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Chapter 2
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of Soil
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Abstract Environmental pollution has been increasing at an alarming rate since the 
beginning of the twenty-first century. There is an enormous increase in the produc-
tion and use of xenobiotic compounds that have created new sites of environmental 
contamination and problem worsens as many of such xenobiotic compounds are 
either persistent or recalcitrant to microbial breakdown. The presence of anthropo-
genic organic compounds/chemicals in the environment is a matter of significant 
concern because of their potential toxicity, mutagenicity, and bioconcentration (bio-
magnification) in higher organisms. This is of immense concern and hence provides 
impetus to the development of certain remediation techniques. Various microorgan-
isms play a key role in the bioremediation of soil and may range from bacteria 
majorly to a few actinomycetes and fungi. Bioremediation can be carried out via 
two main approaches, ex situ and in situ, and choice of method depends largely on 
site characteristics, concentration, and type of pollutants present. To enhance the 
remediation process, a more recent approach called bioaugmentation is also prac-
ticed. Bioaugmentation trials have met varying degrees of success. This chapter will 
largely focus on various microorganisms which are potent biomediators and also the 
processes involved in the same.

Keywords Bioremediation · Xenobiotic compounds · Bioconcentration · 
Bioaugmentation

2.1  Introduction

Increasing the standard of living and urbanization has posed a great degradative 
threat to the environment and ecosystem. A typical example is the monstrous sized 
heaps of waste dumped daily into the dumping yards of cities. Also, the 
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advancements in science, technology, and industrial sector have led to the produc-
tion of waste ranging from municipal sewage to nuclear waste, and also this has 
rendered our ecosystem unfit for the survival of life forms on earth (Lin et al. 2018; 
Ontanon et al. 2018; Parewa et al. 2018). Previously, the use of conventional tech-
niques was practiced such as waste disposal by landfilling, dumping in open 
grounds, etc. With rapid and ever-growing waste disposal problems, conventional 
methods failed to cope up with this issue. New methods like incineration and chemi-
cal decomposition are being developed, but the use of such methods is either uneco-
nomical or not environment-friendly. Such problems lead to the development of 
newer and better technologies which may better solve the purpose. Modern-day 
bioremediation is one such method (Karigar and Rao 2011).

The literal meaning of “bioremediation” is “biological treatment”. So, bioreme-
diation by definition means the use of biological agents such as microorganisms 
(majorly bacterial and fungi) and/or plants (in case of phytoremediation) for the 
treatment of contaminated soil and water, so as to make it fit for reuse by all the 
biological entities. Some of the remediation processes used for the treatment of 
contaminated area include natural attenuation, composting, biopiling, bioventing, 
landfarming, thermal desorption, landfilling, soil washing, and incineration (USEPA 
2014). Till now, majorly the success to bioremediation and biodegradation has been 
provided by the indigenous microbes thriving in that very environment, and this is 
highly dependent upon the growth characteristics and nutritional requirements of 
the microbes used for the purpose (Verma and Jaiswal 2016). There are several fac-
tors that define the choice of bioremediation techniques, e.g., nature of pollutant, 
degree of pollution, geographical location, the cost involved in the process, etc. 
(Frutos et al. 2012; Smith et al. 2015). Biological treatment of soil using various 
biological agents primarily plants and microorganisms is considered as one of the 
cheapest and safest methods to remove the hazardous contaminants from the soil. 
Plants have the capability to neutralize various types of harmful chemicals in the 
soil by direct utilization, followed by the biotransformation of such compounds into 
nontoxic products which are harmful neither to the environment nor to any other 
form of life (Macek et al. 2008).

The major focus of this chapter is the microbes which play a vital role in effec-
tive bioremediation of soil and also on processes involved in the biodegradation. 
Microorganisms have this inherent capability to catalyze the degradation and min-
eralization of various contaminating xenobiotic compounds, thus converting them 
into nontoxic by-products (Seshadri and Heidelberg 2005; Head et al. 2006; Gomez 
et al. 2017). Such a conversion process is often a result of consortia of microorgan-
isms. Recently, biodegradation of total petroleum hydrocarbons was investigated in 
slurry phase bioreactor using aged refuse (Fu Chen et al. 2019). Bioremediation can 
only be effective when the environmental conditions permit the microbial growth 
and activity, or conversely, there is a need to manipulate certain environmental 
parameters to allow the growth of microbes so that degradation could proceed at a 
faster pace (Vidali 2001). Most of the bioremediation procedures run under com-
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plete aerobic environment, but to treat certain recalcitrant molecules, the system 
may run under anaerobic environment (Colberg and Young 1995).

2.2  The Basic Approach to Bioremediation

Mostly bioremediation proceeds through a process of oxidation-reduction reactions 
(redox), whereby a chemical species donates an electron to a different species that 
accepts an electron. Bioremediation procedures can be broadly classified as aerobic 
and anaerobic bioremediation.

2.2.1  Aerobic Bioremediation

Aerobic bioremediation is the most practiced and most prevalent form of oxidative 
bioremediation. As the name suggests here oxygen acts as the terminal electron 
acceptor for the oxidation of various contaminants such as polyaromatic hydrocar-
bons (PAHs), phenols, petroleum, etc. Preference of oxygen points toward higher 
oxidative potential of oxygen and its requirement by some enzyme systems to initi-
ate the degradation process.

Under ideal conditions, the biodegradation rates of aliphatic, alicyclic, and aro-
matic compounds (low to moderate molecular weight) can be very high. With an 
increase in the molecular weight of the compound, its resistance toward biodegrada-
tion increases (Norris 1993).

There are several physical methods for aerating the soil above water table, e.g., 
landfarming, composting, and bioventing (Frutos and Fernandez 2010). Approaches 
for aeration of soil below water table include flushing aerated water through treat-
ment zone, air sparging, and the addition of molecular oxygen or peroxide.

2.2.2  Anaerobic Bioremediation

This technique can be employed to remediate a broad range of already oxidized 
contaminating pollutants including ethenes (PCE, TCE, DCE, VC), chlorinated eth-
anes (TCA, DCA), chloromethanes (CT, CF), chlorinated cyclic hydrocarbons, 
various energetics (e.g., perchlorate, RDX, TNT), and nitrate.

Anaerobic bioremediation occurs in two steps:

 1. Depletion of background electron acceptors like oxygen (O), nitrate (NO3
−), fer-

ric ion (Fe3+), etc.
 2. Stimulation of biochemical reduction of oxidized contaminating pollutants.

2 Microbes and Processes in Bioremediation of Soil
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2.2.3  The Fate of Organic Contaminating Pollutants

The knowledge of various catabolic pathways involved in the degradation of con-
taminating pollutants of both aerobic and anaerobic microorganisms has a major 
beneficial impact in the development of in situ and ex situ bioremediation protocols. 
The intrinsic chemical consideration that limits the biodegradability of aromatic 
pollutants in both aerobic and anaerobic environments was reviewed by Field et al. 
1995.

The aerobic microorganisms make use of oxygenase enzyme to initiate the elec-
trophilic attack on aromatic molecules. The process is greatly suppressed by the 
presence of electron withdrawing groups such as chloro, azo, and nitro (Dorb and 
Knackmuss 1978; Knackmuss 1981). The microorganisms involved in the aerobic 
degradation are Candida, Anabaena, Nostoc, Chlamydomonas, Microcoleus, 
Oscillatoria, Saccharomyces, Chlorella, and Phormidium (DorotaWolicka et  al. 
2009). On the other hand, anaerobic microorganisms proceed with the degradation 
of aromatic pollutants in a completely reciprocal manner, i.e., under anaerobic con-
ditions, the microorganisms make use of enzymes to initiate an electrophilic attack 
on the aromatic molecules. So here, the presence of electron withdrawing group will 
enhance the initial reductive attack on aromatic contaminants (Knackmuss 1992, 
Dolfing and Harrison 1993, Ann-Kathrin Ghattas et al. 2017). Conversely, electron 
donating groups will hinder the anaerobic transformation of aromatic compounds 
but will favor the aerobic biotransformation process (Field et al. 1995). However, 
the complete absence of electron withdrawing as well as electron donating group 
will enhance the recalcitrance of hydrocarbon in the anaerobic environment (Schink 
1985; Schink 1988). It has also been noted that the resulting products of anaerobic 
biodegradation of complex molecules such as polychlorinated and polynitroaro-
matic compounds are appropriate products for aerobic mineralization but they resist 
further anaerobic biodegradation (Zitomer and Speece 1993).

2.3  Microbes Involved in Bioremediation of Soil

The contamination of soil, sediment, and water from industrial and other human 
inputs is widespread and poses a threat to human and ecological health. 
Bioremediation is the use of microbes for the beneficial removal of contaminants of 
concern. The microbial processes involved in bioremediation are normally natural 
components of respiration or adaptation, often a component of carbon cycling or 
metal redox cycling. Thus, bioremediation often occurs without direct intervention; 
however, biostimulation (the addition of nutrients or adjustment of conditions) and 
bioaugmentation (the addition of microbes capable of bioremediation) are however 
important for the complete removal of contaminants within an economical time-
frame. Various microorganisms involved in bioremediation of various contaminat-
ing pollutants are listed in Table 2.1.
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Table 2.1 Microbes involved in the bioremediation of contaminants

Contaminants Microorganisms References

Monocyclic aromatic 
hydrocarbons

Penicillium chrysogenum Abdulsalam et al. (2013) 
and Pedro et al. (2014)

BTEX P. chrysogenum

Phenols Bacillus subtilis, Penicillium 
chrysogenum, Corynebacterium 
propinquum, Alcaligenes odorans, 
Pseudomonas aeruginosa

Singh et al. (2013)

Petrol and diesel oil Penicillium alcaligenes, P. putida, P. 
veronii, P. mendocina, Achromobacter, 
Flavobacterium, Acinetobacter

Safiyanu et al. (2015) and 
Sani et al. (2015)

PAHs Pseudomonas putida, Pseudomonas 
sp., Coprinellus radians, Ralstonia sp., 
Microbacterium sp.

