs are hydrophobic, strongly sorbed to 
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the soil; thus, sorption limits the bioavailability of these pollutants on the surface. 
Sequestration in nonaqueous phase liquids (NAPLs) shrinks the mobility and 
bioavailability of hydrophobic contaminants [39]. Though surfactant micelles have 
shown an increased rate of PAHs and hydrocarbon solubilization in contrast also 
causes biodegradation.

Synthesis of nonionic amphiphilic polyurethane (APU) NPs from a mixture of 
polyethylene glycol (PEG) altered polyurethane acrylate (PMUA), and polyure-
thane acrylate precursor chains solubilize PAHs from the contaminated soil. Unlike 
surfactant micelles, PMUA NPs are cross-linked, so not easily breakable when it 
comes in contact with soil interacting with liposomes of microorganisms but have 
excellent properties to improve desorption and the agility of phenanthrene (PHEN) 
in aquifer sand [40].

4.7 Polymeric nanoparticles used in soil remediation

Research based on nanoparticles usage in soils and groundwater remediation 
processes increased greatly with promising results. Using nanotechnologies, polluted 
soils remediation becomes an emerging area with an enormous impending to advance 
the performance over traditional remediation technologies in a large way [41, 42]. 
Effective application for soil contaminants contexts, predominantly, for heavy metals, 
other inorganic and organic contaminants, and emerging contaminants, such as 
pharmaceutical, cosmetic, personal care products.

Polynuclear aromatic hydrocarbons (PAHs) that absorb intensely to soil are very 
challenging to eliminate. In such cases, amphiphilic polyurethane (APU) nanoparticles 
are used in soil remediation which is polluted with PAHs. Desired properties of APU 
particles can be achieved by engineering, and experimental results have shown that 
these designed particles make sure hydrophobic interior regions that confer a high affin-
ity for PHEN and hydrophilic surfaces that encourage soil particle mobility. APU NPs 
(17–97 nm) are prepared of polyurethane acrylate (PA) and ionomer (UAA) or PEG, 
modified urethane acrylate (PMUA) precursor chains which are emulsified and cross-
linked in water. APU particles are stable, independent to their concentration in the 
aqueous phase, and have interiors regions exhibiting hydrophobic property enhances 
PAH desorption. APU particles contrived to give the anticipated properties. APU par-
ticles affinity toward pollutants like PHEN is precisely managed by varying hydropho-
bic segment size required for the chain propagation. Mobility of soil APU suspensions 
is controlled by the charge density or the size of the water-soluble chains [40].

4.8 Biogenic uraninite nanoparticles

There is evidence of the widespread prevalence of uranium in India’s ground-
water. A variety of sources and studies have indicated the link between exposures 
to uranium in drinking waters which causes chronic kidney diseases. Although the 
main source is geogenic but still anthropogenic factors play their part in the decline 
in groundwater table and nitrate pollution promote uranium mobilization. The term 
Uraninite defines compositionally complex, nonstoichiometric, cation-substituted 
forms of UO2, which are found in nature. Biogenic uraninite being nanoscale biogeo-
logical material is significant due to usage in bioremediation strategies. Uraninite is 
utmost preferred product in situ stimulated subsurface uranium U(VI) and has its 
solubilization much lesser compared to other uranium species.

Uraninite nanoparticles have its properties viz., solubility and dissolution 
kinetics, which are crucial for microbial bioremediation which mitigates subsurface 
uranium contamination through uranium reduction. Uraninite exhibits structural 
chemistry, thus derives its properties from its open fluorite structure. Biogenic 
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uraninite forms by reduction of U(VI) to U(IV) considered as the first stage. After 
the reduction process, the second step formation requires the precipitation of the 
mineral. In situ U(VI) reduction has been observed and reported at a large number 
of contaminated U.S. Department of Energy (DoE) nuclear legacy sites and has 
shown potential results. The success in uranium bioremediation should be main-
tained strictly in anaerobic conditions. The surface chemistry of nanoparticulate 
uraninite is important for the construction of geochemical models of uranium 
behavior, which follows the bioremediation. This may be challenging for research in 
nano-bio geosciences in the future [43].

5. Soil trace element biomonitoring plants

Soil contamination manifested by trace elements, organic, and inorganic com-
pounds is an extensive problem occurring worldwide. Common techniques in soil 
remediation include waste disposals, incinerations, leaching of soil thermal desorp-
tion, and vapor abstraction, but all these types of actions may be responsible for 
secondary pollution, which ultimately affects soil properties. Plants are the major 
factors to keep our environment clean and green by remediation of soil and water. 
The soil organic and inorganic contaminants are removed by phytoremediation. 
Ryegrass, oat plant, tall fescue, sunflower, and green gram grow in diverse contami-
nated conditions useful for phytoremediation. Certain plants known as hyperaccu-
mulators are good in phytoremediation in particularly toward heavy metal removal. 
Some hyperaccumulator families represent their metal content [44].

Table 4 defines the hyperaccumulator plants of various families, which are used 
to accumulate specific metals at different concentrations. Phytoextraction seems to 
be a feasible alternate to the traditionally conventional practice used in the decon-
tamination of soils with heavy metals [45]. In phytoextraction, methodology plants 
absorb pollutants from soil. Metals that are deposited as ions in the plant’s roots, 
stems, leaves, and inflorescences are burnt to recover metals, and the subsequent 
biomass is removed to dispose of safely. The build-up of heavy metals is connected 
to the total concentration of the metals and suggestively segregated as macro 
nutrients and micronutrients and soil acidity.

5.1 Vascular plants

Water pollution is dangerous, and one of the ecological risk factors suggests the 
need to cultivate water plants that absorb trace elements. Usually, there is a quick 
dilution of the contaminants in water; thus, investigating the plant tissues provides 
combined evidence about the quality and components of water and the method 
of phytoremediation [46]. The various nanomaterials that can be synthesized 
through several methods have been represented in Table 5. Further, it is observed 
that species viz., duckweed (Lemna gibba), water spinach (Ipomoea aquatica), and 
fern (Azolla pinnata) are prominent to phytoremediate metals [47]. like boron, 
chromium, and manganese, respectively [48–50]. Aquatic macrophytes such as 
water hyacinths are used extensively in phytoremediation of water contaminated 
with dyes [51]. Hasan et al. [52] stated the efficacy of water hyacinth in sorption of 
Zn(II) and Cd(II) from the water. The species from Lemnaceae family, eliminate 
dyes such as acid blue (azo dye, AB92) undergoes a transformation to form dissimi-
lar transitional compounds [53]. Aquatic plants viz., Azolla pinnata (water-fern) 
and Hydrilla verticillata (water-thyme) are used for elimination of fly ash and ura-
nium, respectively [54, 55]. Micranthemum umbrosum observed [56] removal of As 
and Cd by phytofilteration method. Oenothera picensis plant was quite extensively 
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uraninite forms by reduction of U(VI) to U(IV) considered as the first stage. After 
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mineral. In situ U(VI) reduction has been observed and reported at a large number 
of contaminated U.S. Department of Energy (DoE) nuclear legacy sites and has 
shown potential results. The success in uranium bioremediation should be main-
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tion, and vapor abstraction, but all these types of actions may be responsible for 
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be a feasible alternate to the traditionally conventional practice used in the decon-
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biomass is removed to dispose of safely. The build-up of heavy metals is connected 
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dilution of the contaminants in water; thus, investigating the plant tissues provides 
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Metals Plant species Accumulated metal concentration (mg/kg)

Cadmium

Thlaspi caerulescens Brassicaceae 2130

Zinc

Thlaspi caerulescens Brassicaceae 43,710

Thlaspi rotundifolium Brassicaceae 18,500

Dichapetalum gelonioides Brassicaceae 30,000

Nickel

Thlaspi Sps. Brassicaceae 2000-2031,000

Allyssium Sps. Brassicaceae 1280–29,400

Berkheya codii Asteraceae 11,600

Pentacalia Sps. Asteraceae 16,600

Psychotria coronata Rubiaceae 25,540

Copper

Ipomoea alpina Convolvulaceae 12,300

Lead

Minuartia verna Caryophyllaceae 20,000

Agrostis tenuis Poaceae 13,490

Vetiveria zizanioides Cyperaceae >1500

Cobalt

Crotalaria cobalticola Fabaceae 30,100

Haumaniastrum robertii Lamiaceae 10,232

Table 4. 
Hyperaccumulator plants for varied metals.

Nanomaterials The methodology used 
in the synthesis

Examples

Nanoparticles biosynthesis 
from metals (NPs)

Photochemical Cu, Au, CoNi, CdTe, CdSe, ZnS, Rh, Pt, 
Ir, Pd, Co, Ag, Au, Cu, Fe & NiBiochemical

Electrochemical

Thermochemical

Nanomaterials from carbon Arc-discharge Cylindrical nanotubes (SWNT, MWNT) 
FullerenesChemical vapor 

deposition

Laser ablation

Nanomaterials from polymers Electrochemical 
Polymerization

Nanowires of PPy, PANI, Poly (3–4 
ethylene dioxy thiophane, PAMAM, 
dendrimers

Metal oxide
Nanoparticles

Hydrothermal BaCO3, BaSO4, TiO2,

Reverse micelles 
solvo-thermal

ZnO, Fe2O3, Fe3O4, MgO

Sol-gel method

Electrochemical 
deposition

Bionanomaterials Biological Plasmids, nanoparticles from protein 
viruses

Table 5. 
Synthesis of diverse nanomaterials.
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considered toward phytoextraction of copper [57]. Algae such as charaphytes viz., 
Chara aculeolata and Nitella opaca were used to remove Pb, Cd, and Zn [58].

Cystoseira indica (brown algae) after its chemical treatment become greatly 
effective against chromium. Metal uptake is seen in algae species such as Spirulina 
used for chemisorptions of metals with few heavy metals like chromium and copper 
[59]. Ranunculus peltatus, Ranunculus trichophyllus, Lemna minor, Azolla caroliniana 
viz., serve as an arsenic indicator [60]. Ulothrix cylindricum (green algae) has 
biosorption capacity of 65.6 mg/g, forming an inexpensive method for biosorption 
of As(III) [61]. Aquatic macrophytes grow quickly, and due to their high biomass 
production, the greater capacity in accumulating heavy metals widely used for 
wastewater treatment compared to soil-grown plants.

A macrophyte grows in or near the water body and is emergent, submerged or 
floating. Aquatic plants have adjusted to living in aquatic environments (hydro-
phytes or macrophytes) to differentiate from algae and other microphytes. Water 
hyacinth (Eichhornia crassipes), Sensitive Plant (Neptunia aquatica), Lucky 4-Leaf 
Clover (Marsilea mutica) water lettuce (Pistia stratiotes), Moneywort (Bacopa mon-
nieri), Mosaic Flower (Ludwigia sedioides), Water poppy (Hydrocleys nymphoides), 
and duckweed (Lemna minor) are a few of the aquatic macrophytes widely intended 
for heavy metal phytoremediation [62]. Pistia stratiotes have relatively high growth 
rate thus ideally chosen in phytoremediation study as it is proposed to accumulate 
As [63]. Water lettuce is observed to be a probable plant for phytoremediation for 
manganese contaminated waters [62]. In the elimination of Pb, Cd, Cr from the 
water, Lemna minor, a native of Europe, North America, Asia, and Africa is natural-
ized for its advantage to grow in several climatic conditions and also a potential 
accumulator of Cd to remediate the aquatic environment. Eichhornia crassipes was 
used for the tertiary treatment of wastewater phytoremediation as it has broader 
leaves and fibrous root system which assists in the absorption of heavy metals [64]. 
There has been experimentation on water hyacinth (Eichhornia crassipes), two algal 
species (Chlorodesmis sp. and Cladophora sp.) found in As-contaminated water 
bodies are used to determine the arsenic tolerance capability. Cladophora species 
are found to be appropriate for co-treatment of sewage and As-contaminated brine 
in algal ponds. Typha latifolia and Eichhornia crassipes are freshwater plants used to 
clean up the effluents that usually contain high concentrations of Co, Cd, and As. 
Eleocharis acicularis commonly known as dwarf hair grass and needle spike rush 
acts as hyperaccumulators as it uptakes several metals Fe, Pb, Mn, Cr, and Zn from 
drainages and mines [65, 66]. Myriophyllum aquaticum consists of enzymes that 
play a vital part in the transformation of organic compound contamination and is 
effective in the phytoremediation of an aquatic environment [9]. Ludwigia palustris 
(marsh seedbox; creeping primrose) and Mentha aquatica (water mint) effectively 
remove Cu, Fe, Hg, and Zn. Among the freshwater vascular plants, the most effica-
cious plants are E. crassipes and L. minor.

6. Hyperaccumulator plants for different metals

Bioconcentration factor and factor of translocation are multiplied to get the 
phytoextraction efficiency. It is observed that accumulated metal concentration 
in soil modifies its biological properties. Different plant species vary with regard 
to uptake of heavy metal. The hyperaccumulation of heavy metals mainly rest on 
several factors viz., plant species, soil circumstances (pH, temperature, humidity, 
soil organic content, and cation capacity), and types of heavy metals. The uptake of 
metals is determined by the metal type and metal chemical speciation and habitat 
characteristics of the plant [67]. Hence, the plant selection became significant for 
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considered toward phytoextraction of copper [57]. Algae such as charaphytes viz., 
Chara aculeolata and Nitella opaca were used to remove Pb, Cd, and Zn [58].

Cystoseira indica (brown algae) after its chemical treatment become greatly 
effective against chromium. Metal uptake is seen in algae species such as Spirulina 
used for chemisorptions of metals with few heavy metals like chromium and copper 
[59]. Ranunculus peltatus, Ranunculus trichophyllus, Lemna minor, Azolla caroliniana 
viz., serve as an arsenic indicator [60]. Ulothrix cylindricum (green algae) has 
biosorption capacity of 65.6 mg/g, forming an inexpensive method for biosorption 
of As(III) [61]. Aquatic macrophytes grow quickly, and due to their high biomass 
production, the greater capacity in accumulating heavy metals widely used for 
wastewater treatment compared to soil-grown plants.

A macrophyte grows in or near the water body and is emergent, submerged or 
floating. Aquatic plants have adjusted to living in aquatic environments (hydro-
phytes or macrophytes) to differentiate from algae and other microphytes. Water 
hyacinth (Eichhornia crassipes), Sensitive Plant (Neptunia aquatica), Lucky 4-Leaf 
Clover (Marsilea mutica) water lettuce (Pistia stratiotes), Moneywort (Bacopa mon-
nieri), Mosaic Flower (Ludwigia sedioides), Water poppy (Hydrocleys nymphoides), 
and duckweed (Lemna minor) are a few of the aquatic macrophytes widely intended 
for heavy metal phytoremediation [62]. Pistia stratiotes have relatively high growth 
rate thus ideally chosen in phytoremediation study as it is proposed to accumulate 
As [63]. Water lettuce is observed to be a probable plant for phytoremediation for 
manganese contaminated waters [62]. In the elimination of Pb, Cd, Cr from the 
water, Lemna minor, a native of Europe, North America, Asia, and Africa is natural-
ized for its advantage to grow in several climatic conditions and also a potential 
accumulator of Cd to remediate the aquatic environment. Eichhornia crassipes was 
used for the tertiary treatment of wastewater phytoremediation as it has broader 
leaves and fibrous root system which assists in the absorption of heavy metals [64]. 
There has been experimentation on water hyacinth (Eichhornia crassipes), two algal 
species (Chlorodesmis sp. and Cladophora sp.) found in As-contaminated water 
bodies are used to determine the arsenic tolerance capability. Cladophora species 
are found to be appropriate for co-treatment of sewage and As-contaminated brine 
in algal ponds. Typha latifolia and Eichhornia crassipes are freshwater plants used to 
clean up the effluents that usually contain high concentrations of Co, Cd, and As. 
Eleocharis acicularis commonly known as dwarf hair grass and needle spike rush 
acts as hyperaccumulators as it uptakes several metals Fe, Pb, Mn, Cr, and Zn from 
drainages and mines [65, 66]. Myriophyllum aquaticum consists of enzymes that 
play a vital part in the transformation of organic compound contamination and is 
effective in the phytoremediation of an aquatic environment [9]. Ludwigia palustris 
(marsh seedbox; creeping primrose) and Mentha aquatica (water mint) effectively 
remove Cu, Fe, Hg, and Zn. Among the freshwater vascular plants, the most effica-
cious plants are E. crassipes and L. minor.