Sarang et al. (2013), 
AI-Jawhari (2014) and 
Safiyanu et al. (2015)

Biphenyls and 
triphenylmethanes

Phanerochaete chrysosporium Erika et al. (2013)

Hydrocarbons Aspergillus niger, A. fumigatus, F. 
solani, P. funiculosum, Tyromyces 
palustris, Gloeophyllum trabeum, 
Trametes, Versicolor

Karigar and Rao (2011), 
AI-Jawhari (2014) and Xu 
et al. (2017)

Methylnaphthalene and 
dibenzofurans

Coprinellus radians Aranda et al. (2010)

Phenanthrene and 
benzopyrene

Candida viswanathii Hesham et al. (2012)

Oil Alcaligenes odorans, Bacillus subtilis, 
Fusarium sp., Corynebacterium 
propinquum, Penicillium chrysogenum, 
Pseudomonas aeruginosa

Hidayat and Tachibana 
(2012) and Singh et al. 
(2013)

Crude oil Aspergillus niger, Saccharomyces 
cerevisiae, Candida glabrata, Candida 
krusei, B. brevis, P. aeruginosa KH6, 
B. licheniformis, B. sphaericus

Aliaa et al. (2016) and 
Burghal et al. (2016)

Paints (oil based) B. subtilis strain NAP2, NAP1, NAP4 Phulpoto et al. (2016)
Industrial dyes Myrothecium roridum IM 6482, 

Pycnoporus sanguineus, 
Phanerochaete chrysosporium, 
Trametes trogii, Penicillium 
ochrochloron

Shedbalkar and Jadhav 
(2011) and Hassan et al. 
(2013)

Textile dyes Micrococcus luteus, Nocardia 
atlantica, Bacillus spp. ETL-2012, 
Pseudomonas aeruginosa, Bacillus 
pumilus HKG212, Listeria denitrificans

Hassan et al. (2013), 
Maulin et al. (2013), Das 
et al. (2015) and Yogesh 
and Akshaya (2016)

Black liquor Bacillus firmus, Staphylococcus aureus, 
Bacillus macerans, Klebsiella oxytoca

Adebajo et al. (2017)

Lead, nickel, and mercury Saccharomyces cerevisiae Chen and Wang (2015), 
Infante et al. (2014)

(continued)
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2.3.1  Bioaugmentation

Bioaugmentation is the process of enhancing/stimulating the rate of bioremediation 
by addition of single strain or consortia of microorganisms as to mimic the competi-
tiveness among the indigenous microflora and also to remove/decrease adaptation/
acclimatization time (Bourier and Zeahnder 1993; Liu and Suflita 1993; Singleton 
1994). This technique may involve single strain or consortia of microorganisms but 
also involve genetically engineered microorganisms (GEMs) within certain strict 
international rules and regulations. Although GEMs are very efficient in such pro-
cesses, their accidental release into the environment may pose a serious threat to 
mankind. Keeping in mind such negative impacts, the use of GEMs has been limited 
to laboratory-based bioreactor applications.

Bioaugmentation strategy used as per model proposed by Forsyth et al. (1995) 
for soil is:

 1. Where the number of degrading microorganisms is low or sub-detectable.
 2. Contaminating pollutants which require a multitude of processes to degrade 

contaminants.
 3. Small-scale contaminated site where non-biological treatment processes are not 

economical.

2.3.1.1  Factors Affecting Bioaugmentation

Although bioaugmentation has solved a number of issues pertaining to bioremedia-
tion of contaminants which are aromatic in nature primarily, still there are a number 
of ecological constraints which hamper its effectiveness and have kept it to a mini-
mal level. One of the major difficulties that arises during the process is the survival 

Table 2.1 (continued)

Contaminants Microorganisms References

Fe2+, Zn2+, Pb2+, Mn2+, and 
Cu2+

Pseudomonas fluorescence, P. 
aeruginosa

Paranthaman and 
Karthikeyan (2015)

Co, Cu, Cr, and Pb Lysinibacillus sphaericus CBAM-5 Peña-Montenegro et al. 
(2015)

Cadmium Aspergillus versicolor, Trichoderma 
sp., A. fumigatus, Paecilomyces sp., 
Microsporum sp., Cladosporium sp.

Priyalaxmi et al. (2014) 
and Soleimani et al. (2015)

Endosulfan Bacillus, Staphylococcus Mohamed et al. (2011)
Chlorpyrifos Enterobacter Niti et al. (2013)
Ridomil MZ 68MG, 
Fitoraz WP76, Decis 
2.5EC, Malation

Pseudomonas putida, Arthrobacter sp., 
Acinetobacter sp.

Hussaini et al. (2013) and 
Mónica et al. (2016)

Chlorpyrifos and methyl 
parathion

Acinetobacter sp., Photobacterium sp., 
Pseudomonas sp., Enterobacter sp.

Ravi et al. (2015)
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of non-native microbial species which are introduced to the contaminated site. 
Studies have revealed that the number of exogenous microorganisms has reduced 
shortly after the inoculation of soil. Hence both abiotic and biotic factors are shown 
to cause such decrease (Cho et  al. 2000; Bento et  al. 2005; Wolski et  al. 2006). 
Various abiotic factors include temperature, moisture, pH, and organic content of 
the soil, and biotic factors include aeration, amount of nutrients, and type of soil.

There are various studies and examples which may prove above mentioned 
points.

The effect of moisture content in the soil on the survival of Achromobacter 
piechaudii TBPZ and degradation of tribromophenol (TBP) indicating minimum 
25% water content was required for rapid degradation, whereas soils with 10% 
moisture content show limited activity (Ronen et al. 2000). Low moisture content in 
the soil decreases the efficiency with which microorganisms perform the degrada-
tion of contaminants, such effect can be attributed to the fact that the decreased 
bacterial activity is due to the diffusional limitation of substrate supply and adverse 
physiological effects associated with cell dehydration (Mashregi and Prosser 2006).

Other most crucial factors influencing the efficiency of bioaugmentation is the 
organic content of the soil. It plays an important role in the bioavailability of con-
taminants and hence impairs the survival of inoculated strains and ultimately their 
availability to degrade contaminants, e.g., the rate of 2,4-D degradation was lower 
in the soil with high organic content but was considerably higher in soils with lower 
organic content (Greer and Shelton 1992). Conversely, when the soil was combusted 
to remove the organic content, microbes completely lost their degradative activity. 
This indicated that there is presence of some components of insoluble organic mat-
ter that is nutritionally beneficial for microorganisms involved in BTEX degradation 
(Kim et al. 2008).

Other factors including competition primarily between indigenous and exoge-
nous microorganisms for limited C-sources and also antagonistic interaction and 
predation by protozoa and bacteriophages also play an essential role in the final 
results of bioaugmentation. All these interactions greatly decrease the number of 
inoculated cells (England et al. 1993; Sorensen et al. 1999).

2.3.1.2  Microbes in Bioaugmentation

Before performing augmentation in the soil for the purpose of enhanced biodegra-
dation, one should fully know the type and level of contaminants and about the 
strains of microorganisms and their consortia which play active role in the process. 
The following features should be kept in mind before augmenting soil:

 1. The organism should be easily cultivable.
 2. The organism used for the purpose should be able to grow fast under given envi-

ronmental and nutritional conditions.
 3. The organism should be able to withstand a high concentration of contaminants 

and also should be able to survive in varying environmental conditions.

2 Microbes and Processes in Bioremediation of Soil
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In case of contaminants such as PAHs, it is especially necessary to use organisms 
which are capable of producing surfactants, so that these contaminants are more 
accessible and the process becomes more feasible (Forsyth et al. 1995; van der Gast 
et al. 2003; Gentry et al. 2004).

Several approaches can be followed to select for the microorganisms useful in 
bioaugmentation. First being, isolating microorganisms from a contaminated site in 
question and then growing it under laboratory conditions. Finally, this pre-adapted 
pure culture is returned to the contaminated site. The process is called reinoculation 
and involves the use of indigenous microflora. The second approach involves the 
use of microorganisms from the contaminated site having similar kind of contami-
nation. Various studies revealed that microbial consortia for degradation of aromatic 
contaminants are effective as compared to selected single strains (Goux et al. 2003; 
Ghazali et al. 2004).

Both Gram-positive and Gram-negative bacteria play a major role in the bioaug-
mentation. Experiments pertaining to bioaugmentation were done using both the 
organisms belonging to genera Pseudomonas, Alcaligenes, Flavobacterium, 
Achromobacter, and Sphingobium (Gram-negative bacteria) and Mycobacterium, 
Bacillus, and Rhodococcus (Gram-positive). Potentially useful fungi in bioaugmen-
tation are represented by genera Aspergillus, Penicillium, Absidia, Mucor, 
Acremonium, and Verticillium.