6. Hyperaccumulator plants for different metals

Bioconcentration factor and factor of translocation are multiplied to get the 
phytoextraction efficiency. It is observed that accumulated metal concentration 
in soil modifies its biological properties. Different plant species vary with regard 
to uptake of heavy metal. The hyperaccumulation of heavy metals mainly rest on 
several factors viz., plant species, soil circumstances (pH, temperature, humidity, 
soil organic content, and cation capacity), and types of heavy metals. The uptake of 
metals is determined by the metal type and metal chemical speciation and habitat 
characteristics of the plant [67]. Hence, the plant selection became significant for 
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the remediation of the containment location. The accumulation efficacy of heavy 
metals in any plant species is calculated via a bioconcentration factor [68]. The 
willow plant consists of the highest biomass, thus identified itself as an appropriate 
plant for soil remediation [69]. In a prior experiment, plant species of Brassicaceae 
family, such as Brassica juncea L., Brassica napus L., and Brassica rapa L. are able to 
accumulate Zn and Cd moderately. In Brassica juncea, the nuts showed the bioaccu-
mulation ability toward Cu [70]. Pistia stratiotes L. (water lettuce) has the potential 
to remove Cd from surface water [71]. Canola (Brassica napus L.) is very effective 
with respect to Cu, Cd, Pb, and Zn in comparison to B. juncea L. (Indian mustard). 
Application of Ethylene diamine tetra acetic acid (EDTA) increases heavy metal 
availability, thus making the plant uptake showing the prominence of organic 
chelates in increasing metal solubility/availability, thus applicable to enhancing the 
efficiency of phytoremediation technique.

Table 6 represents the advantages and limitations of phytoremediation technol-
ogies. In Brassicaceae family, plants are used for biofumigation. Helianthus annuus 
(Sunflower) has the capability for soil remediation contaminated by Pb. Soybean 
plants characteristically synthesize homophytochelatins alternative to phytochela-
tins when heavy metals are exposed. For the soybean seeds and young seedlings, 
Cr metal is found to be extremely toxic at higher concentrations [72]. Crops are 
affected as it is seen that soil contamination by heavy metals causes a considerable 
loss in seed production of soybean canopies [73]. Agricultural soils accumulate toxic 
metals in edible portions of crops which grow in contaminated soils that described 
in crops viz., rice, soybean, maize, and vegetables.

Advantage Limitation

Phytoextraction

Plant with high biomass within lesser time should be 
successful to remove contaminants from soil.

1. Hyperaccumulators exhibit slow growth 
and less bioproductivity due to shallow 
root systems

2. Biomass/phytomass must be disposed of 
cautiously

Phytostabilization

Cost-effective and less disruptive which enhances the 
ecosystem restoration/re-vegetation.

1. The requirement of extensive fertiliza-
tion/soil modification. Proper mainte-
nance is required to prevent leaching

Phytovolatilization

Contaminants/pollutants are transformed into 
less toxic forms, for example, volatilization of 
mercury(Hg) by conversion to the elemental form 
in transgenic Arabidopsis and yellow poplars which 
contains bacterial mercuric reductase (merA)

1. Contaminants/hazardous metabolites 
might accumulate in vegetation viz., 
fruits/lumber

2. Low levels of metabolites can be found in 
plant tissues

Phytofiltration/rhizofiltration

In situ (pond floating rafts) or ex-situ (tank system); 
aquatic
Absorption and adsorption play an important role

1. Constant pH monitoring of the medium 
is required for optimizing the uptake of 
metals

2. Influent chemical speciation and all the 
species interactions are to be understood

3. Intensive maintenance is needed
4. Large root surface area is usually required

Table 6. 
Advantages and limitations of phytoremediation.
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7. Effect of metals on the physiological process

Generally, metals play a significant part in the metabolic pathways in plants 
during the growth and development in appropriate amounts but lethal in excess. Soil 
gets contaminated due to several activities such as mining, disposal of solid wastes, 
automobile exhausts, and engineering activities. Therefore, there is a possibility of 
augmented uptake of metals by food crops, which cause human health risks, thus 
affecting food quality and safety. Metals viz., iron (Fe), molybdenum (Mo), copper 
(Cu), cobalt (Co), manganese (Mn), and zinc (Zn) are crucial for plant growth, 
categorized as essential micronutrients. The nonessential metals found as pollutants 
comprise mercury (Hg), chromium (Cr), selenium (Se), uranium (U), nickel (Ni), 
cadmium (Cd), arsenic (As), lead (Pb), vanadium (V), and wolfram (W). Prior 
published reports by [74] provided information on the impact of metal on the seed 
of crops and medicinal plants regarding biochemical and molecular implications, 
which provide an important role in seed germination. It has been noted that metals 
applied exogenously in the range of micromolar to milimolar concentrations could 
affect seed variability. Seeds from metal tolerant plants and hyperaccumulators pos-
sess higher threshold toxicity than the seeds of nontolerant plants. Nonetheless, data 
on their effects on in situ seed germination are in the nascent stage, which is required 
to be investigated. Cd and Cu inhibit water uptake, obligatory for seed germina-
tion. One can overcome seed dormancy with metal treatment, although the actual 
mechanism of action yet to be understood. But the process of deposition and toxicity 
of metals are unknown in developing seeds, to embryos and cotyledons.

Similarly, few experiments have focused on the detoxification of metals by 
phytochelatins (PC) and metallothioneins (MT). Similarly, Shanker et al. [75] have 
studied extensively about the chromium toxicity in plants which predominantly 
hinge on valence states of chromium ions. Cr has toxic effects on plant develop-
ment which includes modifications in the germination process, development of 
roots, leaves, and stems which ultimately affects entire dry mass production and 
yield. Chromium too has harmful effects on the plant’s physiological processes 
such as photosynthesis, water channeling, and mineral nutrition. Shukla et al. 
[76] inspected the effects of cadmium in wheat (Triticum aestivum L.) plant. Gupta 
and Gupta [77] reported in their publication that nutrient toxicities in crops due 
to manganese and boron are more compared with other nutrients. The foremost 
toxicity symptoms in crops include burning, chlorosis, and yellowing of leaves. The 
toxicity of metals is influenced by metal concentration, the composition of minerals, 
and organics in the soil, pH, redox potential, and the existence of other metals in 
the soil. Metal toxicity is also affected by the association to mineral constituents of 
the polluted sites. Since, there is a lack of basic understanding of metal behavior for 
a precise condition a precise protective method toward metal additions to soils is 
warranted [78].

In addition, the requirement to know the proper metal toxicity in food products 
and their nutritional intake in evaluating their risk to human well-being is more. 
However, the problem of metal toxicity persists due to contamination of the environ-
ment, which worsens intensively due to negative human activities. Hyperaccumulators 
grow on metalliferous soils; leaves possess toxic metal accumulation compared with 
other plant species. Studies aimed regarding these hyperaccumulators to understand 
their physiological role and molecular mechanisms, and thus, these plants can be used 
as a tool in removing metals from natural metal-rich soils (ores) and contaminated 
areas. Metal tolerant species Hordeum vulgare, Brassica juncea, Triticum aestivum, 
Brassica napus, and Helianthus annuus accumulates toxic metals in high concentrations 
in their shoot system.
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8. Transgenic plants usage in phytoremediation

Transgenic plants with wide geographic distribution are used owing to their 
enhanced tolerance and phytoextraction potential. Transgenic plants are fast grow-
ing and seem to possess high biomass, much-elongated roots, and greener leaves 
than unmodified plants. Herbivores are repulsive to transgenic plants, thus making 
it greatly an encouraging candidate in phytoremediation efforts [79].

Transgenic plants, when grown in Cu-contaminated soil, and leaves contain two 
to –three times more Cu compared to other plants [80]. Arabidopsis thaliana also 
possess greater Cu accumulation as reported by overexpression of a pea MTgene 
[81]. PsMTA from Pisum sativum, when overexpressed in A. thaliana, accumulated 
eight times more Cu in roots [82]. Nicotiana glauca (shrub tobacco) has a high toler-
ance toward Pb and Cd when grown in a metal-contaminated soil; the transgenic 
plants accumulated higher Pb concentrations in the shoot system (50% more) and 
in the root system (85% more).

An attempt was made toward transferring and expression of genes from bacteria, 
yeast, animals, or other plants and improvised for potentially high yield. One of the 
encouraging advances in transgenic technology is the use of multiple genes (cyto-
chrome P450s, GSH, GT, etc.) for thorough degradation of xenobiotics within the plant 
system that was involved in metabolism, uptake, and transport of specific pollutants 
in transgenic plants [1, 83, 84]. A published review focused on the development of 
transgenic plants for remediation of 2,4,6-trinitrotoluene, hexahydro-1,3,5-trini-
tro-1,3,5-triazine, and glycerol trinitrate [85] by introducing and expressing bacterial 
nitro-reductases and cytochrome p450s.

As hyperaccumulators have a high metal tolerant trait, probable detoxifica-
tion capacity is maximum thus efficiently used in phytoremediation. But there 
is an alternative to hyperaccumulators due to sluggish growth and condensed 
biomass production; hence, it requires numerous years for sanitization of 
contaminated sites. Thus, to facilitate faster decontamination, the remedial 
property can be extensively improvised by genetic manipulation, plant tissue 
culture, imbursement of transgenic approaches viz., genes, traits can be manipu-
lated and thus the production of transgenic plants, mainly industrialized for 
remediating heavy metal contaminated soil sites. Examples include Nicotiana 
tabaccum expressing a yeast metallothionein gene for higher cadmium tolerance 
or Arabidopsis thaliana overexpressing a mercuric ion reductase gene for higher 
mercury tolerance [86]. Dhankher et al. [87] stated about arsenic sequestration 
which happens largely in vacuoles by complexation with glutathione (−GSH) and 
phytochelatins (PCs).

In another example, the arsenic fall was seen in the transgenic plant developed 
by using bacterial genes ArsC from E. coli with co-expression of γ-glutamylcysteine 
synthetase to provide sufficient -GSH for subsequent conjugation [88]. By the 
expression of bacterial genes merA gene encoding organo-mercurial lyase, trans-
genic plants show better resistance against the toxic effects of mercury [89]. When 
merB was expressed in endoplasmic reticulum, resistance was further improved. 
Therefore, findings on chloroplast are the primary target for mercury poison-
ing and are leading the ongoing research in chloroplast genome engineering. 
Further, the expression of bacterial genes atrazine chlorohydrolase (atzZ) and 
1-aminocyclopropane-1-carboxylate deaminase has shown a promising result in 
the remediation of atrazine and alachlor [90]. Transgenic plants expressing these 
genes show significantly increased tolerance, uptake, and detoxification of targeted 
explosives. Expression of cytochrome p450 as in CYP2E1 in tobacco and poplar 
plants have not only increased TCE metabolism but also is metabolizing vinyl 
chloride, benzene, toluene, and chloroform [84]. Also, trace element detoxification 
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systems have been implemented at the molecular level in yeast and bacteria. A vivid 
study and approaches by manipulation of molecular genetic techniques to regulate 
the discharge of metals as contaminants can be controlled through the use of the 
transgenic plant.

9. Metal homeostasis in plants

Metal homeostasis is defined as the metal uptake, trafficking, efflux, and 
sensing pathways, which allows organisms to maintain a narrow intracellular 
concentration range of essential transition metals. The molecular and genetic 
basis for these mechanisms will be vital in the development of plants that can 
be agents for phytoremediation of contaminated sites. One among the recur-
rent general mechanism requires metal homeostasis, chelation of the metal by a 
ligand, and subsequent compartmentalization of ligand-metal complex. Plants 
evolved a variety of mechanisms managing heavy metal stress, which include the 
synthesis of the sulfur-rich metal chelators, glutathione (GSH), phytochelatins 
(PCs), and metallothioneins (MTs) [91, 92]. Organic acids such as citrate and 
maleate which chelate extracellularly have significant tolerance to aluminum. 
Peptide ligands comprise metallothioneins (MTs) and small gene-encoded, Cys-
rich polypeptides. GSH, abundantly the low-weight molecular SH-compound in 
plants, is synthesized through ATP-dependent enzymatic pathway. GSH protects 
plants from environmental and oxidative stresses, xenobiotics, and heavy metals. 
Glutathione acts as a precursor of phytochelatins (PCs) during excessive mental 
stress [93, 94]. The SH-peptide GSH (ç-Glu-Cys-Gly) and its variation homo-
glutathione (h-GSH, ç-Glu-Cys-â-Ala) has a stimulus in the form and toxicity to 
heavy metals such as Cu, Cd, As, Hg, and Zn in different ways. Inventive mea-
sures of remediation technologies are of paramount importance; thus, plants can 
be an introduced as supplementary alternative renewable source and thus used in 
situ remediations.

9.1 Metallothioneins

Metallothioneins (MT) are cytoplasmic proteins [95], a family of small, vastly 
conserved, cysteine-rich metal-binding proteins (M.W. ∼7000), that are rich in 
sulfhydryl groups (thiols, make them bind to a number of trace metals) that are 
significant small proteins that bind toward Zn and Cu homeostasis, small amounts 
of Fe, Hg and perhaps other heavy metals [96], safeguard against oxidative 
stress, and buffering against toxic heavy metals. MTs were recognized firstly as 
Cd-binding proteins in mammalian tissues. Comparably, proteins are recognized 
in large numbers of animal species [97]. Cysteine-rich proteins are known for their 
high affinity toward cations Cd, Cu, Zn, etc. and also known for deliberating heavy-
metal tolerance and accumulation in yeast and plants.

To mention,

a. Enhanced Cd tolerance is a result of overexpression of MT genes in tobacco and 
oilseeds.

b. A 16-fold greater Cd tolerance was observed by MT yeast gene (CUP 1) overex-
pression in cauliflower.

c. The yeast metallothionein (CUP1) encourages Cu uptake in tobacco—seven 
times more in older leaves than fresh leaves, during Cu stress.
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d. Likewise, high accumulation of Cu was found in Arabidopsis thaliana by 
overexpression of a pea MT gene.

9.2 Phytochelatins

Phytochelatins (PC) are oligomers of glutathione [98] produced by the enzyme 
phytochelatin synthase from GSH, seen in plants, fungi, nematodes, and all the 
algal groups including cyanobacteria. Phytochelatins are central for heavy metal 
detoxification and act as chelators [99], Cysteine-rich metal-chelating (post-trans-
lationally synthesized) peptides which suggestively show heavy-metal tolerance in 
plants and fungi by chelation and thus decrease their unrestricted availability. It is 
projected that PCs are the functionally alike MTs [100].

PCs are not reported in animal species, which supports that MTs performs 
normal functions well in animals, as a contribution by PCs in plants. Heavy-metal 
toxicity in plants is seen in diverse ways; these include chelation, exclusion, 
compartmentalization of the metal ions, immobilization, and the expression of 
more stress response mechanisms in general such as ethylene and other stress 
proteins [11].

To mention,

a. In the Agrobacterium-mediated transformation, the induction and overexpression 
of phytochelatin synthase (PCS1) in Nicotiana glauca bring about high concentra-
tions of Pb and Cd.

b. Accumulation of high Pb concentrations in aerial parts and roots were also 
observed in transgenic plants.

c. Longer roots, greener higher leaves than unmodified plants were seen in 
transgenic seedlings.

d. Overexpression of an Arabidopsis PC synthase (AtPCS1) in transgenic which 
increases PC synthesis thus accumulating and tolerating metals.

As PCs are found in tissues of the plants and cell cultures upon open to trace 
levels of crucial metals and the level of PCs were seen in cell cultures is correlated 
with the medium by reduction of metal ions. These remarks are inferred to desig-
nate the role of PCs in the crucial metal ion metabolism homeostasis [94, 101].

10. Conclusion

Among several regions of the world, cultivation of plants is significant in the 
maintenance of the ecosystem. Environmental contamination occurs due to geo-
genic and anthropogenic activities as discussed in the review paper. Although a few 
metals are true bio elements at normal concentration, they can cause a potentially 
hazardous impact on excessive usage causing environmental contamination. There 
are a variety of measured steps taken through the different aspects of phytoreme-
diation to curb the menace of contaminants and pollution, but there is always a step 
of further progress which can be implemented in this scenario.

Plants are naturally found to synthesize nanoparticles. Nanophytoremediation 
is an innovative and encouraging technology which has gathered a wider reception 
due to its current area of research in plants. As in the review paper, there are several 
plant families which act in the biosynthesis of nanoparticles. It is significant to 
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study on metal nanoparticles formation, types of nanoparticles, and derivatives of 
these nanoparticles, and their action on the physiological process will further elimi-
nate the bioaccumulation of toxic nanoparticles in the plants. Numerous countries 
globally use plants as a primary source of energy for food; fodder; thus, toxicity and 
contamination of metals in crops and medical plants may have a huge impact. In our 
review paper, we have made a significant effort to understand the phytoremedia-
tion processes, in general, the nanoparticles occurrence, the need to biomonitor 
the trace elements in the environment, the physiological effects of the bioelements, 
transgenic plants which can be used effectively in nanophytoremediation. Thus, 
in conclusion, nanophytoremediation can be a complementary biological clean-up 
technique, thus maintaining the sustainability of the environment.
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Soil Management and 
Conservation: An Approach to 
Mitigate and Ameliorate Soil 
Contamination
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Abstract

The chapter mainstreamed Soil Management and Conservation approach as a 
potent remedy for Soil Contamination. Largely, microbial activities play significant 
role in maintaining balance within the ecosystem however changes in Land-use 
has a direct influence on soil biota, including the floral and fauna components. The 
introduction of contaminants, from varying sources such as agrochemicals, pet-
rochemicals, landfills, sludge, effluents, etc., into the soil builds up the amount of 
heavy metals present in the deposits hence degrading the soil and polluting ground-
water. Integrating soil management options to enhance biodiversity and strengthen 
microbial activities improve the soil ecology thus creating a buffer for neutralizing 
potential contaminants.

Keywords: degradation, land-use, ecology, biodiversity, soil conservation

1. Introduction

One of the central component of terrestrial ecosystem is soil. Loss in ecosystem 
is a representation of the degradation of soil. The soil plays a key role in the health 
of ecosystem, however, over-exploitation of these ecosystem by humans causes con-
siderable degradation and migration of contaminants. The use of land for agricul-
ture occupies 36.5% of the earth’s land mass [1]. Though this human activities may 
be justified to provide greater benefit in other services termed development, but 
consistent degradation of this ecosystem and exposure of it to various contaminants 
is not in the best interest of the society and it is detrimental to the environment that 
sustains all life forms.

Soil conservation are various practices of farming operations and management 
strategies which are conducted with the purpose of controlling soil erosion by 
avoiding or minimizing soil particle detachment and movement of water or/and 
air. It also helps in preventing the loss of the top-most layer of the soil and fertility 
which could also be caused by soil contamination. Understanding the processes 
and factors that govern soil erosion is very important to implementing its control 
practice and will help to manage soil erosion thus leading to soil conservation. The 
mechanics involve fluid (wind/water) detachment or entrainment which is being 
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siderable degradation and migration of contaminants. The use of land for agricul-
ture occupies 36.5% of the earth’s land mass [1]. Though this human activities may 
be justified to provide greater benefit in other services termed development, but 
consistent degradation of this ecosystem and exposure of it to various contaminants 
is not in the best interest of the society and it is detrimental to the environment that 
sustains all life forms.

Soil conservation are various practices of farming operations and management 
strategies which are conducted with the purpose of controlling soil erosion by 
avoiding or minimizing soil particle detachment and movement of water or/and 
air. It also helps in preventing the loss of the top-most layer of the soil and fertility 
which could also be caused by soil contamination. Understanding the processes 
and factors that govern soil erosion is very important to implementing its control 
practice and will help to manage soil erosion thus leading to soil conservation. The 
mechanics involve fluid (wind/water) detachment or entrainment which is being 
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accompanied by the transportation of soil particles and its subsequent deposition as 
soil sediments. Conservation approaches and management strategies that ensures 
these include crop rotation, cover cropping, planting windbreaks and conservation 
tillage, which have been harnessed for millennia. Soil conservation practices are 
said to be farming operations and soil management strategies carried out with the 
aim of achieving a goal which is to control soil erosion by preventing or reducing 
soil particle detachment and transport in air or water [2]. Soil conservation started 
with the aim to protect an ecology from agricultural production by making use of 
largely unproven technology that failed to adapt with the natural requirements of 
the land. The evolving land degradation trend could only be understood by deter-
mining if the causes were as a result of natural occurrences or by unwise use [3].

In Europe, Common Agricultural Policy (CAP) is put in place in a bid to target the 
application of best management practices such as winter cover crops, reduced tillage, 
plant residues and grass margins in order to address conservation [4]. This traditional 
approaches which enhanced the productivity, environmental benefits and profits are 
based on procedures of no-tillage, and the broader concepts of agricultural conserva-
tion and land management sustainability. These concepts are one and not divided, 
but part of a continuous land management practices which range from detailed soil 
management practices such as zero-tillage, to the enhnaced concepts, principles and 
objectives of agricultural conservation and land management for sustainability.

2. Soil conservation methods

2.1 Cover cropping and mulching

This method is effective in reducing migration of top soil by leaving a cover over 
the soil in a bid to reduce soil displacement which is associated with the impacts from 
raindrops on the soil particles. Cover crops and mulching also reduces the amount 
of runoff and its velocity over the soil. Mulching, which is the application of organic 
materials over exposed soil to confer a form of covering to it over a period before 
decomposing. Straw can be used as mulch but hay is proven to be the best and it is 
important to ensure that it is harvested before the weeds mature. These crops are 
necessary to control erosion especially when the main crops planted do not give suf-
ficient residue for more conventional residue management-based erosion control [5]. 
Where precipitation is adequate, cover crops like peas can help protect against wind 
erosion and also add nitrogen to the soil. The nitrogen released from the roots of these 
legumes are energy source for microbial metabolic activities hence such live mulch or 
cover crop give rise to an active microbial community in the rhizosphere soil.

2.2 Crop rotation

Crop rotation is an indigenous and practical way for managing agro-ecosystem 
biodiversity by enhancing soil health, minimizing pests and disease outbreaks [6]. 
This method enables farmers to improve the structure of the soil, increase the soil 
organic matter and rooting depth. This happens when secondary crops are grown in 
order to enhance soil health. As a result of the extensive shattering of soil aggregrates 
during seedbed preparation and harvesting, root crops are particularly destructive 
to the soil structure. Therefore, it is advised that root crops should be grown once in 
every three years. Corn can be grown in the following year with two years of silage 
followed in succession by three or more years of forage. Leguminous crops (such as 
pea and chickpea) during crop rotation helps in modifying soil functional microbial 
communities. In the rotation, cover cropping or mulching, and zero tillage should 
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be incorporated too. Crop rotations can provide better opportunities for the growth 
of some soil functional microorganisms. This brings about rich biodiversity within 
the soil ecosystem as both the shallow feeding crops and deep rooted crops activates 
varying species of microorganismsper time thus creating a build up of microbes 
exhibiting varying characteristics to colonize the soil. Thus, different crops can pro-
duce various residues and root exudates to boost soil microbial diversity and activity, 
and increase soil microbial biomass as well as enhance C and N cycling [7, 8].

2.3 Conservation tillage

This method is aimed atpreserving soil aggregates, organic matter and crop 
residues [9, 10]. Conservation tillage include changes in making use of less destruc-
tive tillage implements (for instance, instead of using mouldboard plow, use chisel 
plow), minimum tillage (that is, one turn instead of two), leaving crop residue on 
the soil surface to prevent erosion. Plowing and tilling land for the preparation of the 
seed bed are basis of the traditional agricultural practices. However, these practices 
have been proven to be highly destructive to the soil with 24% of global agricultural 
land degraded as a result of this [11]. New approach which is centered on conserving 
and improving soil is gradually replacing soil tillage. The soil is typically inverted to a 
depth of less than 20 cm using mouldboard plow during conventional tillage system, 
however, in conservation tillage system, the soil is not disturbed or disturbed to a 
lesser degree [12]. This conservation method has shown to improve soil structure, 
reduce soil erosion, improve drainage and water holding capacity of the soil, increase 
soil organic matter and also increase microbial and earthworm activity [13].

2.4 Ridges, terraces and contours

The ridges are made across wind and they consist of tall listed seed beds 
that are being formed over the entire field or as trap strips which is in a posi-
tion perpendicular to the direction of the prevailing wind. The formation of an 
earthen embankment along a common elevation contour gives an elevated terrace 
structure that can directly reduce wind erosion by potential reduction in wind 
speed and interception of soil particles. Indirect wind erosion control benefits of 
terraces and the related contour tillage and cropping practices expand overall crop 
grain and residue productivity by controlling runoff for increased water storage 
in the soil [14]. The underlying layer of soil becomes relatively less disturbed by 
the action of erosion hence making room for an increased microbial population 
within the micro-climate.

2.5 Strip cropping/planting windbreaks

This is another method of conserving the soil and for controlling wind ero-
sion. A windbreak serves as a barrier with the purpose of deflecting the flow of 
air and reducing leeward wind speed [15]. However, the availability of irrigation 
makes this conservation method useful in a difficult environment. The crops may 
be cultured in strips perpendicular to the prevailing wind where field orienta-
tion is not restricted as a means to reduce the near surface wind speed [16]. This 
practice is broadly accommodating of various width of crop strips depending on 
the crop tolerance to eroding soil or potential to trap soil grains. The interplay 
between erosivity and erodibility potential of soil determines the gradient of 
detachment experienced within varying soil types. This confers significance on 
the efficacy of windbreaks/strip crops to band soil particles together thereby 
curtailing dislodgement.
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accompanied by the transportation of soil particles and its subsequent deposition as 
soil sediments. Conservation approaches and management strategies that ensures 
these include crop rotation, cover cropping, planting windbreaks and conservation 
tillage, which have been harnessed for millennia. Soil conservation practices are 
said to be farming operations and soil management strategies carried out with the 
aim of achieving a goal which is to control soil erosion by preventing or reducing 
soil particle detachment and transport in air or water [2]. Soil conservation started 
with the aim to protect an ecology from agricultural production by making use of 
largely unproven technology that failed to adapt with the natural requirements of 
the land. The evolving land degradation trend could only be understood by deter-
mining if the causes were as a result of natural occurrences or by unwise use [3].

In Europe, Common Agricultural Policy (CAP) is put in place in a bid to target the 
application of best management practices such as winter cover crops, reduced tillage, 
plant residues and grass margins in order to address conservation [4]. This traditional 
approaches which enhanced the productivity, environmental benefits and profits are 
based on procedures of no-tillage, and the broader concepts of agricultural conserva-
tion and land management sustainability. These concepts are one and not divided, 
but part of a continuous land management practices which range from detailed soil 
management practices such as zero-tillage, to the enhnaced concepts, principles and 
objectives of agricultural conservation and land management for sustainability.

2. Soil conservation methods

2.1 Cover cropping and mulching

This method is effective in reducing migration of top soil by leaving a cover over 
the soil in a bid to reduce soil displacement which is associated with the impacts from 
raindrops on the soil particles. Cover crops and mulching also reduces the amount 
of runoff and its velocity over the soil. Mulching, which is the application of organic 
materials over exposed soil to confer a form of covering to it over a period before 
decomposing. Straw can be used as mulch but hay is proven to be the best and it is 
important to ensure that it is harvested before the weeds mature. These crops are 
necessary to control erosion especially when the main crops planted do not give suf-
ficient residue for more conventional residue management-based erosion control [5]. 
Where precipitation is adequate, cover crops like peas can help protect against wind 
erosion and also add nitrogen to the soil. The nitrogen released from the roots of these 
legumes are energy source for microbial metabolic activities hence such live mulch or 
cover crop give rise to an active microbial community in the rhizosphere soil.

2.2 Crop rotation

Crop rotation is an indigenous and practical way for managing agro-ecosystem 
biodiversity by enhancing soil health, minimizing pests and disease outbreaks [6]. 
This method enables farmers to improve the structure of the soil, increase the soil 
organic matter and rooting depth. This happens when secondary crops are grown in 
order to enhance soil health. As a result of the extensive shattering of soil aggregrates 
during seedbed preparation and harvesting, root crops are particularly destructive 
to the soil structure. Therefore, it is advised that root crops should be grown once in 
every three years. Corn can be grown in the following year with two years of silage 
followed in succession by three or more years of forage. Leguminous crops (such as 
pea and chickpea) during crop rotation helps in modifying soil functional microbial 
communities. In the rotation, cover cropping or mulching, and zero tillage should 
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be incorporated too. Crop rotations can provide better opportunities for the growth 
of some soil functional microorganisms. This brings about rich biodiversity within 
the soil ecosystem as both the shallow feeding crops and deep rooted crops activates 
varying species of microorganismsper time thus creating a build up of microbes 
exhibiting varying characteristics to colonize the soil. Thus, different crops can pro-
duce various residues and root exudates to boost soil microbial diversity and activity, 
and increase soil microbial biomass as well as enhance C and N cycling [7, 8].

2.3 Conservation tillage

This method is aimed atpreserving soil aggregates, organic matter and crop 
residues [9, 10]. Conservation tillage include changes in making use of less destruc-
tive tillage implements (for instance, instead of using mouldboard plow, use chisel 
plow), minimum tillage (that is, one turn instead of two), leaving crop residue on 
the soil surface to prevent erosion. Plowing and tilling land for the preparation of the 
seed bed are basis of the traditional agricultural practices. However, these practices 
have been proven to be highly destructive to the soil with 24% of global agricultural 
land degraded as a result of this [11]. New approach which is centered on conserving 
and improving soil is gradually replacing soil tillage. The soil is typically inverted to a 
depth of less than 20 cm using mouldboard plow during conventional tillage system, 
however, in conservation tillage system, the soil is not disturbed or disturbed to a 
lesser degree [12]. This conservation method has shown to improve soil structure, 
reduce soil erosion, improve drainage and water holding capacity of the soil, increase 
soil organic matter and also increase microbial and earthworm activity [13].