2.3.1.3  Delivery of Inoculum

The efficiency of bioaugmentation entirely depends upon the number of microor-
ganisms and total biomass introduced in the soil. The delivery of microbes is also 
another important factor responsible for efficient bioaugmentation. The conven-
tional delivery mechanisms make use of liquid culture for the introduction of micro-
organisms into the contaminated site. But nowadays various modifications to such 
systems have been made. The basic idea of such modifications aimed at maintaining 
optimum activity of inoculum over an extended period of release which was signifi-
cantly hampered in case of liquid culture introduction methods. Various modifica-
tions include the use of certain carrier material which enhances the activity of 
microbes and also provides nutrition to the growing microbial population (van Veen 
et  al. 1997). Example of carrier materials includes charcoal-amended soil (Beck 
1991), chitin or chitosan (Gentili et al. 2006; Chen et al. 2007), nylon (Heitkamp 
and Steward 1995), zeolite (Liang et al. 2009), and clay (Omar et al. 1990). A study 
on activated carbon and zeolite in the treatment of site contaminated with crude oil 
showed that these materials increased microbial growth and enhanced hydrocarbon 
degradation (Liang et al. 2009). This revealed that dehydrogenase activity was three 
times higher in activated carbon than in zeolite. Such an increase in overall activity 
can be attributed to biocarriers as they improve the diffusion of oxygen, nutrient 
uptake, and water retention capacity.

Other entirely different approaches primarily used for biodegradation of aro-
matic compound make use of immobilized cells. This method offers a protective 
environment to the inoculated microorganisms and provide protection from envi-
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ronmental conditions not suited for their growth (improper pH and presence of toxic 
contaminants) and also eliminates competition with indigenous microflora (Lin and 
Wang 1991). Moreover, immobilization is known to increase the stability of cells 
(DNA, plasmids) (Cassidy et al. 1992). Immobilization is usually performed using 
both synthetic (poly(carbamoyl) sulfate, polyacrylamide, and polyvinyl alcohol) 
and natural materials (Dextran, agar, agarose, k-carrageenan, alginate) (Cassidy 
et al. 1992; Jen et al. 1996; Gardin and Pauss 2001).

2.4  Processes Involved in Bioremediation

The basic ideology of bioremediation is to treat or inactivate the toxic- contaminating 
pollutants to less toxic or completely nontoxic products which will not cause any 
deteriorating effect on the environment but in turn may have a positive effect. 
Bioremediation is generally done by consortia of microorganisms which generally 
reside in that very habitat which requires treatment. This is an example of in situ 
bioremediation. This enables the microorganisms to work efficiently because the 
local environment in which the microorganisms are already growing proves benefi-
cial to their growth and also no adaptory phase is required. Ex situ bioremediation 
techniques, on the other hand, are primarily based upon physical manipulation of 
the contaminants, and in this case, there is no direct involvement of microorganisms 
for remediation procedures.

2.4.1  In Situ Bioremediation Procedures

Over the last few decades, the major thrust area in the field of bioremediation is to 
understand various nutritional requirements of microorganisms, their biosynthetic 
and degradative pathways, and their enzymatic machinery. This has led to an 
increased interest of many scientists, and now many people are working on how to 
enhance the rate of bioremediation. This is because the waste is generated on a daily 
basis throughout the world at an alarming rate. So now various strategies are being 
opted to enhance the biodegradation. Such enhanced in situ bioremediation meth-
ods have proved beneficial, and various processes have been designed as explained 
in the following sections.

As the conventional methods of in situ bioremediation cannot treat such a heavy 
load of contaminants of today’s world, so now enhanced bioremediation techniques 
are being developed so that the biodegradation can be carried out at an enhanced 
rate. Enhanced in situ bioremediation of organic contaminants requires the stimula-
tion of biodegradative activities of microbial population thriving in that particular 
environment by the involvement of certain nutrients or external electron acceptors. 
For this purpose, the microorganisms are provided with some combination of 
 oxygen, nutrients, and moisture and controlling temperature and pH. There are vari-
ous procedures through which this can be achieved and are as follows:

2 Microbes and Processes in Bioremediation of Soil
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2.4.1.1  Bioventing

This is the cheapest mode of in situ bioremediation. As the name suggests, bioventing 
involves supplying the oxygen-rich air into the soil so as to increase the rate of deg-
radation of contaminating organic pollutants in the soil. As already mentioned in the 
previous section, oxygen acts as the terminal electron acceptor for the oxidation of 
various organic contaminants. This technology is a choice for the treatment of petro-
leum waste and another similar kind of recalcitrant toxins (McCauly 1999). There are 
several kinds of bioventing remediation technologies, one of which includes air 
sparging, which includes forcing the compressed air into saturated soil, whereas 
venting technology uses low-pressure air and is more focused toward the deeper 
unsaturated zone of the soil. The simple bioventing setup consists of a blower or air 
compressor which is connected to air supply wells and soil-gas monitoring wells 
which are connected in series (Sellers 1999). Bioventing is the gentlest and stripped 
up a form of bioremediation because it occurs without intervention into the natural 
environment of microorganisms. But at the same time, the process of degradation is 
enhanced by the addition of oxygen (Leahy and Erickson 1995; US EPA 1995b).

2.4.1.1.1 Methods Involved in the Process

a. Injection system: These systems are generally economically feasible to install and 
simple to operate primarily because this system requires limited/no treatment of 
off-gas. Injection systems are set up at those locations which are away from various 
installments such as buildings/property boundary because they, upon injection of 
air, may push the contaminants deep or away from the actual site. This actually is 
the beneficial property of the injection system that when the contaminants are 
moved away, their concentration decreases per unit area, also increasing the contact 
with layer area of soil with microorganisms. This will result in enhanced biodegra-
dation (US EPA 1995b; Sellers 1999).

b. Extraction system: This system works in a completely opposite way. Extraction 
system actually sucks out the contaminants. This system is installed in densely pop-
ulated areas, but there are various side effects, few of which include that it causes 
the water table to rise and may cause contamination and also it requires treatment of 
off-gas (Fig. 2.1).

2.4.1.1.2 Applications

The principal compound of crude petroleum is the hydrocarbons; because of this 
reason, they have become a significant substrate for microbial oxidation (Rosenberg 
and Ron 1996). Hence, bioventing is preferably used for the treatment of oil spills 
and has proved to be an excellent option for petrochemical contaminants.

Bioventing is mostly preferred with hydrocarbons whose volatility is very low. 
Because of effective bioremediation of these petrochemicals, the rate of  volatilization 
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should be maintained at optimal level which should be lower than the rate of biodeg-
radation. Low volatility also reduces the chances of degradation because air injec-
tion by the process of bioventing will push contaminants into the surrounding 
environment.

Majorly, gasoline, fuel oil, and bitumen are efficiently reduced by bioventing. 
Also, bioventing has shown to effectively reduce toluene, benzene, ethylbenzene, 
and xylenes to the levels below the detection within 1 year (US EPA 1995a). A labo-
ratory test showed that bioventing is quite superior in remediating toluene and dec-
ane than other methods of bioremediation (Malina et al. 1998).

2.4.1.2  Biosparging

Biosparging/air sparging is the process of blowing compressed air (composed pri-
marily of oxygen) directly into the saturated subsurface. As a result of this, the 
bubbles thus formed result in the physical separation of contaminants from ground-
water (i.e., stripping) and are thus carried up into the unsaturated zone, where the 
contaminants are biodegraded by the process of in situ bioremediation. This process 
is further stimulated because of the addition of oxygen-rich air.

A conventional biosparging unit consists of air injection well, an air compressor, 
monitoring points and wells, and a vapor extraction system which is optional 
(Fig. 2.2).

Fig. 2.1 Bioventing showing injection and extraction system (NMED 2010)

2 Microbes and Processes in Bioremediation of Soil
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The air injection wells are generally vertical and are dug to the depths below 
groundwater table to prevent further mixing of groundwater and contaminants. 
When compressed air is sparged below the groundwater level, this results in the ris-
ing up of gas bubbles thus formed. If the medium is homogeneous (i.e., soil particles 
are sandy), this may result in the homogeneous flow of air, this is rarely seen as 
there exists some kind of heterogeneity as non-uniform airflow is quite common.

The compressed system is used to supply compressed air into the injection well, 
and the choice of the compressor system depends entirely on the nature of the bed 
below the groundwater (e.g., clay, sand, etc.) and also the pressure required. 
Biosparging is most effective against contaminants which have higher Henry’s law 
constant, such as benzene, toluene, ethylbenzene and xylenes, and TCE and 
PCE. However, it can be used to target less volatile compounds by enhancing the 
biodegradation of compounds like diesel fuel and waste oils (Anderson and Ward 
1995; Miller 1995).

2.4.1.3  Anaerobic Bioremediation

Maximum bioremediation technologies focused on the addition of oxygen which 
acts as a terminal electron acceptor and hence enhances the process of bioremedia-
tion. But as this process of delivery of oxygen to subsurface contaminated sites is 
difficult and also the solubility of oxygen in water is also very low, alternate termi-
nal electron acceptors are required to solve this purpose. A number of oxy-anions 
substituting oxygen can act as terminal electron acceptors and solve the purpose of 

Fig. 2.2 A biosparging unit showing air injection well, monitoring points, deeper extraction sys-
tem, and air compressor

T. Gangar et al.
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microbial degradation of organic compounds. These include salts of iron III, sulfate, 
and nitrate. Also, there exist wide consortia of anaerobic bacteria which can use 
these electron acceptors to degrade the organic contaminants (Anderson and Ward 
1995; Qencrantz et al. 1995).

Nitrates are highly soluble in water, are less reactive, and are much more mobile 
than oxygen. Such properties of nitrates make it suitable electron acceptor for 
anaerobic bioremediation. Sulfate is also highly soluble in water, and in comparison 
to its mass, it is having higher electron accepting capacity. Its inexpensiveness and 
nontoxicity to microorganisms make it highly suitable for use in anaerobic bioreme-
diation (Freedman et al. 1995; Sherwood et al. 1995).