2.4 Ridges, terraces and contours

The ridges are made across wind and they consist of tall listed seed beds 
that are being formed over the entire field or as trap strips which is in a posi-
tion perpendicular to the direction of the prevailing wind. The formation of an 
earthen embankment along a common elevation contour gives an elevated terrace 
structure that can directly reduce wind erosion by potential reduction in wind 
speed and interception of soil particles. Indirect wind erosion control benefits of 
terraces and the related contour tillage and cropping practices expand overall crop 
grain and residue productivity by controlling runoff for increased water storage 
in the soil [14]. The underlying layer of soil becomes relatively less disturbed by 
the action of erosion hence making room for an increased microbial population 
within the micro-climate.

2.5 Strip cropping/planting windbreaks

This is another method of conserving the soil and for controlling wind ero-
sion. A windbreak serves as a barrier with the purpose of deflecting the flow of 
air and reducing leeward wind speed [15]. However, the availability of irrigation 
makes this conservation method useful in a difficult environment. The crops may 
be cultured in strips perpendicular to the prevailing wind where field orienta-
tion is not restricted as a means to reduce the near surface wind speed [16]. This 
practice is broadly accommodating of various width of crop strips depending on 
the crop tolerance to eroding soil or potential to trap soil grains. The interplay 
between erosivity and erodibility potential of soil determines the gradient of 
detachment experienced within varying soil types. This confers significance on 
the efficacy of windbreaks/strip crops to band soil particles together thereby 
curtailing dislodgement.
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2.6 Residue management

This is the most preferred method for controlling wind erosion for most crops 
and climates [17]. It is made up of several tillage practices that maintain residue 
from a previously harvested crop as a surface cover to prevent soil erosion. Residue 
management also maintains mulches which may be standing or flat to intercept soil 
grains by trapping their movement [18]. Leaving the residue of the previous crop on 
the surface of the soil is beneficial in that it improves soil water storage regardless 
of the runoff controlling contours, it helps to increase rain infiltration and reduce 
evaporation from the soil. The micro-climate here is well adapted for microbial 
activities as there exists a steady retrieval of energy from the decomposing biomass 
of residues thereby giving rise to mineralization of organic compounds and disinte-
gration of complex molecules.

3. Effects of agriculture on environmental health

Soil health is the innate potential of a soil to function within ecosystem bound-
aries (either natural or managed), sustain plant productivity, maintain water 
and air quality, support human well-being, and provide habitats for biodiversity 
[19–21]. Agricultural intensification is placing huge pressure on the soil’s potential 
to maintain its functions which is progressively leading to large-scale ecosystem 
degradation and loss of productivity in the long term [22–24]. Over a few decades, 
significant efforts have been made to enhance agricultural productivity through 
increased fertilization and pesticide application, improved irrigation, soil manage-
ment regimes and crops, and massive land conversions [25]. However, there is a 
growing concern that the use of natural ecosystems for agricultural purposes has 
incurred substantial environmental costs, including desertification, increased emis-
sions of greenhouse gasses, decreased organic matter in soils, loss of biodiversity, 
and alterations to biogeochemical and hydrological cycles [26, 27].

The quality of the soil, conversely, is an extrinsic feature of soils and changes with 
the desired usage of that soil by humans. This may be related to agricultural produc-
tion and its capacity to support wildlife, watershed production, or recreation outputs 
provision. Some of the environmental challenges that are related to agriculture are 
expressed as pollutants, climate change, soil degradation, and deforestation [28].

3.1 Climate change

Climate is described as general or average weather conditions of a certain region, 
including temperature, rainfall and wind, over a long period. Climate change has 
direct and indirect effect in speeding up or slowing down terrestrial microbial 
community composition and their functional activities. Climatic change alters the 
relative population of microorganisms and their functions within soil communities 
since soil community members differ in their physiology, temperature sensitiv-
ity, and growth rates [29–34]. The direct effects of climatic change on microbial 
population, composition and function have been reviewed extensively [35–39]. 
Temperature and water are essential environmental factors for microbial growth. 
Increased temperature alters microbial community structures and processes such 
as respiration, fermentation and methanogenesis are also accelerated. This directly 
affects enzyme activity and microbial physiological property. Both agriculture 
and climate change are interrelated processes, of which they both take place on a 
global scale. Climate change impacts microbial community structure and activities 
both directly, through alteration of the soil chemical and physical environment, 
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and indirectly through changes in land use. Environmental changes such as global 
warming are directly altering microbial soil respiration rates because soil micro-
organisms, and the processes they mediate, are temperature sensitive. The role of 
the prevailing changing climate, visibly expressed with elevated temperature, in 
microbial metabolism has been accorded considerable attention of recent [40–43]. 
This stresses the effects of climatic changes on soil microorganisms which are 
essential components in the ecosystem since they play a key role in maintaining soil 
health through ecological intensification.

3.2 Deforestation

Deforestation is a major driver of climate change and cause of the loss of habitat 
for millions of species. The soil is the basis for agriculture, natural plant communi-
ties and natural climate regulation, with 75% organic carbon stored in terrestrial 
habitat [44–46]. Vegetation has extensive contribution in sustaining ecosystem 
services of both surface and subsurface soil. Deforestation exacerbates climate 
change in that trees are completely or selectively removed to create farmland. Land 
use changes have several undesirable consequences, with significant effect on radi-
cal losses in soil fertility, soil carbon and nitrogen stocks have been recorded in the 
first 20–25 years after deforestation [47, 48].

3.3 Pollutants

Synthetic pesticides are the most common and widely use method of controlling 
pests in agriculture. A large number of agricultural chemicals (such as fertilizer, 
pesticides, etc.) are used and some become pollutants through their use, misuse or 
ignorance hence leaching through the soil to pollute the groundwater. Soil erosion 
has been instrumental in the horizontal and vertical movement of these pollutants 
(earlier bonded with soil particles but displaced) from agricultural fields to other 
places, especially water bodies (both surface and underground). Consequently, 
pollutants from agricultural fields do have large effect on the quality of water. 
Poorly managed animal feeding operations, overgrazing, heavy use of fertilizers, 
plowing, and improper, heavy use, or wrongly timed use of pesticides, causes 
pollution. These pollutants find their ways through the soil profile and across the 
gradient of slope hence affecting rivers, groundwater, wetlands, lakes, and estuaries 
[28] through continued deposition over a long period. In the same vein, untreated 
industrial pollutants discharged from the industries and factories have prevalent 
toxic concentration. Oftentimes, these wastes are discharged into the water body 
and affect aquatic cultures as well as flora and fauna life cycles. Usage of unsuit-
able contaminated water and the discharge of untreated industrial wastewater into 
water bodies form a main source of water pollution. Soil pollution occurs due to 
untreated disposal of industrial wastes (laden with high toxic contaminants) into 
soil. Wastes from industries have varying amount of toxic chemicals such that when 
deposited in soil, they cause the soil layer strength in the top soil to deteriorate, thus 
reducing fertility and microbial activity of the soil. In addition, the hazardous effect 
of these pollutants leads to ecological imbalances within the soil ecosystem.

3.4 Soil degradation

Soil degradation is the decrease in the quality of soil that can be as a result 
of many factors, most especially from agriculture. Soils hold the majority of the 
world’s biodiversity, and healthy soils are essential for food production and ade-
quate water supply [49]. Soil degradation shows expression in salting, waterlogging, 
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2.6 Residue management

This is the most preferred method for controlling wind erosion for most crops 
and climates [17]. It is made up of several tillage practices that maintain residue 
from a previously harvested crop as a surface cover to prevent soil erosion. Residue 
management also maintains mulches which may be standing or flat to intercept soil 
grains by trapping their movement [18]. Leaving the residue of the previous crop on 
the surface of the soil is beneficial in that it improves soil water storage regardless 
of the runoff controlling contours, it helps to increase rain infiltration and reduce 
evaporation from the soil. The micro-climate here is well adapted for microbial 
activities as there exists a steady retrieval of energy from the decomposing biomass 
of residues thereby giving rise to mineralization of organic compounds and disinte-
gration of complex molecules.

3. Effects of agriculture on environmental health

Soil health is the innate potential of a soil to function within ecosystem bound-
aries (either natural or managed), sustain plant productivity, maintain water 
and air quality, support human well-being, and provide habitats for biodiversity 
[19–21]. Agricultural intensification is placing huge pressure on the soil’s potential 
to maintain its functions which is progressively leading to large-scale ecosystem 
degradation and loss of productivity in the long term [22–24]. Over a few decades, 
significant efforts have been made to enhance agricultural productivity through 
increased fertilization and pesticide application, improved irrigation, soil manage-
ment regimes and crops, and massive land conversions [25]. However, there is a 
growing concern that the use of natural ecosystems for agricultural purposes has 
incurred substantial environmental costs, including desertification, increased emis-
sions of greenhouse gasses, decreased organic matter in soils, loss of biodiversity, 
and alterations to biogeochemical and hydrological cycles [26, 27].

The quality of the soil, conversely, is an extrinsic feature of soils and changes with 
the desired usage of that soil by humans. This may be related to agricultural produc-
tion and its capacity to support wildlife, watershed production, or recreation outputs 
provision. Some of the environmental challenges that are related to agriculture are 
expressed as pollutants, climate change, soil degradation, and deforestation [28].

3.1 Climate change

Climate is described as general or average weather conditions of a certain region, 
including temperature, rainfall and wind, over a long period. Climate change has 
direct and indirect effect in speeding up or slowing down terrestrial microbial 
community composition and their functional activities. Climatic change alters the 
relative population of microorganisms and their functions within soil communities 
since soil community members differ in their physiology, temperature sensitiv-
ity, and growth rates [29–34]. The direct effects of climatic change on microbial 
population, composition and function have been reviewed extensively [35–39]. 
Temperature and water are essential environmental factors for microbial growth. 
Increased temperature alters microbial community structures and processes such 
as respiration, fermentation and methanogenesis are also accelerated. This directly 
affects enzyme activity and microbial physiological property. Both agriculture 
and climate change are interrelated processes, of which they both take place on a 
global scale. Climate change impacts microbial community structure and activities 
both directly, through alteration of the soil chemical and physical environment, 
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and indirectly through changes in land use. Environmental changes such as global 
warming are directly altering microbial soil respiration rates because soil micro-
organisms, and the processes they mediate, are temperature sensitive. The role of 
the prevailing changing climate, visibly expressed with elevated temperature, in 
microbial metabolism has been accorded considerable attention of recent [40–43]. 
This stresses the effects of climatic changes on soil microorganisms which are 
essential components in the ecosystem since they play a key role in maintaining soil 
health through ecological intensification.

3.2 Deforestation

Deforestation is a major driver of climate change and cause of the loss of habitat 
for millions of species. The soil is the basis for agriculture, natural plant communi-
ties and natural climate regulation, with 75% organic carbon stored in terrestrial 
habitat [44–46]. Vegetation has extensive contribution in sustaining ecosystem 
services of both surface and subsurface soil. Deforestation exacerbates climate 
change in that trees are completely or selectively removed to create farmland. Land 
use changes have several undesirable consequences, with significant effect on radi-
cal losses in soil fertility, soil carbon and nitrogen stocks have been recorded in the 
first 20–25 years after deforestation [47, 48].

3.3 Pollutants

Synthetic pesticides are the most common and widely use method of controlling 
pests in agriculture. A large number of agricultural chemicals (such as fertilizer, 
pesticides, etc.) are used and some become pollutants through their use, misuse or 
ignorance hence leaching through the soil to pollute the groundwater. Soil erosion 
has been instrumental in the horizontal and vertical movement of these pollutants 
(earlier bonded with soil particles but displaced) from agricultural fields to other 
places, especially water bodies (both surface and underground). Consequently, 
pollutants from agricultural fields do have large effect on the quality of water. 
Poorly managed animal feeding operations, overgrazing, heavy use of fertilizers, 
plowing, and improper, heavy use, or wrongly timed use of pesticides, causes 
pollution. These pollutants find their ways through the soil profile and across the 
gradient of slope hence affecting rivers, groundwater, wetlands, lakes, and estuaries 
[28] through continued deposition over a long period. In the same vein, untreated 
industrial pollutants discharged from the industries and factories have prevalent 
toxic concentration. Oftentimes, these wastes are discharged into the water body 
and affect aquatic cultures as well as flora and fauna life cycles. Usage of unsuit-
able contaminated water and the discharge of untreated industrial wastewater into 
water bodies form a main source of water pollution. Soil pollution occurs due to 
untreated disposal of industrial wastes (laden with high toxic contaminants) into 
soil. Wastes from industries have varying amount of toxic chemicals such that when 
deposited in soil, they cause the soil layer strength in the top soil to deteriorate, thus 
reducing fertility and microbial activity of the soil. In addition, the hazardous effect 
of these pollutants leads to ecological imbalances within the soil ecosystem.

3.4 Soil degradation

Soil degradation is the decrease in the quality of soil that can be as a result 
of many factors, most especially from agriculture. Soils hold the majority of the 
world’s biodiversity, and healthy soils are essential for food production and ade-
quate water supply [49]. Soil degradation shows expression in salting, waterlogging, 
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compaction, pesticide contamination, decline in soil structure, loss of fertility, 
increase in soil acidity, alkalinity, salinity, and prevalence of erosion. Soil erosion 
is the wearing away of topsoil by water, wind, or farming activities [50]. At the 
same time, agriculture has been shown to contribute significantly to degradation, 
mainly through the continued dependence and improper use of inorganic fertil-
izers, synthetic pesticides, etc., which culminates in production and release of 
greenhouse gases such as carbon dioxide, methane, and nitrous oxide. Moreover, 
agriculture that practices conventional practices such as tillage, fertilization, and 
pesticide application also release ammonia, nitrate, phosphorus, and many other 
gases that pollute the air, water, and soil quality, as well as biodiversity. Agriculture 
also changes the land cover of the Earth, which can change its ability to absorb or 
reflect heat and light, hence contributing to radiative forcing. Soil degradation also 
has a large impact on biological degradation, which influence the microbial commu-
nity of the soil negatively and alters nutrient cycling, pest and disease control, and 
chemical transformation properties of the soil.

4. Effects of microbial activities on soil contaminants

By 2050, it is projected that the world population will increase to 8.9 billion 
people and this will lead to higher demand for agricultural produce [51]. In the 
future, the high demand of food and shortage of new agricultural land development 
will require increasing crop yields making use of sustainable means. Improvement of 
soil conservation increases soil organic matter and reduces erosion in other to have a 
sustainable agricultural land management and improved soil health [52]. Assessment 
of soil is based on the quality of soil variables that guarantee crop production 
sustainability in agricultural lands [19, 53]. Soil biota components such as microbial 
community, activity, abundance, stability and diversity which are improved by soil 
conservation have been discussed in several studies to be important indicators of 
soil quality [19, 54]. The rhizosphere of the plant is the narrow zone of the soil that 
is closed to the root system and sustains the production of crops with agrochemical 
inputs level that is balance or minimized [55]. Rhizoremediation of organic pollut-
ants [8] and organic compounds creates nutrient-rich environment that influence 
microbial communities and the degradation of organic contaminants [56]. Soil biota 
plays a great role in residues of plant mineralization to form plants nutrients which 
can be easily absorbed by the plants for their growth and development [57]. Also, 
soil biota increases the rate of decomposition by excreting different enzymes that 
support plants’s nutrients kinetics in the soil [58]. Microorganisms in the soil espe-
cially bacteria and fungi, transforms N between organic and inorganic forms which 
improves plant minerals uptake [59]. Microbial communities support the fundamen-
tal processes that provide productivity and stability of agroecosystems [60].