2.4.1.4  Phytoremediation

The basic concept of phytoremediation is that the plants are grown in the contami-
nated site and, in turn, when they grow to extract various contaminating pollutants 
from the site and concentrate them in the biomass (bioextraction) (Fig. 2.3). Such 
plants can further be burnt to produce energy. This way it is also possible to extract 
some metals from plant biomass (phytomining) (Meager 2000). Not only plants are 
able to extract some of the toxic minerals but also are able to accumulate a variety 
of organic contaminants, e.g., PCB (polychlorinated biphenyls), ammunition wastes 
(TNT, GTN), halogenated hydrocarbons, etc. These organic toxins then further 

Fig. 2.3 Outline of phytoremediation showing transport, accumulation, volatilization, and detoxi-
fication of contaminants. (Adapted from Dhankher et al. (2011))
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undergo metabolism in plant body and are converted into less toxic or nontoxic by- 
products (Salt et al. 1998; Meager 2000; Dietz and Schnoor 2001).

Rarely, there are some plants in kingdom Plantae which are known to accumulate 
large concentration of metals (Pajak et al. 2017; Pajak et al. 2018). Some of the 
hyperaccumulating or metal-resistant species are Silene vulgaris, Arabidopsis hal-
leri, Alyssum lesbiacum, and Brassica spp. (Clemens et al. 2002; Kramer 2003). 
These species are known to accumulate high concentrations of essential as well as 
non-essential metals such as copper (Cu), iron (Fe), zinc (Zn), selenium (Se), cad-
mium (Cd), mercury (Hg), lead (Pb), aluminum (Al), and arsenic (As) (Salt et al. 
1998, Meagher 2000, Clemens 2001,Guerrinot and Salt 2001, Clemens et al. 2002, 
Hall 2002, McGrath 2003).

2.4.1.4.1 Mechanism of Phytoremediation

The first step in the process is the uptake of metal ions from the root to the root cells. 
This process is primarily performed by organic acids in the plant system such as 
citrate, oxalate, formate, etc. (Michael and Christopher 2007). But at the same time 
there are certain examples of organic acids only which are known to cause a strong 
inhibition to this process (Guerra et al. 2011), e.g., avenic acids and mugineic acids 
are released by certain species of plants to increase the bioavailability of heavy met-
als for root uptake as is reported in some species of family Gramineae (Jakagi et al. 
1984). On the other hand, zinc, copper, and aluminum uptake is inhibited by the 
formate, oxalate, and malate collectively (Dehaize et al. 1993; Kochian et al. 2007; 
Qin et al. 2007). The next step after root uptake is the vacuolar sequestration inside 
the plant cell. The first step includes the transport of heavy metals inside the cytosol, 
and this is mediated by ZIP (zinc−/iron-regulated transporter) proteins. This further 
stimulates phytochelatin synthetase for the production of phytochelatin from gluta-
thione. This results in the formation of the heavy metal-phytochelatin complex 
which actually is transported inside the vacuole of a plant cell.

2.4.1.4.2 Translocation of Heavy Metals from Roots to Shoots and Shoot 
Metabolism

Heavy metals follow the path from roots to epidermal tissue, to pericycle, and 
finally to xylem parenchyma; from xylem parenchyma it is transported by trans-
membrane channels to xylems (Palmer and Guerinot 2009). In Arabidopsis species, 
ATPases HMA2 and HMA4 proteins are responsible for transportation and accumu-
lation of zinc from roots to shoots (Hanikenne et al. 2008; Wong and Cobbett 2009). 
Some amino acids such as histidine (hyperaccumulator) and some organic acids 
such as citrate and malate play an active role in the translocation of metals such as 
zinc, copper, and cadmium (Pilon et al. 2009).

The excessive accumulation of heavy metals (redox active and non-redox active) 
inside the plant cells cause a huge amount of oxidative damage and stress by replace-
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ment of metal ions in pigments and another essential molecule such as chlorophyll. 
To counteract this, plants have an inbuilt anti-oxidative defense mechanism based 
upon the enzymes and reducing metabolites (GSH) which regulate redox status. 
GSH binds to metals and metalloids and eliminates reactive oxygen species (ROS) 
whose production is stimulated by heavy metals and thus maintains homeostasis for 
metabolism (Foyer and Noctor 2005).

2.4.2  Ex Situ Bioremediation

Ex situ bioremediation technology makes use of aerobic treatment of soil to make it 
free from contaminants. The major difference between in situ and ex situ bioreme-
diation technique is that in situ remediation involves the treatment of contaminated 
soil on site, whereas ex situ methods involve physical extraction of media/soil from 
a contaminated site and move it to another location for efficient and controlled treat-
ment. One of the major advantages of this method over the in situ method is its 
efficiency and certainty of control treatment due to the ability to uniformly screen 
and homogenize the soil mixture. However, the ex situ method involves the com-
plete removal of contaminated soil and its transport to a different new location for 
treatment which makes this treatment method less cost-effective.

2.4.2.1  Nonbiological Methods of Ex Situ Bioremediation

2.4.2.1.1 Dig and Dump (Landfilling)

This is the most conventional method for ex situ bioremediation for the purpose of 
the following: first, a target land is engineered and prepared to receive the dumped 
waste. The site is so engineered so that it is able to receive inert, solid, and hazard-
ous waste with a degradation rate between 5000 and 230,000 metric ton per year 
and also no leachate should leach into the dumping ground and contaminate ground-
water table. To prevent the problem of leaching, covering and capping are usually 
preferred, but now newer technology makes use of leachate system which is an 
underground pipe network to collect leachate. One upgraded form of landfilling is 
called landfill bioreactor. This type of landfill makes use of microorganisms for a 
quick breakdown of all the contaminants present in the waste disposed into it. They 
may be aerobic or anaerobic and can also be hybrid (aerobic-anaerobic). Advantages 
of this type of landfilling include:

 (a) Reduce greenhouse gas emission.
 (b) The end product produced during the process does not require further 

landfilling.
 (c) Leachate treatment cost is decreased exponentially.
 (d) The decrease in overall landfilling cost over long periods of treatment.
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Several disadvantages include:

 (a) Open landfills emit certain kind of greenhouse gases, which may indirectly pose 
a serious threat to the environment (Gong et al. 2018).

 (b) Excavation of landfills is very dangerous as the waste dumped into it is not 
pretreated.

 (c) The cost of excavated material transfer to the final destination site is very huge 
and hence makes this process less economical.

 (d) Finally, the landfill gas although have the advantage of being used as a biofuel 
but, if released into the open environment, proves harmful for local flora and 
fauna.

2.4.2.1.2 Incineration

Incineration is the method of treatment of solid waste by thermal energy. Actually, 
it involves the combustion of organic matter in waste material (Silva-Castro et al. 
2012). Incineration is also called as thermal treatment, as direct heat is involved in 
the process. The result of incineration is the production of three major components, 
i.e., ash, flue gas, and heat.

 (a) Ash mainly constitute inorganic matter from the waste which is left after burn-
ing. It forms solid clumps and is carried away by flue gas.

 (b) Flue gas actually is the gas which is emitted after combustion of waste, and its 
composition depends entirely upon the constituents of the solid waste.

 (c) There is a considerable amount of heat produced when the waste is combusted, 
and the calorific value here also depends upon the constituents of the solid 
waste. This heat is nowadays channelized into various fields with newer 
advanced technologies.

The method utilizes very high temperature (750–1200 °C) for disposal of solid 
waste. There are various incinerator systems which are infrared combustors using 
silicon carbide rods; fluidize bed combustors (high-velocity air with infrared heat 
source is used to attain temperature of 850 °C); circulating bed combustors (utilizes 
the kinetic energy of high-velocity air to create high turbulent combustion zone to 
attain temperature of 850 °C); and rotary kilns (consist of inclined rotating cylinders 
with an afterburner that burns at 980 °C) (FRTR 2012).

2.4.2.1.3 Soil Washing

Mechanical scrubbing, physical separation, soil scrubbing, and attrition scrubbing 
are some of the other names used to refer to soil washing. As the name suggests, soil 
washing involves physical separation of contaminants from the soil particles via 
various methods. This technology uses aqueous-based separation and physical sep-
aration units which are used to minimize the toxic levels of contaminated site 
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(age- prone) to site-specific objectives. It is worth noting that there is no detoxifica-
tion of pollutants, but by various means, it involves a concentration of hazardous 
material into smaller soil fraction or transfers the contaminants from the soil into 
washing fluids for further treatments (Dermont et al. 2008).

Soil washing involves the following procedures:

 1. Mechanical screening (sorting, crushing, physical processing which includes 
soaking, spraying and tumbling attrition scrubbing).

 2. Treatment of coarse- and fine-grained soil portions (includes leaching and physi-
cal separations).

 3. Further treatment of generated toxins.

Hence, this is considered a stand-alone approach (Fig. 2.4).
Soil washing can be used for a wide variety of contaminants including heavy 

metals, PCBs, SVOCs, PAHs, petroleum, as well as fuel residues and pesticides. 
Soil washing is considered one of the cheapest methods of ex situ bioremediation as 
it limits the final fraction of soil which requires further treatment which in turn 
minimizes the post-remedial expenditures (Urum et al. 2003).

One of the major limitations is that this technique is highly unsuitable for soils 
containing more than 40% silt and clay. This is because homogenization is not fea-
sible for such soils. Also, multicomponent mixture hampers the effectiveness of the 
method.

2.4.2.2  Biological Methods of Ex Situ Bioremediation

2.4.2.2.1 Solid Phase Bioremediation Technologies

Land farming
It is one of the most widely used conventional remediation technologies because of 
two main reasons: one being low technological input and the other being its 

Fig. 2.4 Typical soil washing procedure
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cost- effectiveness. It involves the excavation of a contaminated site and places it in 
the form of a thin bed of about 0.46 m which are lined by high-density polyethylene 
(HDPE) sheets or other such impermeable material. These are used to prevent 
leachate from coming in contact with groundwater through infiltration. Landfarming 
is based upon the principle that the indigenous microflora is used to aerobically 
degrade the contaminating pollutants present in the soil under the treatment process. 
For this purpose, the beds are provided with sufficient aeration by periodically till-
ing the bed and turning over until the bioremediation process is complete. The 
chemistry behind the chemical breakdown remains the same as discussed under 
aerobic bioremediation.