Soil conservation activities such as cover crops and minimum tillage as earlier 
mentioned can favorably improve soil health by increasing the number of soil 
organisms that break down organic matter, and in the process, release nutrients for 
the plant uptake. This soil organism breaks organic soil contaminants and several 
factors can interfere with the soil–microbe–plant complex hence influencing its 
functionality. Soil type [61], organic carbon level [60], temperature and moisture 
[62], oxygen level [63], electrical conductivity, calcium level and pH [64] are all 
factors that can change the composition and functionality of soil microbial com-
munities. Of the soil macrofauna, earthworms are a major component and are 
very important in the soil fertility dynamics as their burrowing activities helps in 
improving the soil aeration and infiltration of water into the soil. The population 
of earthworm is influenced by soil conservation. [65, 66] discussed how minimum 
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tillage which is part of soil conservation affects the population of earthworm. The 
increase of earthworms could encourage biological-remediation of contaminated 
soil known as vermiremediation [67]; soils contaminated with metallic contami-
nants [68] and organic pollutants and some chlorinated compounds inclusive [69]. 
The earthworms makes holes through the soil, mix the soil, affects its structure, and 
alters its nutritional profile and fungal and bacterial communities [70].

Fungi are chemoorganotrophic organism that are present everywhere and 
plays fundamental roles in geological and ecological processes [71, 72]. They can 
transform a large varieties of organic substrates, in addition with natural polymers 
not only lignin, cellulose, starch and chitin, but also other anthropogenic products 
such as explosives, pesticides and other xenobiotics [73, 74]. Mycoremediation, 
that is, the use of fungi to remove soil contaminant, has emerged as one of the 
most promising and cost-effective soil remediation techniques [75–79]. Bacterial 
genera, namely, Gordonia, Brevibacterium, Aeromicrobium, Dietzia, Burkholderia, 
and Mycobacterium, Fungal genera, namely, Amorphoteca, Neosartorya, Talaromyces, 
and Graphium as well as terrestrial fungi, namely, Aspergillus, Cephalosporium, and 
Penicillium and yeast genera, namely, Candida, Yarrowia, and Pichia which were 
isolated from soil that has been contaminated by petroleum proved to be organ-
isms that has the potential for degrading hydrocarbon while yeast species, namely, 
Candida lipolytica, Rhodotorula mucilaginosa, Geotrichum spp., and Trichosporon 
mucoides isolated from water that has been contaminated were discovered to 
degrade petroleum compounds [80–82]. When soil microorganism is improved 
by soil conservation, mycoremediation will be facilitated in order to remove soil 
contaminant. For instance, fungi is a potential approach for specific site Arsenic 
bioremediation [78, 79]. This adaptation of fungi towards soil that has been con-
taminated could be the high surface area to volume ratio and their various detoxifi-
cation of metal mechanisms [83].

The physical and chemical properties of the soil significantly influence the soil 
fungal community structure and this is determined by agricultural practices [84, 85]. 
Increase in fungal biomass and bacterial is termed as changes in soil microbial com-
munities and it has been observed in zero tillage than in conventional tillage practices 
[86]. Various land management practices has been examined to increase fungal bio-
mass in the soil. Total fungal hyphal biomass and fungal propagules were discovered 
to be more in soil collected from organically managed agricultural systems [87–89]. 
The density of fungi in soil were found to be affected by crop rotation, animal grazing 
and soil tillage [90–98].

5. Conclusion

The type of land management practices in agroecosystems as an impacts on 
the structure of microbial community and function through a variety of different 
mechanisms. Land-use changes also impact on soil microbial community structure 
through alterations in carbon availability and quality, pH and nutrient availability. 
Since the ratio of fungal population to bacterial population are commonly measured 
as indicators of microbial community structure, and the relative proportions of 
fungi are increased by no-till practices, crop rotations, and use of cover crops, thus 
biological mechanisms are regulating carbon and nitrogen exchanges between the 
land, water and atmosphere. This reveals the importance of soil management and 
conservation approach in enhancing microbial activity for soil ecological intensi-
fication as well as buffering the soil to neutralize contaminants. Albeit, microbial 
ecology to assess terrestrial carbon cycle plays a crucial role in maintaining balance 
within the ecosystem.
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compaction, pesticide contamination, decline in soil structure, loss of fertility, 
increase in soil acidity, alkalinity, salinity, and prevalence of erosion. Soil erosion 
is the wearing away of topsoil by water, wind, or farming activities [50]. At the 
same time, agriculture has been shown to contribute significantly to degradation, 
mainly through the continued dependence and improper use of inorganic fertil-
izers, synthetic pesticides, etc., which culminates in production and release of 
greenhouse gases such as carbon dioxide, methane, and nitrous oxide. Moreover, 
agriculture that practices conventional practices such as tillage, fertilization, and 
pesticide application also release ammonia, nitrate, phosphorus, and many other 
gases that pollute the air, water, and soil quality, as well as biodiversity. Agriculture 
also changes the land cover of the Earth, which can change its ability to absorb or 
reflect heat and light, hence contributing to radiative forcing. Soil degradation also 
has a large impact on biological degradation, which influence the microbial commu-
nity of the soil negatively and alters nutrient cycling, pest and disease control, and 
chemical transformation properties of the soil.

4. Effects of microbial activities on soil contaminants

By 2050, it is projected that the world population will increase to 8.9 billion 
people and this will lead to higher demand for agricultural produce [51]. In the 
future, the high demand of food and shortage of new agricultural land development 
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organisms that break down organic matter, and in the process, release nutrients for 
the plant uptake. This soil organism breaks organic soil contaminants and several 
factors can interfere with the soil–microbe–plant complex hence influencing its 
functionality. Soil type [61], organic carbon level [60], temperature and moisture 
[62], oxygen level [63], electrical conductivity, calcium level and pH [64] are all 
factors that can change the composition and functionality of soil microbial com-
munities. Of the soil macrofauna, earthworms are a major component and are 
very important in the soil fertility dynamics as their burrowing activities helps in 
improving the soil aeration and infiltration of water into the soil. The population 
of earthworm is influenced by soil conservation. [65, 66] discussed how minimum 
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Fungi are chemoorganotrophic organism that are present everywhere and 
plays fundamental roles in geological and ecological processes [71, 72]. They can 
transform a large varieties of organic substrates, in addition with natural polymers 
not only lignin, cellulose, starch and chitin, but also other anthropogenic products 
such as explosives, pesticides and other xenobiotics [73, 74]. Mycoremediation, 
that is, the use of fungi to remove soil contaminant, has emerged as one of the 
most promising and cost-effective soil remediation techniques [75–79]. Bacterial 
genera, namely, Gordonia, Brevibacterium, Aeromicrobium, Dietzia, Burkholderia, 
and Mycobacterium, Fungal genera, namely, Amorphoteca, Neosartorya, Talaromyces, 
and Graphium as well as terrestrial fungi, namely, Aspergillus, Cephalosporium, and 
Penicillium and yeast genera, namely, Candida, Yarrowia, and Pichia which were 
isolated from soil that has been contaminated by petroleum proved to be organ-
isms that has the potential for degrading hydrocarbon while yeast species, namely, 
Candida lipolytica, Rhodotorula mucilaginosa, Geotrichum spp., and Trichosporon 
mucoides isolated from water that has been contaminated were discovered to 
degrade petroleum compounds [80–82]. When soil microorganism is improved 
by soil conservation, mycoremediation will be facilitated in order to remove soil 
contaminant. For instance, fungi is a potential approach for specific site Arsenic 
bioremediation [78, 79]. This adaptation of fungi towards soil that has been con-
taminated could be the high surface area to volume ratio and their various detoxifi-
cation of metal mechanisms [83].

The physical and chemical properties of the soil significantly influence the soil 
fungal community structure and this is determined by agricultural practices [84, 85]. 
Increase in fungal biomass and bacterial is termed as changes in soil microbial com-
munities and it has been observed in zero tillage than in conventional tillage practices 
[86]. Various land management practices has been examined to increase fungal bio-
mass in the soil. Total fungal hyphal biomass and fungal propagules were discovered 
to be more in soil collected from organically managed agricultural systems [87–89]. 
The density of fungi in soil were found to be affected by crop rotation, animal grazing 
and soil tillage [90–98].

5. Conclusion

The type of land management practices in agroecosystems as an impacts on 
the structure of microbial community and function through a variety of different 
mechanisms. Land-use changes also impact on soil microbial community structure 
through alterations in carbon availability and quality, pH and nutrient availability. 
Since the ratio of fungal population to bacterial population are commonly measured 
as indicators of microbial community structure, and the relative proportions of 
fungi are increased by no-till practices, crop rotations, and use of cover crops, thus 
biological mechanisms are regulating carbon and nitrogen exchanges between the 
land, water and atmosphere. This reveals the importance of soil management and 
conservation approach in enhancing microbial activity for soil ecological intensi-
fication as well as buffering the soil to neutralize contaminants. Albeit, microbial 
ecology to assess terrestrial carbon cycle plays a crucial role in maintaining balance 
within the ecosystem.
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Chapter 15

Soil Contamination: A Menace
to Life
Sonia Sethi and Payal Gupta

Abstract

The dire concern for soil contamination includes the safety of food, ecological
environment, public’s health and capacity of social sustainable development. Soil is
polluted by heavy metals and pesticides which are far beyond pollution standards.
The soil biodiversity and agricultural sustainability are adversely affected in long-
term harmful effects by the prolonged intensive and indiscriminate use of agro-
chemicals. It needs immediate attention for the whole world to curb continual
deterioration of soil pollution and remediate contaminated soil as soon as possible to
decrease harm on people’s health and ecological environment. In fact, acceleration
of related legislation, increased capital investment and technical development to
remediate soil contamination and must achieve some progress. However, due to all
sorts of the constraints, whether soil management system or technical capacity for
decontamination is relatively outdated, so there remains a lot of work need to be
done. Developing countries, including Brazil, India and so on, are also facing similar
problems. Approaches to solve soil problems could benefit developing countries in
process of industrialization and urbanization, so it’s a very meaningful job to deep
analyze and study the current situation and countermeasures soil pollution. In this
Chapter, the overall situation of soil pollution is introduced, the concrete causes and
hazards of soil contamination are discussed, and technologies and processes of soil
remediation are suggested for improvement of the status of soil contamination and
social sustainable capacity.

Keywords: soil quality, xenobiotics, soil microbiota, remediation, environment
sustainability

1. Introduction

The fundamental to human life on Earth is Soil. In Natural environment soil
forms the vital part and is as important as plants, animals, rocks, landforms, loch
and rivers. The distribution of plant species are influenced by the soil and also it
provides a habitat for a wide range of organisms. The flow of water and chemical
substances between the earth and atmosphere is controlled by the soil and it acts as
a source of all types of gases in the atmosphere. Natural processes are not only
reflected by the soil but the human activities both at present and in past are also
recorded [1].

The reduction in the productivity of soil is due to the presence of soil pollutants.
The presence of any chemical substance or toxic chemicals (pollutants) in soil at a
higher concentration than normal that adversely affects any non-targeted organism
or pose a risk to human health and/or the ecosystem. Contaminants occurring
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naturally in soil even at low concentrations pose a risk. Direct assessment of con-
tamination in soil cannot be achieved, which makes it a hidden danger [2].
According to the report of FAO, soil contamination concerns are growing in every
region, they are not restricted to degradation but also, poisoning our food, air and
water too.

Soil pollution is caused by fertilizers, pesticides, chemicals, organic manure,
radioactive wastes, discarded food, plastics, clothes, carcasses, leather goods, paper,
bottles, tins-cans etc. Industrial wastes contain chemicals like copper, iron, zinc,
lead, mercury, cyanides, cadmium, aluminum, acids and alkalies etc. which reach
the soil indirectly through air or directly with water. The basic composition of soils
are getting altered and becoming toxic for plant growth due to continuous and
improper use of herbicides, pesticides and fungicides to protect the crops from
pests, fungi etc. [3].

Due to global warming, agricultural fertilizers and pesticides arable lands are
turning to desert and becoming non-arable at ever-increasing rates, lessening the
hope that we can feed our booming population. Food production should be
increased by 40% and that to on the fertile soils that cover around 11% of whole
surface of Land. But the problem is that there is very little new land that can be used
for production because existing land id lost and degraded. Due to erosion, water
logging and salination, annually 75 billion tons of soil (nearly 10 million hectares/25
million acres) of arable land is lost, as stated by UNFAO leading to degradation of
soil [4].

Contamination of soil survives for many years with “memory”. Analysis of the
load by elements and substances of anthropogenic origin from the period of
“industrial revolution” in the soils or sediments can still be done [5]. Inorganic
contaminants form the natural part of soil and can be redistributed due to anthro-
pogenic activities predominantly in the environment [6]. Soil contamination can
result in many negative effects like reduction in the decrease of microbial activity
leading to the humification process reduction, decrease in water retention in soil
and increase of soil erosion vulnerability [7].

Exposure to these agents attributes towards epidemiological evidence which
shows the increased incidence of a variety of human cancers, such as lymphoma,
leukemia, and liver and breast cancers [8]. These effects are dependent upon the
properties of soil which is responsible for the mobility of contaminants in food
chains or transfer from root to shoot, bioavailability of toxic chemicals, and carci-
nogenicity and residence time of contaminants [9].

Around the world, intensification in agriculture, industrialization, mining and
wars have left a bequest of contaminated soils [10]. Soil has been used as a sink for
dumping solid and liquid wastes since urban expansion. It was reviewed that once
concealed and out of sight, the contaminants would not cause any risk to health of
human being or the environment and that they would disappear [11]. Assessing the
adverse effects caused due to contamination and taking measures to meet the
expectations of environmental standards according to current legal requirements
comes under management.

Soil contamination is mainly caused due to industrial/commercial activities dif-
fusing heavy metals, nuclear power plants, oil industry and military camps. Various
industrial points are the anthropogenic sources of heavy metals, for example, pre-
sent and former mining activities, foundries, smelters, and diffuse sources such as
piping, constituents of products, combustion of by products, and traffic related to
industrial and human activities [12].

On the basis of toxicity, bioaccumulation, mobility and environmental persis-
tence, priority should be given to the pollutants, according to WHO [13]. Heavy
metals are considered to be carcinogenic such as arsenic, cadmium, nickel, chromium,
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PAHs and dioxins, based on human and animal studies exposed to high levels [14].
Depending upon the exposure level and duration some of these substances produce
toxic effects on animal organs like CNS, liver, heart, kidney, skin etc.

2. Key concepts in understanding soil contamination

2.1 Soil properties

Soil organic matter (SOM), Inorganic minerals, water and air comprise soil. Soil
physical properties including texture, structure, and porosity, the fraction of pore
space in a soil, are influenced by the composition and proportion of these compo-
nents. The physical properties of soil in turn affect air and water movement in the
soil, and thus the soil’s ability to function.

2.2 Soil health

Physical, chemical and biological properties constitute a healthy soil which allows
the soil to carry out important functions. Human health is linked to agricultural soil
health, as poor soils with decreased nutritional value yield fewer crops. Erosion is
limited by healthy soils, and helps improve air and water quality too [15]. Soil
contamination affects the functions of soil in ecosystem. It is considered to be “func-
tionally dead” once contamination exceeds threshold value. Pollution is sometimes
irreversible which is caused by heavy metals and many organic contaminants.