The optimized parameters for landfarming include moisture content (40–85%), 
aeration (periodic tilling), pH (6–8), temperature (20–40 °C), and C:N ratio (9:1) 
(Khan et al. 2004). There exist a plethora of contaminants which can be treated via 
landfarming and includes aliphatic and aromatic hydrocarbons, oily sludge from 
refineries, pesticides, etc. To enhance the rate of biodegradation, various strategies 
can be applied which include the regular addition of soils contaminated with hydro-
carbons primarily to replenish the supply of hydrocarbons, co-substrates, and bulky 
agents can also be added to stimulate microbial metabolism (Straube et al. 2003; 
Maila et al. 2005). Silva-Castro et al. (2012) reported that a consortium of four bac-
teria (Bacillus pumilus, Alcaligenes faecalis, Micrococcus luteus, and Enterobacter 
sp.) can remediate 100% of PAH in 7 months from PAH-contaminated soil with 
organic fertilizers. The use of additive (kitchen waste compost), activated sludge, 
bully agent (rusk-husk), and petroleum-degrading bacteria removes 92.4% total 
petroleum hydrocarbons (TPH) in 25 days (Kuo et al. 2012).

2.4.2.2.2 Composting

It is the most primitive technology for the treatment of agricultural, municipal solid 
waste, and sewage sludge. The principle of operation consists of mixing of contami-
nated soil with nontoxic organic waste, another agricultural waste, manure, etc. This 
mix encourages the growth of aerobic microorganisms and hence biodegrades the 
toxic contaminants into nontoxic end products. The biodegradation occurs via co- 
metabolic pathways. The process is purely aerobic in nature and makes use of heat 
generated during the oxidative exothermic reaction to speed up the process. So this 
can be considered as an autonomously driven process. The positive characteristic of 
composting is that the product, i.e., mature compost, can be used as fertilizers in the 
field and also may be used for land restoration purposes (Antizar-Ladislao et al. 2006).

For the purpose of composting, there are various approaches, but the cheapest 
one makes use of windrows which are actually long mounds in which the entire 
composting mixture is kept for bioremediation. The optimal size for windrows is 
(3 l × 4w × 1.5 h)m3. Other approaches include vessels and engineered windrows 
which are also used for biopiling. Engineered vessels can also be called as solid 
phase bioreactors in which all the physical and chemical parameters can be con-
trolled. But such installations require high capital input.
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Thermophilic composting is capable of reducing levels of monoaromatics 
(BTEX), phenols, PAHs, petroleum hydrocarbons, PCB, PCP, etc. (Nadeef et al. 
2012). Metal-contaminated soil can also be treated by composting methods, e.g., 
van Herwizen et  al. (2007) remediated 80% metal polluted soil with mineral- 
amended composts.

Limiting factors include the requirement of space and post-excavation treatment 
of contaminated soil. Management of order and the problem of leachate pose a 
major problem during composting.

2.4.2.2.3 Biopiling

Biopiling is a combination of two techniques (landfarming and composting) that 
provides a favorable environment for indigenous aerobic and anaerobic microorgan-
isms and also controls physical losses of contaminants by leaching and volatiliza-
tion (Kumar et al. 2011; Mani and Kumar 2014). There are various other names for 
biopile such as bioheaps, biomounds, biocells, compost cells, etc. A wide range of 
petrochemical contaminants in soils and sediments have been remediated by exten-
sive use of biopiles (Germaine et al. 2014). In this method, contaminated soils are 
piled up or heaped, and then the microbiological activity is stimulated by aeration 
along with the addition of water and nutrients.

Its similarity with landfarming can be stated as it also involves the remediation 
of soil above the ground, and moreover, this system utilizes the aerobic environment 
to stimulate microbial activity. It differs from landfarming with respect to the con-
trol it provides over different physical as well as chemical parameters so that rapid 
biodegradation may occur (McCarthy et al. 2004). In comparison to both landfarm-
ing and composting, the mass transfer efficiency of nutrients, water, and air in bio-
piles offers a better potential for treatment of contaminating pollutants.

Biopiles are generally operated up to a height of 0.9–3.1 m, and also various 
strategies can be used to prevent volatilization, runoff, and evaporation, which 
includes covering the biopile with an impervious lining, which also promotes ther-
mal heating up of biopile and enhances the microbial activity.

Biopiles are capable of degrading various contaminants such as pesticides, halo-
genated VOCs/SVOCs, and non-halogenated VOCs. Lighter petroleum products 
like gasoline are removed at the time of air injection or pile turning. Heavier petro-
leum products generally take more time to biodegrade than lighter petroleum prod-
ucts. Soil characteristics, climatic conditions, and contaminant characteristics are 
deciding factors for the efficiency of biopile (Giasi and Morelli 2003).

2.4.2.2.4 Slurry-Based Bioremediation (Bioreactors)

This is currently the most advanced system for the treatment of soil. The main 
advantage of this approach is the fine control of various physical and chemical 
parameters. The slurry bioreactors are so designed so as to provide a very efficient 
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system for optimizing and controlling critical operating parameters. The major dis-
advantage being the high cost of bioreactor as well as the operating cost which 
needs justification for each particular application.

The slurry-based bioreactor system is a stand-alone approach (Fig. 2.5) which is 
able to remediate the soil completely without the intervention or use of other 
approaches. The working principle includes first the mixing of contaminated soil 
with water/wastewater and other additives in the bioreactor vessel. Next, various 
critical operating parameters are set (Latha and Reddy 2013; Bhardwaj and Kapley 
2015). Slurry-based soil treatment requires mechanical mixing, grinding, and volu-
metric classification before initializing biological treatment process for degradation 
of pollutants (Volf 2007). The formation of slurry depends upon how much soil is 
mixed with a specific amount of water which in turn depends upon the concentra-
tion of pollutants, soil type, and rate of biodegradation (Pavel and Gavrileseu 2008). 
Normally, a slurry is 10–30% solids by weight. The slurry is maintained under opti-
mum conditions by providing oxygen via the aeration facility of bioreactor. Nutrients 
are also added depending upon the total amount of pollutants present in the soil and 
thus to maintain the optimal ratio between carbon, phosphorus, and nitrogen. After 
the bioremediation process is over, the slurry is drained via various downstream 
processing approaches (filtration (vacuum/pressure), centrifugation, etc.).

As bioreactors are closed systems in which all the environmentally critical 
parameters are maintained at an optimal level, hence such bioreactors provide accel-
erated and enhanced treatment rates (Bhardwaj and Kapley 2015; Kuppusamy et al. 
2016). Slurry phase bioreactors are normally operated under batch, continuous, or 
fed-batch modes, and they may be operated under aerobic, anaerobic, or anoxic 
conditions depending upon the type of contaminants being treated.

Slurry bioreactors are efficient in the treatment of aerobically degradable com-
pounds such as SVOCs, recalcitrant pesticides, explosive substances, aromatic 
hydrocarbons, chlorinated organic compounds, and PAHs. This technique is able to 

Fig. 2.5 Slurry-phase bioreactor (a typical open system)
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treat soils which are otherwise difficult to treat via other processes for, e.g., soils 
with high clay content (>40%).

2.5  Conclusion

The degradative potential of microorganisms has been used to a much greater extent, 
and this fundamental principle forms the basis of bioremediation of organic toxic- 
contaminated pollutants. For a successful bioremediation procedure, one must be 
equipped with the knowledge of physiological characteristics, biochemical capa-
bilities, ecology, and genetic plasticity of the microorganism or consortia being uti-
lized in the process. Also, the knowledge of contaminants with which the site is 
contaminated also plays a vital role in the efficient bioremediation of the soil. 
However, a complete and efficient process development requires a multi- disciplinary 
approach involving from chemical sciences through physical sciences to biological 
sciences. The increase in interest of various scientific communities towards this 
field has promised a very bright and promising future.

Acknowledgments The Fellowship granted to Mr. Kamal Kumar Bhardwaj in the form of SRF 
from Council of Scientific and Industrial Research under Ministry of Human Resource 
Development, Government of India, is thankfully acknowledged.

Conflict of Interest The authors declare that there is no conflict of interests regarding the publi-
cation of this article.

References

Abdulsalam S, la SS A, Bugaje IM et al (2013) Bioremediation of soil contaminated with used 
motor oil in a closed system. J Bioremed Biodegr 3:100–172

Adebajo SO, Akintokun AK, Balogun SA (2017) Screening and characterisation of biosurfactant 
producing bacteria from soil samples in Ogun-state, Nigeria. Int J Microbial Res 18:1–12

AI-Jawhari IFH (2014) Ability of some soil fungi in biodegradation of petroleum hydrocarbon. J 
Appl Environ Microbiol 2:46–52

Aliaa ME, Eltayeb KM, Mostafa AR et al (2016) Biodegradation of industrial oil-polluted waste-
water in Egypt by bacterial consortium immobilized in different types of carriers. Pol J Environ 
Stud 25:1901–1909

Anderson WC, Ward CH (1995) Innovative site remediation technologies In: Vol I Bioremediation. 
american academy of environmental engineers, WASTECH

Antizar-Ladislao B, Lopez-Real J, Beck AJ (2006) Investigation of organic matter dynamics dur-
ing in-vessel composting of an aged coal-tar emission spectroscopy. Chemosphere 64(5):839–
847. https://doi.org/10.1016/j.chemosphere.2005.10.036

Aranda E, Ullrich R, Hofrichter M (2010) Conversion of polycyclic aromatic hydrocarbons, methyl 
naphthalenes and dibenzofuran by two fungal peroxygenases. Biodegradation 21:267–281

Beck DP (1991) Sustainability of charcoal amended mineral soil as carrier for Rhizobium inocu-
lants. Soil Biol Biochem 23:41–44

2 Microbes and Processes in Bioremediation of Soil

https://doi.org/10.1016/j.chemosphere.2005.10.036


32

Bento FM, Camargo FAO, Okeke BC et al (2005) Comparative bioremediation of soils contami-
nated with diesel oil by natural attenuation, biostimulation and bioaugmentation. Bioresour 
Technol 96:1049–1055

Bhardwaj P, Kapley A (2015) Remediation of pesticide-contaminated soil: emerging options vol 1 
In: Kalia VC (ed) Microbial factories Biofuel waste treatment. pp 293–313

Bourier EJ, Zeahnder AJB (1993) Bioremediation of organic compounds putting microbial metab-
olism toward. Trends Biotechnol 11:360–367

Burghal AA, Najwa MJA, Al-Tamimi WH (2016) Mycodegradation of crude oil by fungal species 
isolated from petroleum contaminated soil. Int J Innov Res Sci Eng Technol 5:1517–1524

Cassidy MB, Mullineers H, Lee H et  al (1992) Mineralization of pentachlorophenol in a con-
taminated soil by Pseudomonas sp. UG30cells encapsulated in K-carrageenan. J Ind Microbiol 
Biotechnol 3:232–243

Chen C, Wang JL (2015) Characteristics of Zn2+ biosorption by Saccharomyces cerevisiae. Biomed 
Enviro Sci 20:478–482

Chen YM, Lin TF, Huang C et al (2007) Degradation of phenol and TCE using suspended and 
chitosan bed immobilized Pseudomonas putida. J Hazard Mater 148:660–670

Chen F, Li X, Zhu Q, Ma J, Hou H, Zhang S (2019) Bioremediation of petroleum-contaminated 
soil enhanced by aged refuse. Chemo 222:98–105

Cho YG, Rhee SK, Lee ST (2000) Effect of soil moisture on bioremediation of chlorophenol con-
taminated soil. Biotechnol Lett 22:915–919

Clemens S (2001) Molecular mechanism of plant metal tolerance and homeostasis. Planta 
212:475–486

Clemens S, Palmgren MG, Kramer U (2002) A long way ahead: understanding and engineering 
plant metal accumulation. Trends Plant Sci 7:309–315

Colberg PJS, Young LL (1995) Anaerobic degradation of nonhalogenated homocyclic aromatic 
compounds coupled with nitrate, iron, or sulfate reduction. In: Young LL, Cerniglia CE (eds) 
Microbial transformation and degradation of toxic organic chemicals. Wiley-Liss, New York, 
pp 307–330

Das A, Mishra S, Verma VK (2015) Enhanced biodecolorization of textile dye remazol navy blue 
using an isolated bacterial strain Bacillus pumilus HKG212 under improved culture conditions. 
J Biochem Technol 6:962–969

Dehaize E, Ryan PR, Randall PJ (1993) Aluminum tolerance in wheat (Triticum aestivum L.) 
(II. Aluminum stimulated excretion of malic acid from root apices). P Physiol 103:695–702

Dermont G, Bergeron M, Mercier G, Richer-Laflèche M (2008) Soil washing for metal removal: a 
review of physical/chemical technologies and field applications. J Hazard Mater 152(1):1–31

Dhankher OP, Pilon-Smits EAH, Meagher RB, Doty S (2011) Biotechnological approaches for 
phytoremediation. In: Altman A, Hasegawa PM (eds) Plant Biotechnology and Agriculture. 
Academic Press, Oxford, pp 309–328

Dietz AC, Schnoor JL (2001) Advances in phytoremediation. Environ Health Perspect 
109:163–168

Dolfing J, Harrison BK (1993) Redox and reduction potentials as parameters to predict the deg-
radation pathway of chlorinated benzenes in anaerobic environments. FEMS Microbiol Ecol 
13:23–30

Dorb E, Knackmuss HJ (1978) Chemical structure and biodegradability of halogenated aromatic 
compounds: substituent effects of 1, 2-dioxygenation of catechol. Biochem J 174:85–94

DorotaWolicka AS, Bockowski A, Bieleka A (2009) Application of aerobic microorganisms 
in bioremediation in-situ of soil contaminated by petroleum products. Bioresour Technol 
100(13):3321–3227

England LS, Lee H, Trevor JT (1993) Bacterial survival in soil: effect of clays and protozoa. Soil 
Biol Biochem 25:523–531

Erika AW, Vivian B, Claudia C et  al (2013) Biodegradation of phenol in static cultures by 
Penicillium chrysogenum erk1: catalytic abilities and residual phytotoxicity. Rev Argent 
Microbiol 44:113–121

T. Gangar et al.



33

Field JA, Stams AJM, Kato M et  al (1995) Enhanced biodegradation of aromatic pollutants in 
coculture of aerobic and anaerobic bacterial consortia. Anton Laeuw 67:47–77

Forsyth JV, Tsao YM, Bleam RD (1995) Bioremediation: why is augmentation needed. In: 
Fredrkso J, Hinchee RE (eds) Bioaugmentation for site remediation. Battelle Press, Columbus

Foyer CH, Noctor G (2005) Redox homeostasis and antioxidant signaling: a metabolic interface 
between stress perception and physiological responses. Plant Cell 17:1866–1875

Freedman DL, Lasecki M, Hashsham S et al (1995) Accelerated biotransformation of carbon tet-
rachloride and chloroform by sulfate reducing enrichment cultures. In: Herson DS, Baker HK 
(eds) Bioremediation. McGraw Hill, New York, pp 123–128

Frutos FJG, Fernandez MD (2010) Bioventing remediation and ecotoxicity evaluation of 
phenanthrene- contaminated soil. J Hazard Mater 183(1–3):806–813. https://doi.org/10.1016/j.
jhazmat.2010.07.098

Frutos FJG, Pe’rez R, Escolano O et al (2012) Remediation trials for hydrocarbon-contaminated 
sludge from a soil washing process: evaluation of bioremediation technologies. J Hazard Mater 
199:262–271. https://doi.org/10.1016/j.jhazmat.2011.11.017

Gardin H, Pauss A (2001) K-carrageenan/gelatin gel beads for the co-immobilization of aerobic 
and anaerobic microbial communities degrading 2, 4, 6-trichlorophenol under air limited con-
ditions. Appl Microbiol Biotechnol 56:517–523

Gentili AR, Cubitto MA, Ferrero M et al (2006) Bioremediation of crude oil polluted sea water 
by a hydrocarbon degrading bacterial strain immobilized on chitin and chitosan flakes. Int 
Biodeterior Biodegrad 57:222–228

Gentry TJ, Rensing C, Pepper IL (2004) New approaches for bioaugmentation as a remediation 
technology. Crit Rev Environ Sci Technol 34:447–494

Germaine KJ, Byrne J, Liu X et al (2014) Ecopiling: a combined phytoremediation and passive 
biopiling system for remediating hydrocarbon impacted soil at field scale. Front Plant Sci 5:756

Ghattas A-K, Fischer F, Wick A, Ternes TA (2017) Anaerobic biodegradation of (emerging) 
organic contaminants in aquatic environment. Water Res 116(2017):268–295

Ghazali FM, Rahman RNZA, Salleh AB et al (2004) Biodegradation of hydrocarbons in soil by 
microbial consortium. Int Biodeterio Biodegrad 54:61–67

Giasi CI, Morelli A (2003) A landfarming application technique used as environmental remedia-
tion for coal oil pollution. J Environ Sci Health A Tox Hazard Subst Environ Eng 38:1557–1568

Gomez MJ, Pazos F, Guijarro FJ et al (2017) The environmental fate of organic pollutants through 
the global microbial metabolism. Mol Syst Biol 3:1–11

Gong XQ, Cai LL, Li SY et  al (2018) Bamboo biochar amendment improves the growth and 
reproduction of Eisenia fetida and the quality of green waste vermicompost. Ecotox Environ 
Safe 156:197–204

Goux S, Shapir N, EL Frantrocessi S et al (2003) Long term maintenance of rapid atrazine deg-
radation in soils inoculated with atrazine degraders. Water Air Soil Pollut Focus 3:131–142

Greer LE, Shelton DR (1992) Effect or inoculant strain and organic matter content on kinetics of 
2, 4-dichlorophenoxyacetic acid degradation in soil. Appl Environ Microbiol 58:1459–1465

Guerra L, Guidi R, Slot I et al (2011) Bacterial genotoxin triggers FEN1-dependent RhoA activa-
tion cytoskeletal remodelling and cell survival. J Cell Sci 124:2735–2742

Guerrinot ML, Salt DE (2001) Fortified foods and phytoremediation: two sides of same coin. Plant 
Physiol 125:164–167

Hall JL (2002) Cellular mechanism for heavy metal detoxification and tolerance. J Exp Bot 53:1–11
Hanikenne M, Talke IN, Haydon MJ et al (2008) Evolution of metal hyperaccumulation required 

Cu-regulatory changes and triplication of HMA4. Nature 453:391–395
Hassan MM, Alam MZ, Anwar MN (2013) Biodegradation of textile azo dyes by bacteria isolated 

from dyeing industry effluent. Int Res J Biological Sci 2:27–31
Head IM, Martin Jones D, Röling WFM (2006) Marine microorganisms make a meal of oil. Nat. 