2.3 Causes of soil pollution

Soil contamination is caused by two main causes (a) natural and (b) anthropo-
genic Natural causes include earthquakes, volcanic eruptions, tsunamis etc. while;
anthropogenic causes include radioactive wastes, metals (trace and heavy metals)
and chemicals. These hazardous substances persist for long duration in the envi-
ronment during which they are absorbed by the atmosphere, stockpiled to higher
concentration potentially toxic to organisms in the food chain.

2.3.1 Natural sources

Accumulation of chemicals and toxic compounds (e.g. Perchlorate) naturally in
soil surface leads to soil contamination.

a. Volcanic Eruptions. Volcano produces hazardous substances in huge amount
that can destroy the areas nearby and even living beings. The fertile top layer
of the soil gets destroyed by the lava and ash particles released from the
volcano which is called as Soil erosion.

b. Earthquakes. Due to the movement of tectonic plates below the surface of soil
there is sudden release of energy in the surface of earth which is termed as
Earthquakes. It results in the damage of the agricultural soil which becomes
non-fertile.

c. Alterations in Rainfall Patterns. The composition of organic matter in the soil
is sensitive to alterations in rainfall pattern which forms the soil structure
framework; balance the nutrients, oxygen and water of soil. Alterations in
rainfall results in acidification or alkalization of the soil [16].
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d. Geographical Changes. Soil quality is affected by Changes in the geographical
factors. The two recently developed techniques i.e. geographic information
system (GIS) and remote sensing techniques (RS) are helpful in knowing the
connection between soil erosion and geographical factors and also to obtain
the information on soil quality and heterogeneity of soil surface as well as to
investigate the extent of land degradation.

e. Tsunamis. Tsunami results in salting of agricultural land and drinking water.
Different pollutants in large amount are carried away with the flooded water
and get deposited resulting in water and land pollution [17].

2.3.2 Anthropogenic sources

Industrial, municipal, domestic and agricultural wastes are considered as major
anthropogenic source of soil pollution [18]. Some of these wastes can be recycled
into useful materials so all of them are not considered as contaminant. Solid wastes
are the discarded materials which are of no use [19]. Depending on their source
these wastes can be further classified as municipal waste, industrial wastes and
hospital wastes.

a. Municipal Solid Wastes (MSW). Waste like kitchen wastes, livestock, poultry
wastes, domestic waste, market wastes, slaughterhouse wastes, ceramic
wastes, glass and metals waste comprises municipal wastes. Municipal wastes
cause major environmental threat in developing countries due to improper
waste disposal. Soil as well as ground water contamination results due to open
disposal of municipal wastes.

b. Hospital Wastes. Wastes produced as a result of diagnosis, treatment and
immunization of animals and human beings are considered as Hospital
wastes. Improper disposal of these wastes and release of pollutants during
incineration cause several health hazards on public health as well as the
environment [20].

c. Industrial Wastes. Industrial wastes are high toxic in nature and they affect
the chemical and physical nature of soils and fertility of soil. These chemicals
get accumulated by the crops and pose serious health issues and environment
related problems.

d. Agricultural Practices. In order to deal with the challenge of food and to
enhance crop yield agrochemicals are used to protect the crops (from
pathogens and insects). Agrochemicals can be classified as pesticides
(herbicides, insecticides and fungicides), fertilizers, hormones and animal
manure. These chemicals possess environmental and health risks at the value
more than threshold value and they can persist for longer duration in
environment and are non-biodegradable [21].

e. Radioactive Wastes. Byproducts of nuclear power plants and research stations
contribute radioactive wastes. Unstable elements having atomic number > Bi-
83 (Bismuth) are radioactive. Ionizing radiations are releases from these
radioactive wastes which lead to several health issues [22]. Accumulation of
radioactive material in soil not only affect the characteristics (Physical,
chemical and biological), but also leads to magnification through food chain
and affects living beings.
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f. Chemical Wastes. Chemical wastes are classified as organic and inorganic
which includes polynuclear aromatic hydrocarbons, petroleum hydrocarbons,
various solvents and other heavy metals. These chemical wastes possess
several health risks such as, allergies, cancers related to immune,
reproductive and nervous system. Transformation of organic contaminants in
soil occurs through different methods which include leaching, volatilization
and biological transformation [23]. Furthermore, bioaccumulation in living
organisms can result in various adverse effects at each trophic level of
food chain.

g. Heavy metals. Heavy metals includes metalloids, lanthanides and actinides
and are characterized by atomic number < 2 and atomic weight 22.98 to <40
[24]. Soil productivity, fertility and quality have been considerably affected
by the heavy metal contamination in soil in the past decade. Heavy metals at
high concentration are toxic for human beings.

3. Effects of soil pollution

3.1 Agricultural

• Reduction in soil fertility

• Reduction in ability of nitrogen fixation

• Increase in erosion of soil

• Nutrients loss

• Silt Deposition

• Crop yield Reduction

• Imbalance in soil fauna and flora

3.2 Industrial

• Underground water contamination

• Ecological imbalance

• Gas release causing health problems

• Release of radioactive rays

• Reduced vegetation

3.3 Environmental

• Unavailability of soil for food

• Low crop yield
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f. Chemical Wastes. Chemical wastes are classified as organic and inorganic
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several health risks such as, allergies, cancers related to immune,
reproductive and nervous system. Transformation of organic contaminants in
soil occurs through different methods which include leaching, volatilization
and biological transformation [23]. Furthermore, bioaccumulation in living
organisms can result in various adverse effects at each trophic level of
food chain.
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3. Effects of soil pollution

3.1 Agricultural

• Reduction in soil fertility

• Reduction in ability of nitrogen fixation

• Increase in erosion of soil

• Nutrients loss

• Silt Deposition

• Crop yield Reduction

• Imbalance in soil fauna and flora

3.2 Industrial

• Underground water contamination

• Ecological imbalance

• Gas release causing health problems

• Release of radioactive rays

• Reduced vegetation

3.3 Environmental

• Unavailability of soil for food

• Low crop yield
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• Soil Erosion due to lack of crops

• Change in makeup and microorganisms that live in soil

4. Techniques for controlling soil pollution

Soils are considered to have purification property which is due to their proper-
ties like physical, chemical and biological [25]. In order to prevent soil erosion,
construction in sensitive area can be limited. In general we would also use less
fertilizer and pesticides to adopt all the three R’s: Reduce, Reuse, and Recycle for
generation of less solid waste.

Measures to control soil pollution

• Minimal use of pesticides and chemical fertilizers

• Cropping techniques should be improved

• Wastes should be dumped properly

• Forest management

• Prevention of soil erosion

• Public awareness

• Recycling and Reuse of wastes

• Ban on Toxic chemicals

5. Interaction of pollutants with soil constituents

Pollutants interaction and behavior with soil depends upon different processes
(physical, chemical, and biological) that occur in components of soil. Processes include

1.Detainment of pollutants on or within the soil medium

2.Transport, percolation and diffusion in soil medium

3.Chemical changes processes occurring within the soil medium

As soon as the pollutants enter into the soil, they undergo physical, physico-
chemical, microbiological, and biochemical processes that help them to retain,
reduce or get degraded [26].

5.1 Sorption of contaminants

A process by which a substance is accumulated within the phase of the boundary
of phases physically or chemically is called sorption. It is of two types- chemical (as
with ionic and hydrogen binding) and physical (as with van der Waals forces).
Positively charged molecules participate in cation exchange while negatively
charged molecules in anion exchange. The transition in cationic or anionic states of
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some ions or molecules in the soil is pH dependent which can control the mobility of
contaminants [27].

5.2 Bioavailability, mobility and degradation of contaminants

Interactions between chemicals and organisms that determine the exposure is
referred to as bioavailability. Major hurdle for applying bioremediation techniques
for segregation of pollutants are sorption by strong bonding and slow release.
Moreover, concepts related to soil screening and understanding risk level should
also be reconsidered. According to Semple et al. (2004) [28] material is considered
to be bioavailable which is “freely available” and is able to cross organism’s cellular
membrane from the medium where it inhabits.

6. Impacts of soil pollution on the food chain and ecosystem services

Quality and yields of crops are reducing due to the presence of soil contam-
inants which are affecting our food security. During the formation of research
policies for use of poor natural resources in agriculture healthy crops should be the
main motto. Key points that should be kept in mind during crops production are
include monitoring of agricultural fields, tracking of wastewater units of sewage
and industrial and inputs added on crops [29].

The top level predators have highest concentration of contaminants in bodies
and experience the bad health effects in the food chain and also lost of apex
predators occurs [30]. As a result, effect of pollution in food web scale increases.
Response to contaminants may be sequential or remains inert may be serious with
drastic change. The uptake and translocation of contaminants into above ground
tissues are conditioned by genetic and physiological differences of plants as well as
by the concentration of contaminants in the soil and the exposure time [31]. These
changes results in abrupt degradation of ecosystem services which may not recover.

The exposure to environmental contaminants depends upon the routes, concen-
tration, bioavailability, frequency and duration. It also depends upon the feeding
behavior and habitat [32]. Difference in the fate of a contaminant within an organ-
ism and its toxicological effect is also seen among and within species [33]. This
complexity leads to an impact on particular species and indirectly on the diversity.
Indirect effects in food web is known as “Tropic cascade” in which disturbances in
food chain is due to change in highest tropic level or change in resources [30].
Another well-known effect is “paradox of enrichment” where the increase of prey
resources results in predators shift but the exposure to contaminants may inhibit
the paradox of enrichment and drive them back to a fixed equilibrium [34].

Health implications ranging from minor to major fatalities including long term
effects are observed due to contaminants in food chain [35]. Contaminants in food
chain can adversely affect humans various systems [36].

7. Methods to assess soil contamination

Due to rapid development particularly urbanization and industrialization over
the last century’s contamination of the environment considerably has increased
[37]. Due to this, assessment and control of soil contamination is an object of
interest of researchers, scientists and authorities dealing with environmental pro-
tection. Data related with the spatial distribution of soil pollution are of great
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importance for the environmental protection, regional development, and spatial
planning [38].

Soil assessment can be done through various approaches because of different
types of soil contamination. This can be done both from a functional and structural
perspective. The relationship between them is ecology which is receiving a lot of
attention but assessments related to ecotoxoicology have not arisen. Part IIA of the
Environmental Protection ACT (1990) [39] was put forward for assessing contam-
ination related to land/soil which is causing significant harm to human health,
water, livestock and ecological systems [40].

Data usage, accuracy and precision play an important role in the choice of
monitoring methods of soil contamination. Biological, chemical and geophysical
approaches are included in assessing methods. To measure specific contaminants
using special instruments like MS, AAS or GC are included in chemical methods. In
biological methods organisms or byproducts of biodegradation are used as indica-
tors of soil contamination. And in Geophysical methods changes in physical
properties of soil and contaminants are assessed.

Development in the methods of assessing soil contamination includes better
extraction process for improved recovery and enhanced detection limits and also
alternative methods development for soil contamination monitoring such as isoto-
pic signatures or immunoassays. On site analysis, research based techniques and
innovative methods that are cost effective, sensitive and easy to use should be
developed for assessing organic, inorganic and radioactive contaminants in soil.

The overall success of analysis of soil contaminants depends upon the nature of
soil matrix, association/interaction of pollutants with soil, forces including chemical
and physical with which they bind to the soil particles Therefore, efficiency of
assessment depends upon the procedure of extraction of contaminants from soil for
analysis because soil contaminants migrate down with time and become less
approachable [41].

Tool for evaluation of risk at contaminated sites are thought of as more appro-
priate and cost-effective and has the potential of focusing assessment and evaluat-
ing the contaminant. The risk assessment methods are the source to know the risk of
undesired effects on ecosystems caused by various factors which are associated with
human activities. Tools of assessing ecological effects includes: experiments related
to ecotoxicity under controlled conditions, ex situ bioassays (simple laboratory
assays) and mapping of community in field [42].

ERA allows the assessments of toxicants and their effects through changes in
predation and competition. This could be achieved through the use of standardized
terrestrial test procedures. Experiments related to ecotoxicity under controlled
conditions have their own benefits of measuring direct toxicity of chemicals and
their interpretation. In this context, Bioassays are one of the frequently used
higher tier alternatives because of its advantage of assessing the toxicity in the
soil. Contaminants in soil can be assessed using multispecies mesocosms or
lysometers by evaluating intrinsic populations of the soil or by introducing species
to system.

8. Soil remediation approaches

Selection of soil/sediment remediation approaches depend on various factors
viz. type of soil, composition of soil, properties of soil, nature of contaminant etc.
The properties of soil can be influenced by the addition of nutrients and chemicals
for the growth of microbes [43]. These additions and approaches cause contami-
nation and destruction of soil components yielding harmful products [44].
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Economic solutions to cover the areas used for horticulture and agriculture are with
low- or uncontaminated topsoil or with sandy and rocky soils [45].

Types of remediation methods

• In-situ: Contaminated soil is treated at the site where it is occurring [46]

• Ex-situ: These methods require the excavation of contaminated soil [47]

8.1 Containment technologies

Conventional civil engineering techniques are most frequently used approach
for isolating contaminated media from surrounding environment. These approaches
are typically convenient when the excavation process or the soil removal could lead
to potential hazards. The advantages involved in using these technologies lie in, a)
non requirement of soil excavation, b) low to moderate cost of treatment in spite of
the requirement for long-term monitoring and maintenance of equipment.

To prevent migration of contaminants due to flow of groundwater, use of phys-
ical barriers are preferred which includes surface capping and subsurface barriers
(vertical and horizontal). This result in limiting infiltration of surface water and
reduce the migration of contaminated groundwater laterally or vertically [48].

8.2 Immobilization technologies

To prevent the migration of contaminants, addition of chemicals/reagents to soil
to form insoluble low toxic matter is preferred. This technology covers a broad
spectrum of inorganic contaminants however; it is a temporary solution because
contaminants are still in soil. Therefore the immobilization technique should be
applied only to surface soil [49]. Immobilization is achieved by working directly on
the contaminants present in the soil and can be classified as solidification and
vitrification.

8.3 Solidification and stabilization

Process that encapsulates or captures the contaminants within stabilized integ-
rity and not involves any chemical interaction is called solidification. It involves
reduction of contaminants hazard potential by their conversion in order to reduce
their solubility, mobility, or toxicity. Use of cement, asphalt or phosphate, or
alkalies that increase the pH helps in precipitation and immobilization of
contaminants [50].

8.4 Vitrification

Vitrification involves the process of pyrolysis (1600–2000°C) and oxidation for
melting and immobilization of contaminants. It can be applied for in and ex situ
methods of remediation of inorganic substances, such as metals and radionuclides and
organic compounds. Other process of vitrification involves heating by plasma, direct
power, combustion, induction or microwave at a temperature of 1100–1400°C [51].

9. Technologies for treatment of contaminated soil

Treatment technologies can be classified into three main categories: (1) biologi-
cal technologies (2) thermal technologies and (3) physicochemical technologies.
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9.1 Biological technologies

Also called as Bioremediation, the use of microorganisms (mainly, bacteria and
fungi) to clean up contaminated soils [52]. Microorganisms act on contaminants by
following mechanism which includes biosorption, bioleaching, biomineralization,
intracellular accumulation, and enzyme-catalyzed transformation [53]. Three main
approaches are there for the bioremediation of contaminated areas [54] which
includes

a. Natural attenuation

b. Biostimulation

c. Bioaugmentation and

d. Phytoremediation

Bioremediation is widely used to remediate organic contaminants which include:

• hydrocarbons

• halogenated organic solvents

• halogenated organic compounds

• non-chlorinated pesticides and herbicides

• nitrogen compounds

• metals (lead, mercury, chromium)

• radionuclides

Natural attenuation means remediation carried out by native population of
microbes occurring in contaminated area. In natural attenuation process some
factors affect the degradation process which includes: Native population of
microbes and their metabolic capacity; soil physicochemical properties and
chemical nature of contaminants. Some contaminants are efficiently degraded by
natural attenuation process and some show null or low degradation especially
aged contaminants [55].

In Bioaugmentation, inoculation of specific microbial strains which is having
the ability to degrade the target contaminants is focused to stimulate the biodegra-
dation. Consortium inoculation is more frequent as compared to individual strain
inoculation as microorganisms in consortium show combined metabolic activities
for remediation process. Also, selection of different strains for consortium should
be based on their compatibility and ecological fitness in soil. To improve biodegra-
dation efficiency of microorganisms, genetic modification for optimization of
enzyme production and metabolic pathways relevant for degradation, has also been
studied [56].

Various authors have been reported successful bioremediation of soil contami-
nated with hydrocarbon sources through bioaugmentation process. The efficiency
of pollutant removal by selected microorganisms including five cultures of microbes
and 3 bacterial strains- Pseudomonas sp., Arthrobacter species and Mycobacterium
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species was evaluated using hydrocarbon as sole carbon sources [57]. Bacterial
consortium of Bacillus cereus, Bacillus sphaericus, Bacillus fusiformis, Bacillus pumilus,
Acinetobacter junii and Pseudomons sp. results in degradation of diesel contaminated
soil [58]. Ying et al., 2010 [59] studied PAH degradation using Paracoccus sp strain
HPD-2 and observed 23.2% decrease in total PAH concentrations in soil after
28 days.

This process of bioaugmentation is not always an effective solution for soil
contamination remediation as microbes from lab scale rarely grow and biodegrade
contaminants as compared to indigenous microbes. Also, process of
bioaugmentation is still not popular yet; mostly the use of microbes which are
genetically engineered when added to soil may affect the ecology of the environ-
ment and also cause risk to environmental health if they persist for long time even
after remediation.

And in case of Biostimulation,modification of the environmental conditions for
the stimulation of biodegradation of target contaminants is focused. The efficiency
of process can be enhanced by stimulation of degrading capacity of the indigenous
microbial populations by providing them essential nutrients (organic and inor-
ganic), available oxygen, moisture and temperature. Enrichment of soil by nutrients
also called fertilization is a remediation approach in which fertilizers are added to
contaminated environment for stimulation of indigenous microbial growth. Micro-
organism requires some key elements such as Carbon, Nitrogen, Oxygen and Phos-
phorous for their growth and activity, addition of fertilizers to soil fulfills their need
and in turn enhance the process of biodegradation.

Studies have suggested that the carbon addition in form of pyruvate in soil
stimulates the growth of microbes and increase the rate of PAH degradation [60].
Also, use of compost, organic wastes like banana skin or melon shell can
enhance the rate of degradation process by mixing the compost with the
contaminated soil [61]. In the treatment of organo pollutant contaminated sites
mushroom compost and spent mushroom compost can be applied [62]. Efficiency
of degradation by the addition of SMC was enhanced up to 82%, also it reduced
the toxicity of PAH [63].

For cleaning hydrocarbons bioremediation is currently used commercially
because of the capacity of microorganisms to biodegrade organic and inorganic
contaminants (National Research Council 1993). Some microorganism can utilize
molecular oxygen as electron acceptor and this process is called as Aerobic respira-
tion. By utilizing oxygen, carbon is oxidized to carbon dioxide for energy generation
and water molecule is formed.

Reaction: organic substrate (electron donor) + O2 (electron acceptor) !
biomass + CO2 + H2O + metabolites + energy.

While some microorganism cannot utilize molecular oxygen by process called
anaerobic respiration in which metals such as Fe3+ and manganese Mn4+, sulfate
SO4

2–, or even CO2 can be used to accept electrons from contaminants being
degraded [64]. Microorganisms involved in this remediation process include iron
and manganese reducing bacteria, sulfur reducing bacteria and methanogenic
bacteria. These microorganisms complete geochemical reactions such as bacterial
corrosion, sulfur cycling, organic decomposition and methane production.

Reactions are as follows:
Iron reduction: organic substrate (electron donor) + Fe (OH)3 (electron

acceptor) + H+ ! biomass + CO2 + Fe 2+ + H2O + energy.
Manganese reduction: organic substrate (electron donor) + MnO2 (electron

acceptor) + H+ ! biomass + CO2 + Mn 2+ + H2O + energy.
Sulfanogenesis: organic substrate (electron donor) + SO4

2� (electron
acceptor) + H+ ! biomass + CO2+ H2O + H2S + metabolites + energy.
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because of the capacity of microorganisms to biodegrade organic and inorganic
contaminants (National Research Council 1993). Some microorganism can utilize
molecular oxygen as electron acceptor and this process is called as Aerobic respira-
tion. By utilizing oxygen, carbon is oxidized to carbon dioxide for energy generation
and water molecule is formed.

Reaction: organic substrate (electron donor) + O2 (electron acceptor) !
biomass + CO2 + H2O + metabolites + energy.

While some microorganism cannot utilize molecular oxygen by process called
anaerobic respiration in which metals such as Fe3+ and manganese Mn4+, sulfate
SO4

2–, or even CO2 can be used to accept electrons from contaminants being
degraded [64]. Microorganisms involved in this remediation process include iron
and manganese reducing bacteria, sulfur reducing bacteria and methanogenic
bacteria. These microorganisms complete geochemical reactions such as bacterial
corrosion, sulfur cycling, organic decomposition and methane production.

Reactions are as follows:
Iron reduction: organic substrate (electron donor) + Fe (OH)3 (electron

acceptor) + H+ ! biomass + CO2 + Fe 2+ + H2O + energy.
Manganese reduction: organic substrate (electron donor) + MnO2 (electron

acceptor) + H+ ! biomass + CO2 + Mn 2+ + H2O + energy.
Sulfanogenesis: organic substrate (electron donor) + SO4

2� (electron
acceptor) + H+ ! biomass + CO2+ H2O + H2S + metabolites + energy.
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Methanogenesis: organic substrate (electron donor) + CO2 (electron
acceptor) + H+ ! biomass + CO2 + H2O + CH4 + metabolites + energy.

There are three ways by which contaminants can be demobilized by
microorganisms:

1.Sorption of organic hydrocarbon molecules by biomass of microbes

2.Precipitation of metals (Oxidized/reduced) produced by microorganisms

3.Degradation of organic compounds bound to metals for its solubilization

Phytoremedation
Phytoremediation is a technique in which the plants are used to remediate

environmental media. It is followed as a new approach for cleaning of contaminated
soils and waters. It involves the interaction between plant roots and microorganisms
associated with them for soil remediation. This technique is cost effective for the
remediation of soil and groundwater contaminated with various types of wastes and
also has less impact on environment as compared to other traditional remediation
methods. All necessary nutrients are extracted from soil and water by the plants.
Some plants have ability to store large amounts of contaminants, called hyperaccu-
mulators, even though not required for plant functioning, while some can utilize
these organic contaminants as a source for various physiological processes.

Plants act as filters or traps and break down the contaminants in soil or water.
Process involves growing plants in contaminated area for a period required for the
growth of plant to remove contaminants or facilitate immobilization or detoxifica-
tion of the contaminants. Further plants can be harvested, processed and disposed
off if required. This system focus on the symbiotic (Synergistic) relationships among
microorganisms, plants, soil and water. Aerobic and anaerobic microorganisms both
are present in the vicinity of plant roots supplied with both physical habitat and
building blocks. Plant root and shoots provides colonisable surface area, organic
exudates, leachates and oxygen to microbes for degradation of contaminants.

Mechanism of phytoremediation:
Contaminants are taken up by the roots of the plants which prevents the plants

from toxicity. Root system provides large surface area that helps in absorption and
accumulation of water and nutrients essential for growth [65]. Due to release of
organic and inorganic root exudates at root-soil interface affects the number and
activity of microorganisms, and in turn the availability of the contaminants through
changes in chemical composition of soil. Process of phytoremediation is different
for different environments and types of contaminants. Each of these processes has
an effect on toxicity of contaminants and its mobility.

i. Phytovoltalization: In this process plants are used to transform the
contaminants into volatile forms and transpire them in atmosphere with
water vapor through leaves [66]. Diffusion of contaminant takes place from
stem and travel through various parts before it reaches to leaves [67].

ii. Phytoexraction: Also called as phytoaccumulation and it refers to
absorption, concentration, translocation and precipitation of contaminants
from soil by the roots of plants. For this purpose hyperaccumulators are
best for the removal of contaminants like Nickel, Zinc and copper.
Phytoextraction process is cost effective and it removes the contaminant
from soil permanently and up to 95% [68].
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iii. Rhizofilteration: This process is used for the low concentration
contaminant from groundwater, surface water and wastewater. It takes
place by absorption of contaminants onto plant roots of in surrounding of
root zone. Rhizofiltration is used for Chromium, Lead, Cadmium, Nickel
and Zinc. Plants like sunflower, rye, tobacco, spinach, mustard and tobacco
have been used for removal of contaminants significantly.

iv. Phytostabilization: Also called as in place activation and used for
remediation of sludge, sediment and soil. This process immobilizes
contaminants through adsorption, absorption and accumulation and
reduces the mobility and bioavailability of the contaminant and prevents
migration into the food chain. It can be used for treatment of lead,
cadmium, chromium, copper, zinc and arsenic & also used to restore
vegetation thereby decreasing migration and transport of contaminants.

v. Phytodegradation: Process involves degradation of complex to simple
molecules and further incorporation into tissues of plant, also called as
phytotransformation. During this process contaminants are absorbed and
broken down.

vi. Rhizodegradation: It involves the breakdown of contaminants within the
rhizosphere due to the secretion of plant exudates like sugars, amino acids,
enzymes, and other compounds that can stimulate bacterial growth which
carry out the degradation of contaminants. It has been investigated and
found that variety of different chemicals like PAHs, Pesticides, PCBs,
benzene and xylenes can be degraded by this process.

9.2 Physicochemical technologies

9.2.1 Stabilization and solidification

A process in which chemicals or reagents are mixed with contaminated soil in
order to reduce toxicity and mobility of the contaminants is called stabilization.
Stabilization involves trapping or binding the contaminants in soil and is permanent
remedial solution. In stabilization process two types of chemicals can be used:
Binder and Sorbent. Binder increases the strength of product and sorbent retains the
contaminant. Examples include cement, pozzolans, pumice, ground blast furnace
slag, lime, silicates etc. [69]. In solidification sufficient quantities of solidifying
agents are added to contaminants for solidification. Mechanisms involved in stabi-
lization/solidification are microencapsulation, absorption, adsorption, precipitation
and detoxification. The process can be applied for PCBs, Oils, organic compounds
and metals [70].

9.2.2 Soil flushing

Soil flushing is a type of in situ treatment technology in which an aqueous
solution, that increases the mobility or solubility of contaminants adsorbed onto
the soil matrix, is injected or infiltrated into the contaminated soil. The flushing
solution consists of surfactants, cosolvents, acids, bases, oxidants, chelants, water
or other solvents. Flushing is generally accompanied by other remediation
technologies, namely activated carbon, biodegradation, and pump-and-treat [71].
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Methanogenesis: organic substrate (electron donor) + CO2 (electron
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from toxicity. Root system provides large surface area that helps in absorption and
accumulation of water and nutrients essential for growth [65]. Due to release of
organic and inorganic root exudates at root-soil interface affects the number and
activity of microorganisms, and in turn the availability of the contaminants through
changes in chemical composition of soil. Process of phytoremediation is different
for different environments and types of contaminants. Each of these processes has
an effect on toxicity of contaminants and its mobility.

i. Phytovoltalization: In this process plants are used to transform the
contaminants into volatile forms and transpire them in atmosphere with
water vapor through leaves [66]. Diffusion of contaminant takes place from
stem and travel through various parts before it reaches to leaves [67].

ii. Phytoexraction: Also called as phytoaccumulation and it refers to
absorption, concentration, translocation and precipitation of contaminants
from soil by the roots of plants. For this purpose hyperaccumulators are
best for the removal of contaminants like Nickel, Zinc and copper.
Phytoextraction process is cost effective and it removes the contaminant
from soil permanently and up to 95% [68].
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migration into the food chain. It can be used for treatment of lead,
cadmium, chromium, copper, zinc and arsenic & also used to restore
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molecules and further incorporation into tissues of plant, also called as
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vi. Rhizodegradation: It involves the breakdown of contaminants within the
rhizosphere due to the secretion of plant exudates like sugars, amino acids,
enzymes, and other compounds that can stimulate bacterial growth which
carry out the degradation of contaminants. It has been investigated and
found that variety of different chemicals like PAHs, Pesticides, PCBs,
benzene and xylenes can be degraded by this process.

9.2 Physicochemical technologies

9.2.1 Stabilization and solidification

A process in which chemicals or reagents are mixed with contaminated soil in
order to reduce toxicity and mobility of the contaminants is called stabilization.
Stabilization involves trapping or binding the contaminants in soil and is permanent
remedial solution. In stabilization process two types of chemicals can be used:
Binder and Sorbent. Binder increases the strength of product and sorbent retains the
contaminant. Examples include cement, pozzolans, pumice, ground blast furnace
slag, lime, silicates etc. [69]. In solidification sufficient quantities of solidifying
agents are added to contaminants for solidification. Mechanisms involved in stabi-
lization/solidification are microencapsulation, absorption, adsorption, precipitation
and detoxification. The process can be applied for PCBs, Oils, organic compounds
and metals [70].

9.2.2 Soil flushing

Soil flushing is a type of in situ treatment technology in which an aqueous
solution, that increases the mobility or solubility of contaminants adsorbed onto
the soil matrix, is injected or infiltrated into the contaminated soil. The flushing
solution consists of surfactants, cosolvents, acids, bases, oxidants, chelants, water
or other solvents. Flushing is generally accompanied by other remediation
technologies, namely activated carbon, biodegradation, and pump-and-treat [71].
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9.2.3 Chemical reduction/oxidation

Hazardous contaminants are converted to less toxic compounds by reduction/
oxidation (Redox) reactions. In this reaction, there is transfer of electrons from one
to another i.e. reactant is oxidized another is reduced which results in the breaking
of bonds. This process is a well established technology called as chemical redox
which is used for drinking water and waste water disinfection.

9.2.4 Soil washing

Soil washing is an ex situ technique for removal of contaminants from the soil
using a) physical separation and b) chemical leaching by aqueous solutions. In the
initial steps of this process, the coarse particles are separated by homogenization
based on the differences in their density. Since most organic and inorganic contam-
inants tend to bind to clay, silt, and inorganic particles, the washing processes
separate the fine (small) clay and silt particles from the coarser. In the second step,
the contaminants are selectively dissolved and then chemically converted or recov-
ered. Based on the contaminant being treated, the additives and reagents that are
added to water are decided [72].