Rev Microbiol 4:173–182
Heitkamp MA, Steward WP (1995) A novel porus nylon biocarrier for immobilized bacteria. Appl 

Microbiol Biotechnol 62:4662–4669

2 Microbes and Processes in Bioremediation of Soil

https://doi.org/10.1016/j.jhazmat.2010.07.098
https://doi.org/10.1016/j.jhazmat.2010.07.098
https://doi.org/10.1016/j.jhazmat.2011.11.017


34

Hesham A, Khan S, Tao Y et al (2012) Biodegradation of high molecular weight PAHs using iso-
lated yeast mixtures: application of metagenomic methods for community structure analyses. 
Environ Sci Pollut Res Int 19:3568–3578

Hidayat A, Tachibana S (2012) Biodegradation of aliphatic hydrocarbon in three types of crude 
oil by Fusarium sp. F092 under stress with artificial sea water. J Environ Sci Technol 5:64–73

Hussaini S, Shaker M, Asef M (2013) Isolation of bacterial for degradation of selected pesticides. 
Bull Environ Pharmacol Life Sci 2:50–53

Infante JC, De Arco RD, Angulo ME (2014) Removal of lead, mercury and nickel using the yeast 
Saccharomyces cerevisiae. Rev MVZ Córdoba 19:4141–4149

Jakagi SI, Nomoto K, Takemoto T (1984) Physiological aspect of mugineic acid: a possible phy-
tosiderophore of graminaceous plants. J Plants Nutri 7:1–5

Jen AC, Wake MC, Mikos AG (1996) Review: hydrogels for cell immobilization. Biotechnol 
Bioeng 50:254–272

Karigar CS, Rao SS (2011) Role of microbial enzymes in the bioremediation of pollutants: a 
review. Enzyme res 2011:1–11. https://doi.org/10.4061/2011/805187

Kim JM, Le NT, Cheng BS et  al (2008) Influence of soil components on biodegradation of 
benzene, toluene, ethylbenzene and o-, m- and p-xylenes by newly isolated bacterium 
Pseudoxanthomonas spadex RD-a59. Appl Environ Microbiol 74:7313–7320

Knackmuss HJ (1981) Degradation of halogenated and sulfonated hydrocarbons. In: Hutter R, 
Cook AM, Neusch J, Leisinger T (eds) Microbial degradation of xenobiotic and recalcitrant 
compounds. Academic, London, pp 189–212

Knackmuss HJ (1992) Potentials and limitations of microbes to degrade xenobiotics. In: Soil 
decontamination using biological processes. Karlsruhe, Germany, pp 3–9

Kochian LV, Hoekenga OA, Pineros MA (2007) How do crop plants tolerate acid soils? Mechanism 
of aluminum tolerance and phosphorus efficiency. Ann Rev Plant Biol 55:459–493

Kramer U (2003) Phytoremediation to phytochelatin- plant trace metal homeostasis. New Physiol 
158:4–6

Kumar A, Bisht BS, Joshi VD et al (2011) Review on bioremediation of polluted environment: a 
management tool. Int J Environ Sci 1(6):1079–1093

Kuo YC, Wang SY, Kao CM et  al (2012) Stabilization of As, Cr, Cu, Pb and Zn in soil using 
amendments-a review. Waste Manag 28:215–225

Kuppusamy S, Palanisami T, Magharaj M et al (2016) Ex-situ remediation technologies for envi-
ronmental pollutants: a critical perspective. Rev Environ Contam Toxicol 236:117–192

Latha AP, Reddy SS (2013) Reviews on bioremediation potential tool for removing environmental 
pollution. Int J Basic Appl Chem Sci 3(3):21–33

Leahy MC, Erickson GP (1995) Bioventing reduces soil cleanup costs. Hydrocarb Process 8:63–64
Liang Y, Zhang X, Dai D et al (2009) Porous biocarrier enhanced biodegradation of crude oil con-

taminated site. Int Biodeterior Biodegrad 63:80–87
Lin JE, Wang HY (1991) Use of co-immobilized biological systems to degrade toxic organic com-

pounds. Biotechnol Bioeng 38:273–279
Lin Y, Watts DB, Kloepper JW et al (2018) Influence of plant growth-promoting rhizobacteria on 

corn growth under different fertility sources. Commun Soil Sci Plant Anal 49(10):1239–1255. 
https://doi.org/10.1080/00103624.2018.1457155

Liu S, Suflita JM (1993) Ecology and evolution of microbial populations for bioremediation. 
Trends Biotechnol 11:344–352

Macek T, Kotrba P, Svatos A et al (2008) Novel roles for genetically modified plants in environ-
mental protection. Trends Biotechnol 26:146–152

Maila MP, Randima P, Surridge K et al (2005) Evaluation of microbial diversity of different soil 
layer at a contaminated diesel site. Int Biodeter Biodegrad 55:39–44

Malina GJ, Grotenhus TC, Rulkins WH et al (1998) Soil vapour extraction versus bioventing of 
toluene and decane in bench scale soil columns. Environ Technol 19:977–991

T. Gangar et al.

https://doi.org/10.4061/2011/805187
https://doi.org/10.1080/00103624.2018.1457155


35

Mani D, Kumar C (2014) Biotechnological advances in remediation of heavy metals contaminated 
ecosystems: an overview with special reference to phyto remediation. Int J Environ Sci Technol 
11(3):843–872

Mashregi M, Prosser JI (2006) Survival and activity of lux-marked phenanthrene degrading 
Pseudomonas stutzeri P16 under different conditions. Iran J Sci Technol Trans A 30:71–80

Maulin PS, Patel KA, Nair SS et al (2013) Microbial degradation of Textile Dye (Remazol Black 
B) by Bacillus spp. ETL-2012. J Bioremed Biodegr 4:1–5

McCarthy K, Walker L, Vigoren et al (2004) Remediation of spilled hydrocarbons by in-situ land-
farming at an arctic site. Cold Region Sci Technol 40:31–39

McCauly, P (1999) Bioventing for enhanced biodegradation of PAHs. https://clu-in.org/products/
newsltrs/ttrend/view.cfm?issue=tt0899.htm. Accessed Aug 1999

McGrath Z (2003) Phytoextraction of metals and metalloids from contaminated soil. Curr Opin 
Biotechnol 14:277–282

Meager RB (2000) Phytoremediation of toxic elemental and organic pollutants. Curr Opin Plant 
Biol 3:153–162

Michael JH, Christopher SC (2007) Transporters of ligand for essential metal ions in plants. New 
Phytol 174:499–506

Miller R (1995) Technology overview report: air sparging, ground water remediation technologies 
Analysis under GWRTAC. Pilsburgh. pp 10

Mohamed AT, El Hussein AA, El Siddig MA et al (2011) Degradation of oxyfluorfen herbicide by 
soil microorganisms: biodegradation of herbicides. Biotechnol 10:274–279

Mónica P, Darwin RO, Manjunatha B et  al (2016) Evaluation of various pesticides-degrading 
pure bacterial cultures isolated from pesticide-contaminated soils in Ecuador. Afr J Biotechnol 
15:2224–2233

Nadeef Y, Chitimus AD, Mosnegutu E et al (2012) Technology for soil remediation methods and 
techniques for environmental protection. J Bioremed Biodegr 79:13–20

Niti C, Sunita S, Kamlesh K (2013) Bioremediation: An emerging technology for remediation of 
pesticides. Res J Chem Environ 17:88–105

NMED (2010) New Mexico Environment Department. Clean up technologies. Petroleum Storage 
Tank Bureau

Norris R (1993) Handbook of bioremediation. CRC Press, Boca Raton
Omar SH, Buderker U, Rehm HJ (1990) Degradation of oily sludge from a floatation unit by free 

and immobilized microorganisms. Appl Microbiol Biotechnol 34:259–273
Ontanon OM, Fernandez M, Agostini E et  al (2018) Identification of the main mechanisms 

involved in the tolerance and bioremediation of Cr(VI) by Bacillus sp. SFC 500-1E. Environ 
Sci Pollut Res 25(16):16111–16120. https://doi.org/10.1007/s11356-018-1764-1

Pajak M, Halecki W, Gąsiorek M (2017) Accumulative response of Scots pine (Pinussylvestris L.) 
and silver birch (Betula pendula Roth) to heavy metals enhanced by Pb-Zn ore mining and pro-
cessing plants: explicitly spatial considerations of ordinary kriging based on a GIS approach. 
Chemosphere 168:851–859. https://doi.org/10.1016/j.chemosphere.2016.10.125

Pajak M, Blonska E, Szostak M et al (2018) Restoration of vegetation in relation to soil properties 
of spoil heap heavily contaminated with heavy metals. Water Air Soil Poll 229(12):392. https://
doi.org/10.1007/s11270-018-4040-6

Palmer CM, Guerinot ML (2009) Facing challenges of Cu, Fe and Zn homeostasis in plants. Nat 
Chem Biol 5:333–340

Paranthaman SR, Karthikeyan B (2015) Bioremediation of heavy metal in paper mill effluent using 
Pseudomonas spp. Int J Microbiol 1:1–5

Parewa HP, Meena VS, Jain LK et al (2018) Sustainable crop production and soil health man-
agement through plant growth-promoting Rhizobacteria. Role Rhizospheric Microbes Soil 
2018:299–329. https://doi.org/10.1007/978-981-10-8402-7_12

Pavel LV, Gavrileseu M (2008) Overview of ex-situ decontamination techniques for soil cleanup. 
Environ Eng Manag J 7(6):815–834

2 Microbes and Processes in Bioremediation of Soil

https://clu-in.org/products/newsltrs/ttrend/view.cfm?issue=tt0899.htm
https://clu-in.org/products/newsltrs/ttrend/view.cfm?issue=tt0899.htm
https://doi.org/10.1007/s11356-018-1764-1
https://doi.org/10.1016/j.chemosphere.2016.10.125
https://doi.org/10.1007/s11270-018-4040-6
https://doi.org/10.1007/s11270-018-4040-6
https://doi.org/10.1007/978-981-10-8402-7_12