9.2.5 Soil vapor extraction

Soil vapor extraction (SVE) is used to remediate unsaturated zone soil that uses
application of vacuum on the soil to induce a controlled flow of air and helps in the
removal of volatile and semi volatile organic contaminants. SVE is an in situ tech-
nology, although, in some cases, it can be used as an ex situ technology. In situ SVE,
otherwise known as soil venting or vacuum extraction, vacuum is applied to the soil
through the wells constructed near the source of contamination. Vacuum creates a
negative pressure gradient, which in turn induces the controlled flow of air and
remove the contaminants from the soil through an extraction well. Extracted vapor
is treated before it is released into the atmosphere. The augmented airflow through
the subsurface also stimulates the biodegradation of some of the contaminants,
especially the less volatile substances. Advantageously, in situ SVE have greater
depth of reach than other methods requiring removal of soil, the wells and the
equipment are simple to install and maintain. On the other hand, ex situ SVE is a
full-scale technology in which soil undergoes extraction and is placed over a grid of
aboveground piping where it is subjected to vacuum in order to volatilize organic
contaminants [73].

10. Thermal treatment

Treatments which involve destruction and remediation of the contaminants in
soil by the use of heat including thermal destruction, thermal desorption,
vitrification, and incineration [74]. Thermal treatment of contaminants results in
volatilization of contaminants and removes them from the soil.

Thermal desorbers (100–300°C) are used for volatile and semi-volatile organic
contaminants. The vapors formed are collected and treated in a gas treatment
system. Technique is used for the removal of PCBs, pesticides, paint wastes,
hydrocarbons, chlorinated solvents etc.

Vitrification is a process which involves melting and fusion of materials at
temperature above 1200°C followed by rapid cooling. During this process, immo-
bilization of nonvolatile metals within glass occurs and volatile materials are
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converted into vapors. Vitrification process is used to treat small quantities of
contaminants and for radioactive wastes, asbestos containing waste and those that
can not be treated by other technologies.

Thermal destruction involves destruction of contaminants by reduction,
oxidation, hydrogenation and pyrolysis [75]. Catalytic oxidation involves the
remediation of contaminants from industries by the use of electric heater,
catalytic reaction, tube heat exchanger and scrubber. Pyrolysis is chemical process
in which the wastes are heated in the absence of oxygen at temperatures 400 to
1200°C.

11. Advanced remediation technologies- zero valent iron nanoparticles
and nanoremediation

Zero-valent iron is a reducing agent which dissolved in water in presence of
oxygen is capable to oxidize organic pollutants. In the reaction, ZVI reacts with O2

to produce H2O2which is reduced to water or can react with Fe2+, also called as
Fenton reaction, producing (hydroxyl radicals (�OH). This is able to degrade con-
taminants due to its oxidizing capability. Zero-valent iron nanoparticles (NZVI) are
more effective remediators as compared to others [76] and also have great diversity
in reacting towards different contaminants. Ability to oxidize to ferrous or ferric
iron zero-valent iron provides electron for reducing other compounds making them
less harmful [77]. NZVI helps in preserving characteristics of soil, enhance the
process of remediation and improves the mobility and lowers the toxicity of the
contaminants due to its nanometric size.

There are some studies which aims to develop new techniques in which the
mixture or combination of techniques are applied for the remediation of contami-
nated soil like zero valent iron nanoparticles (nZVI) and compost. The application
of nZVI for remediation of As and Cr showed a decrease in the concentration at
contaminated industrial site and the addition of nanoparticles and compost results
in decrease in aliphatic hydrocarbons upto 60% [78].

Nanotechnology use for the remediation of environment has received significant
attention from community of scientists. Nanoparticles are effective against degra-
dation of contaminants such as heavy metals [79], insecticides, dyes, organic halo-
genated hydrocarbons [80] and nitrates. Also, for the bioremediation of PAHs, SiO2
nanoparticles coated with a lipid derivative of choline have been used. Other
nanomaterials like iron sulfide stabilized with carboxymethylcellulose is tested for
immobilizing Hg in soils [81].

Nanoproducts can be applied in six main areas for remediation purpose which
includes a) Photocatalytic degradation of organic pollutants [82], b) Propulsion area
[83] c) biosensor technology [84] d) Water contaminant [85] e) Quick sensing of
environmental stimuli [86].

Nanomaterials like nanocrystals and carbon nanotubes have provided a wide
range of application to environment such as antimicrobial agents, sensors, pollution
preventers etc. [87]. For example, hybrid carbon nanotubes (HCNTs), NMs like
single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes
(MWCNTs) have been used for the remediation of ethylbenzene.

Enzymes function as biocatalysts and are specific and effective, in bioremedia-
tion. However, enzymes have short catalytic lifetimes and less stability due to
oxidation, which limit their use as an alternative to synthetic catalysts. Therefore, to
increase the longevity, stability and reusability, attach them to magnetic iron NPs.
This results in easy separation of the enzymes from reactants or products by apply-
ing a magnetic field. Two enzymes, peroxides and trypsin were attached to
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9.2.3 Chemical reduction/oxidation
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application of vacuum on the soil to induce a controlled flow of air and helps in the
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Thermal desorbers (100–300°C) are used for volatile and semi-volatile organic
contaminants. The vapors formed are collected and treated in a gas treatment
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hydrocarbons, chlorinated solvents etc.

Vitrification is a process which involves melting and fusion of materials at
temperature above 1200°C followed by rapid cooling. During this process, immo-
bilization of nonvolatile metals within glass occurs and volatile materials are
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converted into vapors. Vitrification process is used to treat small quantities of
contaminants and for radioactive wastes, asbestos containing waste and those that
can not be treated by other technologies.

Thermal destruction involves destruction of contaminants by reduction,
oxidation, hydrogenation and pyrolysis [75]. Catalytic oxidation involves the
remediation of contaminants from industries by the use of electric heater,
catalytic reaction, tube heat exchanger and scrubber. Pyrolysis is chemical process
in which the wastes are heated in the absence of oxygen at temperatures 400 to
1200°C.

11. Advanced remediation technologies- zero valent iron nanoparticles
and nanoremediation

Zero-valent iron is a reducing agent which dissolved in water in presence of
oxygen is capable to oxidize organic pollutants. In the reaction, ZVI reacts with O2

to produce H2O2which is reduced to water or can react with Fe2+, also called as
Fenton reaction, producing (hydroxyl radicals (�OH). This is able to degrade con-
taminants due to its oxidizing capability. Zero-valent iron nanoparticles (NZVI) are
more effective remediators as compared to others [76] and also have great diversity
in reacting towards different contaminants. Ability to oxidize to ferrous or ferric
iron zero-valent iron provides electron for reducing other compounds making them
less harmful [77]. NZVI helps in preserving characteristics of soil, enhance the
process of remediation and improves the mobility and lowers the toxicity of the
contaminants due to its nanometric size.

There are some studies which aims to develop new techniques in which the
mixture or combination of techniques are applied for the remediation of contami-
nated soil like zero valent iron nanoparticles (nZVI) and compost. The application
of nZVI for remediation of As and Cr showed a decrease in the concentration at
contaminated industrial site and the addition of nanoparticles and compost results
in decrease in aliphatic hydrocarbons upto 60% [78].

Nanotechnology use for the remediation of environment has received significant
attention from community of scientists. Nanoparticles are effective against degra-
dation of contaminants such as heavy metals [79], insecticides, dyes, organic halo-
genated hydrocarbons [80] and nitrates. Also, for the bioremediation of PAHs, SiO2
nanoparticles coated with a lipid derivative of choline have been used. Other
nanomaterials like iron sulfide stabilized with carboxymethylcellulose is tested for
immobilizing Hg in soils [81].

Nanoproducts can be applied in six main areas for remediation purpose which
includes a) Photocatalytic degradation of organic pollutants [82], b) Propulsion area
[83] c) biosensor technology [84] d) Water contaminant [85] e) Quick sensing of
environmental stimuli [86].

Nanomaterials like nanocrystals and carbon nanotubes have provided a wide
range of application to environment such as antimicrobial agents, sensors, pollution
preventers etc. [87]. For example, hybrid carbon nanotubes (HCNTs), NMs like
single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes
(MWCNTs) have been used for the remediation of ethylbenzene.

Enzymes function as biocatalysts and are specific and effective, in bioremedia-
tion. However, enzymes have short catalytic lifetimes and less stability due to
oxidation, which limit their use as an alternative to synthetic catalysts. Therefore, to
increase the longevity, stability and reusability, attach them to magnetic iron NPs.
This results in easy separation of the enzymes from reactants or products by apply-
ing a magnetic field. Two enzymes, peroxides and trypsin were attached to
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magnetic nanoparticles that increased the activity and longevity of enzymes making
them more stable and efficient [88].

Hydrophobic organic contaminants get adsorb strongly to soils and are difficult
to remove like polynuclear aromatic hydrocarbons (PAHs). A nanoparticle made of
amphiphilic polyurethane (APU) has been synthesized for use in remediation of soil
contaminated with PAHs. The particles are made of polyurethane acrylate
anionomer (UAA) or poly(ethylene glycol), modified urethane acrylate (PMUA)
precursor chains that can be cross-linked in water. The resulting particles have the
ability to enhance PAH desorption and transport to the soil surface [89].

Uraninite can be used for bioremediation strategies of subsurface U (VI) con-
tamination due to its small particle size, high dissolution rates and its molecular
scale structure. Nanoparticles can be prepared from vegetation namely, Gundelia
tournefortii, Centaurea virgata, Reseda lutea, Scariola orientalis, Eleagnum angustifolia,
and Noaea Mucronata, have the ability to accumulate heavy metals. Based on the
results, nanoparticles were prepared from the plants e.g. N. mucronata and were
evaluated for the accumulation of heavy metals and found that the amount of heavy
metals decreases during bioremediation process [90].

12. Sustainable remediation

Remediation of contaminated environment lays on the fact that application of
any remediation technology should maximize the environmental benefit and mini-
mize the impact through continous practices. With the focus on sustainable devel-
opment as a key factor, Green remediation was introduced because it considers all
effects and aspects of applying technology. Sustainable remediation reflects the
perception that activities related to remediation can have wider, holistic approach
with both positive and negative impacts on social, economic and environmental
[91]. So this approach helps to contribute the solutions to short and long term
problems generating through human health and ecosystem and facilitates risks
assessment, benefits and future use for long term.

Therefore, some initiatives, efforts or progress have been observed towards
disseminating sustainable approaches in the remediation and management of con-
taminated areas [92]. For this the Forum for sustainable remediation (SURF) was
established in 2006, in collaboration between US remediation industry profes-
sionals, researchers and industries and focused on sustainable remediation. Now,
other countries like UK, Brazil, China, Netherlands, New Zealand, Australia,
Cananda etc. have joined and form an international forum. In addition to this SURF,
the US environmental Protection Agency (USEPA), American Society for Testing
and Materials (ASTM), Interstate Technology and Regulatory Council (ITRC) and
Network for Industrially Contaminated Land in Europe (NICOLE), have developed
focus on the application and evaluation of sustainable remediation.

Common issues like social equity, sustainability tripod, long term efficiency,
democratic process and ecological integrity are generally addressed in the applica-
tion of sustainability remediation. For this, analytical methods with the identifica-
tion of indicators, metrics and tools are used for evaluation of the sustainable
remediation. These methods help in decision making about the aspects of social,
economic and environment for assessment and application of sustainable
remediation project [93].

Although advances have occurred in area of sustainable remediation, problems
and challenges related to adoption and acceptability of the sustainable remediation
have been observed. There is no such method that can be used for standardization
and assessment of degree of sustainability and the existing methods does not fulfill
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the criteria of sustainability assessment in remediation of contaminated areas [93].
In order to implement the sustainable remediation approach, a new way of thinking
including social, economic and environmental variables should be considered as
fundamental factor. Industries, government and academicians all should play key
role in ensuring sustainable remediation approach for the incorporation of
sustainability projects in developed and developing countries.

13. Conclusions

In this chapter, the main perspectives related to the development of technologies
for soil remediation have been discussed. One of the approaches that are widely
discussed is the use of green technologies as phytoremediation, biostimulation and
biodegradation. Nanotechnology in the degradation of contaminants and the
importance of sustainable remediation approaches are also currently under
discussion.
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magnetic nanoparticles that increased the activity and longevity of enzymes making
them more stable and efficient [88].

Hydrophobic organic contaminants get adsorb strongly to soils and are difficult
to remove like polynuclear aromatic hydrocarbons (PAHs). A nanoparticle made of
amphiphilic polyurethane (APU) has been synthesized for use in remediation of soil
contaminated with PAHs. The particles are made of polyurethane acrylate
anionomer (UAA) or poly(ethylene glycol), modified urethane acrylate (PMUA)
precursor chains that can be cross-linked in water. The resulting particles have the
ability to enhance PAH desorption and transport to the soil surface [89].

Uraninite can be used for bioremediation strategies of subsurface U (VI) con-
tamination due to its small particle size, high dissolution rates and its molecular
scale structure. Nanoparticles can be prepared from vegetation namely, Gundelia
tournefortii, Centaurea virgata, Reseda lutea, Scariola orientalis, Eleagnum angustifolia,
and Noaea Mucronata, have the ability to accumulate heavy metals. Based on the
results, nanoparticles were prepared from the plants e.g. N. mucronata and were
evaluated for the accumulation of heavy metals and found that the amount of heavy
metals decreases during bioremediation process [90].

12. Sustainable remediation

Remediation of contaminated environment lays on the fact that application of
any remediation technology should maximize the environmental benefit and mini-
mize the impact through continous practices. With the focus on sustainable devel-
opment as a key factor, Green remediation was introduced because it considers all
effects and aspects of applying technology. Sustainable remediation reflects the
perception that activities related to remediation can have wider, holistic approach
with both positive and negative impacts on social, economic and environmental
[91]. So this approach helps to contribute the solutions to short and long term
problems generating through human health and ecosystem and facilitates risks
assessment, benefits and future use for long term.

Therefore, some initiatives, efforts or progress have been observed towards
disseminating sustainable approaches in the remediation and management of con-
taminated areas [92]. For this the Forum for sustainable remediation (SURF) was
established in 2006, in collaboration between US remediation industry profes-
sionals, researchers and industries and focused on sustainable remediation. Now,
other countries like UK, Brazil, China, Netherlands, New Zealand, Australia,
Cananda etc. have joined and form an international forum. In addition to this SURF,
the US environmental Protection Agency (USEPA), American Society for Testing
and Materials (ASTM), Interstate Technology and Regulatory Council (ITRC) and
Network for Industrially Contaminated Land in Europe (NICOLE), have developed
focus on the application and evaluation of sustainable remediation.

Common issues like social equity, sustainability tripod, long term efficiency,
democratic process and ecological integrity are generally addressed in the applica-
tion of sustainability remediation. For this, analytical methods with the identifica-
tion of indicators, metrics and tools are used for evaluation of the sustainable
remediation. These methods help in decision making about the aspects of social,
economic and environment for assessment and application of sustainable
remediation project [93].

Although advances have occurred in area of sustainable remediation, problems
and challenges related to adoption and acceptability of the sustainable remediation
have been observed. There is no such method that can be used for standardization
and assessment of degree of sustainability and the existing methods does not fulfill

276

Soil Contamination - Threats and Sustainable Solutions

the criteria of sustainability assessment in remediation of contaminated areas [93].
In order to implement the sustainable remediation approach, a new way of thinking
including social, economic and environmental variables should be considered as
fundamental factor. Industries, government and academicians all should play key
role in ensuring sustainable remediation approach for the incorporation of
sustainability projects in developed and developing countries.

13. Conclusions

In this chapter, the main perspectives related to the development of technologies
for soil remediation have been discussed. One of the approaches that are widely
discussed is the use of green technologies as phytoremediation, biostimulation and
biodegradation. Nanotechnology in the degradation of contaminants and the
importance of sustainable remediation approaches are also currently under
discussion.
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