36

Pedro P, Francisco JE, Joao F et al (2014) DNA damage induced by hydroquinone can be pre-
vented by fungal detoxification. Toxicol Rep 1:1096–1105

Peña-Montenegro TD, Lozano L, Dussán J (2015) Genome sequence and description of the mos-
quitocidal and heavy metal tolerant strain Lysinibacillus sphaericus CBAM5. Stand Genomic 
Sci 10:1–10

Phulpoto H, Qazi MA, Mangi S et al (2016) Biodegradation of oil-based paint by Bacillus species 
monocultures isolated from the paint warehouses. Int J Environ Sci Technol 13:125–134

Pilon M, Cohu CM, Ravet K et al (2009) Essential transition metal homeostasis in plants. Curr 
Opin Plant Biol 12:347–357

Priyalaxmi R, Murugan A, Raja P et al (2014) Bioremediation of cadmium by Bacillus safensis 
(JX126862), a marine bacterium isolated from mangrove sediments. Int J Curr Microbiol Appl 
Sci 3:326–335

Qencrantz JE, Johnson JG, Koenringberg SS (1995) Enhanced intrinsic bioremediation of dis-
solved phase hydrocarbons using an oxygen releasing compound. Ground Water Monit R 
6(4):99–114

Qin R, Hirano Y, Brunner I (2007) Exudation of organic acid anions from poplar roots after expo-
sure to Al, Cu and Zn. Tree Physiol 27:313–320

Ravi RK, Pathak B, Fulekar MH (2015) Bioremediation of Persistent Pesticides in Rice field Soil 
Environment Using Surface Soil Treatment Reactor. Int J Curr Microbiol App Sci 4:359–369

Rosenberg E, Ron EZ (1996) Bioremediation of petroleum contamination. In: Crawgord DL, 
Crawford RL (eds) Bioremediation principles and applications. Cambridge University Press, 
Cambridge

Safiyanu I, Isah AA, Abubakar US et al (2015) Review on comparative study on bioremediation for 
oil spills using microbes. Res J Pharm Biol Chem Sci 6:783–790

Salt DE, Smith RD, Raskin I (1998) Phytoremediation. Annu Rev Plant Physiol Plant Mol Biol 
49:643–668

Sani I, Safiyanu I, Rita SM (2015) Review on bioremediation of oil spills using microbial approach. 
Int Sci Eng Res 3:41–45

Sarang B, Richa K, Ram C (2013) Comparative study of bioremediation of hydrocarbon fuel. Int 
J Biotechnol Bioeng Res 4:677–686

Schink B (1985) Degradation of unsaturated hydrocarbons by methanogenic enrichment cultures. 
FEMS Microbiol Ecol 31:9–77

Schink B (1988) Principles and limits of anaerobic degradation:environmental and technologi-
cal aspects. In: Zehnder AJB (ed) Biology of anaerobic microorganisms. Wiley, New York, 
pp 771–846

Sellers K (1999) Fundamentals of hazardous waste site remediation. Lewis Publisher, New York
Seshadri R, Heidelberg J (2005) Bacteria to the rescue. Nat Biotechnol 23:1236–1237
Shedbalkar U, Jadhav J (2011) Detoxification of malachite green and textile industrial effluent by 

Penicillium ochrochloron. Biotechnol Bioprocess Eng 16:196–204
Sherwood JC, Peterson JN, Skee RS et al (1995) Effect of nitrate availability on chloroform pro-

duction during CT destruction. In: Leeson A, Semprint L, Hinchee RE (eds) Bioremediation of 
chlorinated solvents. Batelle, Columbus, pp 85–89

Silva-Castro G, SantaCruz-Calvo L, Uad I et  al (2012) Treatment of diesel-polluted clay soil 
employing combined biostimulation in microcosms. Int J Environ Sci Technol 9:535–542

Singh A, Kumar V, Srivastava JN (2013) Assessment of bioremediation of oil and phenol contents 
in refinery waste water via bacterial consortium. J Pet Environ Biotechnol 4:1–4

Singleton I (1994) Microbial metabolism of xenobiotics fundamental and applied research. J 
Chem Tech Biotechnol 59:9–23

Smith E, Thavamani P, Ramadass K et al (2015) Remediation trials for hydrocarbon-contaminated 
soils in arid environments: evaluation of bioslurry and biopiling techniques. Int Biodeterior 
Biodegrad 101:56–55. https://doi.org/10.1016/j.ibiod.2015.03.029

Soleimani N, Fazli MM, Mehrasbi M et al (2015) Highly cadmium tolerant fungi: their tolerance 
and removal potential. J Environ Health Sci Eng 13:1–9

T. Gangar et al.

https://doi.org/10.1016/j.ibiod.2015.03.029


37

Sorensen SJ, Schyberg T, Ronn R (1999) Predation by protozoa on Escherichia coli K12 in soil 
and transfer of resistant plasmid RP4 to indigenous bacteria in soil. App Soil Ecol 11:79–90

Straube W, Nestler C, Hansen et  al (2003) Remediation of polyaromatic hydrocarbons (PAHs) 
through landfarming with biostimulation and bioaugmentation. Acta Biotechnol 23:179–196

United States Environmental Protection Agency (1995a) Bioventing principles and practice Vol I: 
Bioventing Principles. Washington DC

United States Environmental Protection Agency (1995b) Bioventing principles and practice Vol II: 
Bioventing design. Washington DC

Urum K, Pekdemir T, Gopur M (2003) Optimum conditions for soil washing of crude-oil contami-
nated with soil with biosurfactant solution. Process Saf Environ Protect 81:203–209

van der Gast CJ, EHiteley AS, Starkey M et al (2003) Bioaugmentation strategies for remediating 
mixed chemical effluents. Biotechnol Porg 19:1156–1161

van Herwizen R, Hutchings TR, Al-Tabbaa A et al (2007) Remediation of metal contaminated soil 
with mineral-amended composts. Environ Pollut 150:347–354

van Veen JA, van Overbeek LS, van Elas JD (1997) Fate and activity of microorganisms introduced 
into the soil. Microbiol Mol Bio Rev 61:121–135

Verma JP, Jaiswal DK (2016) Book review: advances in biodegradation and bioremediation of 
industrial waste. Front Microbiol 6:1–2. https://doi.org/10.3389/fmicb.2015.01555

Vidali M (2001) Bioremediation. An Overview Pure Appl Chem 73(7):1163–1172
Volf I (2007) Pin Elasi (ed) Elemental biotechnology and bioremediation
Wolski EA, Murialdo SE, Gonzales JF (2006) Effect of pH and inoculum size on pentachloro 

phenol degradation by pseudomonas sp. Water SA 32:1–5
Wong CKE, Cobbett CS (2009) HMA type ATPases are the major mechanisms for root to shoot 

translocation in Arabidopsis thaliana. New Phytol 181:71–78
Xu X, Zhai Z, Li H et al (2017) Synergetic effect of bio-photocatalytic hybrid system: g-C3N4, and 

Acinetobacter, sp. JLS1 for enhanced degradation of C16 alkane. Chem Eng J 323:520–529. 
https://doi.org/10.1016/j.cej.2017.04.138

Yogesh P, Akshaya G (2016) Evaluation of Bioremediation Potential of Isolated Bacterial Culture 
YPAG-9 (Pseudomonas aeruginosa) for Decolorization of Sulfonated di-azodye Reactive Red 
HE8B under Optimized Culture Conditions. Int J Curr Microbiol App Sci 5:258–272

Zitomer DH, Speece RE (1993) Sequential environments for enhanced biotransformation of aque-
ous contaminants. Environ Sci Technol 27:227–224

2 Microbes and Processes in Bioremediation of Soil

https://doi.org/10.3389/fmicb.2015.01555
https://doi.org/10.1016/j.cej.2017.04.138

	Chapter 2: Microbes and Processes in Bioremediation of Soil
	2.1 Introduction
	2.2 The Basic Approach to Bioremediation
	2.2.1 Aerobic Bioremediation
	2.2.2 Anaerobic Bioremediation
	2.2.3 The Fate of Organic Contaminating Pollutants

	2.3 Microbes Involved in Bioremediation of Soil
	2.3.1 Bioaugmentation
	2.3.1.1 Factors Affecting Bioaugmentation
	2.3.1.2 Microbes in Bioaugmentation
	2.3.1.3 Delivery of Inoculum


	2.4 Processes Involved in Bioremediation
	2.4.1 In Situ Bioremediation Procedures
	2.4.1.1 Bioventing
	2.4.1.1.1 Methods Involved in the Process
	2.4.1.1.2 Applications

	2.4.1.2 Biosparging
	2.4.1.3 Anaerobic Bioremediation
	2.4.1.4 Phytoremediation
	2.4.1.4.1 Mechanism of Phytoremediation
	2.4.1.4.2 Translocation of Heavy Metals from Roots to Shoots and Shoot Metabolism


	2.4.2 Ex Situ Bioremediation
	2.4.2.1 Nonbiological Methods of Ex Situ Bioremediation
	2.4.2.1.1 Dig and Dump (Landfilling)
	2.4.2.1.2 Incineration
	2.4.2.1.3 Soil Washing

	2.4.2.2 Biological Methods of Ex Situ Bioremediation
	2.4.2.2.1 Solid Phase Bioremediation Technologies
	2.4.2.2.2 Composting
	2.4.2.2.3 Biopiling
	2.4.2.2.4 Slurry-Based Bioremediation (Bioreactors)



	2.5 Conclusion
	References


